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Abstract: Due to the lack of a standard nanosecond high-voltage pulse generator for sensor calibra-
tion, a high-stability nanosecond high-voltage pulse test system was developed in terms of circuit
analysis, structural design, and performance test. By establishing the equivalent circuit model of the
nanosecond pulse generator, the circuit component parameters of the five-stage Marx loop and the
one-stage compression steepening unit were simulated. The influence of the action performance of
the steepening gap on the characteristics of output nanosecond pulse was analyzed. The nanosecond
pulse test system was established through the structural design of the nanosecond pulse-generating
circuit, the development of a high-performance corona-stabilized switch, and the measurement of a
fast-response resistance divider made of metal oxide thin-film resistors. The nanosecond pulse test
system has the capability to output a double exponential nanosecond pulse voltages in the amplitude
range of 10-60 kV with a rise time of 2.3 & 0.5 ns and a half-peak time of 23 + 5 ns. In addition, the
output pulse voltage has a high consistency and stability in the full amplitude range. The maximum
relative standard deviation of the peak value is 1.517%, and the relative standard uncertainty is less
than 5%o.

Keywords: nanosecond pulse generator; circuit simulation; resistance divider; calibration method;
improved stability

1. Introduction

A high-altitude electromagnetic pulse (HEMP) has a high peak field strength, rapid
rise time, tremendous energy, and a wide application range. A severe threat to highly
integrated, ultra-large-scale integrated circuits and other electronic devices is posed by
the electromagnetic field that results from this interaction with electronic systems, which
produces catastrophic overvoltage and current surges. Conducting HEMP simulation tests
and observing the operating state of electronic information equipment in the complex
electromagnetic environment is an important method to assess the anti-EMP interference
capability of electronic equipment and integrated circuits. HEMP test systems are the core
equipment for the HEMP electromagnetic effects and protection performance testing of
electronic systems. To verify the survivability of military and civilian electronic products
and electrical equipment in complex electromagnetic environments, researchers have
developed some HEMP simulation devices and EMP simulation test standards in various
countries.

Marx circuits are widely used in HEMP simulation devices due to their simple struc-
ture, reliable performance, and easy adjustment. Based on the integrated design method
of switches, capacitors, and insulating cavities, researchers have developed a variety of
compact Marx generators for studies in pulsed laser, high-frequency characteristic detection
of GIS device, plasma heating, bioelectromagnetic, etc. [1-4]. As the demand for high-
intensity fast-front nanosecond (ns) electromagnetic pulse tests increase, the inductance
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of the Marx generator can no longer meet the rise time requirement. Thus, Marx-loop-
based pulse steepening technology has been strongly developed. The three-stage pulse
compression designed by C. Gilman et al. [5] is achieved by a 34-stage Marx generator,
a transfer circuit consisting of a transfer capacitor, a transfer switch, a peaking capacitor,
and an output switch. Based on pulse compression technology, the FEMP-2000 Pulser can
generate high-voltage electromagnetic pulses with a 2 MV amplitude and a sub-ns rise
time. Drawing on the design structure of the FEMP-2000 Pulser’s capacitors and switches,
V. Bailey et al. [6] of L-3 Communications Pulse Sciences completed the development of a
6-MV biconic pulse generator using a low-inductance Marx generator and the two-stage
pulse compression technology of the peaking capacitor. This multi-stage Marx circuitry
can generate a primary pulse, followed by one or more stages of pulse compression for
fast-rising nanosecond electromagnetic pulse formation. It is used in a number of HEMP
generators in the range of several tens of kV to several MV magnitudes.

Nanosecond pulse sensors are essential in HEMP test systems for precisely acquiring
waveform information and efficiently assessing EMP generator performance. Nanosecond
double exponential pulses place extremely exacting demands on the measuring system due
to their steep rising edges and narrow pulse half-widths. However, the sensors are rarely
mentioned in the published HEMP simulator studies. Some researchers uses specially
designed voltage sensors for specific nanosecond pulse measurements [5,7,8]. However,
practitioners have struggled with the challenge of calibrating ns pulse sensors, which
is often conducted by comparing with available commercial probes, such as P6015 and
P6139A [9-11], or standard attenuators [12-14] at low-intensity pulses. In this case, the
suitability of the sensor for measuring nanosecond pulses is governed by the response
performance of the standard sensor selected in the calibration. However, the sensing factors
of these “standard” sensors are usually determined under microsecond pulse conditions,
and their traceability in a nanosecond pulse environment is frequently not guaranteed.
Due to the difficulties in the development of high-stability nanosecond pulse generators
and the challenge in sensor technologies including electromagnetic compatibility and cal-
ibration methods, national metrology institutes are not yet able to calibrate fast-rising,
high-amplitude nanosecond pulse test systems and sensors [15]. Therefore, the develop-
ment of a highly stable nanosecond pulse test system is the foundation for improving the
calibration accuracy of sensors, as well as the key for evaluating the output performance
and stability of nanosecond electromagnetic pulse generator.

