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ABSTRACT 

Several grid operators around the world intend to 
convert the method of neutral treatment from solid to 
resonant grounded neutral, especially since the recent 
development of residual fault current compensation 
schemes made this classic grounding concept fit also for 
cable grids. It eliminates safety risks and offers a 
superior solution for fault management with minimum 
customer outages. However, the insulation coordination 
of the existing equipment has to be reviewed. At this, 
surge arresters installed for overvoltage protection of the 
line transformers are of particular interest. Considering 
a 24.5kV distribution system, four different options are 
studied with special regard to insulation coordination 
and thermal overloading of existing arresters. 
The first option – a series connection of the hitherto 
installed arrester with a spark gap – is not suited, as it 
cannot sufficiently protect the transformer due to the 
formation time of the spark gap. The second option is to 
simply replace the existing arresters by arresters rated 
for resonant earthed systems. The third option is to add 
additional arresters in series with the existing ones to to 
obtain the max. continuous voltage required for resonant 
earthed systems. Due to the series connection the resi-
dual voltage of this arrangement is also increased, which 
reduces the overvoltage protection performance. But 
transformers with 125kV (BIL) can still be sufficiently 
protected. The fourth option is to add one smaller 
arrester in the common grounding of the existing ones - 
the so called Neptune connection. The overvoltage 
performance of this cost efficient solution is the same as 
with option 3. For the last option the temporary over-
voltage (TOV) capability of the arresters have to be 
checked. According to available specifications, possible 
operation with full rated voltage is confirmed up to 
10000s. The thermal stability of some field aged arrester 
was successfully checked in a separate verification test. 

INTRODUCTION 

Resonance grounding has become popular again, espe-
cially since the recent development of residual fault 
current compensation schemes has made this classic 
grounding concept fit also for cable grids. The systematic 
elimination of residual fault currents can also solve some 
remaining safety issues with traditional resonance 
grounding in overhead grids [1]. High impedance faults 
can cause step voltages which constitute a serious safety 

risk to the public and can initiate fires. A fast and com-
plete compensation of the remaining fault current in case 
of single phase earth faults – now possible with the GFN 
Ground Fault Neutralizer (Figure 1) – can eliminate these 
risks [2]. 

Furthermore, resonance grounding combined with residu-
al current compensation offers a superior solution for line 
fault management with minimum or no interruptions to 
customer power supplies. Grid SAIFI and SAIDI figures 
will impove significantly. Finally¸ the ongoing develop-
ment work for a new GFN based online PD monitoring, 
aiming to facilitate the early detection of cable faults and 
to support CBM, adds further advantages to this novel 
grounding concept [3].   

However, the phase-to-earth voltage of the healthy phases 
rises to the level of phase-to-phase voltage in case of a 
single-phase earth fault. This requires the resizing of the 
insulation coordination and the equipment in question. At 
this, arresters installed for overvoltage protection of 
transformers are of particular interest. To adopt the co-
ordination withstand voltage of the arresters in case of 
temporary overvoltages (TOV) under earth fault con-
ditions four options are studied with special regard to 
insulation coordination issues [4] and thermal over-
loading of the arresters previously installed. 

OVERVOLTAGES IN SYSTEMS WITH 
RESONANT GROUNDED NEUTRAL 

In case of an earth fault the phase voltage of the healthy 
phases turns from phase-to-earth to phase-to-phase 
voltage The TOV amounts to 3 pu, i. e. 1.73 pu. If the 
resonant grounded system is operated in the continuous 
mode, this situation can last for hours, till the fault is 
cleared. 

Figure 1: GFN basic approach for residual fault current 
compensation 
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Beside these steady state fault conditions the transient 
voltage characteristic when a fault is initiated has to be 
considered. The transient overvoltage may achieve up to 
2.5 pu. After the decay of this transient process the TOV 
of 1.73 pu is obtained. 

ARRESTERS IN SERIES WITH SPARK GAPS 
(OPTION 1) 

Required overvoltage performance of the 
overvoltage protection device 
The overvoltage protection device consisting of spark gap 
in series with arrester has to limit the lightning 
overvoltages at the terminals of the transformers. 
Assuming that the fast front overvoltage leads to a 
flashover of the spark gap, the arrester in series becomes 
active and is limiting the overvoltage equivalent to the 
characteristic of the arrester.  

In case of an earth fault the arrester has to remain 
separated from the phase voltage. That means, neither the 
transient nor the continuous overvoltage must cause a 
flashover of the spark gap. A flashover of the spark gap 
would connect the arrester to the earth-fault voltage 
which corresponds to the phase-to-phase voltage. As the 
system voltage is 25 kV and the rated continuous voltage 
of the arrester is 19.5 kV or 21 kV depending on the type 
of arrester installed, the arresters would thermally be 
overloaded. . 

