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Abstract— Several methods of attenuation of Very Fast 

Transient Overvoltages (VFTO) in Gas-Insulated Switchgear 
(GIS) are under development. An approach that is currently 
gaining high attention among researchers is based on the 
application of magnetic cores dissipating the energy associated 
with VFTO due to eddy current losses and magnetic hysteresis 
losses. This paper presents an advancement in this approach, by 
introducing a new material type (denoted in the present paper as 
“nanoflakes”). This new material comprises macro pieces of 
nanocrystalline ribbons (with the size ranged in square 
millimeters), acquired from crumbled nanocrystalline cores of a 
standard design. The material is characterized by relatively high 
magnetic permeability, poor electrical conductivity, and high 
saturation flux level. The material is suitable for application as a 
coating layer applied to the surfaces of an inner and/or an outer 
GIS conductor, as a fill-in material in the GIS shielding elements, 
or as a standard shaped core. The paper presents the material 
major features, outlines its development process, and reports on 
validation of the material effectiveness in real VFTO conditions. 
The validation is based on the measurement of VFTO attenuation 
in full-scale 550 kV GIS test set-up. 
 

Index Terms— Very Fast Transient Overvoltages (VFTO), 
Gas-Insulated Switchgear (GIS), disconnector switch, magnetic 
material, magnetic ribbon, attenuation, damping, transients, 
switching 

I.  INTRODUCTION 

A.  Very Fast Transient Overvoltages in GIS 
ARGE AC power grids are backboned with high power 
capacity corridors rated at high- (HV) and ultra-high 

voltage (UHV) levels to maintain power transmission losses at 
acceptable limits. The IEC ratio between the rated voltages 
and the withstand voltage levels declines towards higher rated 
voltages. For Gas-Insulated Switchgear (GIS), Very Fast 
Transient Overvoltages (VFTO) are generated by operations 
of disconnectors. With the VFTO peak values which remain 
independent of the rated voltages [1], [2], for the rated 
voltages exceeding 500 kV the VFTO can be as high as the 
IEC withstand voltage levels. Hence, for HV and UHV GIS 
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the VFTO is carefully examined by the GIS designers in order 
to assess the safety margins of the equipment. According to 
particular design selection, a decision on application of the 
VFTO mitigation solution is being made in order to ensure the 
required robustness of the equipment. 

B.  Methods on VFTO Attenuation 
Several methods on VFTO attenuation are known, as 

thoroughly reviewed in [3], [4]. In [5] an overview is given of 
the methods based on the application of magnetic cores. The 
latter methods involve commercially available magnetic cores 
of different types, sizes, and material properties: ferrite [6], 
amorphous [7], nanocrystalline [5]. The cores are wound on 
the inner conductor of the GIS busbar and located under an 
electric field control element. The number and the dimensions 
of the cores are selected according to the required attenuation 
effect. 

Dominant physical mechanisms responsible for the VFTO 
attenuation in the magnetic cores include eddy current and 
magnetic hysteresis losses [7], [8]. These mechanisms are 
highly frequency dependent and are affected by the magnetic 
saturation effect of the material [7], [8]. In [5], [7], [9] the 
Authors show comparison of commercially available magnetic 
cores of different types, indicating that the attenuation factor is 
highly dependent on physical properties of the magnetic 
material and on the number of the magnetic cores involved. 

Parameters of the cores strongly depend on the frequency 
[5] and the current [8] associated with the VFTO conditions. 
The required number of the cores of a given type and 
dimensions is evaluated experimentally [5], [7] and 
numerically [7], [8] in order to achieve the required VFTO 
attenuation effect. Flexibility of the selected material in terms 
of its manufacturing for the required size selection is a key 
factor in order to achieve an optimized design for the required 
VFTO damping effect, the GIS dielectric design, the GIS 
thermal and mechanical performance. 

C.  Paper Overview 
In this paper, we present a new magnetic material 

(nanoflakes), developed and tested for VFTO attenuation in 
GIS. Section I gives background information and main 
references that contain throughout overview of the state-of-the 
art methods on VFTO attenuation in GIS based on application 
of magnetic materials. Section II presents the nanoflakes 
material itself, its main features, and initial low voltage tests. 
Outline of the material development process is also given. 
Section III provides description of the full-scale 550 kV GIS 
test set-up used for experimental evaluation of the nanoflakes 
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material effectiveness. Section IV reports on the measurement 
results conducted in the 550 kV test set-up introduced in 
Section III. Section V presents discussion on the measurement 
results, and offers conclusions. 