Switch technology governs the waveform quality and output stability in nanosecond
pulse-generating circuits. Solid-state semiconductor switches have been used successfully
in kHz repetition frequency nanosecond pulse sources due to their benefits of compact
size, low weight, and high operating frequency. Yan et al. [16] use the external magnetic
field to drive a wet reed relay to generate the square wave pulse with a rise time in the
range of ns and an amplitude of 500 V. However, because of the modest power capacity of
semiconductor devices, the majority of the output pulse voltage intensity is in the range
of several kV. It is challenging to directly generate high-amplitude pulse voltages with a
semiconductor-based circuit. Considering the operating voltage and current requirements
of switches in HEMP simulators, gas spark gaps are adopted in some nanosecond pulse
generators [5,6,8,17-21]. The FEMP-2000 [5] and HEREMP [6] from Centre d’Etudes de
Gramat, France, use three spark gaps in series and control the switch operating voltage
by adjusting the SF¢ gas pressure. Gubanov et al. [7] use a high voltage air gap switch
with Nj gas circulation, capable of generating a maximum charging voltage of 450 kV
repetitive frequency pulses. The switching consistency has a significant impact on the
output waveform quality. Ordinary gas switches usually lead to poor waveform stability
due to their high discharge dispersion. Therefore, an advanced output switch with stable
conduction delay and small jitter needs to be developed to prevent severe waveform
distortion and output efficiency degradation during pulse compression. In addition, the
evaluation of the performance of the developed pulsed power has focused on the output
pulse waveform parameters, while the output stability of the pulse source lacks test results,



Energies 2023, 16, 4534

30f18

and only a few studies have focused on the measurement uncertainty of the nanosecond
pulse sensor [22].

This paper focuses on the key technologies for the development of high stability HEMP
test systems. Through circuit simulation, circuit structure design, and the development of
a corona-stabilized discharge switch, a compact high-stability nanosecond pulse power
with an intensity of 60 kV and a rise time of 2 ns was established, which meets the elec-
tromagnetic environment requirements of the IEC61000-2-9 standard [23]. The ultra-thin
metal oxide film resistive voltage divider was developed. Furthermore, the output stability
of the nanosecond pulse generator was tested. The research results of this paper laid the
experimental foundation for establishing a standard electromagnetic pulse test system and
calibrating nanosecond pulse sensors.

2. Theoretical Analysis and Structural Design of the Nanosecond Pulse Circuit
2.1. Circuit Topology and Compression Process

Since the residual inductance of the Marx circuit cannot meet the requirements of
the rise time in 2 ns, a pulse steepening unit was designed to effectively shorten the rise
time of the output voltage pulse, which has been proven in a large number of nanosecond
pulse source research and engineering practices [9,10,12-15]. The structure of the pulse
generation circuit is shown in Figure 1, which mainly contains three parts: Marx pulse
generation unit I, pulse steepening unit I, and nanosecond pulse measurement unit III. The
principle of the nanosecond high-voltage pulse generation circuit is simplified, as shown
in Figure 2. The primary pulse circuit in the left mesh is the Marx loop, and the pulse
compression loop is in the right mesh.
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Figure 1. Nanosecond pulse generator circuit structure.
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Figure 2. Nanosecond pulse generation circuit schematic.

In Figure 2, Ct and Lt are the equivalent capacitance and inductance of the multi-stage
Marx circuit, respectively. St is the equivalent characterization of the multi-stage discharge
switch of the Marx loop; C, is the peaking capacitor; S, is the steepening gap (output
switch); L, is the equivalent inductance of the pulse compression loop. Ry, is the matching
load, which is selected as 50 () to match the impedance of transmission line.

A one-stage pulse compression circuit is a classical circuit in pulse power technology,
and the analytical expressions of the circuit parameters can be obtained by circuit analysis.
At the initial moment of discharge, the switch St is closed, S, is off, and C,, is the load of
the Marx circuit. At this time, the equivalent circuit is a third-order circuit with a left mesh,
as shown in Figure 3a. Assume that the voltage of Cr is vcr and its initial value is vcr(g.).
The current flowing through Lt is i; 1, and the voltage across C; is vcp. The initial values of
both i and vcp are 0. Sy, is turned on at the voltage peak of C, (assumed to be T7). At this
moment, the voltages on Cr and C, and the current flowing through Lt can be calculated
as follow [24]:

ocr(Ty) = ver(0-)(8 — 22 cos(y/aTy))
ocp(Th) = ver(0-)(§ — § cos(VaTy)) M
ir(Th) = “F0=) (L sin(VaTy))

where & = 1/(CTLT) + 1/(CPLT) and B= 1/(CPLT)

iirLr i Lr i Ly
—m 3 G ¥ m
T f]_z(?‘j)
+ + + + +
Cr == ver, ver(0.) Copr=Vep Cr==ver, ver(13) (O — Vep, Vepll3) R]_I:I VRL
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Figure 3. Circuit analysis of nanosecond pulse formation process. (a) Third-order equivalent circuit
in primary pulse formation stage; (b) fourth-order equivalent circuit in compression stage.

