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Abstract

High voltage impulse generators are intended to last for
long periods of time. Upon reaching the end of their
technical lifetime, decisions concerning
decommissioning, replacement, refurbishment or
upgrading are needed. A new generator is a
considerable investment. Significant reductions in
material and labor costs can be made by repurposing
still functional elements of the existing generator and
redesigning the circuit for higher efficiency requiring
fewer components. This paper describes the process of
refurbishing the Mississippi State University (MSU)
High Voltage Laboratory 3 MV, 56 kJ impulse
generator originally built in 1962 into a modern digital
impulse generator system.

1. Introduction

In general, the basic function of an impulse voltage
generator is the rapid application of capacitive energy to
a load, i.e., the charging and discharging of a capacitor.

The impulse waveform can be approximated by a
double exponential function,

V(t) = V(e tm — e7t/m), (D)

shown in Fig. 1. Output voltage V(t) is the superposition
of two exponential functions of different polarity [1]
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Fig. 1 — Double exponent waveform representing output
voltage of an impulse generator.

This double exponential waveform can be produced by
the circuit shown in Fig. 2. In this circuit, capacitor C; is
charged by a source to voltage V; (resistor Rc is a
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charging resistor between the source and the capacitor).
The switch connecting C; to the rest of the circuit can
either be triggered (trigatron — ignitable sphere gap), or
self-ignited (e.g., increase voltage across open gap or
decrease inter-electrode distance across gap to result in
flashover). Upon closing of the switch, capacitance C; is
charged from C; through resistor R;. At the same time,
but slower (since R, >> R;), both capacitors discharge
through R». Output voltage V; appears across Co.

Fig. 2 — Single stage impulse generator circuit with a
trigatron switch (triggered spark gap).

When the switch is closed (sphere gap is conducting),
resistance R, can be momentarily neglected since Ry >>
R;.
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Fig. 3 — Charging of capacitor C; upon ignition of
switch.
Here, capacitors C; and C; are in series,
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The time constant for this RC circuit in Fig. 3 is thus,
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Fig. 4 — Discharging through resistor Ry.

Now, C; and C; are in parallel, thus resulting in a time
constant,

T, = Ry(C1 + C3) “)

These two time constants are used to form the double
exponential curve in Fig.l where time constant 7
defines the steepness of the waveform front, which is
dependent on resistor R;. Time constant 7, defines the
decaying tail of the waveform and is related to resistor
R,. Both parameters are also a function of capacitance
C; and C,,

Capacitor C; is commonly referred to as the charging
capacitor (a.k.a. discharge, surge, stage, or impulse
capacitor) and this is considerable larger than capacitor
C, which is referred to as the load capacitance. This
load capacitance can consist of any capacitive burden
including the capacitance of the test object itself, the
voltage divider, or any other additional capacitance
added in parallel to the load for wave shaping purposes.
Typically these capacitances are fixed and are not
usually changed (permanent components of a system).
In contrast, resistors R; and R, are components in the
circuit that can be altered with little effort to achieve a
desired output waveform.

IEC 60060-1 [2] defines the requirements for impulse
waveforms. For standard lightning impulses (LI), front
time T; = 1.2 pus £ 30% (0.84...1.56 ps) and time to
half-value T, = 50 ps £ 20% (40...60 ps). For switching
impulses (SI), time to peak T, = 250 ps *20%
(200...300 ps) and T, = 2500 ps +60% (1000...4000
us). Thus, to achieve such target values, one can
modify the Ry and R, resistors of the circuit.

The efficiency of the circuit can be evaluated by
assessing the magnitude of the resultant double
exponent waveform in Fig. 1 for purely capacitive loads
and neglecting any circuit inductance. For the basic
circuit in Fig. 2, output voltage V- is defined by the ratio
of the capacitors [3],
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This provides the relationship for efficiency,

_n_ G 1
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Efficiency thus increases as the ratio Co/C; decreases.
For this reason, charging capacitance C; should always
be much larger than load capacitance C,. For C; >> C,
the maximum stored energy is determined by Cj,

1
W= EC1V12(maX) (N

A similar impulse circuit can also be used as shown in
Fig. 5 where the placement of R; and R, has been
shifted.
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Fig. 5 — Alternative configuration of impulse circuit.

