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Characteristics of Lightning Overvoltages Coming in Low-Voltage

Power Distribution Systems

Bok-Hee Lee*, Dong-Moon Lee*, Su-Bong Lee*, Dong-Cheol Jeong*, Jae-Bok Lee**

and Sung-Ho Myung**

Abstract - The importance of improving the quality of electric power is being strongly raised, owing
to an increasing use of sensitive and small-sized electronic devices and systems. The transient over-
voltages on low-voltage power distribution systems are induced by direct or indirect lightning return
strokes. These can cause damage and/or malfunction of the utility systems for home automation, office
automation, factory automation, medical automation, etc. The behaviors of lightning overvoltages
transferred through the transformer to the low-voltage distribution systems using a Marx generator
were experimentally investigated. Furthermore, the coupling mechanisms of lightning overvoltages
transferred to the low-voltage systems were clearly illustrated through a theoretical simulation using a
Pspice program. The overvoltages in low-voltage ac power systems are rarely limited by the applica-
tion of the surge arrester to the primary side of the distribution transformer. A superior surge protection
scheme is to install surge protection devices at the service entrance switchboard and/or at the load
devices in TN power systems.
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1. Introduction

Due to the increasing importance of improving the quality
of electric power, particular attention to the lightning over-
voltages in low-voltage power distribution systems and utility
companies has been drawn by research centers. Lightning is
an unavoidable natural phenomenon, which has a strong affect
on low-voltage power distribution systems. Numerous surveys
of lightning overvoltages have been conducted in various en-
vironments [1-5]. In particular, there have been many studies
of lightning overvoltages in relation to computer data systems
as well as to signal/communication systems. However, the an-
swers to numerous questions concerning lightning overvolt-
ages in low-voltage power distribution systems remain un-
known. One of the phenomena that should be more deeply
investigated is related to the lightning overvoltages transferred
through transformers to low-voltage power distribution sys-
tems. Direct or indirect lightning overvoltages are induced in
the primary high-voltage power lines of the distribution trans-
former, and the lightning overvoltages propagate through step-
down distribution transformers to the secondary low-voltage
power lines. Normally lightning overvoltages are originated
from several various mechanisms and can cause damage or
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upset to electronic circuits and systems. Any damage or tem-
porary malfunction of computerized information/communication
systems can cause serious disturbances to industrial, military,
financial, business and social activities. The four types of
lightning overvoltages in low-voltage power distribution sys-
tems are as follows; lightning surges transferred through the
transformer from high-voltage systems, overvoltages caused
by direct lightning flashes to low-voltage distribution systems,
induced overvoltages in low-voltage distribution systems, and
overvoltages caused by flashes of lightning to protection sys-
tems [6]. The accurate analysis of the characteristics of light-
ning overvoltages in low-voltage power distribution systems
is a critical and important process in developing and validating
survival of microelectronic devices and systems.

In general, lightning overvoltage protection of electric
power networks is now often examined based on data re-
lated to theoretical simulation of responses to lightning and
switching surges. However, because most line elements of
electric power networks cannot be easily modeled, it is
very difficult to obtain the correct simulation for the light-
ning or switching surges appearing on the low-voltage
power distribution systems. In the standard 61643-1 pub-
lished in 1998 [7], protection from the low-voltage side of
the distribution transformer to the outlets in buildings was
considered, as well as direct lightning to the buildings with
lightning structures. Special protection against lightning
overvoltages transferred from high-voltage distribution
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systems is currently under consideration [6].

Therefore, this work was oriented on the analysis of the
characteristics of lightning overvoltages transferred through
transformers from high-voltage distribution systems to low-
voltage power distribution systems, in order to propose
guidelines for effective installation and design of surge protec-
tion devices (SPDs) against lightning or other transient over-
voltages. When the 1.2/40us impulse voltage was applied to
the primary side terminals of the distribution transformer, the
impulse voltages transferred through the transformer to the
low-voltage power lines were measured and calculated. The
characteristics of propagation of lightning overvoltages in
low-voltage power distribution systems associated with the
types of system grounding were also examined.