After S, is closed, the fourth-order equivalent circuit in the pulse compression stage is
shown in Figure 3b. The voltage vy (t) of R, can be calculated by the root formula of the
following quadratic equation:

orp (t) = r1e"1t 4 rpe*?! 4 rge™t 4 rye! (2)
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where x; to x4 are the root-finding coefficients, and the values are determined by the circuit
element parameters. The coefficients r; to r4 are determined by the state parameters of the
circuit at the moment of closure of S,. vgy(t) exhibits decaying oscillations. vg (t) reaches
its first peak at f,,1 and its derivative satisfies the following:

/ x1t xot x3t xqt
Opp (tp1) = X171 1PY 4 xp10e™2#1 + x373e™ 3Pt + xyr4e™Ht = 0 3)

Assuming that vy (t) first reaches the 10% peak value at ty1, the 50% peak value at t(s;,
the 90% peak value at tp9, and the half-peak time is tp5r, we have the following [24]:

re¥1100 4 ppe¥2lot - pae¥stor 4 yyetator — 0.1ogy (ty) =0, (
r1e¥1sL | ppe¥2losL 4 pae¥stost 4y e¥atost — 0 5opp (tpl) =0, <t05L < tpl)
11€¥1109 4 192! - p3e¥3l00 f yetalos — 0.9vgy (1) =0, (

r1eX1105R | o eX2f05R | prapX3t0sR 4 pyeXafosR — (0,50 tpl) =0,

Solving Formula (4) yields the 10% peak time ty1, 50% peak time ty51.,, 90% peak time ¢yg,
and the half-peak time tgsg of the voltage pulse. The waveform rise time ¢, and half-width
time t;, can be obtained as follows:

tr = too — to1
5
{ ty = tosr — tosL ©)

Approximate values of waveform parameters can be calculated based on estimation
analysis. Under loop overdamping conditions, the circuit consisting of Ct, Cp, L1, Ly, and
R;, can form a unipolar double exponential voltage wave across the load resistor R;, when
Sp is on. If C, << Cr, the rise phase of the voltage pulse is mainly formed by the peaking
capacitor Cy discharging to R;. Thus, the rise time tr can be estimated as follows:

tr =22L,/Ry (6)

Due to Cp << Cr and the general presence of L, << Lr, in the falling phase of the
voltage pulse, the wave tail time #;, can be expressed as follows:

tt = 0.69R; Cr (7)

2.2. Determination of Loop Component Parameters

Based on the test verification and device development conditions, the requirements
for waveform parameters and loop component parameters for generating 2.5 = 0.5 ns/
23 £ 5 ns pulse electromagnetic environment are as follows:

2ns <t, <3ns,tg > 20ns
vre(fp) ~ 0.75vcr(0-) ®)
Lt >1uH, Lp ~ 100 nF

The parameters of the circuit components satisfying the above formula can be cal-
culated according to the analytical equations of the circuit, as shown in Table 1. Then, a
circuit simulation model of the nanosecond pulse circuit was established in the Simulink
environment for verification.

Table 1. Equivalent component parameters of the nanosecond pulse-generating circuit.

Loop Capacitance Inductance Resistance
Marx circuit Cr =500 pF Lr~1uH Rr=2Q
Pulse steepening circuit Cp =200 pF Lp ~ 100 nH —

Load resistor — — R, =500
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Reducing the steepening loop inductance can produce a nanosecond pulse voltage
waveform with faster rise time. When the steepening loop inductance Ly, is reduced from
100 nH to 60 nH, the rise time can reduce from 3.438 ns to 2.275 ns, and the output voltage
increased from 14.48 kV to 14.85 kV, as exhibited in Figure 4. Therefore, high-pressure, small-
gap coaxial switches are designed to use in the loop to reduce the equivalent inductance
and optimize the waveform quality.

20 T T T T T
——Primary Pulse
—— One-stage compression pulse(60nH)
15k —— One-stage compression pulse(100nH) |

0 20 40 60 80 100
t/ns

Figure 4. Effect of steepening loop equivalent inductance on nanosecond pulse output.

3. Key Technologies of the Compact High-Stability Nanosecond Pulse Test System
3.1. Structure Design for the Generator

Based on the circuit theory analysis of nanosecond high-voltage pulse generation,
the electromagnetic pulse simulator in this paper adopted a gas-insulated one-stage pulse
compression scheme. The nanosecond pulse test system was designed based on a coaxial-
type structure, consisting of five key components, including the Marx primary pulse
generator, the peaking capacitor, the steepening gap, the matching load, and the measuring
unit, as shown in Figure 5a. To minimize the equivalent inductance of the circuit, the
generator adopts a compact design and uses compressed SFg gas for internal insulation.
The overall housing is a cylindrical outer cylinder metal cavity, grounded while acting as
an electromagnetic shield.