II.  NANOFLAKES: NEW MATERIAL FOR VFTO DAMPING IN GIS 

A.  Material Description 
The nanoflakes material is composed of an elastomer matrix 

filled with a resistive inset, in which macro pieces of crumbled 
nanocrystalline ribbons are suspended. The pieces of the 
nanocrystalline material are acquired from the commercially 
available magnetic cores (e.g. [10]).  

Selection of the nanocrystalline ribbons for development of 
the new material was motivated by the fact that the 
nanocrystalline cores have experimentally proven their 
effectiveness for damping of VFTO in GIS, as reported in e.g. 
[11]. The nanocrystalline cores are characterized with high 
magnetic permeability and high saturation level as compare to 
the ferrite rings tested in e.g. [6].  

As compared to the standard nanocrystalline cores, the new 
material is characterized with the resistive distributed gap 
introduced in between the nanocrystalline pieces. This implies 
decreased magnetic permeability. In the material comprising a 
dielectric matrix the eddy currents can circulate only within 
the nanocrystalline pieces. However, if the material is 
additionally filled with a resistive particles, the parameters of 
the material can be adjusted by the density of the 
nanocrystalline pieces, their sizes, and also by the resistivity of 
the matrix. This resistivity can be adjusted by an addition of 
appropriate amount of carbon powder filler. 
 

   
Fig. 1  Crushed nanocrystalline material (a), inset: magnetic core formed with 
crushed nanocrystalline material submersed in resin for current treatment and 
inductance measurement; example of manufactured nanoflakes coating (b). 

 
Fig. 1a shows an example of the crushed nanocrystalline 

material used for the development of the nanoflakes material 
shown in Fig. 1b. 

The new material involves the manufacturing process that 
offers high degree of flexibility in terms of the geometry 
design, which further gives an opportunity for optimization of 
the magnetic coating dimensions and shape. The material can 
be shaped to form a coating layer to the surfaces of the inner 
and/or the outer GIS conductors, to be placed inside shielding 
elements, or to form a ring-shaped magnetic cores. 

B.  Material Preparation and Initial Measurements 
In order to perform an initial evaluation of the material, 

samples in a form of toroidal cores were prepared. The 
processing of the material was performed under the DC 

magnetic field so that the effect of the nanoflakes orientation 
within the material could also be controlled. The crumbled 
nanocrystalline ribbons shown in Fig. 1a were mixed with a 
polymer matrix (resin) and placed in a toroidal form (see inset 
in Fig. 1a), on which a winding comprising of 10 turns of wire 
was wound. The nanocrystalline pieces were pre-treated with a 
DC current so that the associated magnetic flux aligned the 
pieces in the resin according to the minimum energy 
condition. 

 
TABLE I 

Low voltage measurement results: 𝐼𝐼, 𝑡𝑡 – current and time 
for pre-treatment, 𝐿𝐿 – measured inductance, 𝛿𝛿𝐿𝐿 – inductance gain 

in reference to zero-current inductance (𝐿𝐿0 = 0.015 mH)  

𝑰𝑰 [A] 𝒕𝒕 [minutes] 𝑳𝑳 [µH] 𝜹𝜹𝑳𝑳 [%] 

0 0 15 0 

10 1 15 0 

20 1 20 33 

20 40 25 67 

 
After the pre-treatment, the DC current was switched off 

and the inductance was measured. Due to the high viscosity of 
the resin the relaxation time of the nanocrystalline pieces was 
long enough so there was no significant change in the pieces 
orientation between the pre-treatment and the inductance 
measurement. The inductance was measured for two DC pre-
treatment current values (10 A and 20 A) and for two pre-
treatment times (1 minute and 40 minutes). 

Results of this experiment are shown in Table I. For the 
case with the DC current of 20 A applied for 40 minutes, an 
inductance increase by 67% was observed as compared to the 
reference case. 

Based on these results a full-scale 550 kV GIS conductor 
was developed, as shown in Section III. 

