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Design and Performance of a Resistive-Divider
System for Measuring Fast HV Impulse

Yi Liu, Fuchang Lin, Guan Hu, and Miao Zhang

Abstract—A measuring system based on a resistive divider using
a copper sulfate (CuSO, solution) has been developed to measure
high-voltage impulses with rise times of several tens of nano-
seconds. The response and temperature characteristics of the resis-
tive divider have been studied. The divider has excellent response
characteristics (< 1-ns theoretical rise time) and good immunity
from interference from a Marx generator and spark-gap switch.
Stray parameters of the resistive divider are theoretically calcu-
lated, and their influences on the square-wave response are studied
by Alternative Transients Program/ ElectroMagnetic Transient in
DC System simulations. The measuring system is shielded using
coaxial construction techniques. The experimental results show
that it is capable of maintaining the output impulse of the Marx
generator with rise time of 13 ns and amplitude of 170 kV.

Index Terms—High voltage (HV), impulse-voltage measure-
ment, measuring instruments, nanosecond pulse, resistive divider.

I. INTRODUCTION

HE POWER-SUPPLY module, functioning as a high-

power laser source and supplying pumping energy for
Xenon (Xe) flashlamps, is one of the most important modules of
a large laser facility. A two-electrode spark-gap switch is used
as the main discharge switch and triggered by a Marx generator.
The Marx generator provides a steep pulse directly to one of the
spark-gap electrodes. In order to gain a better trigger stability of
the spark-gap switch, it is necessary to measure the trigger volt-
age and arc-channel voltage [1]. The peak value of the impulse
supplied by the Marx generator is about 180 kV, and its rise
time is about 10 ns. High-voltage (HV) switching operations
radiate large electromagnetic fields. These cause interference
to sensitive electronic equipment [2], [3]. Consequently, the
measuring system must have a fast response time and immunity
from radiated fields.

Many investigations have been carried out on the measure-
ment of HV pulses with rise times in the range of several tens
of nanoseconds [4]-[8]. HV pulses must be attenuated to levels
that can be displayed on oscilloscopes. Generally, a voltage
divider is used to produce a reduced signal, which is approx-
imately proportional to the quantity being measured. Various
voltage dividers, which include resistive dividers, capacitive
dividers, and resistive—capacitive dividers, have been developed
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[7], [9]-[11]. Resistive dividers are usually limited in long-
term response by power-dissipation ratings but can achieve
pulse rise-time responses that are as short as in the subnanosec-
ond range. In particular, resistive dividers have been widely
employed in many laboratories [12]. When a resistive divider
made of noninductive-winding resistance wires on an insulating
tube is used for measuring HV nanosecond pulses, the stray
capacitance and self-inductance of the resistive elements can
cause undesirable resonance and ringing [9], [10], [13]. The
inductance and resistance of the elements will change during
a pulse due to skin effect, and it may cause distortion due
to nonlinearities. Some resistive dividers are based on metal-
or carbon-film resistors. A disadvantage of all film resistors
is that they have low average power and relatively low peak
pulse power and energy-absorption capability [4]. When CuSOy4
solution in an insulating tube is used as a resistor instead of
resistance wires, it can absorb large amounts of energy. More-
over, the inductance and stray capacitance will be eliminated
[9]. In addition, skin effect becomes very small by placing an
insulating rod into the tube containing the CuSO,4 solution to
form a CuSO,4 solution “tube” with thin thickness [13]. It is
simple and inexpensive to produce a CuSOy4 solution resistive
divider. However, the effect of temperature on the resistance
is relatively obvious. This is an easy matter to measure and
should cause no problems. With proper design, CuSOj, resistive
dividers can provide large divider ratios and fast response times.

A resistive divider utilizing a CuSOy4 solution has been
developed to measure HV nanosecond impulse at Huazhong
University of Science and Technology [13]. While measuring
the trigger voltage in the power-supply module, the divider
is required to have large divider ratio and small size. The
resistive divider is regarded as a pure resistance with small stray
inductance and stray capacitance. It has no effect on the trigger
impulse when the resistive divider is connected to the Marx
generator. Therefore, the structure is improved based on the
aforementioned CuSQOy solution resistive divider. In this paper,
the design and performance of the resistive-divider system to
measure HV nanosecond impulses are presented. The resistive
divider and attenuator should preferably be of shielded coaxial-
type construction to reduce interference from the high-power
pulse circuit.