Overvoltage characteristic of the spark gap 
The spark gap in series to the arrester has to withstand the 
continuous earth-fault overvoltage, but also the transient 
overvoltage. This slow front transient overvoltage 
amounts up to 2.5 x 2x25/3 kV = 51 kV and the 
continuous earth-fault overvoltage 2 x 25 kV = 35.4 kV. 

The lightning (fast front) withstand voltage of a rod spark 
gap can be derived from IEC 60071-1 [4], but for slow 
front overvoltages like earth fault overvoltages a conver-
sion factor between fast front and slow front overvoltage 
according to IEC 60071-2, Table 2 [5] has to be taken 
into account. Furthermore, different atmospheric condi-
tions and altitudes have to be regarded by a correction 
factor which is assumed to be 1.1. Thus a gap distance of 
90 mm has to be chosen (Figure 2). 

In case of lightning overvoltage the spark gap has to 
flashover to connect and to activate the arrester installed 
for overvoltage protection of the transformer.  

The flashover voltage ub of the spark gap is given by the 
voltage time curve which can be estimated from the gap 
distance dgp[6]:  

	 400 ∗ 710 ∗ ∗ .  

The 90% flashover voltage of the 90 mm spark gap is 
presented in Figure 3.  

The MV lines in question are subjected to direct light-
ning. More than 90% of the strokes have a peak current 
of at least 10 kA [7]. The lightning current pulses are 
characterised by certain steepness parameters. According 
to [8] the steepness between 30% and 90% of the crest 
value amounts to S30/90 = 3.2 I0.25 at which I is the crest 
value of the lightning current pulse. Thus the overvoltage 
at the strike location will exceed 2000 kV with a steep-
ness of 1140 kV/s. The amplitude of this fast front over-
voltage is limited to about 400 kV by a flashover the next 
line insulator. But nevertheless, the transformer is sub-
jected by an overvoltage of 1140 kV/s steepness. As 
shown in Figure 2 this steepness leads to a flashover 
voltage of 260 kV and a time to breakdown of 0.25 /s. 
That means after 0.25 /s the arrester is connected to the 
line and could limit the overvoltage. 

 
Figure 2: Fast front and slow front withstand voltages for a 

rod-rod spark gap in dependence of gap distance 

 
Figure 3: Voltage-time characteristic of a 90 mm spark 

gap, 90% flashover voltage at a steepness of 
1140 kV/s
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Consequences for overvoltage protection of 
transformers connected to the system 
In contrast to air gaps the typical transformer insulation 
arrangements do not show a formation time. There is only 
a small increasing trend at steep front overvoltages which 
can be neglected when regarding the withstand capability 
at steep front overvoltages and the rated lightning 
impulse withstand voltage for power transformers can be 
assumed [9]. In consequence power transformers rated 
for a highest voltage for equipment of 24 kV and for a 
lightning impulse withstand voltage of 125 kV cannot be 
protected by a protection device consisting of a spark gap 
in series with previously installed arresters rated for a 
solidly earthed system.  

REPLACEMENT BY ARRESTERS 
DESIGNED FOR RESONANT EARTHED 
SYSTEMS (OPTION 2) 

The ratings of arresters for a system under consideration 
with a maximum system voltage of 24.5 kV can be 
derived from IEC 60099-5 [10]. In Table B4 the 
following characteristic values of metalloxid arresters in 
resonant earthed systems are given (Table 1):  

Max. 
system 

voltage [kV] 

Max. 
continuous 
voltage [kV] 

Rated 
voltage 

[kV] 

Max. resid. volt. 
at rated dischar. 

current [kV] 
24 24 30 80 

Table 1:  Characteristic values of metalloxid arresters 
in resonant earthed system, system voltage 
24kV 

As shown in Table 2 the residual voltage of these 
arresters is the same as those installed up to now and 
rated for 24 kV. Thus the protection level is also the 
same. Only compared to arresters rated for 21 kV the 
protection level is somewhat lower. 

 Type 1 Type 2 IEC60099-5 
Rated voltage [kV] 21 24 30 
Max. resid. voltage [kV] 69 79 80 

Table 2:  Max. residual voltage of installed arresters and 
arrester suited for resonant earthed systems, 
system voltage 24 kV 

SERIES CONNECTION OF EXISTING AR-
RESTER WITH ADDITIONAL ARRESTER 
(OPTION 3) 

To obtain the maximum continuous voltage of 24 kV or 
the rated voltage of 30 kV respectively for resonant 
earthed systems according to IEC 60099-5 [10], an 
additional arrester A2 has to be connected in serious with 
the existing one A1 (Figure 4). 