2. Experimental setup

Possible lightning stroke locations on overhead lines and
an example of typical application of lightning surge arrest-
ers on overhead lines have been illustrated in Fig. 1. It is
advantageous that the high-voltage surge arresters be
connected at the primary side of the transformer and the
low-voltage surge protective devices be installed at the
secondary side of the transformer, or at the service entrance
of the building and at the equipment side. Sometimes the
SPDs for low-voltage circuits at the secondary side of the
transformer and at the service entrance are omitted. Light-
ning may strike either high-voltage distribution systems or
low-voltage distribution systems.
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Fig. 1 Outline of possible lightning strike locations and
typical application of low-voltage surge protection
devices

The experiments were carried out using the test circuits
of a 22.9kV/220V distribution transformer. A Marx genera-
tor, which has the equivalent circuit as shown in Fig. 2,
supplied the test voltage and its maximum output voltage
was 400kV. The applied voltage measurement was made
by a special electric field probe designed for laboratory
surge research and the high cutoff frequency of the electric
field probe was 290 MHz [8].

The electric field probe was placed near the point to be
measured and the CT was placed around the ground resistor.
The test impulse voltage had a rise time of 1.2us and the time
to decline to half of the peak value was about 40us as shown
in Fig. 3. In the case of direct flashes to the high-voltage dis-
tribution systems, the lightning overvoltages transferred
through the transformer to the secondary side were measured.
Additionally, when direct lightning struck the low-voltage dis-
tribution systems, lightning overvoltages through the main
panel board with earth leakage breaker /overcurrent circuit
breaker and watthour meter were observed at the equipment
side for four types of system grounding.

Diode

L
> < W1
RS

| L

vin 3 RO

Fig. 2 Equvivalent circuit of the impulse voltage‘generator
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Fig. 3 Impulse voltage wévefofm applied at the test circuits

3. Results and discussion

There are two main ways that low-voltage side overvolt-
ages can be conducted by lightning stroke to the primary
conductor of the distribution transformer. Lightning over-
voltages might appear at the secondary side with either the
conduction mechanism created by ground current flowing
through the neutral conductor or the electromagnetic cou-
pling through the transformer. If the lightning has struck
the primary phase conductor of the distribution transformer,
the lightning current flows into the neutral conductor
through the surge arrester. Thus, a lightning stroke to the
phase conductor is similar to the neutral conductor, and the
lightning current flows through the transformer ground and
the service entrance ground. Initially, a larger portion of the
lightning currents may flow into the transformer ground
because the path is shorter and the inductance is less than
the path to the service entrance ground. Inductivity effects
subside after a few microseconds for surges with long
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wave tails and the lightning currents then divide according
to relative ground resistances [9]. Therefore, the low-side
surge problem surrounding the conduction mode voltages
elevated by the lightning currents flowing through the neu-
tral conductor to the ground is significantly acute when the
service ground resistances are much less than the trans-
former ground resistances, and it is directly related to the
system grounding. The purpose of this work was intended
to obtain the information about the propagation of light-
ning overvoltages from the primary side to the secondary
side in distribution transformers due to the electromagnetic
coupling through the transformer.

3.1 Transfer characteristics of lightning surges in the
distribution transformers

The test voltage at the primary side of the distribution
transformer of 10kVA was applied between the hot line and
ground conductors. The impulse voltages transferred to the
secondary side were measured between the hot line and
neutral line (differential mode) and between the hot line
and ground conductor (common mode), with the test trans-
former ground resistance at 5Q. The experiments were
conducted in the cases that a surge arrester was either in-
stalled at the primary side of the transformer or not. Fig. 4
shows the outline of measurement circuits used in this
work. The grounding electrode conductors in the primary
and secondary sides of distribution transformers are gener-
ally solidly bonded. This bonding plays an important role
in prevention of lightning overvoltages that could break
down the insulation between the primary and secondary
conductors of the transformer.

In the case that a surge arrester was not installed at the
primary side of test distribution transformers, the typical
waveforms of the applied voltage, open-circuit impulse dif-
ferential mode and common mode voltages transferred to
the secondary side and the ground current have been shown
in Fig. 5. The waveform of the lightning overvoltage is
changed when it propagates through the distribution trans-
former, and the transformer does not block lightning over-
voltages. [10]
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Fig. 4 Measurement circuits associated with the installation
method of surge arrester at the primary side of dis-
tribution transformers.