II. CuSO,4 SOLUTION RESISTIVE DIVIDER

A. Structure of Resistive Divider

The structure of a CuSOy4 solution resistive divider is shown
in Fig. 1(a). The middle electrode is set up at the bottom of the
divider, and the length of the insulating rod is shorter than that

0018-9456/$26.00 © 2010 IEEE
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Fig. 1. Schematic of the divider. (a) Structure of CuSOy4 solution resistive
divider. (b) Schematic of shielding and potential compensation.

of the outside tube. In order to reduce the resistance of the low-
voltage (LV) arm and gain a greater divider ratio, the LV arm
has a relatively large area. The divider has two liquid levels. The
inside level with thickness d; = 1 mm is divided into two parts
in electrical contact with the electrodes. Linking the HV and
LV arms can reduce the impact of temperature on the divider
ratio. The outside level with thickness ds = 2 mm is used for
shielding and potential compensation. The schematic of shield-
ing and potential compensation is shown in Fig. 1(b), where
Ce1,Cea, . .., Ce, represent the stray capacitances of the outer
level to ground, respectively, and Cy1,C1o, ..., Cy, represent
the stray capacitances between the inside and outside levels.
1. represents the capacitive current from the voltage divider to
ground, and it mainly flows through the outside shielding to
ground. ¢; represents the capacitive current between the inside
and outside liquid levels. If the inside and outside liquid levels
are at equal height [i.e., A, B, as shown in Fig. 1(b)], the
potentials have equal values, and 7; is reduced. The response
of the resistive divider is improved by reducing the stray capac-
itance. The potential distribution to ground of the outer level is
not uniform, and the capacitive current mainly flows through
the outer level to ground. The body of the resistive divider is
Perspex. The CuSO, solution is composed of deionized water
and CuSOy only, and all the electrodes are made of copper [14].

Based on ANSYS simulations, the electric-field distribution
and potential distribution are shown in Fig. 2, respectively,
when a 100-kV direct voltage is applied to the HV terminal. The
electric-field distribution is improved due to proper electrode
size and potential compensation. The equal-height potentials
have equal values. A uniform electric field is provided by the
concentric cylindrical configuration.

B. Theoretical Calculation of Stray Parameters

If the rise time of the measured impulse is 10 ns, the
maximum frequency for a first-order system can be calculated
from the following simplified formula (1). It is about 35 MHz
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Fig. 2. Simulation results based on ANSYS. (a) Electric-field distribution.
(b) Potential distribution.

The skin depth can be determined by [15]

2
0= 2
ﬂ-MOMTf @

where p is the electrical resistivity, yig is the permeability of free
space, p,- is the relative permeability, and f is the frequency of
the measured signal. In this paper, the electrical resistivity of
the CuSOy, solution is p = 1.37 €2 - m, and the total resistance
of the divider is about 3 k(2. The relative permeability of the
CuSOy solution is p, = 1. Corresponding to the maximum
frequency fis = 35 MHz, the skin depth can be calculated as
0 = 9.96 cm. The ratio between the thickness of liquid level
and skin depth is less than 0.1. Therefore, it can be considered
that the actual resistance of the liquid level is independent of
frequency during the measurement [16].

The stray capacitance and stray inductance of the resis-
tive divider can be calculated using (3) and (4), respectively,
ie., [16]

Co ~ 10%*2(pF/cm) 3)
Lo ~2[In(47k) — 1] (nH/cm) “4)

where [ is the length of the solution resistor, D is the diameter
of the solution resistor, and k = [ /(7 D) is the shape factor of
the solution resistor. The stray capacitance and stray inductance
of the designed resistive divider are 0.67 pF and 0.14 pH,
respectively. If the rise time of the measured impulse ¢, ~
10 ns, the stray parameters satisfy (5) and (6). Therefore, the
designed divider has a good response to the impulses with rise
time of 10 ns [17]
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The theoretical response time can be approximately calcu-
lated by (7) and is about 0.34 ns

T=— (7
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Fig. 3. Calibration of the resistive divider.