The Marx generator consists of a five-stage ceramic capacitor and a gas switch
(Figure 5b), designed as a coaxial structure with the tube core located in the center of
the coaxial structure. The switches in the Marx loop are controlled by a synchronous trigger
signal, while the output switch (gas gap) operates in a self-breakdown state. The exterior of
the Marx chamber was designed with a charging terminal, a gas pressure control port and a
high-voltage output port that connects to the steepening circuit. The energy storage capaci-
tor is made of a high-performance ceramic capacitor, which can work below 50% withstand
voltage for a long time, avoiding the device failure caused by heat accumulation inside
the capacitor during repeated operation. The peaking capacitor adopts a coaxial winding
structure, consisting of the centrally located inner core, film dielectric layer, electrode
ring, and fastening ring, as shown in Figure 5c. The Marx circuit and steepening switch
are installed in separate closed cavities. To meet the design requirements of minimizing
inductance and compactness, the steepening switch and peaking capacitor are integrated.
The operating voltage of the switch can be adjusted independently by pneumatic pressure.
The other terminal of the steepening gap and the 50 (2 matching resistor are mounted in a
separate enclosed cavity.
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Marx Primary Peaking capacitor Nanosecond pulse
pulse cavity Matching load resistance divider

e switches & o
) Iy

Insulation 8 Energy storage
resistor switches

Figure 5. Structure of the nanosecond pulse test system: (a) overall structure; (b) Marx generation
circuit; (c) peaking capacitor.

3.2. Discharge Switch in Pulse Generation Circuit
3.2.1. Effect of Switch Action Characteristics on Output Waveform

The conduction performance of the Marx discharge switch and steepening switch has
a decisive influence on the output waveform. Semiconductor devices with small power
capacity are not suitable for HEMP testing for high amplitude and high-power pulse voltage.
For this problem, a spark gap with low inductance can be used as the discharge switch for
the Marx loop and steepening loop. The performance of the steepening gap greatly affects
the primary pulse and compression pulse waveforms, as shown in Figure 6. Specifically,
the action time ¢, of the steepening gap has a significant effect on the nanosecond pulse
waveform accuracy and loop output efficiency. The corresponding waveform parameters
are listed in Table 2. With the delay of the steepening gap action, the rise time of the primary
pulse output from the Marx loop increases. At the same time, the intensity of the steepening
compression pulse increases and the rise time decreases, but the output efficiency decreases
continuously. In addition, when the steepening gap is operated after the primary pulse
peak, oscillations appear in the wave tail of the output pulse. Furthermore, the oscillation
amplitude becomes more and more significant with the increase in delay time, as shown
in Figure 6d,e. The appearance of oscillation is closely related to the insulation recovery
state of the discharge switch St in the Marx circuit. The wave tail oscillation disappears
when the state of St is forcibly set to high resistance after steepening gap conduction,
as presented in Figure 6f. It indicates that the wave tail oscillation originates from the
simultaneous discharge of the Marx loop energy storage capacitors, the peaking capacitor,
and the inductor to the load through the steepening gap.

The simulation results in Table 2 show that when the steepening delay is around
25 ns, the wavefront time and half-peak time of the output pulse are more in compliance
with the design target and the output efficiency is acceptable. The high stability output
of nanosecond pulses requires the discharge switch to have fast conduction speed, small
action dispersion, and high controllable accuracy. Conventional uniform-field or slightly
uneven-field gas spark gap switches have defects of prolonged conduction delay and
noticeable action jitter. In this paper, a corona stabilization switch was designed and used
as the steepening switch and the discharge switch in the five-stage Marx circuit. Figure 7
shows the electrode structure of the corona-stabilized discharge switch.
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Figure 6. Primary pulse and compression pulse with different action time of the steepening gap:
(a) tst = 16 ns; (b) tst = 19 11s; (¢) tsr = 25 ns; (d) £t = 35 nis; (e) tsr = 40 ns; (f) £ = 40 ns, and Marx switch
recover high resistance.

Table 2. Waveform parameters of the output pulse with different steepening gap action delay.

Primary Pulse

One-Stage Compression Pulse

fst V, *IkV t, */ns Vy/kV t./ns ti/ns N
16 us 14.15 11.58 12.94 4.492 41.8 91.45
19 us 16.08 12.97 14.48 3.438 33.8 90.05
25 us 21.12 16.70 18.89 2.809 19.8 89.44
35 us 28.17 21.59 21.59 2.305 11.6 76.64
40 us 28.40 21.88 20.41 2.223 10.3 71.87

* ty is steepening gap action delay; V) is peak voltage; tr is rise time; t; is wave tail time; 1 is circuit output

efficiency.

«——— Cathode

«+——— Trigger electrode

Figure 7. Schematic diagram of the corona-stabilized discharge switch structure.

3.2.2. Corona Phenomenon of the Discharge Gap

The operating performance of the corona-stabilized switch is influenced by the electric
field distribution characteristics. The electric field simulation result (Figure 8) shows
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the significantly distorted electric field in the sharp corner region of the electrodes. The
inhomogeneity factor of electric field reaches 2.5.

Corona stabilization switch electric field distribution a
mm T T T T T T
Vim
35¢ { A 2.99%x10°
x10°
3 -
2.5 2.5
2 =
2
151
15
1 -
0.5 1
Or 0.5
-0.5
A1k L L L L "= L L ! ' . 1V¥635
-5 -4 -3 -2 -1 0 1 2 3 4 mm

Figure 8. Electric field distribution in corona-stabilized discharge switch (static voltage Uc = 2000 V).

