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ABSTRACT

Power systems components are subjected to lightning and switching over-voltages. These voltages/ currents are
momentary and it is required to test the above said power equipment’s against such conditions. Marx generator is
used to produce standard lightning impulse of 1.2/ 50 us and switching impulse of 250/ 2500 us. In the present work
designing, fabrication of wave-shaping resistors and load capacitance for a given 200 kV Marx generator were
carried out. The duration of the generated lightning impulse waveform is compared with standard duration and the
simulation analysis is carried out using PSPICE. Also work has been carried out in designing a 100 pF, 200 kV
cylindrical capacitor. To study the importance of insulation in high voltage capacitor, estimation of electric field is
carried out using ANSYS software.

Keywords — Marx generator, wave shaping resistors, load capacitor, lightning impulse, insulation, Electric
field.

1. INTRODUCTION

In the present scenario, to reduce the gap between demand and generation, power systems reliability is of utmost
importance. Reliability of power systems depends on performance of equipment’s such as transformers,
transmission lines, circuit breakers and insulators. These components are subjected to impulse voltages. Therefore,
before keeping these components into service, these are tested to withstand the above voltages. Most common
method of generating impulse voltages in laboratory is using Marx generator.

The design, development and work carried out on the Marx generators for generation of lightning impulses, by the
earlier researchers are briefly presented. Madhu Palati designed & developed a compact single stage Marx generator
to study the lightning characteristics [1]. Madhu Palati discussed the effect of stray capacitance on lightning
impulse in an impulse generator [2]. Manuel et al. discussed the importance of wave-shaping resistors in Marx
generator [3]. Adrian et al. in their research work used a 20 stage Marx generator for generating 4 MV lightning
impulse [4]. Ahmed et al. had designed the low cost, effective, and portable compact 10-stage Marx generator
capable of producing lightning impulse voltages of up to 25 kV [5]. Vivek presented the effect of circuit parameters
on the impulse have been studied [6]. Apart from lightning impulse generation, Marx generators find extensive
application in pulse power application for generation of short rise time pulses like Plasma soft X-ray, High Power
Microwave generators, lon beam material treatment, pollution control, pulsed corona precipitators, ozone
production, food processing, water purification and medical applications [7-8] etc.

Lightning impulse wave can be characterized as double exponential wave and is given by
V=[exp (-at) — exp (-pt)] @)
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Where a and B are constants and Vo is the charging voltage. The impulse voltage in power systems is generally
expressed in terms of rise time, fall time and the peak voltage. For impulse wave of 1.2/50 us the value of a and 8
are 0.0146 and 2.467 respectively. Standard impulse waveform is shown in Fig.1

Fig-1: Standard Lightning Impulse
In Fig.1, point A corresponds to 100% peak value. Sometimes the origin O will not be visible. Therefore, O; is
treated as virtual origin. Standard tolerance allowed for front time is £30% and that of tail time is £20%.

In the present work, attempts have been made to design, analyze and fabricate wave-shaping resistors and load
capacitor for a given 200 kV Marx generator. Simulation has been carried out in PSPICE to compare with
experimental waveform. Also, design of high voltage cylindrical capacitor and estimation of electrical field in the
dielectric is performed using ANSY'S software.

2. ESTIMATION OF MARX PARAMETERS

Front time, tail time, peak voltage, efficiency and energy are estimated for a given Marx of ten stages, each stage
capacitor of rating 10nF, 20 kV. For generating standard lightning impulse of 1.2/50us, wave shaping resistors and
load capacitance are estimated. When Marx is erected all capacitors get connected in series and the total erected
capacitance or equivalent capacitance C; of the Marx is given by

= =2 =1nF )
For generation of lightning impulse, the ratio C,/C, lies between 6 and 106.5 [9,10].

Where C, is the Load Capacitance.

In the present work, the above ratio is taken as 10. Therefore, C,/C,=10 and C,=1nf/10 = 100pF

Time to front is given by

_ C1Cy
T =3R, X~ 3)

Substituting T,=1.2usec, C;=1nF and C,= 100 pF in (3)
(1072 x 100 x 10712)

(10~° + 100 x 10-12)

1.2x 107 = 3R,

R, =4610.5 Q

Time to tail is given by

To=0.7(R1+Ry) (C1+Cy) 4
Substituting, C;=1nF and C,= 100 pF and R; =4610.5 Q in (4)

50 % 107° = 0.7(4610.52 + R,) X (107° + 10719)

R, = 60621 Q
Efficiency of Marx is given by
p=—S R ®)

C1+C, R1+Ry
Substituting the above values in (5), the efficiency obtained is 84.86%.
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The no load output voltage V, of Marx is given by

V, =nxnxV (6)
Substituting, efficiency n = 84.86%, n= number of stages=10 and voltage to which the stage capacitor is
charged=20kV in (6), V, =169.7 kV.

