i% electronics

Article

Experimental Evaluation of a Ferrite-Coupled Trigger
Architecture for Parallel Thyristor Switching in Pulsed

Power Systems

Kirk J. Boehm *, Rachel Reuben !, Neil Laya !, Mark B. Moffett 2, David Chesny ?, Kaleb W. Hatfield 3

and Kunning G. Xu !

Academic Editor: Zhongyong Zhao

Received: 6 July 2026
Revised: 27 August 2026
Accepted: 30 August 2026
Published: 2 September 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

1 Department of Mechanical and Aerospace Engineering, The University of Alabama in Huntsville,
Huntsville, AL 35899, USA; rr1422@uah.edu (R.R.); npl0004@uah.edu (N.L.); gabe. xu@uah.edu (K.G.X.)

2 Equilibria Power, LLC, Satellite Beach, FL 32937, USA; mbedfordm@gmail.com (M.B.M.);
david.l.chesny@gmail.com (D.C.)

3 Department of Aerospace, Physics and Space Sciences, Florida Institute of Technology,
Melbourne, FL 32901, USA; khatfield2011@my.fit.edu

* Correspondence: kb0135@uah.edu

Abstract

This paper investigates circuit architectures for synchronized switching of parallel thyris-
tors in pulsed capacitor discharge systems. Two solid-state trigger approaches are exam-
ined: ferrite-inductive coupling and amplified gate thyristor (AGT) triggering. Reliable
synchronization of multiple semiconductor switches is important in pulsed power circuits
where several switching branches must operate simultaneously to distribute current and
reduce device stress. Five circuit configurations were designed and experimentally eval-
uated to analyze trigger signal propagation, switching delay, and current rise characteris-
tics for capacitor discharge voltages up to 400 V. Experimental results show that parallel
circuits triggered by ferrite-core inductors exhibit nearly identical switching behavior
with timing differences between branches on the order of 0.1 us. The current rise-time
decreases with increasing discharge voltage and approaches a constant value above ap-
proximately 100 V. Parallel thyristors connected to a common capacitor show unequal
current sharing due to parasitic circuit elements and path asymmetries. Compared with
AGT circuits, the ferrite-coupled approach provides a simple and efficient method for dis-
tributing trigger signals across multiple switches without complex gate driver networks.

Keywords: pulsed power systems; ferrite-core triggering; amplified gate thyristors;
synchronized switching

1. Introduction

High-current pulsed capacitor discharge circuits are widely used in power electron-
ics and pulsed power applications where stored electrical energy must be delivered rap-
idly to aload [1,2]. In many such systems, multiple semiconductor switches are employed
either in parallel or in independent discharge branches to increase current capability and
distribute electrical stress across devices. Reliable operation of these circuits requires pre-
cise synchronization of the switching elements. Even small timing mismatches between
switches can lead to uneven current sharing, increased switching losses, and excessive
stress on individual devices. Therefore, compact and reliable trigger circuits capable of
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distributing synchronized gate signals to multiple switches are essential for scalable high-
current switching systems.

Several approaches have been developed to trigger semiconductor switches in
pulsed power circuits. Conventional solutions include resistive trigger networks, isolated
gate driver circuits, and optical triggering methods. Gas-discharge switches such as trig-
gered spark gaps and thyratrons have historically been used in high-voltage pulsed power
systems due to their ability to handle extremely large currents. However, these devices
suffer from electrode erosion, limited lifetime, and maintenance requirements during re-
peated operation. As a result, solid-state switching devices including thyristors, IGBTs,
and MOSFETs have increasingly become attractive alternatives for pulsed capacitor dis-
charge circuits due to their compact size, fast switching capability, and long operational
lifetimes [3,4].

Recent work continues to advance solid-state switching for pulsed power applica-
tions. Silicon carbide thyristors have demonstrated significant switching speed and effi-
ciency advantages over silicon-based devices in medium-voltage pulsed power circuits,
aided by tailored current-source gate drivers [5]. Solid-state architectures have also been
extended to more complex pulse-shaping topologies, including impedance-matched Marx
generators capable of arbitrary waveform generation at tens of kilovolts [6], and modular
multilevel converter-based trigger generators that replace thyratron-based designs with
fully solid-state, scalable alternatives [7].

