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Comparative analysis of lightning
overvoltages in distribution lines on the ground
of laboratory tests and measurements
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Determination of extreme voltages induced on overhead and cable power lines by nearby lightning
strokes is a complex problem. Results of computer simulation (laboratory tests) and measurements of
such overvoltage processes due to lightning discharges occurring in overhead and cable lines, as elements
of a distribution network, are presented. A principal, simulation tool was the PSpice program.
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1. Introduction

Rapid development of industrial processes controlled by devices in which digital-
circuit engineering is used obliges distribution companies to apply up-to-date tech-
niques and technologies. It tends towards achieving of high quality and reliability of
power networks. Beyond a doubt, one of serious causes of damages of network ele-
ments are direct and indirect lightning overvoltages [7-9, 21]. Such a threat concerns
electrical equipment and particularly overhead and cable power lines. Distribution
networks of middle voltage (MV) include traditional overhead power lines with bare
conductors or more and more frequently with covered conductors and, furthermore,
power cable lines composed of three single bundle assembled cables, placed in the
ground or in the air (under slung on supports).

Influences of lightning surges on power lines according to produced harmful ef-
fects can be divided into influences being operational hazard caused by excessive elec-
trical strength within line insulation systems leading to their degradation and influ-
ences posed a threat to the environment (electric shock hazard). In the former case
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a measure of influences are induced overvoltages of high amplitude and frequency
during a transient state in the circuit composed of a conductor and a thunderstorm
cloud caused by electromagnetic field (generated by a lightning current). The other
case is related first of all to electromagnetic field as a consequence of passage of
lightning current by metallic coating of cables; a measure of dangerous influences in
this instance is the voltage between the metallic coating and the ground.

Theoretical considerations dealing with overvoltages induced on power networks
can be based on mathematical models worked out by Rusck, Agraval or Taylor [1, 3,
4, 6, 13, 20]. The principle for description of line elements pertinent to conditions of
induced overvoltages is a general Maxwell equation in vectorial form:
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where each component of the electric field intensity vector E satisfies the wave equation.

In real power networks, due to dissipation of high-variable electromagnetic field,
the following tendencies are observed: decrease of peak voltages and change of wave-
forms during a nonstationary state. Suppression and deformation of waves (caused by
influence of a series resistance of conductors, change of soil resistivity of soil, and
occurrence of dynamic corona) can be modelled on the ground of processing pro-
grams.

However, owing to computer techniques:

— analyzes of induced lightning overvoltages are facilitated,

— mathematical model of lightning discharge canal has been perfected,

— solution of complex equations describing electromagnetic field has been simplified,

—a model of power system elements has been more detailed,

— computer simulations enable us to record variation of overvoltages at various
points of an analyzed network area.

Evaluation of overvoltage hazard dealing with power line and cable insulating sys-
tems in various networks has been presented in numerous papers [2, 10, 11, 12, 16]. It
has been pointed that application of PSpice program (Design Center Eval packet) to
simulate transient states caused by lightning overvoltages is possible [14, 15]. Such
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a statement is significant because PSpice program was intended in principle for elec-
tronic circuits.
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Fig.1. Schematic diagrams of the sections of simulated systems composed of:
a) overhead line segment, b) cable line segment, c) mixed system segment.
V1, V4 — input pulse sources, R1 — internal resistance of a source, C1 — capacitance,
T1, T3 — models of power overhead line and cable line, R2-R6 — loading resistances

In the paper, the results of computer simulation of transient states due to direct and
induced lightning overvoltages have been compared with the results of laboratory tests
of models and those of measurements of overvoltages in real conditions. The latter
case concerns power MV lines operated in a mixed system, i.e. overhead line con-
nected with a cable line of different lengths. Final conclusions are formulated based on
results of computer simulation.

2. Computer simulations
Computer simulation of transient states resulting from atmospheric discharges re-

alized by means of processing programs, enables one to analyze transient states occur-
ring within electric (electronic) systems in real time. Such programs, also employed to
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design overvoltage protective systems, can be of various types depending on their
function. The most known are Electro-Magnetic Transients Program program (EMTP)
and Simulation Program with Integrated Circuits Emphasis (PSpice program) but oth-
ers programs are also used to analyze of selected electrical processes. It is important
that results of simulation should be verified (in respect of their quantity and quality)
by comparing them with results of measurements related to physical models or — bet-
ter — to real technical objects.

