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Abstract 

In high-voltage transmission systems instrument transformers and circuit-breakers during the 
dead time of an auto-reclosing cycle are frequently damaged by direct multiple lightning strokes 
into the conductors of overhead lines nearby a substation. These devices can be protected by ar-
resters at the line entrance. An efficient and economical solution of a standard arrester integrated 
into a standard disconnector is covered here, which allows the arrester to be installed without addi-
tional space requirements. The new device has been applied in 245-kV- and 420-kV-systems so far. 
Only for the 420-kV-system some modifications to the grading ring of the arrester had to be intro-
duced. This paper presents information on the requirements on the disconnector/arrester, the realiza-
tion and the investigations and tests performed. The protective characteristic is verified by EMTP 
calculations based on models derived from full scale tests in the high-voltage laboratory. 

1 Introduction 

In the German high-voltage transmission systems (Us = 245 kV and 420 kV) damages to instru-
ment transformers and circuit-breakers caused by lightning overvoltages occur frequently. Over-
voltage protection by surge arresters in the substations is generally provided for power transformers 
and gas insulated switchgear (GIS), but usually no arresters are installed at the line entrance of open 
air substations (AIS), leaving instrument transformers and circuit-breakers unprotected. In [1] it is 
shown that the greatest share, i.e., 29 %, of high-voltage instrument transformer failures in the con-
cerned utility's network during the last 30 years, can be attributed to thunderstorms. In [2] [3] [4] [5] 
dielectric failures on high-voltage circuit-breakers are reported. Mainly air-blast and SF6-circuit-
breakers have been affected. The problem arises from direct multiple lightning strokes into the 
phase conductors of the overhead line, hitting the line within a distance of 2 km to the substation. 
The overvoltage surge is partially reflected at the terminal of the open circuit-breaker during the 
dead time of the auto-reclosing-cycle, causing an increase of steepness and magnitude. In a 420-kV-
AIS, overvoltages of up to 3 MV and steepnesses of about 1 MV/µs for the first and 3 MV/µs for 
the subsequent strokes may be reached. The line insulation with its extremely inhomogenious elec-
tric field distribution has a different flashover-voltage-time-characteristic than the switching gap of 
an open circuit-breaker with its optimized quasi-homogenious field stress. For voltage steepnesses 
in the range given above, the switching gap of the open circuit-breaker constitutes the weakest part 
of the insulation, and a flashover may therefore occur. Basically the same applies for the insulation 
of instrument transformers. 
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The overall impact on the system is not limited to the damage of the devices themselves. Such 
failures use to cause a forced outage of the connected line as well as of all other lines feeding the re-
lated busbar. The expenses of repair, replacement and fault clearance are immense. 

Two main alternative means exist to overcome this problem. One is to improve the shielding of 
the overhead lines, e.g., by a second shield wire within two kilometers around the substation. This 
prevents direct lightning strokes from hitting the line and thus overvoltages of extreme steepness 
from reaching the substation. In an existing transmission system, however, this is usually an ex-
tremely expensive solution and in many cases not applicable at all because of the limited mechani-
cal strength of the towers. 

The alternative is to protect the equipment from the effects of direct lightning strokes by metal-
oxide surge arresters which provide an optimized protection even against extremely steep overvolt-
ages. Thus arresters close to the devices to be protected can easily avoid the damages described 
above at comparatively moderate costs. For their installation additional space is needed. However, 
this is not available in all cases. 

In this paper a solution is presented which is based on the integration of surge arresters into dis-
connectors, and which allows the arresters to be located directly at the line entrance without any 
additional space requirements and foundations. It is therefore an economical and in many cases the 
only possible alternative of refitting existing substations, but also advantageous for new substations. 

Fig. 1 gives an example of an existing bay layout of a 420-kV-substation. When evaluating all pos-
sible locations, integration of the arresters into the disconnector (Pos. 1 of Fig. 1) turns out to be the 
best option. Like the post insulator of a disconnector, an arrester has a simple linear structure, and 
hence it is not too difficult to replace one of the disconnector post insulators by the arrester. These 
are, roughly, the benefits of this device once it has been realized: 

- fully type-tested design; 
- no additional space requirements; 
- no additional foundations; 
- no specific engineering required for application; 
- easy refitting of existing substations; 
- economical solution. 