Due to the series connection of the two arresters the 
residual voltage is also increased which has consequences 
with regard to the protection level.  

 
Figure 4:  Series connection of the existing arrester A1 with 

an additional arrester A2 

Table 3 shows the continuous voltage, rated voltage and 
residual voltage at 10 kA discharge current of two 
arresters in series. 

As to be seen from Table 3, the residual voltage of the 
two arresters in series is increased by about 20%. 
Therefore the protection level is worse compared to the 
situation of today and it has to be clarified, if the 
protection level is sufficient.  

 
Two arresters A1 & A2 in series    
rated voltage Ur1 21 24 kV 
rated voltage Ur2 9 6 kV 
Ʃ rated voltage Ur1,2 30 30 kV 
 

max. continuous voltage Uc1 17 19.5 kV 
max. continuous voltage Uc2 7.65 5.1 kV 
Ʃ max. continuous voltage Uc1,2 24.65 24.6 kV 
 

max residual voltage     
Ures1: 10 kA, 8/20 s 69.3 79.2 kV 
Ures2: 10 kA, 8/20 s 29.7 19.8 kV 
ƩUres1,2: 10 kA, 8/20 s  99.0 99.0 kV 

Table 3: Electrical data of arresters A1 and A2 connected in 
series 

Assuming a rated lightning withstand level of the 
transformer of 125 kV the following protective ratio 
defined as rated lightning impulse withstand voltage to 
residual voltage at rated discharge current (UrLIWV / 
Ures(10 kA)) can be determined (Table 4). 

Ur LIWV 

[kV] 
Uc LIWV 

[kV] 

UrLIWV/Ures (10 kA);    UcLIWV/Ures (10 kA) 
modified 
arrester 

arrangement 

up to 
now 

accord. IEC 
(resonant 
earthing) 

125  1.26 1.80 1.56 
 109 1.10   

UrLIWV  rated lightning impulse withstand voltage 
UcLIWV   coordination lightning impulse withstand voltage 

Table 4:  Protective ratio for different arrester arrangements 
depending on lightning impulse withstand voltages 

The protective ratio of the arresters in series connection is 
considerably worse compared to the single arrester in 
accordance with IEC for resonant earthed systems [10]. If 
a certain ageing of the transformer is taken into account, 
as it is done in the insulation coordination procedure by 
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means of a safety factor of 15% 1 [5], the limiting voltage 
of the arrester is just above the coordination lightning 
impulse withstand voltage (ratio in red). That means, 
additional voltage drops on the supply leads have to be 
avoided in any case. Consequently the arrester has to be 
installed very near by the transformer with very short 
supply leads.  

ARRESTER ARRANGEMENT WITH FOUR 
ARRESTERS, NEPTUNE DESIGN (OPTION 4) 

The adoption of the arresters to the maximum continuous 
voltage of 24 kV can also be realized by a four arrester 
arrangement according to the so called Neptune design 
(Figure 5). 

 
Figure 5:  Four arrester arrangement according to "Neptune 

design" 

At this, the installed arresters A1…A3 are connected 
together at the lower arrester terminals and connected to 
earth via an arrester A4. The arrester A4 has to be rated in 
such way that under earth fault conditions the maximum 
continuous voltage of the series connected arresters A1 or 
A2 or A3 respectively and arrester A4 is greater or equal 
the maximum system voltage of 24.5 kV. Under consi-
deration of the two types of arresters installed the values 
given in Table 5 can be assumed. 

The overvoltage protection efficiency of this arrester 
arrangement is the same as at option 2, as the ratings of 
the series connected arresters are the same. 

max. continuous voltage Uc1,2,3 17 19.5 kV 
max. continuous voltage Uc4 7.6 5.1 kV 
Ʃ max. continuous voltage Uc 24.6 24.6 kV 

Table 5: Rating of the arrester A4 in the “Neptune design” 
arrangement 

As long as the voltage at the arrester is smaller or equal 
as the maximum continuous voltage Uc the arresters 
behave in a capacitive manner (dotted in Figure 5). 

Since the capacitances C1…C4 are quantitatively not 
known, it is assumed that the capacitance of the arrester 
is inversely proportional to the maximum continuous 
voltage Uc (C ~ 1/Uc). This assumption is plausible, as Uc 
is depending on the number of metalloxid (MO) elements 
connected in series and the elements connected in series 
acts as a capacitance. If the Uc1 equals Uc4 the capaci-
tances C1 and C4 would be the same. 
                                                           
1 UcLIWL = UrLIWL/1.15 

Table 6 presents the capacitance C4 of arrester A4 related 
to capacitance C1 for the two types of installed arresters, 
assuming that Uc1/Uc4 = C4/C1 and C1 = C2 = C3, as 
explained above. 

