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AbStrACt

In the present scenario of pulse power applications, transmission of high voltage pulses varies as per load 
condition. In the early days of its application, High Voltage High Pulse Power Supply (HVHPPS) design saw short 
distance between load and source, where the effect of cable length was not taken into account for design. This 
paper presents the effect of cable length on pulse shape of High Voltage High Pulse Power Supply. The load under 
observation is Klystron based high energy particle accelerator system. The performance of pulse power systems 
were observed continuously on a daily basis throughout the year and detailed analysis was carried out. This paper 
generates the model of pulse forming system and provides details of pattern distortion of the pulse shape due to 
various dynamic parameter changes i.e. impedance, Load Voltage, Load Current, Cavity Dimensional Changes 
(Microwave components) due to temperature variations and performance of the power supply. The results were 
analysed and validated with hardware results across a range of actual industrial loads.
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1. INtrODUCtION
High Voltage High Pulse Power Supply has commercial, 

medical, research and industrial applications. In industrial 
applications, where high voltage high pulse power needs to be 
transmitted across long distances, the length of transmission 
line has significant effect on the shape of high voltage pulses.  
High Voltage High Pulse Power Supply compresses energy 
into peak power of a single pulse at a selectable PRF (Pulse 
Repetition Frequency). This HVHPPS is used for pulsed 
applications i.e. in magnetron, klystron, accelerators etc. The 
performance would be better if pulse to pulse regulation and 
impedance matching is achieved. The use of HVPPS is divided 
into two categories, the first category involves nuclear system 
and linear accelerators. The second category is pulse power 
modulators and line pulser, derived from pulsed radar1,9.

Any power system in a miniaturised form is always 
welcome for defence, space and commercial applications. 
The five building blocks in any pulse power system are; 
Power Source (i.e Battery, MHD, Fuel Cell Generation), Pulse 
compress and Pulse formation circuit, Impedance matching, 
pulse boosting and types of loads as illustrated in Fig. 1.5,8.

2. PFN AND trANSMISSION LINE
Characteristic impedance of transmission line is measured 

at the end of infinite length. The characteristic impedance is 
equal to PFN impedance which is derived from load impedance 
as per design. In equilibrium condition all the energy flowing 
through the line is absorbed at the termination and none is 
dissipated6.

Line type pulser is a Pulse Forming Network, used for the 
formation of pulse. The PFN stores the energy which generates 
a pulse and discharges this energy into a load of specified shape 
and time duration of pulse. This energy is effectively stored in 
a capacitor bank as shown in Figure 2.

In initial state the current begins to charge each capacitor 
through the series inductor of each section of the network. The 
result is that each capacitor will charge to the voltage 2Edc at 
a charging time that is increasingly longer for each capacitor 
down the network7.

Figure 1.  building blocks of HVHPPS.
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3. FOrMAtION AND SHAPINg OF PULSES
There are various topologies for pulse power generation 

such as superconductor based repetitive inductive pulse power 
supply and Pulse Forming Network (PFN) for arbitrary pulse 
generation. Most pulser systems are designed to achieve 
rectangular pulse through lossless transmission line i.e PFN. 
The transient produced by the discharge circuit of line into a 
resistance load is as shown in Fig. 3.
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Figure 2. resonant charging with PFN.

Figure 3.  Schematic diagram for producing rectangular pulse 
from a transmission line.

Impedance based on the transmission line theory is as 
follows,

cothZ Z jο= ωδ              (1)
The Laplace-transform impedance after substituting jw  

with p (transform parameter)
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Where, V o  - initial voltage of network. The inverse 
transform gives the current as,

Figure 4.  Current and voltage pulses for a lossless transmission 
line.

Series of steps into of transient discharge at the output 
pulse is due to mismatch of the load. All steps sign remains 
same when R Z ο> and opposite sign when R Z ο<  as shown 
in Figure 4. The steps are due to reflections at end of the 
transmission line by mismatched load Impedance. If transverse 
time to the load end is δ and reflected travel time to the load 
end and back will be 2 δ , where positive or negative steps are 
the effect of mismatch ratio. The reflections continue till energy 
stored in the line is dissipated to the load. Both the design and 
operation of PFN are affected by reflections.

