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 High voltage pulses of short duration are required in certain applications, 

here precise and rapid electrical energy delivery is required. These include 

applications like pulsed power system, high speed switching circuits, plasma 

generation circuits, high speed imaging, non-thermal food processing. One 

of the best and cheap methods of producing the high voltage fast rise time 

pulses is using Peaking capacitor. Designing a high-voltage peaking 

capacitor requires careful consideration of various factors such as voltage 

rating, capacitance value, energy storage capacity, physical size, dielectric 

material, and safety measures. In this paper, designing of 200 pF, 300 kV 

peaking capacitor is presented and simulation is carried out in PSPICE. The 

maximum peak voltage across the peaking capacitor, the time to reach peak 

voltage, and the maximum peaking current obtained are 290 kV, 98.9 ns, and 

22.41 kA, respectively. Also, to study the electric field of the medium used 

in peaking capacitors, Quick field software is used. The maximum electric 

field in Perspex, used as a dielectric medium, was 13 kV/mm. 
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1. INTRODUCTION 

In certain applications, electrical energy needs to be stored during low-demand periods and release it 

rapidly during peak demand. This can be achieved using Peaking capacitors, these are also known as pulse 

discharge capacitors and are specially designed to deliver the energy in short duration [1]. These finds in 

applications like pulsed lasers, particle accelerators, electromagnetic pulse (EMP) simulators [2], plasma 

generation for under water application [3], high-power microwave devices, radio detection and ranging 

(RADAR) systems, magnetic resonance imaging (MRI), pulse forming networks (PFN) for food processing, 

electromagnetic interference (EMI) testing, electromagnetic compatibility (EMC) measurements [4]-[6]. Care 

has to be taken while designing of peaking capacitor and choose the withstanding voltage to be greater than 

the peak voltage that appears across a peaking capacitor, else it may lead to flash over. Sometimes the design 

is based on the capacitance requirement. The capacitance value depends on factors such as the desired pulse 

duration, peak power, and energy requirements of the system. The design also, can be based on the dielectric 

material suitable for high-voltage applications. Common dielectric materials used in high-voltage capacitors 

include ceramic, film, and glass. The choice of dielectric material depends on factors such as operating 

temperature, voltage rating, and desired dielectric constant. Since these capacitors are involved in rapid 

discharge and charging cycles. Design safety measures such as appropriate insulation, discharge circuits, and 

protective enclosures to prevent electrical hazards. Safety considerations become crucial when dealing with 

https://creativecommons.org/licenses/by-sa/4.0/
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high voltages. Determine the physical size and configuration of the capacitor based on the available space 

and system requirements. Consider factors such as mounting options, cooling requirements, and mechanical 

stability. Based on the electrode design, which commonly include parallel plate, rolled foil, and stacked foil. 

Each electrode configuration has different performance and efficiency of the capacitor. 

Depending on the application's specific needs, high voltage peaking capacitors can use a variety of 

dielectric materials. The choice of dielectric material depends on factors such as voltage rating, operating 

temperature, dielectric constant, dielectric loss, and physical properties. The most often utilized dielectric 

materials in high voltage peaking capacitors are ceramic, film, polypropylene (PP), polyethylene 

terephthalate (PET), Glass and Perspex. Ceramic offers strong dielectric strength, minimal dielectric loss, and 

great stability throughout a wide temperature range. Film capacitors utilize a thin film of dielectric material, 

typically made of materials such as polyester, polypropylene, PET, or polycarbonate [7]. Film capacitors are 

known for their high voltage ratings, low dielectric loss, and good stability over a wide frequency range. 

They are often employed in applications that need high energy density. Polypropylene capacitors, which are 

utilized in pulsed power systems, have outstanding electrical features such as high dielectric strength, low 

dielectric loss, and good self-healing [8]. Film capacitors provide good dielectric strength, low dielectric loss, 

and high breakdown voltage capabilities, used where stable and reliable operation is required. Glass 

capacitors utilize a glass dielectric material with high dielectric strength and low losses and used in high-

energy physics experiments. Perspex of its excellent dielectric strength and transparent in nature is used in 

high voltage cylindrical capacitors. Apart from these air, sulphur hex fluoride (SF6), mixture of SF6 and air, 

Nitrogen. 

