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Abstract—The electric power grid is one of the most critical infra-
structures in the modern world, and the continued protection and
resilience of this system from threats is of significant concern. One
such set of threats is nanosecond-scale transient effects generated
by high-altitude electromagnetic pulses, for which the effect on
the power grid is still being studied. Lightning surge arresters
serve as the current grid protection against fast transients but are
designed and modeled for protection against lightning and
switching transients. Surge arrester response to faster transients
is not well known. This work defines a scalable metal-oxide surge
arrester model with specific consideration to frequencies at-
tributed to fast transient overvoltages from electromagnetic
pulses. Measurements using vector network analyzer sweeps at
low and high bias as well as high-voltage I-V curve traces are pre-
sented to define arrester behavior and to parameterize it from
measurement data. The proposed model is compared to the stand-
ard IEEE model for lightning arresters in this paper. Further-
more, model parameters are defined by scalable terms to be easily
implemented for transmission-level devices. The scalable model
enables enhanced assessment of protection levels and grid suscep-
tibility against fast transients.

Index Terms—Arresters, Electromagnetic transients, Electro-
magnetic pulse (EMP), Power system protection, Power system
transients, Surge protection

I. INTRODUCTION

The electric power grid is a complex system that supports
modern society. This system is critical to many operations due
to the increasing reliance on electricity. There is increasing in-
terest to improve electric grid resiliency to both natural and
man-made electromagnetic insults. Some insults under consid-
eration for protection include lightning, geomagnetic disturb-
ances, intentional electromagnetic interference, and electro-
magnetic pulses (EMPs).

The focus of this paper is on modeling metal-oxide varistor
(MOV) response to a high-altitude EMP (HEMP) event due to
the prevalence of MOVs throughout the electric grid. HEIVIP
events generate significant electromagnetic fields on the earth's
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surface, which couple to overhead powerlines and deliver a
conducted impulse to components in the power grid. Lightning
surge arresters (LSAs) are the primary defense mechanism
against fast transient pulses for power transformers in transmis-
sion-level substations. Many modern surge arresters are gap-
less, and typically comprise of a MOV material such as ZnO
and other additive materials. These surge arresters are routinely
tested with microsecond-scale rise time pulses, which are com-
mon for lightning and switching events. LSAs are therefore an-
ticipated to function normally for mid-time HEMP (E2), and
late-time HEMP (E3) is not expected to generate enough volt-
age to be relevant for overvoltage protection. In contrast, early-
time HEMP, referred to as E1, has conducted pulse risetimes of
10's of nanoseconds [1]. The behavior of LSAs in response to
E1 overvoltages is largely unknown, and there is a need to in-
vestigate LSA response at the nanosecond timescale.

Conducted environments generated from radiated E1 envi-
ronments at substations vary significantly due to line orienta-
tion, line height, geographical location with respect to the E1
origin, and several other factors. LSA response evaluation to
conducted E 1 environments requires a surge arrester model that
captures component dynamics at nanosecond timescales. Sev-
eral authors developed circuit models for MOV arresters to sim-
ulate lightning protection. One of the earliest models and pre-
sent standards was published by IEEE [2], while subsequent
models have focused on using parameters based on electrical
properties only [3], simplified estimations of nonlinear varistor
behavior [4], or wideband response accuracy [5]. These models
were formulated to describe arrester behavior for lighting-like
impulses (microsecond timescales) with spectral content up to
a few hundred kHz. Meanwhile, standard El field definitions
have spectral content up to 100 MHz [6]. Nanosecond-scale
pulse simulations of existing arrester models show widely var-
ying responses compared to consistent lightning response pre-
dictions as shown later. Thus, there is a need to develop a fast
transient, high frequency surge arrester model that can be used
to predict the E1 surge arrester response, to identify any design
limitations of existing arresters, and to assess what protection,
if any, is provided by LSAs in response to HEMP events.

This work defines a scalable model for MOV surge arresters
based on small-scale ZnO devices. Experimental results are
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presented from high frequency sweeps and bias-dependent
property measurements to parameterize the model. The model
can be scaled for distribution and transmission level arresters,
and the latter is demonstrated here for applicability to system-
level grid simulations.

II. MATERIALS AND BASE MODEL

A. Physical Arrester Model

The arrester model used in this work is based on the physi-
cal configuration of the MOV material in an assembled LSA.
Example arrester assembly cutouts are shown in Fig. 1 for an
18 kV, 6 kV, and 3 kV arrester. A stack of ZnO discs are used
as the MOV material in the arrester, where metal spacers on the
ends and between ZnO discs are used to achieve the desired de-
vice length. A completed assembly is wrapped in fiberglass and
a polymer housing with metal contacts protruding on each end.