III. CALIBRATION AND TEMPERATURE CHARACTERISTIC
A. Calibration

The calibration system is shown in Fig. 3. A square wave
with rise time of less than 2 ns, pulsewidth of about 100 ns, and
amplitude of 1-300 V is provided by the square-wave generator.
The rise time is defined as the time from 10% V,,, to 90% V/,,,
where V,,, is the peak value. The oscilloscope is powered by
an uninterruptible power supply (UPS). C, represents the stray
capacitance from the measuring system to ground. Rz and R,
represent the resistances of the HV arm and LV arm, respec-
tively. The attenuated signal is transmitted through a coaxial
cable with a characteristic impedance of Zy = 50 2. In order
to prevent refraction and reflection of the signal, a matching
cable with a length of [ is coupled with the measuring cable.
The matching cable and measuring cable are of the same type.
Z is the matching resistor terminating the matching cable. The
most suitable width of the measured pulse using this matching
method can be expressed as

t< £ (8)

v

where v is the transmission velocity of electromagnetic wave
in the cable, which is 2 x 10® m/s. While measuring impulses
with width of several nanoseconds, the length of the matching
cable is relatively short, and its effect on the steady-state divider
ratio can be neglected. Then, the theoretical divider ratio can be
calculated by

_ Ru+ R1//Z
Ry /| Zy

The output pulse applied to the HV terminal is measured
using a Tektronix P6139A probe (10x, 500 MHz, 10 M(, 8 pF,
and system bandwidth with TDS 3052 (-3 dB): 500 MHz
and calculated rise time (typical): 0.7 ns). The waveforms
attenuated by the probe and the resistive divider are displayed
on the Tektronix TDS 3052C Digital Phosphor Oscilloscope
(500 MHz, 1 MX2 in parallel with 13 pF or 50 €2, 5 GS/s, cal-
culated rise time (typical): 0.7 ns). The calibration waveforms
are shown in Fig. 4. CHI represents the voltage waveform
measured by the Tektronix P6139A probe, and CH2 represents
the output waveform of the resistive divider. The output of the
square-wave generator is through a coaxial cable. The stray
inductance of the connecting wire and the stray capacitance of
the divider cause resonance in the circuit, leading to oscillations
and overshoot on the square wave. The specific effects will
be described in the latter part of this paper. The waveform
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Fig. 4. Calibration waveforms. CHI: waveform of the HV terminal.
CH2: output waveform of the resistive divider.

measured by the resistive divider is very close to that measured
by Tektronix P6139A probe, including the rising edge and
superposed oscillation.

trm 1s the rise time of the waveform measured by the
Tektronix P6139A probe and the Tektronix TDS 3052C Digital
Phosphor Oscilloscope. ¢, is the rise time of the waveform
measured by the resistive divider and Tektronix TDS 3052C
Digital Phosphor Oscilloscope. Because there is oscillation
superposed on the rising edge of the measured waveform,
trm = 1.95 ns and ¢,,, = 2.00 ns are read on the falling edge.
The rise time of Tektronix P6139A probe and Tektronix TDS
3052C Digital Phosphor Oscilloscope is 0.7 ns. Then, the rise
time of the resistive divider ¢,3 is less than 2 ns. The divider
ratio is 910 from the previous calibration.

It can be found that the resistive divider has a good response
and can be used to measure the square wave with rise time
of 2 ns.

B. Temperature Characteristic

When the CuSOy resistor is used as a divider, it is necessary
to consider the effect of temperature on the resistance. As in-
troduced in [13], for a certain concentration of CuSQ, solution,
the change in resistance was less than 3% when the temperature
was raised from 20 °C to 60 °C. The change in the divider
ratio with temperature is studied in a constant temperature and
humidity box.

By changing the temperature from 5 °C to 40 °C, the change
rate of the divider ratio is shown in Fig. 5. Relative to the divider
ratio at 20 °C, the maximum rate of change reaches 8%. Thus,
calibration is necessary when the temperature changes during
different seasons. In the range 20 °C =+ 5 °C, the rate of change
of the divider ratio is less than 1%. We have provided space in
the design to accommodate thermal changes.