The open-circuit voltages appearing across the secon-
dary conductor of the transformer have high frequency
oscillations due to the natural frequency of the circuit and
damped component that is essentially the resistive and
inductive voltage drop. As well, the ground current con-
sists of the displacement current component determined by
a value of dV/dt. Each transformer conductor has circuit
elements such as series resistance, self-inductance and
mutual inductance, interwinding capacitance and parasitic
capacitance to ground. Lightning overvoltages are trans-
ferred through step-down transformers to the low-voltage
side by parasitic capacitance between the primary and sec-
ondary conductors. In a word, the lightning overvoltage
across the low-voltage side with respect to the input surge
voltage with a large rate of change may be greater than the
amplitude expected on the basis of the ratio of turns in the
primary and secondary transformer conductors.
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1: Applied voltage 2: Common mode voltage
3: Differential mode voltage 4: Ground current
Fig. 5 Typical waveforms of the applied voltage, the open-
circuit voltages transferred to the secondary side and
the ground current of distribution transformers with-
out a surge arrester.
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Fig. 6 Comparison of the common mode and differential
mode voltages transferred to the low-voltage side in
open-circuits.

The impulse voltages transferred to the secondary side
of the transformer are linearly increased when the applied
voltage increases as shown in Fig. 6. An incident lightning
overvoltage at the primary lines of the distribution trans-
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former is essentially coupled through the transformer by
the parasitic capacitance between the primary and secon-
dary conductors. This coupling is independent of the
capacity and ratio of turns in both the primary and
secondary conductors of the distribution transformer {11].
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1: Applied voltage 2: Common mode voltage
3: Differential mode voltage 4: Ground current
Fig. 7 Waveforms of the applied voltage, the impulse volt-
ages transferred to the secondary side and the ground
current in the instance that a surge arrester has been
installed at the primary side of the transformer.
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In addition, measurements were taken in the test circuit
that has a surge arrester connected between the hot line and
ground conductors. Fig. 7 shows the incident impulse volt-
age, the impulse voltages transferred to the secondary side
and the ground current. The incident impulse current is
shunted around the transformer primary winding by the
surge arrester.

Compared to the test circuit without a surge arrester, the
lightning overvoltage transferred to the secondary side of
the transformer was decreased and the ground current was
significantly increased because the surge arrester limits the
incident impulse voltage at the primary conductor. There-
fore, the common mode voltage at the secondary side was
larger than the differential mode voltage as shown in Fig. 8,
and the voltages transferred to the low-voltage side were
linearly increased with an increase in the ground current
owing to the potential rise of the transformer ground. The
lightning overvoltages transferred to the low-voltage side
through the transformer are nearly independent of whether
a surge arrester is installed or not. In other words, the ap-
plication of a surge arrester to the distribution transformer
does not substantially limit the low-voltage side surges in
residential indoor wiring systems. An excellent method of
protection of electronic circuits from lightning surges com-
ing through low-voltage ac power systems is to install
SPDs such as ZnO varistors at the service entrance as well
as at the equipment. In addition, because the majority of
transient overvoltages entering the low-voltage power dis-
tribution systems are essentially induced by direct or indi-
rect lightning as mentioned above, it is effective that the

SPDs for low-voltage power lines are tested by lightning
surges with short time duration rather than performing the
withstand capability test against rectangular current waves.
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Fig. 8 Characteristics of the transferred voltage versus the
ground current in the case that the surge arrester was
installed at the primary side of the transformer.

3.2 The parameters characterizing the distribution
transformer

The theoretical simulation was intended to determine the
parameters of the test transformers and to analyze the charac-
teristics of the impulse voltages transferred through the trans-
former to the low-voltage side. The calculations of the im-
pulse voltages transferred to the low-voltage side in this simu-
lation were carried out using the Pspice circuit analysis soft-
ware on a desktop computer. The equivalent circuit for calcu-
lating the lightning overvoltage transferred to a secondary
conductor of the transformer is illustrated in Fig. 9.

Fig. 10 shows the waveforms of the incident and trans-
ferred voltages for the transformer obtained by measure-
ment and simulation. The simulation result is very similar
to the measured impulse voltage waveform. In particular,
the measured waveform of the impulse voltage transferred
to the secondary conductor in the test distribution trans-
former is in good agreement with the simulated result.