Fig. 1: Existing 420-kV-substation bay layout (1: line side disconnector with two earthing switches, 
2: voltage transformer, 3: current transformer, 4: circuit-breaker, 5: earthing switch) 

Auxiliary busbar
Busbar 1

2 3 1 4 5 
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2 Realization of combined disconnector/arresters for 245-kV- and 420-kV-systems 

In this case, the disconnectors are center break types with two integrated earthing switches. 
However, the combination of disconnector and arrester is not limited to this design. It can be real-
ized for vertical or double side break types as well. The combination has been designed both for the 
245-kV- and the 420-kV-system. The 245-kV-version, which does not require any changes to the 
standard arrester, is shown in Fig. 2. 

The typical arrester of the 420-kV-system is a two unit type (Table I) and normally has a grading 
ring of 1200 mm diameter, hanging down from the top at a distance of 800 mm. The arrester height 
of 3385 mm does not cause any problems with the replacement of the disconnector post insulator, 
which has a height of 3600 mm. The grading ring, however, cannot be accepted without modifica-
tion for two reasons (Fig. 3): 

- The isolating distance (3400 mm) of the disconnector in the open position must not be de-
creased. The normal grading ring would shorten this distance. 

- In the open position, the blade of the earthing switch must be able to reach the fixed live con-
tact. The grading ring of the arrester would be in the way of the blade movement. 

Fig. 2:  Center break disconnector/arrester (Um = 245 kV) 

 Um = 245 kV Um = 420 kV 
Ur / kV 198 336 
Uc / kV 160 268 
In / kA 10 10 
LD-Class 4 4 
U10kA, 8/20 / kV 475 806 
U1kA, 30/60 / kV 399 677 
Number of units 1 2 
Grading ring no yes 
Height / mm 1865 3385 
Creepage dist. / mm 5515 9755 
Fstat / N 7300 4000 
Fdyn / N 18200 10000 

   Table I: Technical data of the arresters 

Fig. 3: Design of a 420-kV-disconnector/arrester (top view) 
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After careful evaluation of several alternatives, the final solution has been an essential modifica-
tion of the grading ring: the new grading element is a 180°-half-ring of 1500 mm diameter, sus-
pended by 3 struts providing a distance to ground of 5200 mm, which is in line with [6]. The ends 
of the half ring are electrically shielded by spheres of adequate diameter. Dimensional details can be 
seen from Fig. 4, and an actual installation is depicted in Fig. 5. 

3 Requirements and performed tests on the 420-kV-disconnector/arrester 

Requirements and results of design and type tests on the arrester and on the disconnector/arrester 
for Um = 420 kV are presented below. 

3.1 Voltage and temperature distribution along the arrester axis 

As mentioned before, the main problem arises with the grading ring. Due to the earth capacitan-
ces present at the metal-oxide (MO) resistor column of an arrester, the decrease of applied power-
frequency voltage along its axis is not uniform. There are higher values of voltage across the resis-
tors at the high-voltage side than there are across those at the earthed end of the column. The in-
creased voltage stress results in higher dielectric stress for the materials used and in higher power 
losses and hence elevated operating temperatures of the MO resistors. The degree of non-uniformity 
mainly depends on the self-capacitance of the arrester (diameter and length of the MO resistor col-
umn), the magnitude of the earth capacitances (height of installation above ground, clearance to 
earthed and live parts), and the specific voltage stress impressed by the applied power-frequency 
voltage (operating point on the voltage-current-characteristic). As a rule of thumb, depending on the 
diameter of the MO resistors, arresters of a height above 1.5...2 m and generally multi-unit types 
require grading rings. The grading ring covers part of the arrester from the high-voltage end and so 
compensates for the effect of the earth capacitances. 

Fig. 5:  Center break disconnector/arrester (Um = 420 kV) Fig. 4: Disconnector pole with the integrated MOA 
    (Um = 420 kV) – Dimensions and requirements 
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According to Fig. 3, a full grading ring is not acceptable for this kind of application. As men-
tioned before, introduction of a 180°-half-ring was decided upon. This solution easily fulfills the 
main requirements arising from the disconnector operation: no reduction of the isolating distance in 
open position, no restrictions to the earthing switch function. However, quite obviously a half ring 
has less effect on the voltage grading than a full ring, and additional measures supporting the grad-
ing effect have to be chosen. 

It turned out that the voltage stress along the arrester axis is still acceptable if the diameter and 
the distance of the half ring from top are increased compared to the standard version. The maximum 
permissible ring diameter is dictated mainly by requirements on clearance between phases. The 
chosen diameter of 1500 mm is the most tolerable one. From Fig. 3 it can be seen that all require-
ments for the isolation distance between phases are fulfilled. In the closed disconnector position, the 
distances are higher than required. In the open position they are acceptable, since the arrester is 
oriented towards the substation side and in this case always de-energized. The distance of the half 
ring from the top is limited by requirements for clearance of live parts to the ground: according to 
[6] a minimum value of 5200 mm applies. Hence the maximum permissible distance from the top is 
955 mm (Fig. 4). 