Taherian et al. [9] presented two modular high-voltage pulse generator topologies derived from 

buck–boost converters operating in discontinuous mode. These topologies charge multiple capacitors 

simultaneously, enabling compact unipolar or bipolar bell-shaped pulses of up to 1 kV. Arbitrary pulse 

widths ranging from nanoseconds to microseconds can be achieved, and the design avoids the need for 

series-connected switches. However, a limitation of this topology is that the generated voltage is restricted to 

relatively low levels. High-voltage pulses are also used in electroporation-based cancer treatments. A 

multilevel converter with linear voltage regulation is employed in such applications. Since bus capacitance 

introduces challenges related to size and safety, the authors designed a system that significantly reduces the 

required bus capacitance while maintaining stable microsecond-range voltage output. Nevertheless, the 

output voltage pulses are still limited to a few kilovolts [10]. Ma et al. [11] have demonstrated an efficient, 

low-cost, multi-stage pulser that uses transmission lines for energy storage, variable-impedance boosting, and 

pulse stacking. This approach produces high-voltage, nanosecond-width pulses (10 kV, ≤12 ns) and is a 

promising design for applications requiring compact, high-performance pulse generators. Additionally, 

researchers in [12] investigated how high-frequency pulse-width modulation (PWM) stress affects partial 

discharge (PD) behavior in high-frequency transformers (HFT) insulation. It was observed that PD primarily 

occurs at triple junctions (conductor–insulation–air), where electric stress concentrates under square pulses. 

Repetitive PD activity leads to space charge accumulation, which modifies internal electric fields and 

influences subsequent PD behavior. 

 

 

2. DESIGN OF PEAKING CAPACITOR 

For generating standard impulse voltages Marx generator is commonly used. This generator 

produces waveshapes having a duration in a few microseconds to 100’s of microseconds. In the present work, 

a five stage Marx generator is considered and is shown in Figure 1, each stage comprises two 15 kV, 0.2 µF 

capacitors connected in series. Input source is single phase transformer of 35 kV fed from an 

autotransformer, and is rectified. Controlled DC can be fed to the Marx generator for charging the capacitors 

in parallel to the required DC voltage. The required gap spacing between the spherical gaps is determined so 

that breakdown does not occur during the charging process. After charging the capacitors to the proper 

voltage, the first spark gap is ignited using external triggering making the first stage and second stage 

capacitors get connected in series. The voltage of these two stages gets added up and appears across the next 

gap and resulting in the simultaneous breakdown of other gaps. The capacitors are discharged in series after 

being charged in parallel to the required voltage. The voltage of each capacitor gets added up and higher 

output voltage is produced at the output of the Marx generator [13]. This whole voltage (Vo) gets to appear 

across the test object (C2) also, termed as load capacitance, in the present case the test load capacitance is 

considered as 2000 pF. 

Marx’s equivalent capacitance is given by (1). The front time t1 and tail time t2 are given by (2) and 

(3) respectively. Due to dielectric losses in capacitors and losses in wave shaping resistors (R1 and R2), 

efficiency has to be considered while estimating the output voltage. The efficiency is given by (4). For 

generating a standard lightning impulse of duration 1.2 µs/50 µs, the values of wave shaping resistors R1 and 
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R2 obtained using (2) and (3) are 220 Ω and 3026 Ω respectively. The practical output voltage is given by 

(5). The energy rating (E) of the Marx is given by (6) [14]. 

Equivalent capacitance of Marx generator 

 

𝐶1 =  
𝐶

𝑛
= (

(0.2𝜇𝐹/2)

5
) = 0.02 𝜇𝐹  (1) 

 

t1 = 3 ∗ R1 ∗  (
C1∗ C2

C1+ C2
)  (2) 

 

t2 = 0.7 ∗ (R1+ R2) ∗ (C1 +  C2)  (3) 

 

ηMarx = (
 R2

R1+ R2
) ∗  (

C1

C1+ C2
)  (4) 

 

Marx Output voltage Vp = η ∗ no of stages (n) ∗ stage charging Voltage (VC)  (5) 

 

E =
1

2
∗ C1 Vo

2  (6) 

 

 

 
 

Figure 1. Experimental setup of a five stage 150 kV, 225J Marx generator 

 

 