Polymer Casing with Bulk ZnO
Fiberglass Wrap Material Spacer Contact

Figure 1. Fully assembled metal-oxide LSAs with 18 kV (ZIP0018), 6 kV
(ZIP0006), and 3 kV (ZIP0003) rated voltages (pictured top to bottom).

A physical circuit model representing the assemblies in Fig.
1 is shown in Fig. 2. The ZnO stack is represented as a capaci-
tance, C, with a parallel, non-linear, bias-dependent resistance,

RBias, representing the varistor behavior. The series induct-
ance, L, corresponds to the inductance created from the full
length of the arrester, which is significant for fast transients
such as El . This model applies to many arrester assemblies
ranging from single puck arresters to transmission-scale assem-
blies and will be referred to for the remainder of this paper.

The primary frequency-dependent behavior of an arrester
under low biasing conditions is controlled by the L and C ele-
ments shown in Fig. 2. RBias defmes the principal non-linear
operation of the MOV resistance and is divided into three oper-
ational regions [5]. The first region, the leakage region, has little
current conduction (< 10 1.1A observed) and has an approxi-
mately fixed resistance. The second region, the breakdown or
transient overvoltage (TOV) region, encompasses currents
from the [LA range to approximately 1 kA and has resistance
decreasing along a power curve to maintain voltage near a ge-
ometry-dependent clamping level. The third region, the up-turn
region, is defined for currents above 1 kA, where the rate of

Bias

Figure 2. Physical surge arrester circuit diagram and proposed model.

decrease in resistance is reduced as the grain resistance of the
sintered ZnO material begins to dominate the response [7].
Most modern arresters have the same fundamental geometry
consisting of a column of MOV pucks with metal spacers and
contacts to obtain the desired length. Therefore, physically de-
fined model parameters obtained for smaller MOV arresters are
directly scalable to larger transmission arresters with some con-
sideration for column dimensions.

Measurements were performed on individual MOV puck
arresters and small, fully assembled distribution arresters to
generate the scalable arrester model. Five different puck ar-
rester sizes were obtained from Dean Technologies [8] as
shown in Fig. 3 with sizes and ratings listed in Table I. The fully
assembled arresters used in this study were MacLean Power
Systems ZIP0003, ZRP0003, ZIP0006, and ZIP0018 models
rated at 3 kV, 3 kV, 6 kV, and 18 kV, respectively [9].

4. a)
••

Figure 3. Dean Technologies metal-oxide varistor pucks used for small-
scale measurements.

TABLE I. MOV PUCK DIMENSIONS AND VOLTAGE RATINGS

Name Dimensions Rating
ARD32X6 32 mm (D) x 6 mm (H) 0.5 kV
ARD32X31 32 mm (D) x 31 mm (H) 4.5 kV
ARD40X21 40 mm (D) x 21 mm (H) 3.0 kV
ARD52X21 52 mm (D) x 21 mm (H) 3.0 kV
ARD60X31 60 mm (D) x 31 mm (H) 4.5 kV

B. Measurement Setups

Three test setups were used to quantify the circuit compo-
nent values in Fig. 2 for various LSAs. First, low voltage vector
network analyzer (VNA) measurements were performed using
a frame to mount the devices over a ground plane for high fre-
quency analysis. Sweeps were performed across the available
VNA range from 9 kHz to 4.5 GHz. Frequency-domain meas-
urements showed a broadband capacitive behavior and self-res-
onance at high frequency from the arrester inductance, which
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are used to define the LC elements of the model experimentally.
Next, an I-V curve tracer as described in [10] was used to quan-
tify non-linear current and voltage characteristics represented

by RBiaS. The I-V curve tracer used millisecond-scale, short
duty cycle pulses to measure bias-dependent resistance in the
leakage and early breakdown regions of the arresters. The
testbed output was limited to 18 kV or 20 mA in all measure-
ments. Additional resistance values for model development
were obtained from manufacturer data [8], [9] to produce a
broad definition of the non-linear resistance. The last setup for
model quantification was a high-voltage bias tee testbed. This
testbed enabled a high-voltage DC bias across the arresters un-
der test while small-signal VNA measurements were performed
as shown by the schematic in Fig. 4. Additional details on the
measurement setups are provided in the following sections.
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Figure 4. High voltage bias tee circuit used for high bias VNA
measurements on MOVs.