The effectiveness of the half ring was verified both by calculations and experimentally. The cal-
culations were done as described in [7]: first of all, a 3D-field-calculation for the exclusively ca-
pacitive representation of the arrester was performed, using the FEM-program ANSYS/Emag3D. 
From the calculation results the capacitances to earth were then derived and inserted into the dis-
tributed parameter arrester model of Fig. 6. Based on this model, finally the voltage distribution, 

taking into account the influence of the voltage dependent resistance of the MO resistors (repre-
sented by their voltage-current-characteristic), was determined by the network analysis program 
PSPICE. In Fig. 7 U/Umean is the voltage stress of each individual MO resistor relative to the mean 
value, which is the total applied voltage divided by the number of MO resistors in series. "U/Umean = 
1" stands for the ideally uniform case, i.e., all MO resistors are evenly stressed. 

Curve 1 represents the "normal" case of the voltage distribution with the standard full grading 
ring of 1200 mm diameter. The maximum voltage stress appears in a short distance below the 
grading ring, and the ratio U/Umean reaches values of about 1.2. Any modified grading ring configu-
ration should approximate this curve as close as possible. 

RMO, n CMO, n

Ce, n

Ce, n-1

n

n-1

RMO, n-1 CMO, n-1

Ce, 11

RMO, 1 CMO, 1

 RMO, x voltage-dependent resistance of section x 
 CMO, x capacitance of section x 
 Ce, x stray capacitance to earth at node x 
 n  number of sections 
 
Fig. 6: Simplified distributed parameter arrester model 
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Curve 2 shows that the voltage stress along the arrester
than with the standard grading ring. Just the location of th
the top of the MO column. 

In general, calculation of the voltage distribution only i
ness of the grading system. The resistive effect also contri
resulting, however, in higher power loss and temperature. 
look quite similar, while the associated temperature distrib
perature distribution gives more reliable information on th
can be calculated, too, if all thermal characteristics of the a

Here, however, the steady state temperature distributio
urements within the complete arrester. For this purpose
temperature loggers were arranged within the MO resistor 
and four in the top unit. Their outer dimensions are simila
ware connection to the environment is necessary during th
the voltage distribution is thus avoided. 

For the measurements the arrester was erected directly 
in the disconnector), which is a worst case condition w
stress. In real service, the uniformity will be slightly bett
lower. The applied voltage was the maximum phase-to-ear

Fig. 8 shows, in comparison, the results for the arrester
of 1200 mm diameter and, alternatively, with the half ring
1.5 K in overtemperature in the case of the half ring is ne
cations of the grading ring are approved by this investigat
restrictions. 
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3.2  Dielectric requirements and tests 

Special attention has to be paid to the high electric field stress at the ends of the half ring, which 
may cause corona discharges, and to the reduction especially of the switching impulse withstand 
voltage by the new layout of the ring. The ends must be electrically shielded. Metallic spheres 
turned out to be the most effective means. Their diameter has been optimized to provide sufficient 
freedom from electrical discharges, while not affecting the clearance-to-ground requirements and 
the correct functioning of the earthing switches. Measurements on the completely assembled ar-
rester verified that the discharge level of the 180°-ring with spheres is the same as for the standard 
full ring up to a value of 1.05 · Uc = 282 kV and far below the specified limit of 200 pC. The incep-
tion voltage of visible corona discharges at the spheres is 285 kV. The discharges, however, disap-
pear when the voltage is decreased again to values below 282 kV. With these results, the corona 
discharge performance of the arrester is also approved. 

The withstand voltages of the arrester housing are partly reduced compared to the standard de-
sign of the arrester, but all values measured on the complete arrester (without MO resistors) fulfill 
the requirements as shown in Table II: 

The tests required for the disconnector according to IEC 60129 – rated insulation withstand level 
(phase-to-earth, phase-to-phase, across isolating distance) and the radio interference test – were all 
performed on the complete combined device and were also successfully passed. 

3.3  Mechanical requirements and tests 

Quite in contrast to standard arrester applications, the arrester as part of the disconnector is me-
chanically stressed by torsional loads. The connection of the metal flanges to the porcelain housing 
must therefore be of form-fit design, which is the standard for this type of arrester (sulphur cement 
bonding). Its specified torsional moment of 1500 Nm corresponds well with the calculated maxi-
mum values which appear in the disconnector. An experimental verification on the assembled dis-
connector/arrester with the disconnector contacts fixed in the closed, the open and in several inter-
mediate positions as well, revealed that in all cases the overcurrent tripping of the driving motor 
was activated before any mechanical damage to the arrester could occur. 