By considering 30 kV as the full rated voltage of each stage, the ideal output voltage of this five 

stage Marx generator is 150 kV. The estimated efficiency of Marx using (4) is 84.74%. Therefore, the peak 

output voltage considering the efficiency will be less than the ideal output voltage. The estimated peak output 

voltage of Marx using (5) is 127.12 kV. The energy rating of the Marx is estimated using (6) and is equal to 

225 J. Figure 2 displays the lightning impulse output waveform of the Marx generator, with rise and tail 

times of 1.3 µs and 45 µs, respectively. The errors in the theoretical and experimental values are 8.3% and 

10% respectively with respect to front time and tail time of a lightning impulse and these are well within the 

limits of standard lightning impulse waveform (30% and 20%). 

For generating wave shapes with short duration in the order of nanoseconds or picoseconds it is 

difficult to produce these waveforms with Marx generator alone, this is due to the internal inductance of the 

Marx generator which practically limits the application to generate high voltage impulses of short duration 

[15]. In addition to Marx generator, peaking capacitor can be used to generate the impulse waveforms of 

duration nano seconds to sub nano seconds [16]. Figure 3 shows the block diagram for the Marx generator 

and peaking capacitor circuit. A peaking circuit is made up of a load, a peaking switch, and a peaking 

capacitor. Peaking capacitor and peaking switch are of low inductance in the order of nano Henrys [17]. 

Marx generator delivers output power to Peaking capacitor and it gets charged to almost double the Marx 

output voltage (Vp) and during this period peaking switch is in an open condition. Due to the low inductance 

of peaking circuit, generally in the order of few nano Henrys to tens of nano Henrys (this inductance is very 

much less than Marx circuit), the peaking capacitor discharges the power into the load through a peaking 

switch at a fast rate [18]-[20]. Nowadays, for fast switching operations without any jitter, conventional spark 
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gaps are replaced with IGBTs [21]-[23]. The peaking capacitor has to be designed with low inductance and 

generally cylindrical capacitor configuration is preferred in high voltage pulsed field applications. The 

peaking capacitor will have a far smaller value than Marx's equivalent capacitance. In the present work, 

peaking capacitor is considered of 200 pF and designed to withstand 300 kV. Commercially hollow cylinders 

of different sizes starting from 6 mm to 500 mm are easily available in the market. Inner electrode of 50 mm 

and one meter length is considered, and the outer diameter is estimated based on the dielectric medium. In (7) 

describes the capacitance of a cylindrical capacitor and the value of outer diameter for different dielectric 

medium is estimated and shown in Table 1. 
 

𝐶𝑃  =  
2𝜋 𝜀𝑜 𝜀𝑟  𝑙

𝑙𝑛(
𝐷

𝑑
)

 (7) 

 

where, absolute permittivity of free space (εo)=8.854×10-12 F/m, relative permittivity (εr) depends on the type 

of the dielectric medium, l is the length, D is the diameter of the outer electrode, and d is the diameter of the 

inner electrode. 
 

 

 
 

Figure 2. Impulse voltage output waveform of Marx generator 
 
 

 
 

Figure 3. Block diagram of Marx generator and peaking circuit 
 

 

Table 1. Parameters of cylindrical capacitor 
S. No Dielectric medium Relative permittivity Inner electrode (mm) Outer electrode (mm) 

1 Air 1 50 66 

2 Polypropylene 2.2 50 92 

3 SF6 1.3 50 72 
4 Perspex 3.3 50 125 

 

 

In (8) describes the internal inductance of the peaking capacitor. 
 

𝐿𝑃  =  
𝜇𝑜

2𝜋
∗  𝑙𝑛 (

𝐷

𝑑
)  ∗ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑚𝑒𝑡𝑒𝑟𝑠  (8) 

 

𝜇𝑜  is absolute permeability of free space=2 𝜋 𝑥 10−7 𝐻/𝑚. 
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3. ELECTRIC FIELD ANALYSIS OF PEAKING CIRCUIT 

To study the breakdown strength of the dielectric medium, simulation must be performed to save 

time and cost before going for fabrication [24], [25]. In this work Simulation is carried on high voltage 

cylindrical capacitor shown in Figure 4. Proper design of the capacitor can be done by analyzing the 

simulation results with theoretical values. An electric field in a cylindrical capacitor is estimated using (9). 