This circuit allows for the tail-shaping resistor R, (a.k.a.
earthing resistor) to be installed parallel to the test
sample (load capacitance C;) — i.e., outside of the
circuit. This has practical benefits such as easy access to
the component to allow for fast modifications when
striving to achieve standard waveform requirements.
However, this configuration does require more space
(clearance) and also has a negative influence on circuit
voltage efficiency [4],

C1 R, 1 1

= C1+C2 R1+R; 1+g—i 1+§—; ®)
Here, the dependence on only C,/C; is lost as the
additional ratio Ri/R; is introduced. Since R; and R,
influence the output waveform and can only be varied
within the ranges needed to achieve standard LI and SI
waveform parameters, the efficiency of the circuit in

Fig. 5 is limited as shown in Fig. 6
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Fig. 6 — Efficiency # = Vo/V| as a function of ratio Co/C,
for standard lightning impulse (LI). Modified from [1].



The single stage circuits described (Fig. 2, Fig. 5) are
commonly limited to under 200-300 kV. Reaching
higher output voltages with such circuits poses several
challenges such as [1, 5]:

e the increase of the physical size (and cost) of
waveshaping circuit elements and the controlled
ignition of large spacing spark gaps at very high
voltages.

e (difficulties in suppressing corona discharges during
capacitor C; charging.

1.1. Multistage Generator

A multistage impulse circuit, Marx generator (named
after its inventor, Erwin Marx), utilizes the same
principle as the single-stage generator, but cascades
these circuits on top of each other (Fig. 7).
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Fig. 7 — Multistage impulse generator circuit depicting
the charging and discharging process.

The charging capacitors C'; are charged in parallel
through the circuit resistors when the spark gaps are not
conducting. Upon ignition, capacitors C'; are discharged
in series. Similar to the single-stage circuit, resistance
R'| shapes the front of the wave (front time T;) and R’
defines the tail (time to half-value T»). Capacitance C,
represents the capacitance of the test object itself
together with any other capacitance in parallel with the
generator (voltage divider, load capacitor, etc.).

Output voltage can be expressed as [6, 4],

V,(t) = —2 ft2. (e7t/72 — gt/m) 9)

R1C2 T2-T1

where time constants 7; and 7, are defined as in Eq. 3
and Eq. 4. The other relationships are,

Vo = nV, (n = number of stage) (10)
R, =nR{ + R{ (R{ = external damping resistance) (11)
R, ~ nR, (12)

¢ =2 (13)

1.2. Influential Factors

The expressions for the presented time constants are
valid for C; >> C,. If load capacitance C is large (>5
nF), it can become difficult to generate impulse
waveforms within the specified standard tolerances —
especially when the inductance of the physical generator
circuit is taken into account. Increased loading and
higher inductance values result in overshoot in excess of
the standards (IEC 60060-1 presents the maximum
allowable relative overshoot magnitude as 10% [2]).
Overshoot is an increase of impulse amplitude due to a
damped oscillation at the impulse peak caused by the
circuit inductance, load capacitance and front resistance.

Circuit inductance increases are difficult to avoid in
large circuits (stray capacitance also increases with
increasing physical dimensions). As the impulse
generator circuit is large, each component and the
circuit loop itself contributes some inductance.
Inductance can vary from 10 uH to several hundreds of
UH — some multistage generators can be estimated as 3
uH/stage. Inductance of the external circuit (including
test specimen) is approximated as roughly 1 uH/m [5].

Unless critical damping is applied with the proper value
of front resistance, high inductance magnitudes may
cause oscillations on the wave front which may persist
past the peak value. When resistance R, is increased,
wave front oscillations are damped, but the peak value
of voltage is also reduced as is the front time. That is,
steepness (V/s) is limited by circuit inductance. If the
connection to the load from the generator is long, an
additional external damping resistance (R"y in Fig. 7)
helps damp oscillations caused by the inductance and
capacitance of the external HV leads [1].

To remove oscillations for a given capacitance (fixed C;
and C»), the required damping resistance is defined by
the inductance value [3],

_ |L(C1/n+C2)
Ry = \I (€1/m)C; a4

or if the circuit is viewed as an simple RCL circuit with
R, removed (due to its small influence on oscillations),
critical resistance for the circuit to be non-oscillatory is
generalized in [1] as,

R, = 2,/L/C (15)
where
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This generalization is rarely satisfied in practice — it
restricts test sample capacitance to excessively small
values (or extends T> to excessively long durations).
Instead, replacing the factor of 2 with 1.18 produces
overshoot within the acceptable 10% range [6]. Using
this coefficient,

R, = 1.18,/L/C (17)



and approximating front time as [7],
T, = 3R,C (for LI, 1.2/50 ps) (18)
front resistance R; can be eliminated, giving,

rf
12.5L

~

(19)

If Ti = 1.2 ps and a typical value for inductance L = 40
uH, the largest capacitance resulting in acceptable
overshoot (< 10%) is C = 29 nF. If generator
capacitance C; = 40 nF, then load capacitance C, < 3.1
nF. At the maximum tolerance for T; (=1.56 us), this
value for C; is < 5.5 nF. More information concerning
the influence of internal inductance on the performance
of an impulse generators is available in [8].