High-current pulsed power systems often rely on multiple semiconductor switches
arranged in parallel or modular configurations, a design approach reflected in linear
transformer driver architectures [4,8]. Foundational treatments of pulsed power system
design have long identified precise switch synchronization as essential to efficient energy
delivery [9,10]. Multi-switch topologies such as transmission-line-transformer-based gen-
erators [11] and thyristor-based triggering schemes for pulsed rectifiers [12] have specifi-
cally highlighted uneven current sharing as a consequence of synchronization error be-
tween parallel switching branches.

Semiconductor-based pulsed power systems using thyristors or insulated-gate de-
vices have been widely studied for high-energy-density physics applications because of
their reliability and scalability compared with gas-discharge switches. Trigger distribu-
tion methods including resistive trigger networks and optical triggering have been inves-
tigated to improve synchronization and switching speed in multi-device pulsed power
circuits [13]. Amplified gate thyristor (AGT) configurations, which use a pilot device to
drive the gate of a larger main thyristor, offer an alternative approach to synchronized
switching [14]. However, many of these approaches require complex gate driver electron-
ics or dedicated trigger circuitry for each switching device. As a result, compact triggering
methods capable of distributing a single trigger signal to multiple semiconductor switches
remain an active area of research.

Among solid-state switches, thyristors are particularly well suited for pulsed power
circuits because of their high-current capability and ability to block large voltages [15].
However, the performance of thyristor-based pulsed power systems is strongly depend-
ent on the quality of the trigger circuitry used to activate the devices.

When multiple thyristors are used in parallel or in multiple discharge branches, reli-
able and synchronized triggering becomes especially important [16]. Differences in trigger
signal propagation, parasitic inductances, or gate driver characteristics can introduce
switching delays that lead to uneven current distribution and reduced system reliability.
Ferrite-inductive coupling provides a potential method for distributing trigger signals
across multiple semiconductor switches without requiring complex gate driver electron-
ics. In such circuits, a rapid change in current through a conductor induces a voltage in a
ferrite-core inductor, which can then be used to generate a gate trigger signal for a
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semiconductor device. This approach enables a single trigger circuit to activate multiple
switches while maintaining electrical isolation and minimizing signal losses. Despite these
advantages, the synchronization performance and switching behavior of ferrite-coupled
trigger networks for parallel semiconductor switches have not been extensively studied
experimentally.

In this work, a ferrite-coupled trigger architecture is investigated for synchronized
switching of parallel thyristors in pulsed capacitor discharge circuits. The proposed trig-
ger network distributes gate signals from a single trigger circuit to multiple thyristor
branches through inductive coupling. Five circuit configurations were designed and ex-
perimentally evaluated to analyze switching delays, current rise-time, and current sharing
behavior between parallel switching paths. In addition, the performance of the ferrite-
coupled triggering approach is compared with amplified gate thyristor (AGT) circuits,
which use pilot thyristors to increase gate-drive capability.

The main contributions of this work are as follows. First, a ferrite-coupled trigger
circuit capable of distributing a single trigger signal to multiple thyristors is developed
and experimentally demonstrated. Second, the synchronization behavior of the trigger
network is evaluated through measurements of switching delay and current rise-time
across several circuit configurations. Third, the current sharing characteristics of parallel
thyristors connected to a common capacitor discharge circuit are analyzed. Fourth, the
scalability of ferrite-coupled triggering for multi-switch pulsed power systems is demon-
strated through comparison with amplified gate thyristor (AGT) circuits. Finally, the pro-
posed triggering architecture is compared with amplified gate thyristor circuits to assess
the advantages and limitations of each method. Such synchronized switching circuits are
relevant to a variety of pulsed capacitor discharge systems where coordinated activation
of multiple switching branches is required. The experimental results presented in this
work demonstrate that ferrite-coupled triggering provides a simple and scalable approach
for distributing gate signals in high-current pulsed switching networks. The remainder of
this paper is organized as follows. Section 2 describes the trigger circuit and experimental
configurations used in this study. Section 3 presents the experimental measurements and
switching behavior of the different circuit configurations. Section 4 discusses synchroni-
zation performance and current sharing between parallel thyristors. Finally, Section 5
summarizes the conclusions of this work.