Simulation is carried out in Quick field program for the model presented in Figure 4(a) representing the 

structure of cylindrical capacitors and Figure 4(b) represents the estimation of the electric field in the 

dielectric medium, and the simulation output is displayed. 

 

𝐸 =  
2𝑉𝑝

𝑑∗𝑙𝑛(
𝐷

𝑑
)

 𝑣/𝑚  (9) 

 

 

  
(a) (b) 

 

Figure 4. High voltage cylindrical capacitor; (a) sketch of cylindrical capacitor and (b) simulation of electric 

field analysis with different dielectric medium 
 

 

Perspex (also known as acrylic or polymethyl methacrylate, PMMA) is often preferred as a 

dielectric material in peaking capacitor design over alternatives like air, polypropylene, or SF₆ due to a 

combination of electrical, mechanical, and practical advantages as shown in Table 2. 
 
 

Table 2. Comparison of Perspex as dielectric with other popular materials 
Property Perspex Air Polypropylene SF₆ gas 

Dielectric strength High (~13 kV/mm) Low (~3 kV/mm) Very high (~20–30 kV/mm) Very high (~89 kV/cm) 
Mechanical stability Excellent Poor Good Poor (gas) 

Fabrication ease Easy N/A Moderate Complex 

Environmental impact Low Low Low High (GHG) 
Cost Moderate Low Low High 

 

 

From (7), it is evident that the higher the dielectric constant, the higher the capacitance, and the 

more energy can be stored. When a dielectric with relative permittivity 𝜀𝑟 is introduced, the electric field 

inside the dielectric decreases compared to vacuum or air, and the field is redistributed based on the dielectric 

constant—especially in multi-layer dielectrics. A high 𝜀𝑟 material like Perspex reduces field stress, improves 

insulation, and may exhibit dielectric relaxation or losses, which can affect the pulse rise time depending on 

the extent of dielectric loss. Higher 𝜀𝑟  leads to high capacitance and longer discharge time and pulse width 

will be more and vice versa. In high-voltage pulse circuits, inductance affects the rise time and shape of the 

discharge pulse. Higher the inductance slower discharge (longer pulse duration). In pulsed power systems, 

both are tuned to achieve desired pulse width and energy delivery. 

 

 

4. SIMULATION OF PEAKING CIRCUIT 

To investigate the output waveform of the high voltage Marx generator as shown in Figure 5, an 

equivalent circuit was created, and simulation was performed in PSPICE. The equivalent circuit of 150 kV, 

225 J Marx generator is shown in Figure 5(a) and the simulation output of Marx lightning impulse peak 

voltage (kV) versus time (ns) is shown in Figure 5(b). Figure 6 shows the Marx with Peaking capacitor, 

Figure 6(a) depicts the Marx circuit, including the peaking circuit, and Figure 6(b) shows the voltage across 

the peaking capacitor (kV) versus the time (ns) prior to shutting the switch. The output load current and 

prepulse current are shown in Figure 7. The output current (kA) in the load versus time (ns) is shown in 
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Figure 7(a) and prepulse current (amps) versus the time (ns) is shown in Figure 7(b) respectively. In (10) 

shows the load circuits characteristic impedance and is given by: 
 

𝑍𝑂𝑢𝑡 =  √
(𝐿𝑝+𝐿𝑝𝑠)

𝐶𝑝
=  √

10 𝑛𝐻 

200𝑝𝐹
 ≈ 7 𝑜ℎ𝑚𝑠  (10) 

 

 

  
(a) (b) 

 

Figure 5. High voltage Marx generator; (a) equivalent circuit of 150 kV, 225 J Marx generator and  

(b) simulation waveform of voltage across load capacitance (kV) versus time (µs) 
 

 

  
(a) (b) 

 

Figure 6. Marx generator with peaking capacitor; (a) equivalent circuit of Marx circuit with peaking circuit 

and (b) simulation waveform of Peak voltage (kV) across the peaking capacitor versus time (ns) 
 
 

To study the effect of spark gap capacitance, on pre-pulse current, a capacitance of 0.1 nF to 1 nF is 

connected across the peaking switch to study the effect of pre-pulse current. A current of 1645 A flow in the 

circuit before closing the peaking switch and a voltage of 11.52 kV exists across the load. A current of 633 A 

flow in the circuit before closing the peaking switch and a voltage of 4.43 kV exists across the load. For 

Csg=0.1 nF, 360 A flow in the load circuit as shown in Figure 7(a), and 2.52 kV exists across the load. The 

prepulse current is shown in the Figure 7(b). More the spark gap capacitance, larger will be the pre-pulse 

current. Furthermore, the time required for the voltage wave to reach its peak value increases by one to two 

nanoseconds. The magnitude of the voltage waveform will be reduced by one to two kilovolts. The variation 

in magnitude of peak voltage and peak time is minimal. 