IV. EFFECT OF STRAY PARAMETERS ON THE
CHARACTERISTICS OF DIVIDER

In HV lightning wave impulse dividers where the area of
the input loop is tens of square meters, a damping resistor
(typically, about 200 2) is used in the HV lead (in series with
L, of Fig. 6) to reduce the oscillations [19]. However, the stray
inductance of the lead will affect the steepness of the output
impulse from the Marx generator. The stray inductance and
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Fig. 6. Equivalent circuit of the resistive divider.

stray capacitance are reduced as far as possible. The resistive
divider, which has small dimensions and large divider ratio, is
designed in order to conveniently connect the Marx generator
and spark-gap switch. The lead wire is very short. The resistive
divider is regarded as pure resistance by the measuring equip-
ment. A damping resistor (typically, about 200 €2) cannot solve
these problems; therefore, it becomes necessary to analyze the
influence of stray parameters and control the values to satisfy
the requirement.

The equivalent circuit model of CuSOy, resistive divider is
built up by Alternative Transients Program/ ElectroMagnetic
Transient in DC System simulations [20]. The model is shown
in Fig. 6. The generator is a square-wave generator, which can
provide a square wave with rise time of 1.5 ns, pulsewidth of
100 ns, and amplitude of 50 V. L represents the inductance of
the lead wire. 1 and R are the resistances of the HV arm and
the LV arm, respectively. C'; represents the stray capacitance
of the HV arm to ground. C'y represents the stray capacitance
of the LV arm and coaxial cable to ground. Ly is the stray
inductance of the LV arm.

According to the divider ratio obtained in the experiment, the
resistance of the HV arm is 2996 2 and that of the LV arm is
3.3 Q. The theoretical values of the stray capacitance and stray
inductance are 0.67 pF and 0.14 pH, respectively. The output
waveforms of the resistive divider on different parameters are
shown in Fig. 7.

When R; = 2996 2, Ry = 3.3 Q, C; = 1pF, Cy = 0.5 pF,
and Lo = 1 nH, the simulated waveforms of the resistive di-
vider on various L are shown in Fig. 7(a). Higher frequency
oscillation is superimposed on the square wave due to the
oscillation loop of Ly, C;. The period of oscillation is increased
as L increases. When the value of L increases, the overshoot
is reduced, but the rise time is increased.

When L; =05 pH, R1 =2996 ), Ra =33 Q, Cy =
0.5 pF, and Ly =1 nH, the simulated waveforms of the
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Fig. 7. Simulation results. (a) Output waveforms of resistive divider with

different Lj. (b) Output waveforms of resistive divider with different C';.
(c) Output waveforms of resistive divider with different C. (d) Output wave-
forms of resistive divider with different Lo.
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Fig. 8. Main circuit and measuring system.

resistive divider on various C'; are shown in Fig. 7(b). When
the value of (' increases, the oscillation becomes more intense,
and the amplitude of the vibration is larger. The response of the
divider becomes worse.

When L1 = 0.5 pH, Ry = 2996 ), Ry = 3.3Q, C1 = 1pF,
and L, = 1 nH, the simulated waveforms of the resistive di-
vider on various Cy are shown in Fig. 7(c). Within a certain
range of the value of (5, the impact of C5 on the response of
the divider can be neglected. The insertion of the short coaxial
cable has no effect on the response of the divider.

When L1 = 0.5 pH, Ry = 2996 ), Ry = 3.3Q,C1 = 1pF,
and Cy = 0.5 pF, the simulated waveforms of the resistive
divider on various Ly are shown in Fig. 7(d). Lo, Co provide an
oscillation loop. When C5 maintains a constant value, the effect
of Ls on the response of divider can be neglected in a particular
range of the value of Ly. As Lo further increases, the response
of the divider becomes significantly worse. There is a large
resistance on the HV arm between the oscillation loop of L,
C and the oscillation loop of Lo, C5. The interaction between
the two oscillations is less. The value of C; is generally larger
than that of C5. At this time, the oscillation loop of L, C plays
a key role in the response of the divider. When the oscillation
period of Ly, Cy is equal to that of Lo, Co, the higher frequency
oscillation superimposed on the square wave becomes severer
as the value of Lo increases; however, it has less impact on the
rise time of the output square wave.

The value of the stray capacitance of the resistive divider
to ground depends on the size of the divider [21]. In this
paper, the size of the designed divider is minimized, and the
structure of potential compensation is also used to reduce the
stray capacitance. The value of the stray capacitance is less than
1 pF. It is necessary to minimize the stray inductance of the lead
wires. Copper strips can be used instead of ordinary wires. To
reduce the loop inductance of the measuring system, a copper
plate, which is connected to ground with a short copper braid,
is laid under the divider.