During numerous measurements and simulations a certain regularity has been no-
ticed: wave front time of excitation impulse affects visibly overvoltages in particular
elements of a power system. In order to confirm a level of overvoltage hazard and to
determine the influence of wave-front time duration on rate-of-rise of the voltage
stressing insulation, a computer simulation (using PSpice program) has been carried
out [5].

Quick-variable passages of electromagnetic energy cause overvoltages of very
high frequencies so each power overhead line and cable line during simulation should
be treated as an element with distributed parameters. The following parameter values
have been admitted:

e cable line (Cy= 0.1 pF/km; Ly= 0.49 mH/km; R, = 0.0289 Q/km; Z,= 70 Q;
v =142.86 m/ps)

e overhead line (Cy= 7,37 uF/km; Ly= 1.71 mH/km; Ry= 0.35 Q/km; Z,= 482 Q;
v =281.69 m/us).

Stimulation of design systems is an impulse (pulse) with exponential edges and
variable values of parameters (Fig. 2). Simulations have been carried out for three
systems presented in Fig. 1.
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Fig. 2. Stimulation of a design system with exponential characteristic, accessible
in PSpice program: z,; — rise delay, ¢, — fall delay, 7, — rise time, z,, — fall time

Equivalent active parameters of power line conductors during overvoltages in-
crease their values due to a skin effect. Such a phenomenon occurs also in a layer of
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the soil and affects inductance of lines. In turn, dynamic coronas change capacities of
lines. Each of these phenomena influences: wave impedance, velocity of wave propa-
gation along conductors and deformation of impulse waves (Fig. 3c).

a) , ) ‘ b)

A

\\ ‘;L\ *—1/"\ .
A

3 200
* H(AN:R) » O(TH:INT)

os Sus ] 00 L)
o U(R1:1) o U(C1:1)
Tim

ai

. [
= ST} . gy v WT1M)

- Tove
o o L] = SCT2idat) W) 7 BT
Ty

Fig. 3. Chosen time-dependent overvoltages occurring at points fixed in Fig. 1 for:
a) one-phase overhead line, b) three-phase cable line, ¢) three-phase mixed system of overhead
/=5000 m and cable line / = 500 m and d) three-phase mixed system of overhead
/=1000 m and cable line / = 500 m

Prospective failure frequency of MV power network elements due to lightning
strokes is considerable. In some cases, that may lead to multiple damages of insulating
systems. It has been proved by mathematical analyses and computer simulations
(Fig. 3d). On the other hand, internal overvoltages generated during transient states are
not a significant threat because impulse strength of insulating systems is much higher
than prospective peak values of internal overvoltages.

Results of simulation prove that each direct lightning stroke in electric power ele-
ments and almost each nearby lightning stroke causes multiple reflections of waves
leading to flashover or breakdown of insulating systems (Fig. 3). Occurrence of such
breakdowns at many places of power cable lines is a very probable event.

The highest value of the voltage stressing insulating systems during lightning
overvoltages depends positively on time parameters describing an overvoltage, i.e.
time-constants 7., and ¢., (relating to an aperiodic component of rise/fail delay of the
wave). Time-dependent overvoltages in Fig. 3 are damped; they pose a threat to insu-
lating systems as amplitude of stimulating signal increases or shape factor value the
signal decreases (Fig. 4).
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Computer simulation enables us to obtain numerous time-dependent overvoltages
which prove that wave-front time of these overvoltages does not affect rate-of-rise of
the voltage stressing insulating systems within individually screened cables. However,
such a regularity is not confirmed towards belted cable.
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Fig. 4. Levels of voltage induced at measuring points 1, 2, and 3 from Fig. 1c
depending on shape factor of stimulation pulse value — ¢,.,/t,, (Fig. 2)

In the case of belted cables (network elements of frequent occurrence) decreasing
of slope of the wave-front (input pulse) causes additional displacement of response
amplitude towards longer lines; such a regularity has been proved during laboratory
tests and investigations of real systems (Figs. 6a and 8). A displacement of response
amplitudes during lightning overvoltages is caused by heterogeneity of metallic coat-
ing which affect increase of electromagnetic field dissipation and wave impedance of
cables with not screened conductors in respect of cables with concentric conductors.

3. Laboratory tests and investigations in selected real lines

Results obtained from the simulation process have been verified based on the measur-
ing system made both for single-core screened and three-core belted cables (Fig. 5). The
system was equipped with a special pulse generator which allows us to regulate the
slope and wave front duration. In the case of three-core line only the generator of rec-
tangular pulses energized one from all the conductors.