By using sharply pointed conical electrodes as a peaking switch, the electric field becomes 

concentrated, leading to early ionization. Surface polishing prevents premature breakdown, and adjusting the 

pressure helps tune the breakdown voltage and suppress pre-pulse conduction. Precise control can be 

achieved by using a trigger electrode or a trigatron gap electrode arrangement. In high-voltage Marx 

generators, several limitations affect performance, safety, and long-term reliability. Breakdown voltage 

limitations can be due to poor insulation, unequal voltage sharing across each stage and environmental 

factors. Parasitic inductance causes pulse distortion, energy loss and switching stress. Long term reliability 

has an impact on aging, partial discharge and thermal cycling. Automated diagnostics in Marx generators 

with peaking circuits can improve reliability through real-time monitoring, enhance understanding of pulse 

behavior under varying load and environmental conditions. Other methods of high-voltage pulse generation 

include the Blumlein line, which produces rectangular pulses but is limited by its line length. Transmission 

line transformers (TLTs) have limited energy capacity and involve complex design and fabrication. 

Therefore, these two methods are not considered in this work for generating high-voltage fast pulses. 
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(a) (b) 

 

Figure 7. Output load current and prepulse current; (a) simulation waveform of load current (kA) versus time 

in nanoseconds and (b) simulation waveform of prepulse current (kA) in peaking circuit versus time in 

nanoseconds 

 

 

5. RESULTS AND DISCUSSION 

The dielectric used in the cylindrical capacitor plays an important role in deciding the parameters of 

the peaking capacitor and from the estimation of the breakdown strength of the dielectric medium, it becomes 

easy for proper choice of dielectric material and the main parameters are shown in Table 1. It is found that 

for fixed inner electrode diameter and peaking capacitor values, as the relative permittivity increases, the 

outer diameter increases. The electric field for different dielectric medium is tabulated in Table 3 and it is 

observed that if we use air as medium for the designed configuration the electric field is high on the surface 

of inner electrode and there is chance flashover takes as the breakdown strength in pulsed fields for air is 

around 10 to 15 kV/mm and in the present case it is 43 kV/mm. In the remaining cases of Polypropylene, SF6 

and Perspex, the values are well within the limits [26], [27]. Perspex is preferred in this case as the electric 

field is 13 kV/mm and the breakdown strength of Perspex when subjected to impulse wave is 20 kV/mm to 

25 kV/mm [28]. The electric field theoretical values and simulation values obtained for different dielectric 

medium are matching. 

 

 

Table 3. Electric field in peaking capacitor for different dilectric materials 
S.No Dielectric medium Relative permittivity Electric field theoretical (kV/mm) Electric field simulation (kV/mm) 

1 Air 1 43.16 43 

2 Polypropylene 2.2 19.62 19.6 

3 SF6 1.3 33.2 33 
4 Perspex 3.3 13.08 13 

 

 

From Figure 6(a), performing the analysis for primary loop i.e., Marx circuit and the peaking 

capacitor and after comparing the obtained equation with a standard second order equation, the maximum 

output voltage across the peaking capacitor is given by (11) and time to reach peak voltage [29] is given  

by (12): 

𝑉𝑃(𝑡)  =  1.486 𝑥 105  ∗ [1 + 𝑒
 (

− 𝜎𝜋

√1−𝜎2
)

]  (11) 

 

𝑡𝑝 =  
𝜋

𝜔√1−𝜎2
  (12) 

 

Where the angular frequency (𝜔) and damping ratio (𝜎) are 31.749 ∗ 106 rad/ sec and 15.732 ∗ 10−3 

respectively. To determine the current in the load circuit, the secondary loop is considered for analysis which 

include peaking capacitor, peaking switch and load. After comparing with the standard form [25] the current 

in the load circuit is given by (13): 