One-way transmission time of δ gives pulse width of  
2 δ ; assume pulse width of 6µsec duration and a signal speed 
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on the line of 500m/ µsec (assumed value), a line of length 

6500 1500
2

l X m= =  is required. Thus, such line length will 

be unrealistic for pulse forming network due to large size and 
weight, where impedance are matched throughout the line. Pulse 
deformation will take place if and only if the impedance are not 
matched. During transmission of pulse for varying length will 
have impact on pulse shape at the trailing end only.

 
4. NEtWOrKS DErIVED FrOM A trANSMISSION 

LINE
For implementation of PFN circuit, distributed parameters 

give partial differential equations, whereas lumped-parameters 
give differential equations. The true pulse definition will 
improve as the number of distributed parameters i.e. number 
of elements increased2-3,10.  

The transmission line equivalent of two-terminal line-
simulating network as shown in Fig. 5.
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Equation 8 represents impedance function of transmission 
line. The pulse shape generated by the simulating line network 

on matched resistance load, N N
LR L C
C

= =  , may be found 
by charging-current when NV  is applied to the circuit. If 
the voltage transform is divided by the addition of the load 
resistance and the network impedance then we obtain:
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Figure 5. two terminal line-simulating network.

We assume the following: 
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Where, r is the rth mesh. The differential equation is:

( ) r r
ri p Ae Beθ − θ= +                  (6)

Where 2cosh 1
2

LC p θ = +  
 

, 

A and B = arbitrary constants, this can be find out by 
mesh equations. consider first the case for which resistance
R , in series with the battery NV , is zero. The current 
flows after closing the switch indefinitely and represents 
a steady-state instead of a transient condition.  Transient 
current occurs if dissipative elements are there. The 
hyperbolic function for equation 6 will be as shown below:

1
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sinh( 1) sinh
N

ni p CV
n n

θ
=

+ θ − θ
Input – impedance transform for the network as shown 

in Eqn. 7.
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Eq. (9) is true for number of sections n . The simplest 
form occurs when 1n = . Here,
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This method is derived in eq. (10), the limit of 1( )i p , as n  
reaches to infinity then total distributed capacitance NC  and the 
total distributed inductance NL  will be fixed for large number 
of distributed parameters as shown below:
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The Laplace transform of rectangular current pulse is, 
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both calculated and experimental pulse shape can be 
predicted for n=6 uniform distributed network on matched 

impedance load i.e. l NR Z= . The calculated pulse shape can 
be found by using Eq. (9) with n=6. It is required to convert 
from the hyperbolic to the algebraic form corresponding 
to Eq. (9) then the denominator is 12th degree (=2n). The 
corresponding experimental pulse shapes, shown, was 
acquired by an experimental network, thus the actual values 
of all the parameters were within few percent of the theoretical 
values. The only difference present in the initial overshoot for 
which the calculated value is approximately more than the 
experimental value. This difference occurs because of the gas 
filled– thyratron switch used line type pulse circuit which does 
not close instantly.

5. ExPErIMENtAL rESULtS AND ANALySIS
an experimental hardware developed for varying the 

length of the tri-axial cable between pulse forming network and 
klystron load. Also a High Voltage High Pulse Power Supply is 
developed and tested with a 1.5kΩ resistor connected over four 
tri-axial cables each having 50Ω line impedance. The overall 
equivalent impedance of transmission line will be 12.5Ω.  
Figure 6 shows functional block of experimental hardware.

Figure 6. block diagram of experimental hardware.

table 1. Hardware specification

Parameter Value

Pulse Output Voltage 12 kV

Output Current 1000 A

Pulse width (Variable) 6 µsec

Repetition rate (Variable) 10-200Hz

Load impedance(RL) 12.5 Ω

Turns Ratio of Pulse Transformer 1:10

Duty Cycle 0.001

The overall hardware specification system mentioned in 
Fig. 1 is shown in Table 1.