Transient time-dependent voltages caused by the pulse in the energized conductor
(in the three-core line and in non-energized neighbouring conductors) have been re-
corded by means of a multi-channel digital oscilloscope. The obtained transients re-
veal that pulse time parameters at the input of the examined system have great impact
on the shape of reflected and induced waves in neighbouring cable wires. However, in
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the case of unscreened cables, lowering of the input pulse inclination causes additional
shifting of reflection amplitude to longer timing.

OSCILLOSCOPE

Fig. 5. Scheme of the measuring system [ 14] for: a) single-core concentric line, b) three-core belted cable;
LS — system protection, Y1, Y2 — oscilloscope canals, GIS — pulse generator
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Fig. 6. Time-dependent overvoltages occurring in line models [13]:
a) traditional three-core, b) single-core; input signal: amplitude 4.1 V, breadth Az = 250 ns;
a, b, ¢ — input impulses V,, V3, V.. for various pulse rise times

Results of laboratory tests, carried out for two chosen type of lines, are presented
in Fig. 6. Recording of time-dependent overvoltages in real overhead/cable lines be-
tween high voltage station Prudnik and medium voltage-to-low voltage station
Oczyszczalnia has been made similarly [17, 18]. As a source of stimulation, a 12 kV
test transformer was used. Chosen test results for various pulse rise times of wave
front overvoltage are presented in Fig. 7.

Initiation of travelling waves in power network leads to occurring of periodical
variable voltages (overvoltages) at the ends of power lines as an effect of multiple
wave reflections. Such overvoltages, after several periods, cause considerable defor-
mation of waves in comparison with a stimulation pulse.

Shapes, amplitudes and reciprocal displacements of overvoltages recorded during
tests (Figs. 7, 8) are compatible with theoretical wave phenomena. Investigations car-
ried out in network elements [19] and in laboratory models confirm results
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Fig. 7. Time-dependent overvoltages at the end of
tested object for various values of the shape coefficient
of stimulation pulse [17]: standard curves of test
transformer (a), measurement at the end of overhead
lines (b), measurement at the end of cable line (c),
measurement at the node in direction of cable line (d),
measurement at the node in direction of overhead line
(e). MV overhead line — cable line system, traditional
power cable HAKnFtA 3x120 mm? type (372 m long),
overhead line 1658 m long; e, m, A —time-dependent
overvoltages V) <V, <Vj

Fig. 8. Time-dependent overvoltages
in the traditional three-core cable line for various
pulse rise times [17]; underground cable
AKFtA 3x120 mm’ type; a, b, ¢ — input impulses
Va Vi, V. for various pulse rise times
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of computer simulations concerning the nodes and points of discontinuity where wave
impedance undergoes changes. However, it is advisable to verify additionally the ob-
tained results by means of other processing programs (e.g., EMTP). It aims also at
selection of the most suitable informatics tool to analyze transient states in power net-
works.

4. Conclusions

e Tests and many years of observations of atmospheric discharges show that peak
value and steepness of wave front are random values of negligible correlation. This
means that these parameters can be analyzed independently.

e Analysis results of computer simulations, laboratory tests, and measurements in
real power networks prove that time duration of an overvoltage does not affect the rate
of rise of the voltage stressing insulating systems in overhead lines. Such a conclusion
is true for individually screened cables. Dominant influence of the voltages stressing
insulating systems in line elements, due to overvoltage processes, are their parameters:
the rate of rise and time duration of a wave.

e PSpice program applied to analyze overvoltage processes in power systems en-
ables one to reproduce ecasily a stimulation pulse, to observe propagation of voltage
waves in the first phase of a transient state and afterwards — when a wave reaches
anode point. An analysis of the influence of wave processes in multiple conductor
lines on the overvoltages in particular conductors is possible too.

e An analysis of time dependent voltages as a result of simulation processes with
models accessible in the program shows that PSpice program is a convenient simula-
tion tool, although obtained models do not take into account two essential phenomena:
skin and corona effects during transient states. Such imperfections overstate ampli-
tudes of signals returned from the lines.

e Due to dynamic corona effect, the velocity of wave propagation decreases
nonlinearly when actual values of impulse voltage increase. This causes a favourable
effect consisting in deformation of impulse waves and in decrease of their slopes.
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