The waveform of the impulse voltage transferred to the
secondary conductor through a step-down transformer to
the low-voltage side is characterized as follows: There are
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Fig. 9 The equivalent circuit of distribution transformer
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(a) Measured waveform

1 -[kv/div]

R1

f2 : 20 [us/div] - :

(b) Simulated waveform
R1: Voltage transferred to the secondary side
R2: Incident voltage
Fig. 10 Waveforms of the incident and transferred voltages
obtained by experiment and simulation

four mechanisms for coupling a surge voltage through a
transformer: parasitic capacitance between the primary and
secondary conductors, parasitic capacitance between each
conductor and ground, mutual inductance, and oscillations
in each of the primary and secondary conductors [11]. The
amplitude of impulse voltage transferred to the secondary
conductor of the transformer is principally determined by
the parasitic capacitance between the primary and secon-
dary conductors. Moreover, the series resistance of the sec-
ondary conductor and the parasitic capacitance between the
secondary conductor and ground characterizes the decay
and oscillation components just after the peak of the im-
pulse voltage. The amplitude of large oscillation compo-
nents on the wave tail of the transferred voltage is mainly
determined by the series resistance of the primary conduc-
tor, and the oscillation is formed by the natural frequency
associated with the parasitic inductance of the primary
conductor and the parasitic capacitance between the pri-
mary conductor and the ground.

3.3 The effect of surge protective devices on the
transferred voltage for the secondary side ac-
cording to types of system grounding

There are several types of power system groundings. The
TN systems have one point directly grounded, the exposed-
conductive-parts of the installation being connected to that
point by protective conductors and are divided into three types

according to the arrangement of neutral and protective con-
ductors, as follows; TN-S systems: in which throughout the
system, a separate protective conductor is used; TN-C-S sys-
tem: in which neutral and protective functions are combined
in a single conductor in a part of the system; TN-C system: in
which neutral and protective functions are combined in a sin-
gle conductor throughout the system. The TT system has one
point directly grounded, the exposed-conductive-parts of the
installation being connected to ground electrodes electrically
independent of the ground electrodes of the power system.
The IT system has all live parts isolated from the ground or
one point connected to the ground through impedance of the
exposed-conductive-parts of the electrical installation being
grounded independently or collectively or to the system
grounding [12].

The high-voltage distribution systems are TN systems,
but a large number of customer’s facilities in Korea consist
of the TT system. The experimental conditions composed
as shown in Fig. 11 are intended to simulate the measure-
ment circuits for various system groundings. R1 is the test
distribution transformer ground resistance and R2 is the
service entrance ground resistance. The values of R1 and
R2 are 5€2. In the IT system, switches S1, S2 and S3 are
open and switch S4 is closed. The circuit is the TT system
in which only the S1 and S4 switches are closed. In the
TN-S system, the St and S2 switches are closed and the S3
and S4 switches are open. In the TN-C system, the St and
S3 switches are closed and the S2 and S4 switches are open.

The test voltage was applied between the hot and ground
conductors, between the neutral and ground conductors and
between the bundle of hot and neutral conductors and the
ground conductors at the low-voltage side of the distribu-
tion transformer. The differential mode and common mode
voltages at the distance of 30m from the entrance service
switchboard were measured.

Examples for waveforms of the applied voltage, the dif-
ferential mode and common mode voltages transferred to
the low-voltage side, the ground currents flowing into

LNG
Fig. 11 Measurement circuit associated with types of sys-
tem grounding



96 Characteristics of Lightning Overvoltages Coming in Low-Voltage Power Distribution Systems

1 [kVidivl¥

1 [kv/div] |
3 160 [v/aiv]
. 1 [kV/div]
s & i 50_[A7div] ]
. | 50 [w/aivic 50 [A/div]
(a) IT system
s A
E v :
' 1 [kv/divl']
1
S . ‘ : _
. . 1 [kV/div}
i A i i 560 [V/div]
. _ i i 2 [kV/div]
. % 50 [A/div] ]
i - 50 TAZdiv]
7_M(us/div] 500 [A/div] ]
(b) TT system
J\ ' 1 [kv/divlY
1 .
. I 500 [V/div]
200 [V/div]
EF srwrorsr e S et e = T g
. T~ 500 [A/div]]
:
6 _w__f\\ 1 500_[A/div]
, .._f\‘\‘\..__..._ : 500 [A/div]
8__~f\‘_§_o Les /div 500 [A/div]
(c) TN-C system
i
X ! 1 evidivid
. 1 i 500 [V/div]
b
. ¢ 200 _[V/div]
Rl EOUts Sren e AP s i
s i 500 [A/div] ]
R _N_ : 500 [A/div]
N 500 [A/div] |
8 T 50 lssaivy 500 [A/div]

(d) TN-S system

1: Applied voltage 2: Line-to-ground voltage

3: Line-to-neutral voltage  4: Neutral-to-ground voltage

5: Current flowing through the bundle of live and neutral conductors

6: Entrance service ground current

7: Transformer ground current

8: Current flowing through the G1 or G2 ground conductor.