Energy of Marx is given by

E=-xCxV? =20] )
3. SIMULATION OF LIGHTNING IMPULSE

The schematic circuit and the simulated output waveform are shown in Fig.2 (a) and Fig.2 (b). Due to unavailability
of voltage divider circuit and limitation of Tektronix High voltage probe P6015, high voltage pulses upto 45 kV can
be measured. Therefore, to verify the simulation results with experimental results, the Marx was charged to 4.5 kV.
From Fig.2 (b), the rise time, tail time and peak voltage for the impulse waveform are 1.14 ps, 46.2 us and 37.6 kV
respectively. Both the rise time and tail time are well within the limits and are in close agreement with standards
[11]. There is merely 1.5% difference in the estimated value and the simulated value. Both the results are closely
matching.
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Fig-2(a): Schematic circuit of 10 stage Marx
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Fig-2(b): PSPICE voltage waveform of Lightning impulse

4. EXPERIMENTATION AND DISCUSSIONS

4.1 Fabrication of wave-shaping resistors

The Estimated value of Front resistor is 4610.5Q. R, is composed of 46 resistors of each 100Q, all connected in
series combination to get the required resistance. The Estimated value of Tail resistor is 60.6 kQ. R, is composed of
45 resistors of each 1kQ, all connected in series combination with three resistors of each 5 kQ resistors. The
assembled model of front resistor and tail resistor are shown in Fig.3(a) and Fig.3(b) respectively.

Fig-3(b): Arrangement of Tail Resistor (R,)

C-1395 www.ijariie.com 4



Vol-1 Issue-5 2016 IJARIIE-ISSN (O)-2395-4396

4.2 Fabrication of 100 pF, 80 kV Load capacitor

The desired Load capacitance is 100 pF. The limitation of P6015 probe is it can measure voltage upto 45 kV.
Therefore, taking safety factor into consideration, the load capacitor was designed to withstand upto 80 kV. C, is
composed of 20 capacitors of each 1000pF, 4 kV rating, all connected in series combination and this gives a
capacitance of rating 50pF, 80kV. Therefore, two sets of the above combination were connected in parallel as shown
in Fig.4 to get the required load capacitance of 100pF. The measured value of load capacitance using LCR meter is
95Pf

Fig-4: Arrangement of load capacitor (C,)

4.3 Experimentation

The Experimental set up of Marx with Wave shaping resistors, load Capacitance & DSO is shown in Fig.5(a). The
Power supply is switched on and the by adjusting the variac the output voltage of HV transformer is set to 4.5 kV.
This voltage gets applied across all the stage capacitors. The gap between the sphere gaps is set in such a way that
breakdown occurs in the spark gap when the capacitors get charged to 4.5 kV. During erection, all the capacitors get
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connected in series and discharge into the load circuit, generating a lightning impulse wave across the load circuit.
The impulse waveform across the load circuit is captured by using Tektronix DSO 3034 and is shown in Fig.5(b).
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Fig-5(b): Lightning impulse output waveform

From Fig.5 (b), the rise time and tail time are 1.25 us and 26 s respectively. Tektronix 6015 HV probe is having a
multiplication factor of 1000. Therefore, the peak voltage obtained is 2.9 divisions, each division is of 10V and
multiplication factor of 1000 gives 29kV. The rise time obtained from the waveform (1.25ps) is in close agreement
with standard value 1.2us and well within the tolerance value of £20% [11].

The tail time got affected due to following reasons:

« Stray capacitance of the capacitors

« Internal inductance of the Marx generator

« Inductance of the wave-shaping resistors (each resistor is approximately 5uH).

« Inductance of load capacitor (generally high voltage capacitors possess internal inductance)

Change in the tail resistance value (can be due to internal flashovers between the series combination of resistors)

4.4 Design of 100pF, 200kV cylindrical capacitor

In the Present work, attempt has been made to design a cylindrical capacitor with inner & outer electrodes in the
form of hollow stainless steel cylinders of suitable diameters & length to realize required capacitance and adequate
dielectric strength. The capacitance of a cylindrical capacitor of length I, diameters of inner and outer electrodes a &
b respectively, is given by
2TEY &