2. Methodology

Thyristors are semiconductor devices made of four alternating P-N-P-N doped lay-
ers. This arrangement forms three junctions between the four layers, with the first and last
providing forward and reverse voltage blocking. The middle junction is the gate which
can be externally triggered with a low voltage (~10 V) to cause the entire thyristor to
switch on into conducting mode. As the entire device is a solid-state semiconductor, the
switching behavior of identical thyristor devices is generally similar, aside from small var-
iations caused by manufacturing tolerances and parasitic circuit elements. Thus, the trig-
gering of the gate becomes a strong controlling factor for the function, repeatability, and,
for a series of switches, the synchronicity of the switching.

We developed five circuit configurations to evaluate different triggering methods,
with a focus on rise-time and the synchronization, or time difference between the thyristor
gate signals. The first configuration consists of a trigger circuit utilizing a single ferrite-
core inductor to open one master thyristor circuit. The second setup employs two ferrite-
core inductors placed in series in the trigger circuit on the same trigger signal line, and
each coil is responsible for triggering a separate master thyristor circuit. The objective is
to determine whether ferrite-core inductors triggering more than one thyristor can sup-
port the development of switch-capacitor modules designed to compress pulses. In the
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third configuration, two ferrite-core inductors are used to trigger two thyristors connected
in parallel within a single master discharge path. This circuit was chosen to assess whether
two or more thyristors can be used to share the current from a single capacitor discharge.
The fourth design implements an AGT circuit, where a pilot thyristor triggers a master
thyristor, with both connected to and discharging a single capacitor. This circuit follows
the amplified gate thyristor topology described by Taylor [11]. Finally, the fifth configu-
ration extends the amplified gate approach by using one pilot thyristor to simultaneously
trigger two master thyristors, all sharing the same capacitor. This last configuration eval-
uates whether it could replace the second or third ferrite-based circuits for future pulsed-
power driver applications. These circuits were analyzed to compare the synchronization
and discharge capabilities of ferrite-coupled (FC) versus amplified gate thyristor (AGT)
triggering architectures. Table 1 shows the parts used in this study. The components were
selected to be off-the-shelf and readily available.

The trigger circuit is shown in Figure 1. It consists of a 1200 uF capacitor (C1), which
delivers low voltage with high current to open the thyristors in the main plasma circuits
through a series of ferrite-core inductors (FC1 and FC2). A pilot thyristor (T1) is used to dis-
charge the capacitor and open the thyristor in the main circuits. This pilot thyristor is triggered
by a manual switch (S), followed by a ballast resistor and a diode to block any backflowing
current. The main circuit’s ferrite-core inductors (FC1 and FC2) are located behind the sys-
tem’s load resistor (R2), which also functions as a ballast resistor. Without a ballast resistor,
this could lead to excessive current and potential damage to the circuit or components. Ballast
resistors help stabilize the voltage across components by dropping some voltage themselves,
ensuring the system operates within safe voltage ranges. The capacitor of the trigger system
was charged to 30 V for all cases. In all cases with ferrite-core inductors, we measured the
trigger signal’s voltage between S and R1 using a voltage probe, and the discharge current
after R2 using a Pearson coil, both connected to a RIGOL DHO1104 (100 MHz, 2 GSa/s) oscil-
loscope. For all other data acquisition, the RIGOL DHO1104 oscilloscope was also used. The
first channel measured the voltage of the manual switch, the second channel recorded the
voltage from a Pearson Coil (Model 4100) to measure the current of the pilot thyristors, and
the last two channels measured the voltage from another set of Pearson Coils (Model 411) to
determine the current outputs after the main thyristors.