For inductive loads (e.g., reactor, transformer), while T;
may be attainable and efficiency is good, obtaining the
proper T is difficult. This can be improved by keeping
effective resistance of the circuit large (connecting large
R, in parallel with test object), or increasing generator
capacitance C; by connecting stages in parallel [4, 5].

2. Existing MSU Marx Generator Design

The existing impulse generator at Mississippi State
University’s High Voltage Laboratory is a 1962 Nissin,
type NIG, no. 1071, impulse generator (Fig 8, Fig. 9).
With 20 stages and bipolar charging of £75 kV (150 kV
per stage), theoretical output voltage is 3 MV. Stage
capacitance of 0.25 uF yields a total capacitance of 12.5
nF corresponding to an energy capacity of 56 kJ. To
maintain  reasonable efficiency, maximum load
capacitance is approximately 1-2 nF (normal series
connection).
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Fig. 8 — Schematic of MSU impulse generator showing
bipolar charging and discharging process.

Fig. 9 — Components within a single stage of the MSU
impulse generator.

Charging resistors R. and earthing resistors R. (for
bipolar charging) are water resistors. They have good
heat capacity for slow charging but are unstable due to
changes in water properties (Fig. 10).

Fig. 10 — Charging process changes water properties
within resistors over time as evident from the
discoloration.

The wave-shaping resistors R; and R, are both wound
(Nichrome) wire resistors (overlapping design for
minimal inductance, Fig. 11). As the resistors age, they
become prone to inter-turn short circuits as well as
severed conductors. However, this design is easy to
repair or replace with equivalent in-house constructed
resistors.

Fig. 11 — wire wound wave-shaping resistors with
overlapping design.

The tail-shaping resistors R, are all external (Fig. 12).
This external design allows for easy access for
modifying the waveform time parameters. Portions of
the R, resistor can be tapped to increase front resistance
Ri (R"). Despite practical benefits, this design
introduces larger current loops (inductance) and results
in lower efficiency output.



Fig. 12 — zigzag design of external tail resistors R».

The original design at one time had a trigger mechanism
integrated into the bottom sphere gap. Over time
different mechanism in the generator failed and were
taken out. Currently, capacitors are charged to a
predefined quantity whereupon the sphere are driven
closer to cause self-ignition. Although functional, this
form of repetitive displacement of sphere gaps
continuously wears out the mechanical gears and
components of the systems resulting in further repairs.

Although the capacitors appear to be in good condition,
maximum charging voltage per capacitor has been
restricted to 60 kV (120 kV per stage), limiting the
theoretical output to 2.4 MV. At 75% efficiency, this
allows for LI impulses up to 1.8 MV for no-load test
samples. Larger charging voltages are still possible,
however, this increases the risk of damage to the wound
wire resistors and inter-stage flashover across internal
components in the generator. Flashover across the
external Ry panels (bypassing portion of the resistance)
also occurs at higher voltages if the zigzag construction
is sufficient clearance is not maintained.

The generator circuit also lacks grounding for each
stage. The existing circuit is only grounded at the supply
which can leave considerable charge within the upper
stage capacitors which are slowly drained through the
large Rc and R. unless an additional ground is applied.
For this reason, in addition to grounding the generator,
the test sample must also be grounded when working on
the circuit.

Overall, the operation of the MSU impulse generator
has been stripped down to the bear minimum functions
still allowing for operation. Current operation is time
consuming, inefficient, and unstable.

3. New MSU Marx Generator Design

Since the capacitors appear to be in good condition and
sufficient for testing most apparatuses (with the
exception of long cables and highly inductive loads),

and the frame of the generator is also mechanically
sound, it was decided that the circuit could be
reconditioned with new components and controls.