III.  FULL-SCALE HV EXPERIMENTAL SET-UP AT 550 KV 

A.  GIS Test Set-up Arrangement 
Fig. 2 shows the test set-up introduced in [11] and used in 

the measurements reported in the present paper. High voltage 
impulse generator was used to supply Lightning Impulse (𝐿𝐿𝐼𝐼) 
voltage 1.2/50 𝜇𝜇𝜇𝜇 to the AIS-GIS bushing. The test set-up 
comprised a spark-gap compartment filled with SF6 gas (see 
Fig. 2a, the component marked with red color). The gap 
distance and the SF6 gas pressure were controlled during the 
measurements to provide voltage breakdown at required 
instantaneous value of the 𝐿𝐿𝐼𝐼 voltage. The spark gap of 
10 mm with 0.4 MPa pressure of SF6 gas was used to initiate 
the breakdown at 500 kV of 𝐿𝐿𝐼𝐼 voltage. By lowering the SF6 
gas pressure to 0.1 MPa, the breakdown voltage decreased to 
200 kV was used in addition to 500 kV voltage. Each 
breakdown in SF6 spark gap initiated VFTO propagation in the 
GIS components. Air-insulated busbar compartments were 
used for inserting the VFTO mitigation solutions under the test 
(i.e. the magnetic cores and the new nanoflakes material), as 
shown in Fig. 2 (see Fig. 2a, the components marked with 
grey color). The GIS test set-up was dismounted and mounted 
between any changes in the material under test. Air insulation 

a) b) 
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used in the bus-bar compartment significantly reduced the 
time needed for the set-up re-arrangement. 

 

 

  
Fig. 2  Measurement set-up of 550 kV GIS [5, 11] with sensors indicated (a), 
GIS components: mounted (b) and dismounted (c); Marx generator provides 
1.2/50 𝜇𝜇𝜇𝜇 impulse voltage to SF6 spark gap compartment; GIS components 
filled with SF6 gas / air are marked with red / grey color in (a). 

B.  Overall Voltage Waveforms 
Voltage waveforms were measured with high frequency 

capacitive sensors located in dedicated GIS compartments 
according to Fig. 2. 

Fig. 3 shows example of the overall voltage waveforms 
recorded for the GIS with open end, with Sensor 1 and Sensor 
2. First breakdown (followed by the VFTO) occurs in the 
spark gap with SF6 gas. After the voltage builds up in the 
whole GIS set-up, second breakdown occurs in an air 
insulated bus-duct. This is due to the lowered insulation 
withstand voltage for the air-insulated compartment being 
originally designed for operation when filled with SF6 gas. 

 
Fig. 3  Voltage waveforms recorded with Sensor 1 and Sensor 2 (see Fig. 2); 
indicated are: LI voltage 1.2/50 𝜇𝜇𝜇𝜇, first breakdown (in SF6, trigger set), 
second breakdown (in air), open end. 

 
It can be seen in Fig. 3 that after the first breakdown 

occurrence, the voltages recorded by both sensors build-up 
according to the capacitor loading curve. After the second 
breakdown (occurring in the end of the GIS), the voltages 
oscillate with half-frequency around the zero voltage level (as 
the set-up is grounded by the flashover). 

For the shots with the grounded end, grounded copper stripe 
was connected between conductor and enclosure at the right-
hand end of the set-up (see Fig. 2). Main frequencies of the 
VFTO waveforms, as associated with the overall GIS test set-
up length, are: 15 MHz for the open end, and 7.5 MHz for the 
grounded end. 

C.  Measuring Sequence 
Reference voltage waveforms (without magnetic material) 

were recorded before and after measurements. Fig. 4 shows 
their mutual good agreement for the example of test with open 
end. 

For each study case (i.e. each arrangement of the test set-up 
and of the attenuation material used), the voltage waveforms 
were measured for several tests. The averaged waveforms of 
several tests were then analyzed, as reported in Section IV. 
Since the triggering was set on the falling slope of the first 
breakdown (see Fig. 3, Sensor 1), the waveforms recorded 
were not affected by the averaging procedure. 

 
Fig. 4  Voltage waveforms measured with Sensor 2 (as per Fig. 2); before 
(Ref 1, line) and after (Ref 2, dots) all measurements (for the GIS open end). 