III. MEASUREMENTS AND MODEL PARAMETERIZATION

A. Low Voltage Bias VNA Measurements

Results from low voltage bias VNA sweeps of the MOV
pucks and full arresters all followed a similar trend. Example
results from the ZIP0018 arrester are shown in Fig. 5, where the
arrester impedance was extracted from the parameter B in the
ABCD matrix calculated from measured S-parameters. Results
are shown up to 100 MHz based on the anticipated spectral con-
tent of a radiated E1 pulse [6] and because the experimental
setup reaches a length of k/20 around 150 MHz, beyond which
the setup is no longer electrically small. The primary behavior
of the LSA for the continuous wave sweeps is capacitive up to
the resonance near 30 MHz and inductive above resonance.
Low frequency noise caused oscillations above 90° in the meas-
ured phase of the transfer parameter S21, resulting in the rapid
phase shifts observed below 100 kHz in the calculated arrester
impedance.

Low voltage bias VNA measurements were performed
across all the MOV pucks listed in Table I. The effective rela-
tive permittivity was calculated from puck geometry and the
extracted capacitance information for each VNA measurement.
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The average effective relative permittivity was 755 and is
slightly lower than values found in literature for ZnO material
[11]. A correlation exists between the radius, length, and 10 kA
residual voltage for an arbitrary ZnO disk [12]. Therefore, it is
possible to estimate the dimensions of the internal MOV with
respect to arrester discharge class and the residual voltage peak
for a 10 kA test signal. This avoids inaccuracies that might arise
from using external arrester dimensions without knowledge of
the size or number of metal spacers in the overall assembly. The
approximations of the relative permittivity and MOV dimen-
sions within the assembly are used to calculate the capacitance
in the scalable model for transmission-level arresters.

Also plotted in Fig. 5 is the impedance from the circuit
model in Fig. 2 and the IEEE model in [2]. For the proposed
model, the resistance RBias is large for the low voltage bias
VNA sweep, so the measured impedance is entirely defined by
C and L. These values are calculated from the measured broad-
band capacitive behavior and from the first resonance, respec-
tively. The proposed model impedance curve is within 0.25 dB
of the measurement data up to the resonance frequency. In con-
trast, the IEEE model is defined by the arrester length and 10
kA residual discharge following the process in [2]. The IEEE
model shows a minimum 10 dB magnitude difference from
measurements in the 1-10 MHz range where both curves are
capacitive. This magnitude difference increases to 15 dB in the
inductive region for the IEEE model. Thus, while the IEEE
model is focused on accurate response to lightning-like test
waveforms, it does not capture arrester reactive elements well,
namely the inductance, that affects faster transient responses.

Example transient responses of the proposed model of Fig.
2 and the IEEE arrester model are shown in Fig. 6. Here, SPICE
models of the 18 kV arrester using the proposed circuit and the
IEEE circuit are simulated for response to a lightning-like 8/20
10 kA current waveform (Fig. 6a) and an E1-like voltage wave-
form obtained from coupling calculations for a 5 km line in [1]
using the IEC 61000-2-9 E1 waveform in [6] (Fig. 6b). In Fig.
6a, the primary response by the arrester in both models is from
the changing varistor resistance for the slower lightning wave-
form. However, in Fig. 6b for the El-like waveform, the IEEE
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Figure 5. (a) Calculated impedance magnitude and (b) impedance phase of
the 18 kV ZIP0018 arrester obtained via a low voltage VNA sweep. The
impedance of the proposed model and the IEEE arrester model are also

shown for comparison.
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model significantly underpredicts the initial voltage peak com-
pared to the proposed model, which is attributable to differ-
ences in modeling the arrester inductance. Accurate modeling
of the inductance is critical for predicting the response time of
the assembled arrester, as the ZnO varistor behavior is expected
to operate on sub-nanosecond scales when electrical length is
negligible [13].
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Figure 6. Simulated voltage responses of the proposed model and IEEE
arrerster model for (a) an 8/20 10 kA current waveform and (b) an El-like

voltage waveform.
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B. I-V Curve Tracing