The concentrated distribution of high electric field intensity triggers the ionization of
nearby gas. The corona-stabilized switch operates in this stable corona discharge state. To
address this phenomenon in the SFg environment, a fluid dynamics—chemical coupling
model was established in the COMSOL Multiphysics environment. The control equations
mainly include the electron continuity equation, the multicomponent diffusion equation,
the electron energy equation, and the Poisson equation. Among them, the electron distribu-
tion is described by the electron continuity equation, as follows [25]:

o, _
o +V.T.=Re )
Fe = _ﬂeneE - ngne (10)
M
Re = ) xjkjNun, (11)
j=1

where 7, is the electron density; ¢ is time; I, is the electron flow; R, is the rate source term
for the increase or decrease of electrons due to adsorption or ionization; y, is the mobility
of electrons; D, is the diffusion coefficient of electrons; Xj is the molar fraction of target
substance of reactant j; kj is the reaction rate of reaction j; Ny, is the neutral particle density.
The distributions of positive ions, negative ions, and neutral particle are described by the
following multicomponent diffusion equation [26]:

ow )
P+ V)we =V - ji+ Ry (12)

Jk = pwr Vi (13)

where p is the density of the mixture, wy is the mass fraction of the k, u is the fluid velocity,
jk is the diffusion flux of the k, Ry is the rate source term that causes the increase or decrease
in particles, and V is the velocity of the k. The electron energy distribution is described by
the electron energy equation, as follows [26]:

%-FV-FS-FE-R;:RS (14)



Energies 2023, 16, 4534

10 0of 18

28
26
24
22

18
16
14
12

08
06
04
02

(a)

plas.ne (1/m’)

I'e = —pen.E — D¢V, (15)

where 7, is the electron energy density; I'; is the electron energy flux; R; is the capacity loss
and gain in elastic or inelastic collisions; y is the electron energy mobility; D; is the energy
diffusion coefficient. The spatial distribution of the electric field is described by Poisson’s
equation, as follows:

eoe, V2 = —q(np —ny — ne) (16)

E=-Vg (17)

where g is the vacuum dielectric constant, ¢, is the relative dielectric constant, ¢ is the
electric potential, and E is the electric field strength. 1, n, and 7, are the number densities
of positive ions, negative ions, and electrons, respectively. The SF; discharge process
involves a large number of particle types. To simplify the modeling of corona discharge,
only the reaction processes of particles including SFs, SF4, SF3, SF5*, SFg, SF5~, SF4~—, F~,
and electrons are considered, as listed in Table 3.

Table 3. Particle reaction in SFg.

Reaction Type Reaction Process
Electron collision ionization SF¢ + e—>SF5 * +2e + F
Electron elastic collision SF¢ + e—SFg + €
SFg + e—SF¢ ™

SF¢ +e—SF5~ + F
SF¢ + e—SF;~ + 2F
SFg + e—SFs + F~
SFs + +SFg ™ —SFs5 + SF¢
SFs + +SF5~ —2SF5
SF5 * +SF4,~ —SF5 + SFy
SFs5 *+F —SFg
F~—F
SF,~—SF,
Surface reaction SF5~—SF;5
SF¢~ —SFg
SFsg + —SFs5

Electronic attachment

Positive and negative ion composite

The corona region is formed in the electric field distortion region shown in Figure 8.
The geometry parameters of electrode affect the electric field distribution and, thus, deter-
mine the characteristics of the corona zone. Under stable corona discharge conditions, the
particle distributions in the gap with different electrode curvatures (the radius of curvature
be expressed in r) are shown in Figure 9. The corresponding maximum electron densities
are compared in Figure 10.

o

plas.np(1/m®) plas.nm(1/m?)

ym? 3 ym* 3 1m?
A 6x10° 28] A 212x10" 28| A 137x10%
x10° 26, x10% 26| x10'
24 2 24
22 5] 22 12
2 2

18 18 3
16 16
14 12 14
12 1 12

1 0.8 1
08! 06 08| 04
06! o 0.6/ i
0.4/ b 04
02 02

0

¥ 1.11x10° ¥ 2.39x10° ¥ 6.47x10°

o
cyom (b) = : 5 ; 3 (¢) : 5 5 3

Figure 9. Distribution of (a) electrons, (b) positive ions, and (c) negative ions, with an electrode
curvature of 0.10 mm.
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Figure 10. Maximum electron density with different radius of curvature of electrode tips.

It can be seen from the simulation result that the maximum electron density at corona
stabilization decreases continuously as the curvature of the electrode tip increases. When
r is in the range of 0-0.2 mm, the maximum electron density decreases rapidly with the
increase in r, while the decrease slows down when r exceeds 0.2 mm. Generally, the larger
the corona area, the smaller the maximum electron density at corona stabilization. In
order to reduce the on-time delay;, it is desirable to increase the corona area (i.e., increase
the radius of curvature) as much as possible. However, an increase in the corona area
increases the risk of self-breakdown of the switch. Therefore, for a specific pulse generator
application scenario in this work, the optimal parameters of the corona-stabilized switch
geometry were determined to meet the requirements of withstand voltage and conduction
speed.