Test voltage Condition Polarity Required 
voltage 1 

kV 

Withstand 
voltage 

 kV 
LI 

1,2/50 µs 
dry pos. 

neg. 
1048 
1048 

1271 
1252 

 
SI 

250/2500 µs 

dry 
 

wet 

pos. 
neg. 
pos. 
neg. 

846 
846 
846 
846 

1061 
1061 
1015 
867 

AC 50 Hz, 
1 min 

dry 
wet 

 507 
507 

666 
599 

   1 According to IEC 60099-4 

  Table II: Withstand voltages of the arrester housing 
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Extreme cantilever loads may appear under short-circuit current conditions. A rated short time 
and peak withstand current test in accordance with IEC 60129 was successfully performed in a 
high-power test laboratory. The disconnector/arrester was connected to the power source by a con-
ductor of 5400 mm length. The short-circuit current of î = 162 kA, I = 55 kA and 1 s time duration 
produced a maximum cantilever stress of 8.6 kN (Fig. 9), which was handled by the disconnec-
tor/arrester without any problems. These extreme mechanical stresses require application of high 
quality alumina porcelain and an optimized design of the connections flange-to-porcelain, however. 
The specified dynamic cantilever load of this arrester is Fdyn = 10 kN (Table I) according to [7], a 
value, which has been verified by about 100 breaking tests during the past ten years.      

4 Protective characteristic of the disconnector/arrester in a 420-kV-AIS 

This paragraph gives information about laboratory measurements and calculations of overvolt-
ages caused by a direct multiple lightning stroke of negative polarity into the phase conductor of an 
overhead line 1 km away from a typical 420-kV-AIS. The substation is assumed to be protected by 
a disconnector/arrester at the line entrance and by another arrester associated with the power trans-
former (as commonly applied). Moreover, a subsequent stroke occurs just during the dead time of 
the auto-reclosing cycle of the circuit-breaker. Since realistic waveforms cannot be produced in the 
laboratory, first step was taken by developing EMTP models of all involved components. This was 
done by comparing laboratory voltage stresses and calculation results. Then these proven models 
were used for final EMTP calculations of realistic stresses. 

4.1 Measurements in the laboratory and EMTP calculations for optimizing the models of 
substation components 

These investigations were performed in order to elaborate and to calibrate EMTP models of the 
arrester, the instrument transformers, the grading capacitors of the circuit-breaker and the connect-
ing lines. For this purpose, the line entrance of a 420-kV-substation including all these components 
was modeled, in the original 1:1 scale, in the high-voltage laboratory. The incoming lightning over-
voltage impulse was generated by a 3-MV-lightning-impulse-generator which is able to generate 
impulses of less than 0.5 µs rise time. The busbar and related connections between the circuit-
breaker and the arrester at the power transformer (lines 5...8 in Fig. 11) of an overall length of 138 
m do not have any influence on this investigation and were hence omitted. EMTP models derived 

Fig. 9: Short time and peak withstand current test on the closed disconnector/arrester;
current (top) and mechanical load (bottom) 
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from former investigations for a 245-kV-system [9] were taken as a basis and then adopted and im-
proved by comparing measured and calculated current and voltage waveforms. Fig. 10 shows, as an 
example, the final conformance of the calculated and the measured voltage at the combined SF6 
instrument transformer with the impulse generator charged to 3 MV. Differences between calcu-
lated and measured peak values and frequencies are negligible. The calculated oscillations have a 
lower decay rate and the calculated rise time is shorter than the corresponding measured values. 
Thus the results of calculations using these models will be on the safe side with respect to the mag-
nitude of overvoltages. 

4.2 EMTP models 

The calculation should yield the overvoltage stress of all involved components in a typical 420-
kV-AIS, caused by the subsequent stroke of a direct multiple lightning stroke of negative polarity 
into a phase conductor of the overhead line 1 km away from the substation. For simulating the in-
coming overvoltage surge, the 3-MV-impulse-generator is replaced by a lightning current source at 
a distance of 1 km. All components shown in Fig. 11, including those behind the circuit-breaker, are 
taken into account.  
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U
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Fig. 10: Calculated and measured voltage at the combined SF6 instrument 
transformer with the impulse generator charged to 3 MV 
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   0: l = 13.50 m  Z = 331 Ω 
MOA2 : Disconnector/arrester 1: l = 5.83 m  Z = 358 Ω 
CIT : Combined instrument transformer 2: l = 7.16 m  Z = 281 Ω 
   3: l = 11.06 m  Z = 398 Ω 
CB : Circuit-breaker 4: l = 6.31 m  Z = 273 Ω 
   5: l = 10.80 m  Z = 333 Ω 
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MOA1 : MOA for the protection of the power transformer 7: l = 6.64 m  Z = 276 Ω 
PT : Power transformer 8: l = 8 m   Z = 361 Ω 