I-V curve tracing was performed to quantify resistance val-
ues in the leakage and early breakdown regions of MOV per-
formance. An example of these results is shown in Fig. 7 for the
Maclean Power Systems ZRP0003 arrester assembly shown in
Fig. 7a. The results in Fig. 7b illustrate the anticipated varistor
behavior, where the arrester resistance is relatively stable
(around 5 GL2) at the lower range of applied voltage. There is
some noise in the data due to the microamp-scale leakage cur-
rent being measured through the arrester. Once the bias reaches
the clamping voltage, the resistance begins to decrease expo-
nentially and the current significantly increases. This I-V curve
is then combined with manufacturer data for switching surges
and 8/20 test pulses [9] to extend the varistor behavior further
into the breakdown and up-tum regions. The low current meas-
urement data and high current manufacturer data are combined
into the varistor response up to 40 kA in Fig. 8, alongside the
simulated I-V curves of the proposed model and IEEE model.
The IEEE model defines the varistor behavior using a current-
voltage lookup table from 100 A to 20 kA or is alternately de-
fmed using diode-like power function curves. The first option
is shown in Fig. 8, where the resistance I-V curve is undefined
below 100 A and here is set to scale linearly to the origin with
a constant resistance. The power curve option similarly ignores
much of the breakdown/TOV region, and in both implementa-
tions of the IEEE model the up-turn region is treated as a purely
inductive effect. In the proposed model the I-V curve is instead
based on (1), which uses a four parameter logistic (4PL) regres-
sion curve to fit the low current data and adds a second expo-
nential term to define the non-linear up-turn region.
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Figure 7. (a) 3 kV ZRP0003 arrester mounting configuration with the I-V
curve tracer. (b) Measured I-V characteristics and calculated resistance with

high voltage bias.
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I and V in (la) are the current through and voltage across
the varistor element RBias in Fig. 2. For the parameters in (lb),

RBias,LV is the leakage resistance at low bias, VSwitch and
Rswitch are the reported switching surge voltage from the ar-
rester manufacturer and equivalent resistance, VcIamp is the
measured clamping voltage, Vrated is the arrester voltage rat-
ing, V10 is the residual voltage peak reported for a 10 kA (IN)
test pulse, and Vmax and Rvmax are the residual voltage peak and
equivalent resistance for the highest reported 8/20 test pulse
(usually 40 kA).

Parameters d-f require only manufacturer data, while pa-
rameters a-c use measurement data when available or are ap-
proximated based on manufacturer data. As with the capaci-
tance measurements, the leakage resistance RBias,LV is calcu-
lated from the estimated MOV dimensions and a previously
measured effective resistivity. This allows a defmition of a in
(lb) without the need to measure the leakage resistance, though
the resistivity of ZnO at low bias varies significantly with an
effective resistivity of 106-109 C2-m across measurements and in
literature [14]. The specific resistivity of the ZnO does not show
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a significant impact on simulated pulse response of the arrester
for E 1 -like signals, which typically generate hundreds to thou-
sands of amps through the arrester and is dependent primarily
on the resistance in the breakdown region.

Equation (1) is easily integrated into SPICE-based applica-
tions as a voltage-dependent current source without the need for
a voltage table lookup often used by IEEE and other models,
and (1) is more flexible at defining multiple I-V curve regions
than diode or power curve models. The primary benefits of this
implementation are two-fold. First, the equation-based model
results in a simpler circuit structure in the simulation netlist and
naturally crosses the origin without the need for additional table
manipulation or opposite-facing elements in the circuit design.
Second, the equation-based method provides a realistic upper
limit to the arrester impedance by modeling the leakage re-
sistance, which is important for simulations where the arrester
may be in parallel with other large impedances such as a power
transformer.

C. High Voltage Bias VNA Sweeps

High voltage (HV) bias tee measurements were performed
on MOV pucks to quantify capacitance variation with respect
to an applied DC bias. The circuit for the high voltage bias tee
setup is shown in Fig. 4. The MOV pucks were placed under a
high voltage DC bias up to 16 mA or 22 kV from the DC branch
(right hand side in Fig. 4). Then, the AC branch (left hand side
in Fig. 4) was switched into the circuit to acquire the puck VNA
sweep under a DC bias. Capacitors on the AC path and induc-
tors on the DC path provided isolation between the two
branches so that only the device under test was exposed to both
signals, and additional gas discharge tubes, RF transformers,
and power limiters provided protection to the VNA from high
voltage leakage. High voltage probes on both sides of the MOV
puck measured the bias voltage while a current-viewing resistor
was probed for current. Each device in the AC branch of the
circuit was measured individually to de-embed puck character-
istics from the overall VNA measurement using block analysis.
The analysis of the VNA sweeps at each DC bias point was the
same method performed for the low voltage sweep in Fig. 5,
and the calculated parameters were checked for trends in rela-
tion to the bias across the puck after accounting for other resis-
tive losses in the setup.

The calculated puck capacitance as a function of DC bias is
shown in Fig. 9 for 1 kV steps of the HVDC power supply. The
absolute capacitance is shown in Fig. 9a, and a normalized ca-
pacitance with respect to low biasing conditions is shown in
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Figure 9. Bias-dependent capacitance of the Dean Technologies MOV
pucks calculated from high voltage bias tee measurements. (a) Calculated
capacitance versus bias voltage and (b) normalized capacitance versus bias

voltage scaled by puck thickness.