3.2.3. Characteristics of Corona-Stabilized Switch

Experiments were carried out on the conduction characteristics of the designed
corona-stabilized switch. Under different voltage ratios (ratio of operating voltage to
self-breakdown voltage), the trigger delay and jitter characteristics of switch were investi-
gated in different SF¢ environments with different pressures, as shown in Figure 11.

15 T T T 25 8 - : T . T 2.0
124 .SFG, 0.1 MPa o0 X - . . . ]
. ) 6 F1.5
9/ Srpe ;
2} . 172} %]
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31 = Time delay jitter Z 0.5 * Time delay jitter f;
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(a) Undervoltage ratio/% (b) Undervoltage ratio/%

Figure 11. Conduction delay and jitter of the corona-stabilized discharge switch under the SFg
pressures of (a) 0.1 MPa and (b) 0.2 MPa.

The delay and jitter of the corona-stabilized discharge switch are in the nanosecond
range. As the operating voltage of the switch rises, the delay and jitter of the switch
considerably dropped under 0.1 MPa. At 85% of the operating voltage, the conduction
delay is approximately 6 ns and the jitter is 0.5 ns. Additionally, as the pressure rises to
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0.2 MPa, the trigger delay and jitter of the corona-stabilized discharge switch decrease, and
the stability of the switch is improved over a wide operating range.

Research results on pulse power sources often take the output pulse intensity and
time parameters as the crucial indicators for evaluation, with little attention given to the
stability of the output waveform parameters. Therefore, in the study of nanosecond pulse
test systems, there is limited research on the stability and consistency of switch conduction.
In the study of this paper, the design requirements of the nanosecond pulse generator
can be satisfied by modifying the corona-stabilized switch and optimizing the operating
environment. The discharge delay is less than 10 ns and the jitter is no more than 2 ns for
all the operating voltage ranges from 65% to 85%. The high consistency of the switching
action ensures a stable primary pulse generated from the Marx circuit. Furthermore, the
excellent controlled performance of the steepening switch guarantees a high compression
efficiency and high accuracy of the output waveform to meet the stability requirements of
the nanosecond pulse generator.

3.3. Resistance Divider for Nanosecond Pulse

Nanosecond high-voltage pulses have large amplitude, fast rise time, and susceptibility
to electromagnetic interference, all of which pose challenges for accurate measurement.
Researchers have conducted extensive studies on pulse voltage sensors, but the developed
voltage dividers struggle to meet both the response time and the measurement range of
the target waveform measured in this paper (2.3/23 ns, 60 kV), as shown in Table 4. In
additon, capacitive voltage dividers and attenuators generally have complex and bulky
designs and special connectors, and their measurement accuracy and stability are decisively
affected by the accuracy of the structure. In response to the introduction of the capacitive
voltage divider and D-dot probe due to the integral reduction circuit, and the problem of
the non-uniform attenuation coefficient of high-frequency and low-frequency components
and distortion of nanosecond pulse voltage signal caused by the difference in the capacitive
dielectric properties of high and low voltage arms, this paper develops the research on an
ultra-thin metal film resistive voltage divider for accurate measurement of the nanosecond
pulse.

Table 4. Comparison of nanosecond pulse sensors parameters.

Publications

Kovacevic et al. [27]
Wei et al. [28]
Huiskamp et al. [29]
Liu et al. [12]
Rai V. N. etal. [13]
Zhang et al. [30]

He W et al. [14]
Yan et al. [16]

Liu et al. [9]
Geetal. [11]
Mitra et al. [31]
Chen et al. [10]
This paper developed

Sensor Type Response Time/Bandwidth Measuring Range
Capacitive voltage divider Approx. 3 ns 0~100 V
Capacitive voltage divider 180 kHz-2 GHz Not provided

B-dot and D-dot sensor Hundreds of ps 25kV
Capacitive voltage divider 8 ns 560 kV
Capacitive voltage divider 3.5ns 130V
Capacitive voltage divider 4.6 ns 50 kV

Resistor voltage divider Ins 150V

7 ns 60 kV

Resistor voltage divider 300 ps 500 V
CuSO4 SOluthI.l lje51stance 13ns 170 KV

voltage divider

Resistor voltage divider 6.8 ns 300 kV
CuSO4 SOluthI.l lje51stance 1ns 15KV

voltage divider

Resistor voltage divider 1.6 ns 30 kV
Metal oxide film resistance 1.06 ns 80 KV

voltage divider

3.3.1. Structural Design

The voltage divider was designed and manufactured using metal oxide film resistors,
as shown in Figure 12.
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Figure 12. Structure of the resistance divider.