Uc1 17 19.5 kV 
Uc4 7.65 5,1 kV 
C1, C2, C3 1 1 C1 
C4 2.22 3.82 C1 

Table 6: Capacitance C4 of arrester A4 related to 
capacitance C1 

The characteristic of the arrester arrangement in Neptune 
design in case of an earth fault in phase L1 is illustrated 
in Figure 6. In this case the capacitance C1 is in parallel to 
C4 resulting in a voltage component U2 at C2 given in 
Table 7. 

 
Figure 6: Characteristic of the arrester arrangement in Neptune 

design in case of an earth fault in phase L1 

As to be seen from Table 7, due to the capacitive voltage 
distribution in case of an earth fault in phase L1 the 
voltage component at the previously installed arresters 
A2 and A3 is greater than the maximum continuous 
voltage Uc.  

Earth capacitances in parallel to C4 which may enhance 
this miss-grading are disregarded. Therefore a thermal 
overloading of these arresters cannot be excluded in case 
of longer lasting earth faults. Hence the overvoltage 
(TOV) capability of the arresters has to be checked 
correspondingly. 

The overvoltage (TOV) characteristic provided by a 
manufacturer is presented in Figure 7 [11]. It shows the 
TOV capability depending on time related to the rated 
voltage of the arrester. For long lasting earth faults the 
TOV factor for 10 000 s has to be chosen which is 0.93 
with prior duty and 1.02 without prior duty.  

 

Ur1, 2, 3 21 24 kV 
Uc1, 2, 3 17 19.5 kV 
Uc4 7.65 5.1 kV 
C4 2.22 3.82 C1 
C4// C1 3.22 4.82 C1 
C4 + C1 + C2,3 4.22 5.82 C1 
Um 24.5 24.5 kV 
U2,3 18.7 20.3 kV 

Table 7: Voltage component at U2 and U3 respectively at 
arrester A2 and A3 respectively 
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The TOV capability for the two types of arresters under 
consideration is given in Table 8. Even in case of a prior 
duty a thermal overloading or runaway of the arresters is 
not to be expected. 
Ur 21 24 kV 
Uc 17 19.5 kV 
TOV (10 000 s) related to Ur 

1) 0.93 0.93 pu 
TOV (10 000 s) 1) 19.5 22.3 kV 
Um 24.5 24.5 kV 
U2,3 18.7 20.3 kV 
1) with prior duty acc. to IEC 60099-4 

Table 8: TOV capability of arresters A2 (U2) & A3 (U3) in 
case of an earth fault in phase L1 

VERIFICATION OF TOV CHARACTERISTIC 
BY LABORATORY TESTS 

The results gained by theoretical considerations were 
verified by laboratory investigations. The tests comprised 
continuous operation of the arrester arrangements at 
24.5 kV with full neutral displacement, followed by ten 
single phase-to-ground faults covering the transient 
overvoltage pre-stress. 

During a period of 4…5 hours under earth fault conditi-
ons the voltage and current at arrester A4 as well as the 
temperatures of the different arresters A1…A4 were ob-
served.  

The test results do not show any indication of thermal 
overloading or runaway of the arresters applied. There-
fore, the arrester arrangement of the Neptune design 
using these types of arresters is suited when a conversion 
of the method of neutral treatment from solidly earthed 
neutral to resonant grounded neutral is intended. If other 
types are installed, the TOV capability has to be proven 
by means of the TOV characteristic of the type of arrester 
in question. At this the pre-stress to which the arrester is 
subjected in practice has to be taken into account. 

CONCLUSIONS 

When converting the method of neutral treatment from 
solidly earthed neutral to resonant grounded neutral, the 

arresters have to be adopted regarding their rated voltage 
and continuous operating voltage correspondingly. 
Furthermore, an adequate overvoltage protection of the 
transformers by the modified arrester arrangement has to 
be proven. With this regard four options are considered. 
The most economic option is an arrester arrangement in 
the Neptune design at which the previously installed 
arresters are connected to earth via a fourth arrester. 

Due to the capacitive voltage distribution in case of an 
earth fault the voltage component at the arresters in the 
two sound phases can be greater than the maximum con-
tinuous voltage of the arresters. Therefore, the overvol-
tage (TOV) capability of these arresters in case of long 
lasting earth faults has to be checked correspondingly. 

The overvoltage protection efficiency of this arrester 
arrangement is somewhat worse compared with the pre-
vious one. But transformers with standard rated lightning 
impulse withstand level are sufficiently protected, if 
installed very near to the transformer via short leads. 
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Figure 7:  Overvoltage (TOV) characteristic of arresters 

type according to [11] 