 

𝐼(𝑡) = 47.199 ∗  103 ∗  𝑒−(0.35∗109𝑡) ∗ 𝑠𝑖𝑛(0.614 ∗ 109𝑡)  (13) 
 

From PSPICE simulation as shown in Figure 7(a), the time to reach peak value of current from  

98.7 ns to 100.283 ns is 1.583 ns. This time has to be submitted in (13) to obtain peak current in the load 
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circuit. Practically, the breakdown voltage for the same gap distance and time taken may vary based on the 

type of peaking switch configuration, the inductance of the peaking capacitor, peaking switch and the load 

inductance [30]. The simulation results obtained from PSPICE and theoretical results are tabulated in  

Table 4. From Table 4, it is observed that the theoretical values and simulation values are matching and 

hence the results obtained are validated. Marx with peaking circuit the ideal peak voltage to be 300 kV from 

simulation it is 289.67 hence the efficiency is 96.5%. 
 

 

Table 4. Simulation and theoretical results of Peaking circuit 
S. No Parameters Theoretical Simulation % error 

1 Peaking capacitor voltage 290 kV 289.675 kV 0.12 

2 Time to reach peak voltage 98.963 ns 98.7 ns 0.26 
3 Peak load current 22.41 kA 22.51 kA 0.44 

 

 

Some of the practical challenges in measuring the fast rise time (tens of nano seconds) high voltage 

impulse voltage is requirement of high-bandwidth and high-sampling-rate oscilloscopes, measurement probes 

and cables introduce parasitic inductance and capacitance, which can distort fast transients, cause EMI, 

measurement errors due to non-linearities or bandwidth limitations and availability of standard stainless steel 

hollow cylinder dimensions in market. The above stated problems can be minimised with high-voltage 

capacitive divider, digital storage oscilloscope with ≥1 GHz bandwidth, fiber-optic isolated probes for EMI 

immunity and pulse generator with controlled rise time for calibration. 

Faster discharge (nanosecond pulses) requires low inductance and minimal parasitic elements 

(difficult to design) but often results in lower energy efficiency due to higher switching losses and EMI. 

Slower pulses allow better energy transfer and reduce stress on components but may not be suitable for 

applications like plasma generation or medical ablation that require sharp, high-energy pulses. Dielectric 

materials with high permittivity (εr) increase capacitance, enabling more energy storage, but may suffer from 

lower breakdown strength or higher dielectric losses. Electrode and encapsulation materials affect thermal 

stability, partial discharge resistance, and long-term reliability. In real time it is observed that capacitance and 

insulation properties vary with temperature, impacting pulse shape and reliability. Repetitive high-voltage 

pulses can cause insulation breakdown, partial discharge, and space charge accumulation. Real-world circuits 

include stray inductance and capacitance that distort ideal pulse shapes and reduce efficiency. Hence, utmost 

care must be taken during design stage itself considering voltage overshoot, LC resonance, EMI shielding, 

and grounding. 

 

 

6. CONCLUSION 

In this work, an attempt was made to design a 200 pF peaking capacitor for generating nanosecond 

pulses and this capacitor was used in conjunction with existing 150 kV, 225 J Marx generator to obtain 

double the Marx output voltage. The theoretical and PSPICE simulation results obtained are in close 

agreement which validates the results. It is preferred to use Perspex as the dielectric medium in peaking 

capacitor for safe operation and the electric field obtained from Quick field software and theoretical 

estimated values are closely matched. There is pre-pulse current in the peaking circuit before peaking switch 

closes, to reduce the pre-pulse current and the effect of spark gap capacitance. Few methods like triggerred 

spark gap, solid state switches, SF6 Spark gap exist in commercial market but due to limitations of each 

method, it is preferred to go for needle- needle configuration. This configuration reduces the spark gap 

capacitance. From analysis and simulation possibility of achieving high voltage nano second pulses is 

presented. Practical measurement of the high-voltage pulse across the peaking capacitor requires a Rogowski 

coil and a high-bandwidth oscilloscope. In the present work, due to the unavailability of these instruments, 

the fast rise-time high-voltage pulse was not measured. 
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