Based on the analysis of the equivalent circuit of the voltage divider, the resistance
value of the nanosecond pulse resistance divider was selected in the range of 500-1000 Q2.
The response time of the sensor must be in the range of 1-2 ns. Non-inductive metal oxide
film resistors were chosen to ensure the stability of the scale factor of the resistive divider
in the nanosecond pulse frequency domain. Furthermore, considering the skin effect in
the high-frequency electromagnetic environment, the thickness of the resistive film should
be less than 100 pm. The low and high voltage arms are connected in series in the coaxial
structure tube core with a Teflon-insulated shell. A special metal plug was used at the high
voltage end to provide a reliable connection to the generator output.

3.3.2. Response Time Measurement

The step response characteristics of the resistive divider were measured by the nanosec-
ond square wave with a rise time of 1 ns. The voltage sensors involved in the comparison
and transmission included the Tektronix P5100A, P6015A probes, and Polaris PVM-1
probes. The oscilloscope (Tektronix DPO3054) was used to record the test results, as shown
in Figure 13.
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Figure 13. Square wave response of the sensor involved in the transmission: (a) developed nanosec-
ond resistance divider; (b) P5100A probe; (c) P6015A probe, and (d) Polaris PVM-1 probe.
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It is possible to determine the square wave response time of different sensors by
synthesizing the rise time, as follows:

tmeas = \/ 12,0 + t2ec + td2ivide (18)

where £y, is the rise time of the waveform recorded by oscilloscope, t,s is the rise time
of the oscilloscope (calculated according to the bandwidth of the oscilloscope), and .. is
the rise time of the step square wave generator. It can be seen from the test results that the
square wave response times of the developed divider, P5100A, Ps6015A, and PVM-1 probes
are 1.06 ns, 0.67 ns, 1.22 ns, and 3.80 ns, respectively. Among them, the response times of
P5100A and PVM-1 are generally consistent with the labeled bandwidths of 500 MHz and
80 MHz, respectively. However, the response time of P6015A is significantly different from
its claimed bandwidth of 75 MHz, implying that its measurement reliability for nanosecond
signals is doubtful. Meanwhile, the Polaris PVM-1 shows a large response time and is not
suitable for measuring pulses with a rise time of several nanoseconds. It can be calculated
that the resistance divider developed in this work has a bandwidth of approximately
300 MHz and can be used for nanosecond pulse measurement.

3.3.3. Scale Factor Verification

To deal with the lack of standard nanosecond pulse sources and standard sensors, a
calibration method for the scale factor of nanosecond resistance divider based on the scale
factor transfer of standard sensor was proposed. First, the resistance values of the high
and low voltage arms of the voltage divider were measured under standard DC sources
to obtain the static scale factor of the resistance divider, which is 1020. Subsequently, the
resistance divider was measured under 1.2/50 ps lightning pulse conditions according to
the calibration method specified in IEC 60060-2 [32] and compared with a standard pulse
sensor with traceable scale factor to obtain the scale factor of the resistance divider under
microsecond pulse voltages The results show that the average value of the equivalent
scale factor of the resistance divider under 1.2/50 us pulses is 1025, which is very closely
to the static value. Lastly, to verify the reasonableness of the resistance divider used
under the nanosecond pulse environment, P5100A probe with a bandwidth of up to
500 MHz was used for comparison with the developed resistance divider under 1.2/50 us
and 2.5/23 nanosecond pulses, including the measured voltage of P5100A(UP51004),
the measured voltage of resistance divider (Ug), and the calibration scale factor (). The
measured data and test waveforms are shown in Table 5 and Figure 14, respectively.

Table 5. Scale factor measurement results of the resistance divider compared with a P5100A probe.

N Ups100a/'kV URr/kV )
o.
us Pulse ns Pulse us Pulse ns Pulse us Pulse ns Pulse
1 0.475 0.574 0.469 0.564 1021.36 1025.46
2 0.959 1.150 0.949 1.140 1018.11 1016.44
3 1.468 1.750 1.459 1.740 1013.82 1013.39
4 1.954 2.330 1.941 2.300 1014.35 1020.74
Ave. — — — — 1016.91 1019.01

Comparing with the standard sensor, the deviation between the equivalent scale factor
under 1.2/50 us pulses and static scale factor under DC voltage is 0.49%. The scale factor of
the P5100A probe was calibrated to 100.76. The average scale factor of the resistance divider
measured under the nanosecond pulse environment was calculated to be 1019.01. The
deviation between the scale factors under 1.2/50 pus and 2.5/23 ns pulsed is 0.21%. Based
on these measurement results, it can be concluded that it is feasible to use the ps pulse
standard generator and ps pulse standard divider to calibrate the nanosecond resistance
divider in the absence of the nanosecond pulse calibration source and the standard sensor
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for nanosecond pulse measurement. However, the response time of the resistance divider
must be measured to ensure that the upper limit frequency of the divider can satisfy the
measurement accuracy of nanosecond voltage pulses.

2500 — T T T T 2500
Voltage divider measured i Voltage divider measured

2000} P5100A measured 1 2000+ P5100A measured
> 1500 { 5 1500f
3 | 3

1000 1 000 "

k"
500t 1 S00}
o I I , , | [ LTI IO |
0 25 50 75 100 125 -50 0 50 100 150 200 250 300
(a) s (b) tins

Figure 14. Waveforms measured by the resistance divider and P5100A probe under (a) 1.2/50 us and
(b) nanosecond pulses.