This refurbishment includes:

replacement of existing resistors
replacement of gap system and drive
reconfiguration of generator circuit

adding new charging supply

replacing control and measurement system

In the new generator circuit (shown in Fig. 13), the
previously external tail resistance R; are situated inside
the generator structure similar to Fig. 7 and Fig 2. This
configuration improves the efficiency of the system and
also removes the need for bipolar charging. Compared
to external tail resistance, access to internal components
is more difficult. Nevertheless, the layout allows for
easy addition and removal of parallel resistors to modify
the front and tail times as needed. As only one charging
resistor is needed per stage, this reduces the number of
total components needed for the generator (resulting in
reduced cost). The reduction in the number of internal
components and the improved resistor design, together
with the removal of bipolar charging, also reduces the
risk of inter-stage flashover. The water resistors used for
charging (R.) will be replaced with wound wire resistors
enabling more stable charging as well as reducing the
need for regular maintenance.
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Fig. 13 — Schematic for new impulse generator circuit.

The sphere gap system will be completely replaced and
fitted with a controlled trigger system (trigatron). The
entire gap system will be within an enclosed column
thus improving trigger performance.

A grounding belt system will be implemented to
improve safety by ensuring discharge of all residual
charges in each stage.



To allow for adequate clearances for the gap system and
drive components, the original bottom stage will be
cleared. This will reduce the generator to 19 stages.
However, the improvement in efficiency will
compensate for the one sacrificed stage. This also
results in two spare replacement capacitors in case of
failures. Reutilizing the original capacitors is a major
reduction in costs — the generator capacitance (energy)
is the major expense for impulse generators.

Another significant expense is the modernization of the
measurement and control system. As mentioned earlier,
the functionality of the original design has been reduced
to its bear minimum still allowing for successful
operation. Capacitors are charged with large gap
spacings and self-ignition is initiated by driving the
sphere gaps closer. Output voltage is recorded by a
digitizer via a damped capacitive divider. The new
systems will have integrated functions for controlling
the generator, capturing the data, and performing post-
processing according to modern standard requirements.
This single unit with an industrialized computer and
optical interface is also significantly smaller than the
original control configuration, thereby freeing up
considerable space in the control room.

Naturally, output efficiency is dependent on the test
load but the intrinsic efficiency of the reconfigured
circuit can be approximated as exceeding 93%. In
general, to maintain efficiency above 80%, it is
suggested that capacitive loads should not exceed 15%
of the net series capacitance of the number of stages.
For the full 20-stage generator with series capacitance C
= 12.5 nF, this would restrict loads to under 2 nF which
is satisfactory for the expected test loads at MSU.
Since, the original capacitors will be kept, this value
does not change in the new design. It should be noted
that since each stage is a complete impulse generator,
reduced number of stages can easily be used to test
higher load capacitances at lower voltages. Stage
paralleling for much higher load capacitances is also
possible. For the new design, the target internal
inductance for each stage wiring is in the range of 1-2
uH plus the inductance of the capacitors and front
resistors. This will be verified upon completion of the
renovation.

5. Progress

The complete refurbishment process and design details
have been finalized and the project is expected to start
in the summer of 2017. Originally, the rebuild was
designed to be implemented in stages. This is a suitable
approach for limited budgets. The first initial investment
would be used to modernize the measurement and
control system. This could be installed to operate with
the existing generator and supply. Upon procurement of
further funds, the next stage could be employed —
replacement of generator charging supply. Next, with a
renovated controls and supply scheme, the impulse
generator itself could be updated. This can also be done

in stages. Half of the generator stages could be bypassed
and fitted with new components while the other half
remains operations. In this manner, output capacity is
restricted but service interruption is minimal -
operations of the impulse generator is maintained
throughout the entire refurbishment process. As
mentioned earlier, this is suitable for limited budget,
however, the total refurbishment time is extended. This
allows for more time to obtain further funding but also
exposes the project to the risk of never being completed.

To minimize the renovation time, once the process is
started, all of the presented upgrades will be
implemented at once for the impulse generator system at
MSU.

7. Conclusion

Ideally, a full replacement with a completely new
system and generator would be optimal as compatibility
and integration issues are avoided. However, the cost of
a new generator is significant, and is not always an
option. If the original capacitors (which are the main
expense) in an existing system are still in good
condition, a customized refurbishment may be feasible.
The entire system must be assessed as a whole to
determine potential savings. The presented renovation
of the MSU impulse generator is not cheap, but it is still
below the price of a completely new system, making
this a worthwhile investment.
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