Fig. 9b. The bias voltage is normalized by puck thickness in
Fig. 9b to illustrate the normalized MOV capacitance as a func-
tion of internal electric field. The clustering of points at the high
bias end of the plots corresponds to the clamping at high bias,
which prevented the voltage across the puck from increasing
even as the power supply was increased.

The functional response of the measured MOV capacitance
was expected to take the form of a "U" shape as observed in
[15]. Only the initial decreasing capacitance trend was captured
with increasing bias voltage in most measurements due to test
setup limitations. The capacitance is further defmed by the nor-
malized results in Fig. 9b, which show a decrease in the capac-
itance with respect to bias voltage when accounting for the
thickness of the individual pucks. The ARD32X31 measure-
ment near 250 kV/m was the only data set to capture a small
increase in capacitance at high bias. The residual voltage across
the pucks for a typical 10 kA signal would not push the capaci-
tance below 70% of the original value based on the Fig. 9 ca-
pacitance measurements. Simulations have shown that this de-
gree of shift in capacitance has negligible effects on the arrester
model response to fast transients and therefore does not need to
be implemented into the circuit in Fig. 2.

D. Scaling Example for a Transmission-Level Arrester

Measurement and modeling results are shown for small-
scale arresters in the previous sections. The utility of these
small-scale arrester results for large, gapless arresters with the
same ZnO materials is presented through an example. The mod-
eling process will be demonstrated for a MacLean Power Sys-
tems ZIP0108 arrester rated at 108 kV. Characteristics of the
108 kV arrester from the manufacturer are given in Table II [9].

TABLE II. ZIP0108 ARRESTER MANUFACTURER DATA

Arrester Discharge VSWitch V10 V max

Height Class (@ 500 A) (@ 10 kA) (@ 40 kA)
1.218 m 2 222.92 kV 279.81 kV 339.69 kV
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The arrester inductance as shown in Fig. 2 is estimated with
a typical value of 1 nH/mm total length [5]. Thus, the 108 kV
arrester has an estimated 1.218 µH inductance. The arrester ca-
pacitance as depicted in Fig. 2 is estimated from approximate
dimensions of the MOV column and average measured effec-
tive permittivity. The diameter of the enclosed MOV column is
estimated to scale linearly based on arrester class from 32 mm
(class 1) to 100 mm (class 5) [12]. The colunm length is esti-
mated from the column radius and V10 based on nominal dis-
charge values reported in [12]. A power fit curve provides the
following estimation in (3).

Vio(rZnO)
o.zsaa

1ZnO = (H)
1.3x1o5 (3)

60 is the calculated MOV colunm length, rzno is the esti-
mated column radius, 1710 is the reported 10 kA discharge volt-
age from the manufacturer, and H is the arrester height. The
arrester capacitance is calculated as 16.4 pF with the estimated
diameter and length of the MOV colunm and an average meas-
ured effective relative permittivity of Er = 755.

RBiaS as shown in Fig. 2 is estimated from (1). The leakage
resistance a is estimated using the same MOV column dimen-
sions with peff = 108 n-m. Clamping voltage c is estimated
from the rated voltage of 108 kV, and b, d, e, and f are calcu-
lated using the values in Table II. The resulting parameter val-
ues are reported in Table III and are incorporated into the ar-
rester model by using a voltage-dependent current source and
(1) to define the varistor behavior.

TABLE III. ZIP0108 SCALED RESISTANCE PARAMETERS

a b c d e f
39.70 GC2 48.407 152.73 kV 27.98 n 6.149 279.81 kV

IV. CONCLUSION

In this paper a scalable model for MOV surge arresters is
proposed for the specific application of modeling responses to
nanosecond-scale transients. Experimental data from MOV
pucks and distribution arresters shows the high frequency re-
sponse of arresters is readily mapped to LC elements in a cir-
cuit. Likewise, an equation based on manufacturer data and
minimal approximations provides a fit for the bias-dependent
resistance that defines the non-linear MOV operation. The
model is scalable to larger devices by accounting for the change
in the MOV dimensions with respect to arrester class and volt-
age ratings. It is noted that while high voltage pulse testing pro-
vides the most direct indication of arrester transient response,
models generated from these limited data sets are not readily
scalable for other arrester sizes and do not predict the response
for differing pulses. These limitations of a pulse-response-only
approach are not present in the proposed model and is an ad-
vantage of the model.

Though not necessary for model generation, pulse testing
will still provide key validation of the proposed model for ac-
curacy of the time domain response. This is being investigated
for follow-up testing of the MOV materials using a pulser op-
erating on the nanosecond scale similar to conducted El envi-
ronment proposed in [16].
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