The inside view of high voltage high pulse power 
supply is shown in Fig. 7. The system is energized by three 
phase 415VAC each time for a particular cable length; vital 
waveforms i.e. charging voltage, discharging voltage are 
captured by yokogawa DL1520 and Tektronix TD1002. In this 
way the cable length is varied for ten different values and its 

Figure 7.  Photograph of cone structure of discharge of high 
voltage high pulse power supply (HVHPPS).
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effect on High Voltage High Pulse Power Supply is captured.
The degree of simulation will improve as the number 

of elements increases for the given network type. The PFN 
output pulse will be approximately equal to rectangular pulse 
network pulse is a good approximation of the rectangular pulse 
only during the pulse interval. The network pulse may show 
undershoot, overshoot and varying oscillations, at the beginning 
and end of the pulse. The pulse shapes were obtained for six 
uniform section pulse forming network supplied to matched 
resistance load, when NR Z= . The calculated and experimental 
pulse shapes are very close and the major difference is in the 
initial overshoot, so the calculated value is approximately 
twice the observed value. The experiment is done on 12KV 
of HVDC @ 7.0 Amps of charging current, to get a pulse of 
12.0 KV rectangular shapes for 6 micro seconds for the above 
mentioned Pulse Forming Network configuration. The actual 
hardware of 12KV pulse output PFN based modulator as 
shown in Fig. 8 is used for the experiment. 

When the length is increased moderately, the top of 
the pulse is disturbed by ripples. The initial overshoot and 
undershoot increase moderately. The load impedance changes 

as per N

N

L
C

 with an experimental change of N

N
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+ ∆

 and  

accordingly, the pulse width ( 2 N NL C ) change is negligible, 
whereas the amplitude of the pulse shows marginal reduction 
due to waveform distortion compared to earlier flat top wave 
shape.   

As per the derivation, the pulse current 

2

N

N

N

V
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C

changes due 
to the impact of impedance change. Figure 8. Experimental modulator hardware.

In this experiment, all the time cable length of the system 
changes and cable connection for high voltage supply is 
ensured. In this case, klystron of 6MWatt peak power and 6kW 
average power has been taken into account and the results were 
obtained experimentally.

Figure 9. Length of cable: high voltage pulse with 10 meters.

When the length is less, the top of the pulse is found to 
be flat in shape. The initial overshoot and undershoot is at a 
minimum level and as per calculated value. As the length of 
the tri-axial cable is less, the load impedance is lower and, the 
mismatch is also minimum.

Figure 10. Length of cable: high voltage pulse with 30 meters.

Figure 11. Length of cable: High voltage pulse with 50 
meters.

When the length is increased further, the top of the pulse 
is disturbed by ripples and negative mismatch. If we compare 
the Pulse shape parameter with earlier wave forms at 30 m 
cable length, as the length we find that increased, pulse width 
also increased i/e the pulse current amplitude had significant 
reduction.

The phenomena still follows the same pattern like 
the rectangular portion of the wave and the quantity of the 
overshoot and undershoot (Fig. 12). After microscopic analysis 
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of wave shape, it is found that average pulse current amplitude 
has significant reduction compared to 50m of cable length 
pulse current, while pulse width reports marginal changes.

Figure 13 shows pulse shape was distorted badly at the 
same time that the pulse flat top was disturbed. The pulse 
width also got changed and average pulse current had drastic 
reduction due to incorporation of 𝛥L and 𝛥c. This type of 
pulse shape utilization will not be effective for microwave 
power generation.

could be improved by proper impedance matching between the 
pulse forming network and load. From the above experimental 
study, it is concluded that as the length of cable increases the 
impedance matching deteriorates and the pulse generation is 
affected. There is ample scope to study active pulse shaping 
of Pulse forming network for variable load and variable length 
application.

The cable length should be so varied that flexibility is 
ensured at the time of hardware design so as to ensure variable 
pulse power transmission; optimization of length of cable is 
also possible to utilize pulse power transmission in a profitable 
manner.   
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