 

   
Fig. 5  Example of 550 kV GIS conductor with nanoflakes material (a) and 
with standard magnetic cores (b). 

D.  Tested Magnetic Materials: Nanoflakes and Standard 
Cores 

Fig. 5 shows an example of 550 kV GIS conductor with the 
new nanoflakes material (Fig. 5a) and with the standard 
magnetic cores (Fig. 5b). 

The nanoflakes material shown in Fig. 5a was built with the 
nanocrystalline ribbons of the same type as used in the 
standard cores shown in Fig. 5b selected for testing. The 
ribbons were crumbled to the extent that the approximate size 
of the pieces was in the millimeter size range. The maximum 
size of the pieces in the representative sample was not 
exceeding 12 mm in the longest direction. As the elastomer 
matrix a polyurethane material was used. As the carbon 
powder, a graphite material was used, with the grain size in 
the range between 0.1 mm to 1 mm. For the nanoflakes 

-300

-100

100

300

500

700

-0.1 0.1 0.3 0.5 0.7 0.9

VF
TO

 [k
V]

 

t [us] 

 Sensor 1

 Sensor 2
← first breakdown (SF6, trigger set) 

second breakdown (air) → 

LI 1.2/50 us, 500 kV 

0

100

200

300

400

-0.05 0.00 0.05 0.10 0.15 0.20

VF
TO

 [k
V]

 

Time [us] 

 Ref 1
 Ref 2

Sensor 1 

LI 1.2/50 us, 550 kV 
(from Marx generator) 

Spark gap (SF6) Tested material Opened or 
grounded end 

Sensor 2 

b) c) 

a) 

a) b) 



0885-8977 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2016.2524677, IEEE
Transactions on Power Delivery

 4 

material under test, commercially available nanocrystalline 
iron based material was used. The GIS conductor was covered 
with an insulating lacquer, on which the material was applied. 

Fig. 6 illustrates the manufacturing process. During the 
process, the GIS conductor was positioned vertically (see Fig. 
6a). A magnetizer shown in Fig. 6b was inserted into the GIS 
conductor in Fig. 6a and supplied with a DC current to 
produce the magnetic field around the GIS conductor. The 
nanoflakes material according to the description given above 
was poured (in the form of a liquid) to the forming element. 
This constituted a segment of the nanoflakes material of few 
centimeters width. Within the segment, the nanocrystalline 
ribbons were orientated along the surface of the GIS conductor 
according to the magnetic flux generated by the magnetizer. 
After drying of the segment, the magnetizer was moved to the 
next position, where the process was repeated. Ensuring 
repeatable material properties in a potential product would 
require a stable manufacturing process, in which resistivity of 
the material as well as size distribution and density of the 
nanocrystalline pieces are under appropriate control. 

 

  
Fig. 6  GIS conductor with nanoflakes material in the forming element, b) 
magnetizer used inside the GIS conductor, supplied with a DC current to 
generate magnetic field around the GIS conductor for orientating the ribbons 
along the GIS conductor surface. 

 
The material was manufactured with the same thickness as 

the standard cores used in the measurements. Semiconductive 
paper was used as an outer layer, connected at one side to the 
GIS conductor, to provide shielding that allowed to avoid 
local gradients of electric field. 

The nanoflakes material selected for testing had the same 
thickness as of the cores, and the length adjusted to provide 
similar attenuation as compare to the 8 cores employed. Also, 
same nanocrystalline ribbons were used as in the nanoflakes 
material as in the tested standard cores. 

IV.  MEASUREMENT RESULTS 
Measurements were conducted in the test set-up shown in 

Fig. 2 for the two magnetic materials shown in Fig. 5. Two 
breakdown voltage levels were employed: 500 kV and 
200 kV, with 0.4 MPa and 0.1 MPa pressure of SF6 gas in the 
spark gap compartment respectively. For each breakdown 
voltage level, the voltage waveforms were recorded with two 
sensors shown in Fig. 2, for two VFTO frequency conditions. 

 

 
Fig. 7  Measurement results: VFTO voltage waveforms for different magnetic 
materials; for 500 kV, GIS with open end, Sensor 2; global maximum 
marked. 