Table 1. Parts used in this study.

Abbreviation Description Part Number Parameters
C1 Capacitor Vishay MAL250117122E3 450V, 1200 pF
C2 Capacitor Cornell CGS101T450R2C 450V, 100 pF
D Diode Vishay VS-90APS12L-M3 90 A, 1200 V

PS1 Power Supply Hanmatek HM305 5A,30V

PS2 Power Supply BK Precision 1710 1A,30V

PS3 Power Supply TDK GENG600-1.3 1.3 A,600V

R1 Ballast Resistor - 100 Ohm, 1 W

R2 Load Resistor Ohmite HS100F2RF200MMM372 2 Ohm, 100 W

R3 Load Resistor Ohmite HS100 20R F 20 Ohm, 100 W

R4 Load Resistor TE HSC300R10] 100 mOhms, 300 W
T1, T2 Thyristor IXYS CLA100E1200HB 100 A, 1.2kV

S Manual Switch Gardner Bender 3 A Push Button 3A
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Figure 1. Trigger circuit. C1: Capacitor—450 V, 1200 uF. D: Diode—90 A, 1200 V. PS1: Power sup-
ply—5 A, 30 V. R1: Ballast resistor—100 Ohm, 1 W. R2: Load Resistor—2 Ohm, 100 W. T1: Thyris-
tor—100 A, 1.2 kV. FC1/2: Ferrite-core inductors.

The ferrite cores used in the trigger circuit are lab-built and have 40 turns of 24 AWG
Kapton-insulated wire wrapped around a ferrite ring core, which is then covered in electri-
cal tape (see Figure 2). The inductance of the coil was measured by the Proster LCR meter
to be 1.8 + 0.1 mH. Previous tests showed that with 40 turns on the ferrite-core inductors,
sufficient voltage of approximately 40 V is generated to fully open the thyristor gate.

Top view
24 AWG Kapton-
insulated wire
(40 turns)
Ferrite
core
Side view
-— I
220 mm
-— Height: 20 mm
235 mm

Figure 2. Ferrite-core inductor.

The ferrite core’s manufacturer and material grade were not documented at the time
of use; however, an effective relative permeability can be calculated from the measured
coil inductance and the core’s physical dimensions (35 mm outer diameter, 20 mm inner
diameter, 15 mm height, measured directly). For a toroidal inductor, L = popt:N2 Ae/Im,
where Ac is the core’s cross-sectional area, Im is the mean magnetic path length, and N is
the number of turns. Using Ae = 112.5 mm? and In = 86.4 mm (calculated from the core’s
measured dimensions), N = 40, and the measured L =1.8 + 0.1 mH, this gives an effective
relative permeability of u. = 687 (range 650725, propagating the measurement uncer-
tainty in L). This value is consistent with a low-to-medium-permeability NiZn ferrite, a
material family commonly used in pulse and trigger transformer applications of this kind
[7], and provides a basis for estimating core saturation behavior in future work. Rigorous
characterization of power magnetic materials, including permeability, saturation, and
hysteresis behavior, remains an active area of research given the complexity of accurately
modeling core losses and nonlinear behavior across operating conditions [17].
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2.1. Preliminary Study— Ferrite-Core Inductor Separation Distances

A key question when using ferrite-core inductors to trigger two thyristors (FC1 and
FC2) is whether a time delay would occur when changing the distances between the two
ferrite-core inductors located on the same wire. The speed of electromagnetic wave prop-
agation in wires is approximately the speed of light; thus, for lab-scale wire lengths of a
few meters, any effect of wire length will be on the nanosecond scale. However, the ferrite-
core inductors are an inductive circuit element for which the voltage generated is a func-
tion of the coil inductance and the time rate of change in the current, which will have
longer time constants than the pure electromagnetic wave propagation time. Figures 3
and 4 show the measured voltage on the ferrite-core inductors when separated by 0.05
and 1.00 m on the same wire. There were negligible timing differences as seen in the fig-
ures. However, there was a difference in peak voltages between the two experiments. The
voltage decreased by approximately 6 V as the distance increased. This is likely due to the
magnetic fields of both ferrite-core inductors interfering at the shorter distance of 0.05 m.