V. EXPERIMENTAL SETUP
A. Main Circuit and Measuring System

The equivalent scheme of the main circuit and the measuring
system is shown in Fig. 8. The main circuit consists of a
capacitor bank, damping inductor, spark-gap switch, magnetic
switch, shaping inductor, and the Xe flashlamps. The magnetic
switch is actually a series inductance isolating the trigger pulse
from the Xe flashlamps. It is a saturable inductor consisting
of six metal glass cores. C' is the main capacitance; L1, and

Ry, are the inductance and resistance of the damping inductor,
respectively; K is the spark-gap switch with two electrodes;
and Loo and Ry are the inductance and resistance of the
shaping inductor and the Xe flashlamps. The Marx generator
is connected to the cathode of the spark-gap switch through
the fuse and current-limiting resistor. Ls3 and Rg3s are the
inductance and resistance of the trigger branch, respectively.
The ground of the Marx generator is connected to the cathode
of the main capacitor through the copper plate to ground. 7.
and Z.» represent the impedances of the ground plate. After the
main capacitor charged to the set voltage, the subtrigger system
sends the trigger signal to the Marx generator and then the Marx
generator provides an HV nanosecond impulse to the spark-gap
switch. The spark-gap switch turns on under the steep impulse,
and the main circuit discharges.

B. Measurements of Anti-EMI

During the output process of the Marx generator and dis-
charge process of the main circuit, the discharge process with
HV and heavy current will produce strong electromagnetic
pulse interference. It will affect the normal work of the mea-
suring system or even cause damage of sensitive equipment.

For the measuring system, electromagnetic interference
(EMI) mainly comes from space-radiation interference, cross-
talk coupling from ground wires, and conducted interference of
power lines. In this measuring system, the resistive divider is
shielded with the capability of anti-EMI. The coaxial cables,
oscilloscope, and power supply become the major receiving
EMI equipment. The influence of electric and magnetic fields
can be reduced if the coaxial cable is inside a grounded copper
conduit. Electric-field lines terminate on the grounded conduit
and no longer on the cable braid. Eddy current in the copper
conduit produces a canceling countermagnetic field against
outside magnetic fields. To protect against the interference with
frequency of several megahertz, the coaxial cable is shielded by
a copper conduit, which is single grounded with the shielded
box in the entrance of the oscilloscope. The oscilloscope is
powered by UPS. The oscilloscope and the UPS are placed in a
copper box and have potential isolation from the shielding box.
The measurements of the anti-EMI are shown in Fig. 9.

VI. EXPERIMENTAL RESULT AND DISCUSSION

The resistive-divider system is tested in a power-supply
module. HV pulses must be attenuated to levels that can be
displayed on oscilloscopes. An attenuator is added, and the
divider ratio of the measuring system is 8500 at 20 °C. The
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calibration waveforms of the measuring system are shown in
Fig. 10.

The output of the Marx generator and the trigger impulse on
the cathode of the spark-gap switch are measured by the resis-
tive divider. Fig. 11 shows the output of the Marx generator. Its
peak value is 171.6 kV with rise time of 13 ns. Six output pulses
from the Marx generator are applied to the divider, and the
divider ratio of the measuring system has no obvious change.

Fig. 12 shows the trigger impulse on the cathode of the spark-
gap switch. Its peak value is 79.2 kV with rise time of 31 ns.
There is oscillation presented on the impulse on the cathode
because of the voltage collapse during breakdown.

VII. CONCLUSION

This paper has presented the design and testing of a resistive
divider to measure HV nanosecond impulses. It has practical
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Fig. 11.  Output waveform of Marx.
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Fig. 12.  Voltage waveform on the cathode of the spark-gap switch.

applications for measuring the impulse, with rise time of 13 ns
and amplitude of 170 kV. The designed CuSO, resistive di-
vider has relatively high divider ratio, fast response time, and
resistance to EMI because of its special structure. Calibration
is necessary according to the temperature characteristic of
the designed resistive divider. For measurements of fast front
pulses, the coaxial cable needs proper matching impedance.
The resonance caused by the stray inductance and the stray
capacitance has a great impact on the measurement accuracy.
In this measuring system, the stray inductance of the lead wires
was minimized. The influence of EMI can be reduced by proper
shielding. Therefore, the measuring system based on resistive
divider is useful in many other applications.
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