Fig. 11: Adopted layout of the 420 kV-substation 
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- The lightning current impulse is modeled on a current source, EMTP module type 15. The pa-
rameters are chosen to achieve a current wave shape of 0.1/70 and a current amplitude of 12.5 
kA – a value, which will occur in the system with a probability of 50 % [10]. The resulting cur-
rent impulse has a steepness of 110 kA/µs. For subsequent strokes this value is exceeded with a 
probability of only about 25 %. 

- The metal-oxide arresters are modeled by EMTP module type 92, extended by inductances and 
stray-capacitances as shown in Fig. 12. Of course, this model is empirical and not an exact 
physical representation of an arrester; but it reflects its performance under lightning current im-
pulse stress with sufficient accuracy. 

- All the other components of Fig. 11 are represented by RLC-elements. Two alternative arrange-
ments of instrument transformers have been investigated: a combined SF6 instrument transformer 
and a combination of oil-insulated current and voltage transformers. In the latter case, the two 
individual transformers are also treated as one single combined transformer, since they are ar-
ranged only 3 m apart from each other. 

- The distance from the striking point to the substation is chosen to be 1 km, and that to the next 
substation in the other direction to be 40 km. The average distance to ground of the overhead 
shield wire is 28 m, and the center line spacing of the conductors within the quad bundle is 
400 mm. This results in a single phase surge impedance of 317 Ω. Damping effects due to co-
rona do exist even for short distances, but are neglected here in favor of considering the worst 
case scenario. 

4.3 Calculated overvoltages at the instrument transformer and the open circuit-breaker 
due to the subsequent stroke 

Fig. 13 shows the calculated overvoltages at the combined SF6 instrument transformer (CIT) and, 
alternatively, at the combination of oil-insulated current and voltage transformers (CT, VT). While 
for the oil-insulated instrument transformers the magnitude of the overvoltage (1195 kV) stays be-
low the permissible maximum value of 1425 kV/1.15 = 1239 kV, this value is slightly exceeded for 
the combined SF6 instrument transformer (1291 kV). Taking into account the worst case assump-
tions of this calculation (e.g., corona effects neglected), this result indicates an acceptable overvolt-
age protection also for this device, however. 

Fig. 14 depicts the situation for the open circuit-breaker. The shorter the time interval between 
the beginning of the reclosing cycle and the occurrence of the overvoltage, the more critical is the 

Fig. 12: EMTP model of the MOA (Um = 420 kV) 

Type 92 C=35 pF

L=3,86 µH

L=2,5 µH

C=20 pF
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overvoltage stress for the circuit-breaker, since it takes a certain amount of time for the switching 
gap to recover and to gain its full dielectric strength after breaking a short-circuit current. The actual 
overvoltage stress when using the disconnector/arrester, however, is only 1228 kV across the open 
breaker gap. This value is far below the breakdown voltage of the switching gap [5], even if a cer-
tain reduction of the dielectric strength after short-circuit current breaking is taken into account. The 
phase-to-earth overvoltage level of 1185 kV offers a sufficient margin to the standard lightning im-
pulse withstand voltage of 1425 kV. Hence these results demonstrate that the disconnector/arrester 
arrangement is able to protect both the instrument transformer(s) and the circuit-breaker under the 
conditions of nearby direct multiple lightning strokes. 

5   Conclusion 

The presented combination of a standard metal-oxide arrester and a standard disconnector with 
two earthing switches at the line entrance of a substation provides an economical and efficient 
lightning overvoltage protection of instrument transformers and circuit-breakers. There are no addi-
tional space requirements for the arresters, and thus also existing substations can easily be refitted. 
Furthermore, the type-tested device does not require any additional engineering for special instal-
lation cases. It has been designed for and applied in 245-kV- and 420-kV-systems. Only the 420-
kV-version requires a modified grading ring of the arrester, which is realized as a 180°-half-ring. 
This modification was checked by calculations and measurements on the arrester, and the individual 
components, as well as the complete combined device, were fully type-tested in accordance with the 
requirements for disconnectors and for arresters. The protective characteristic has been verified by 
EMTP calculations, based on models derived from full scale tests in the high-voltage laboratory. 
They show that even under the conditions of nearby direct multiple lightning strokes, sufficient 
overvoltage protection of the instrument transformers and of the circuit-breakers during an auto-
reclosing cycle is ensured. 
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