4. Performance of the Nanosecond Pulse Test System

The nanosecond pulse test system consists of a pulse voltage generator and a mea-
surement unit. The measurement unit includes the developed metal oxide film resistive
divider, shielded cable, and digital oscilloscope (DPO3054). The pressure adjustment ranges
of the primary pulse Marx cavity and the steepening switch cavity are 0.1~0.5 MPa and
0.1~0.8 MPa, respectively. By changing the pressure of the two independent cavities, the
operating voltage of the Marx switch and the steepening switch can be adjusted to obtain
stable output nanosecond pulses with a rise time of 2.3 &+ 0.5 ns and a half-peak time of
23 + 5 ns with an amplitude of 10-60 kV. Based on the performance study and calibration
work of a metal oxide film resistive divider, the output capability of the nanosecond pulse
test system was evaluated over a range of 60 kV. To assess the stability of the pulse test
system, five voltage levels were selected, and each voltage level was measured ten times
repeatedly. The relative standard deviation was utilized to describe the stability of the
nanosecond voltage output. Table 6 displays the measured data, and Figure 15 presents the
typical output nanosecond pulse waveforms with amplitudes (I,) of 15 kV and 60 kV.

In the operating voltage range (15-60 kV), the maximum relative standard deviation
of the peak value of the output pulse of the nanosecond pulse test system is 1.517%, the
relative standard uncertainty is less than 5 %0, which demonstrates a fairly high degree
of output stability. In addition, the relative standard deviation of the nanosecond pulse
test system is considered to be the synthetic relative standard deviation of the nanosecond
pulse generator, the resistance divider, the measurement cable, and the oscilloscope. The
maximum deviation of the DPO3054 oscilloscope is +-0.5% according to the test results of
the National Metrology Calibration Center, so the maximum relative standard deviation
for the nanosecond pulse generator can be deduced to be less than 1.432%.
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Figure 15. Waveforms of the output nanosecond pulse with (a) I, = 15 kA and (b) I, = 60 kA.
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Table 6. Amplitude parameters of the output pulses.

Measured Peak Value of Voltage Pulse/kV

No.

Level 1 Level 2 Level 3 Level 4 Level 5

1 15.02 24.73 39.90 52.11 61.28

2 15.00 24.88 41.13 52.50 60.92

3 14.90 24.67 39.80 51.73 62.08
4 14.94 25.38 40.65 52.81 62.07

5 14.70 24.60 39.92 52.86 61.69

6 15.42 25.36 40.50 51.73 60.85

7 14.91 24.44 40.13 50.59 60.91

8 15.18 24.66 40.11 50.63 61.73

9 14.95 24.67 40.29 51.73 61.67

10 15.22 24.67 40.89 52.00 61.59
Average 15.02 24.806 40.332 51.869 61.479
Dg * 0.2017 0.3164 0.4483 0.7867 0.4641
Dyg * 1.342% 1.275% 1.112% 1.517% 0.755%
Uy * 4.25%o 4.03 %o 3.51 %o 4.80%o 2.39 %o

* D; is standard deviation; Dys is relative standard deviation; Ujs is relative standard uncertainty.

5. Conclusions

In this paper, a nanosecond pulse generator with a five-stage Marx circuit and one-
stage pulse compression was designed. A high-stability nanosecond pulse test system with
a rise time of 2.3 & 0.5 ns and a half-peak time of 25 & 5 ns was then developed.

The component parameters were calculated by theoretical analysis and circuit sim-
ulation. The conduction performance of the output switch has a significant effect on the
accuracy of the nanosecond pulse waveform and the output efficiency of the circuit. A field
distortion switch based on the corona phenomenon was developed. The discharge delay
of the switch is less than 10 ns and the jitter is no more than 2 ns in the operating voltage
range of 65% to 85%. A metal oxide thin-film resistance divider was designed and manu-
factured for measuring nanosecond pulses. The measurement method of the scaling factor
and response time of the divider was proposed. Furthermore, the developed nanosecond
resistive divider was successfully calibrated using a ps pulse standard generator and ps
pulse standard divider.

Based on the coaxial compact design, combined with the development results of
the corona-stabilized switch and resistance divider, a nanosecond pulse test system was
constructed, and the output performance was tested. The nanosecond pulse test system
consisting of a nanosecond pulse generator and a nanosecond resistance divider can output
a double-exponential nanosecond voltage pulse with an amplitude of 10-60 kV, a rise time
of 2.3 £ 0.5 ns, and a half-peak time of 23 & 5 ns. The maximum relative standard deviation
of the amplitude of pulses is 1.517%, and the relative standard uncertainty is less than 5%o.
The nanosecond pulse test system developed in this work has a fairly high output stability,
which can be used as a calibration measurement system for nanosecond pulse generators
and pulse voltage sensors. It of great theoretical significance and application value for the
standardization of calibration and metrology technology of nanosecond pulses.
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