 
Fig. 8  Measurement results: VFTO voltage waveforms for different magnetic 
materials; for 500 kV, GIS with grounded end, Sensor 2. 

 
Fig. 7-10 show examples of the voltage waveforms 

recorded by Sensor 2 for 500 kV breakdown voltage, for open 
and grounded end conditions. Table II shows attenuation 
factors for each measured case shown in Fig. 7-10. The 
attenuation factor was defined as [5]: 
 

𝑢𝑢ref
𝑚𝑚𝑚𝑚𝑚𝑚−𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚

𝑢𝑢ref
𝑚𝑚𝑚𝑚𝑚𝑚 × 100%,      (1) 

 
where max means global VFTO maximum (first peak), for the 
voltage waveform 𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚 obtained with the magnetic material 
involved, and for the reference waveform 𝑢𝑢ref𝑚𝑚𝑚𝑚𝑚𝑚 obtained 
without the magnetic material. As an example, the global 
maximum of the VFTO waveform is marked in Fig. 7. 
 

 
Fig. 9  Measurement results shown in Fig. 7 zoomed to show first peak 
attenuation; VFTO waveforms for 500 kV, GIS with open end, Sensor 2. 
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Fig. 10  Measurement results shown in Fig. 8 zoomed to show first peak 
attenuation; VFTO waveforms for 500 kV, GIS with grounded end, Sensor 2. 
 

In addition to the measurements conducted for the 
breakdown voltage of 500 kV, as shown in Fig. 7-10 and 
Table II, for the new nanoflakes material the measurements 
were conducted also for 200 kV (for the two frequency 
conditions: 15 MHz and 7.5 MHz). As compared to the 
500 kV results summarized in Table II, the 200 kV attenuation 
increased from 11.2% to 13.7% for 15 MHz, and from 19.1% 
to 23.3% for 7.5 MHz (i.e. by 22.3% and 22.0% 
respectively). 
 

TABLE II 
VFTO attenuation (first peak) for new nanoflakes material and for 8 cores, 

as shown in Fig. 7-10; for 500 kV and two frequency conditions (15 MHz and 
7.5 MHz) 

VFTO  
conditions 

VFTO attenuation [%] 

Nanoflakes 8 cores 

500 kV, 15 MHz 11.2 10.3 

500 kV, 7.5 MHz 19.1 19.5 

 

V.  CONCLUSIONS 
A novel magnetic material, called nanoflakes, has been 

introduced for application of VFTO attenuation in GIS. The 
material relies on crumbled nanocrystalline ribbons located in 
a resistive filler. 

Full-scale VFTO measurements were performed in 550 kV 
experimental set-up, for two options of VFTO attenuation 
solutions: the new nanoflakes material, and the standard 
nanocrystalline cores. Number of magnetic cores and 
dimensions of the nanoflakes material were selected in order 
to obtain similar attenuation of both solutions. Attenuation 
factor was measured for two GIS arrangements, with open and 
grounded end, characterized in different VFTO main 
frequency components: 15 MHz and 7.5 MHz respectively. 

For the most severe conditions (500 kV, 15 MHz), both 
solutions provided more than 10% of the VFTO first peak 
attenuation. Even higher attenuation was observed for next 
peaks damping. Higher attenuation was also observed for 
lower frequency (7.5 MHz) and for lower voltage (200 kV). 

To achieve same attenuation, the new material requires 
60% more overall material (in terms of weight) than the 
standard cores. The manufacturing process involved for 
production of the new material offers high degree of flexibility 

in terms of the geometry design, which further gives an 
opportunity for optimization of the magnetic material 
dimensions and shape. The material can be shaped to form a 
coating layer to the surfaces of the inner and/or the outer GIS 
conductors, to be placed inside shielding elements, or to form 
a ring-shaped magnetic cores. Placing a magnetic-resistive 
material of any kind (such as magnetic cores or nanoflakes 
material) on the GIS bus-bar conductor will modify the 
dielectric distance between the main conductor and the 
enclosure, thus will reduce the insulation strength. This needs 
to be taken into account in the dielectric design of the GIS 
busbar. 

This experimental work can serve as a base for modeling 
work and analysis of physical characteristics of the new 
material in high frequency and high current VFTO conditions. 
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