C= 1n(§) * (8)
Where C is the capacitance in farads, €, is absolute permittivity of free space =8.854 x 10" F/m, ¢, is the relative
permittivity of the dielectric medium of capacitor, | is the length of the cylindrical capacitor, b is the diameter of the
outer electrode, & a is the diameter of the inner electrode.
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In the present work, Perspex with ¢, =3.3 and breakdown strength of about 16k\V/mm (rms) under 50 Hz voltages
has been chosen as the dielectric for the capacitor. The breakdown strength under very fast (sub-nanosecond) pulses
will be much higher, possibly 25kV/mm to 30kV/mm [12]. Considering all the above, the following dimensions
have been worked out:

C =100 pF, b= 122 mm (available), and I= 300 mm in (8), we get inner diameter of cylinder a = 70mm

The maximum electric field is given by

_2v _ 2%200kV
E—aln(g) = om(®) =10.3 kV/mm 9)

Here, V is the nominal no-load output voltage of the Marx and for the present case, V=200kV giving Emax = 10.3
kV/mm which is quite safe compared to the reported breakdown strength of 25 kvV/mm [12].

Insulation design is an important aspect in designing a high voltage capacitor. It is very much essential to avoid the
unwanted flashover between the two electrodes. The estimation of electric field is carried out using ANSYS
software and is shown in Fig.6. From Fig.6 the maximum electric field is 9.9kV/mm and the difference is merely
less (3.7%), this verifies the method of validation.

Outer Electrode

Inner Electrode

....

Fig-6: Electric field distribution in a cylindrical capacitor
5. CONCLUSION

In this paper, studies on lightning characteristics of 200kV Marx generator were carried out. The wave shaping
resistors and load capacitance were designed and fabricated for the existing Marx at our laboratory. Simulation and
experiments were carried out on the above Marx. Front time is well within the limits, tail time was different because
of stray capacitance, inductance of wave shaping resistors, load capacitor & Marx inductance and flashover between
wave shaping resistors. Better wave shape can be achieved by providing sufficient spacing between the resistors to
avoid flashover between resistors, replacing the wire wound resistors with non-inductive and reducing the effect of
stray capacitance. Design and analysis of 100pF, 200kV load capacitor was carried out and Estimation of Electric
field is carried out on the designed model using ANSYS software. Both theoretical and simulation values matched
closely.

6. ACKNOWLEDGEMENT

Authors are grateful to the Director, HOD of EEE & Management of School of Engineering & Technology, Jain
University, Bangalore for their constant support and encouragement, in carrying out this work.

7. REFERENCES

[1].Madhu Palati, “Construction and evaluation of single stage Marx generator”, Journal of electrical engineering,
volume 15, edition 1, April 2015.

[2]. Madhu Palati, “Simulation of lightning characteristics using Pspice software”, International journal of advanced
electrical and electronics engineering, Volume 1, Issue 3, 2012, pp.7-10.

C-1395 www.ijariie.com 7



Vol-1 Issue-5 2016 IJARIIE-ISSN (O)-2395-4396

[3].Manuel Angel Saboy Gabina, “High Voltage Laboratory: Simulation, adjustment, and test on Electrical
Insulators™ 2009.

[4].Adrian-Tonut Singuran, “The Investigation of Newly Designed Transformer Windings with Reduced Thickness
of Oil-Impregnated Paper Insulation”, Thesis, Masters, TuDelft, Sept 2012.

[5].Ahmed S. Eljugmani and M.S.Kamarudin , “Development of portable 10 stages Marx generator” ARPN Journal
of Engineering and Applied Sciences Vol.11, No7, April 2016, ISSN 1819-6608.

[6].Vivek Kumar Verma, “Practical Simulation and Modeling of Lightning Impulse Voltage Generator using Marx
Circuit”, B.Tech Thesis, NIT Rourkela, Nov 2014.

[7].Neubar A.A. et al, “A compact repetitive 500kV, 500J Marx generator”, IEEE pulsed power conference, 13-17
June 2005, pp.1203-1206.

[8].Prabaharan T et al, “Development of 2.4ns rise time, 300kV, 500MW compact coaxial Marx generator”, Indian
journal of pure and applied physics, volume 49, Jan 2011, pp.64-72.

[9].M.S Naidu, V Kamaraju, “High Voltage engineering”, 4th Edition, Tata McGraw Hill, 2006.

[10]. E. Kuffel, W.S. Zaengl and J. Kuffel, "High Voltage Engineering Fundamentals", 2nd edition.

[11]. IEC 60060-1, “High-voltage test techniques Part 1: General definitions and test requirements”, 2010.

[12]. Watson.D.B,” Dielectric Breakdown in Perspex”, IEEE transactions on Electrical Insulation, volume 8, Issue-

3, pp73-75.

C-1395 www.ijariie.com 8