Fig. 12 Waveforms of the test voltage, voltages between
each conductor and currents flowing through each
circuit according to types of system groundings,
when the lightning surge voltage was applied be-
tween the hot and neutral conductors and the
ground conductor.

both the two ground resistances and the currents flowing

through ground G1 and/or G2 lines according to types of
system groundings have been illustrated in Fig. 12 in the
case that the test voltage was applied between the bundle
of hot and neutral conductors and the ground conductors.

Fig. 13 illustrates the line-to-neutral voltages and the
line-to-ground voltages according to the incursion paths of
lightning surge voltage and they are in the ratios of the
line-to-neutral voltages to the incident voltage and the line-
to-ground voltages to the incident voltage. When the light-
ning surge voltage is invaded with common mode on the ac
power lines, that is, when direct lightning strikes the over-
head power lines, only the line-to-neutral voltage in the IT
system is about a third of the incident voltage, and the line-
to-neutral and line-to-ground voltages are approximately
equal to the incident voltage in TT, TN-S and TN-C sys-
tems as shown in Fig. 13 (a).

The line-to-ground voltages are raised by the potential
rise due to the entrance service ground resistance. Thus, the
line-to-ground voltages in the IT and TT power systems are
usually larger than the line-to-neutral voltages. As a result,
the separate installation of the transformer ground and ser-
vice entrance ground is ineffective in surge protection.

The application of the test voltage between the neutral
line and ground conductors is used to simulate the surge
incursion from the grounding systems. The line-to-neutral
and line-to-ground voltages were zero in the TN systems,
and were relatively low in the IT and TT systems. Also, the
test voltage applied between the bundle of hot line and
neutral line and the ground conductor presents the induced
surge voltage on the power lines produced by indirect
lightning, and most frequently this induced surge voltage
appears in low-voltage power distribution systems. In this
case, the line to-ground voltages in the IT and TT systems
were above 90% of the applied voltage, but the line-to-
neutral voltages did not appear in all grounding systems.

In the case that an additional ground at the service en-
trance in the TN systems is installed, the incident current is
shared into both the grounding conductors of the trans-

BLire-to neurd vdtage Blire- o gound oltage

- 16 108 18 1.8

Ratio

v ™nC
Types of systemgraunding

(a) In case that the test voltage was applied between the
line and ground conductors
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(c) In case that the test voltage was applied between the
bundle of line and neutral conductors and the ground
conductors
Fig. 13 Voltages between each conductor according to the
incursion paths of lightning surge voltage.

former ground and service entrance ground. Provided that
the service entrance ground resistance is significantly low,
a large portion of the incident surge current to flow in the
neutral line of the service drop can produce low-voltage
side surge. The surge problem in low-voltage distribution
systems is essentially the same as the transformer ground
[10]. In general, it is very difficult to limit the common
mode surge voltages. Thus it is known that the TN systems
are very effective in protecting the induced lightning surges
and lightning surges coming from grounding systems after
lightning rod or tower strokes.

4. Conclusion

The behaviors of lightning overvoltages transferred
through transformers to low-voltage distribution systems
were experimentally investigated. As a consequence, the
equivalent circuit of a distribution transformer was pro-

posed, and the measured waveforms of lightning impulse
voltages transferred to the secondary side of the trans-
former are in good agreement with the simulation results.
Transient overvoltages, which are induced in the high-
voltage power lines of distribution systems by direct or in-
direct lightning, are easily transferred through the trans-
former to the low-voltage power lines. It was found that the
lightning overvoltage is mainly coupled by the interwind-
ing parasitic capacitance of the distribution transformer.

The surge arrester installed at the primary side of the dis-
tribution transformer does not essentially limit the secon-
dary side surge voltages. Therefore, an effective surge pro-
tection of electronic devices is to place SPDs for low-
voltage at the service entrance and/or at the equipment, and
it is beneficial that the SPDs for low-voltage circuits be
tested with lightning surges. In addition, the TN systems in
protecting electronic circuits and systems from lightning
overvoltages entering through ac power lines are more
effective than the IT and TT systems. Finally, from these
results, we can estimate a proper protection method of
information technology equipment against lightning surges
injected from the low-voltage ac power lines and ground-
ing conductors.
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