50 T T T T
Trigger
40r Ferrite Coil 1| 7]
Ferrite Coil 2
301 b
Z 201 i
-
10
(1] oA g - -
10 I | 1 I | L
-5 0 5 10 15 20 25 30

tus]

Figure 3. Ferrite-core inductors at a distance of 0.05 m away from each other.

50 T T T T T
Trigger
401 Ferrite Coil 1 | 7|
Ferrite Coil 2
30F -
Z 20} -
>
10 r -
O PSRRIV SR SU v L P e’
10 1 1 1 I ! 1
-5 0 5 10 15 20 25 30

L8]

Figure 4. Ferrite-core inductors at a distance of 1.00 m away from each other.

There is one repeatable ringing region in both ferrite-core inductor voltage signals,
appearing right after the pilot thyristor turns on at t = 0. This has the form of a damped
LC oscillation between the coil’s own inductance and the small parasitic capacitance in its
winding and leads. For a simple series LC circuit, the ringing frequency is f, =
1/(2mV/LC). The ringing period observed in Figures 3 and 4 is approximately 2.8 us, cor-
responding to fo = 357 kHz. Using the measured coil inductance (L = 1.8 + 0.1 mH), this
implies a parasitic capacitance of C = 110 pF, which is a reasonable value for the self-ca-
pacitance (we measured around 130 pF with a LCR meter), of a 40-turn coil wound on a
small ferrite ring core. This interpretation also fits what we saw when the coils were
moved apart. At 1.00 m separation (Figure 4) the peak voltage dropped by about 6 V
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compared to 0.05 m separation (Figure 3). Increasing the coil spacing weakens the cou-
pling between their windings, which would lower the effective parasitic capacitance and
damp the ringing amplitude. This is consistent with the observed reduction. The jitter
therefore appears to be a parasitic LC resonance intrinsic to the coil’s own geometry, ra-
ther than loose windings or general high frequency noise as previously suggested. Practi-
cally, this points to a design lever. Reducing the coil’s parasitic capacitance, for example
by spacing the turns further apart or using a different core material, should raise fo and
shorten the ringing duration.

2.2. Circuit 1—Single Master Circuit

The first setup (see Figure 5) is a main circuit with just one master thyristor (T2) with
its own separate discharge capacitor (C2) circuit, which is triggered by a single ferrite-core
inductor (FC1) from the trigger circuit. To demonstrate that the trigger circuit and the
main single master circuit show repeatability, the C2 capacitor was charged using a 1.3 A,
600 V power supply (PS3) to voltages of 50, 100, 200, 300, and 400 V. The voltage was kept
below 600 V to prevent damage to the power supply from backflowing current.

R3 T2
I~
AYAYA N

FC1

Opess —— @

Figure 5. Single main circuit. C2: Capacitor—450 V, 100 pF. PS3: Power supply—1.3 A, 600 V. R3:
Ballast resistor—20 Ohm, 100 W. T2: Thyristor—100 A, 1.2 kV. FC1: Ferrite-core inductor.

The same thyristor model was used for all setups. The C2 capacitor has a lower ca-
pacitance (100 uF) than the trigger capacitor C1 in order to increase the discharge current.
A 20 Ohm load resistor (R3) was chosen. It is important to note that the master thyristor
(T2) needs to be located after the load resistor, as it behaves like a ballast resistor to prevent
arc peaks inside the thyristor. The current after the master thyristor (T2) was measured
using a 411 Pearson coil.

2.3. Circuits 2— Series Ignition of Two Separate Circuits

In the second setup, a second identical main circuit is added and triggered with the
second ferrite-core inductor (FC2) (see Figure 6). The goal of this circuit is to analyze the
opening times of both main thyristors (12s) triggered by ferrite-core inductors 1 and 2 to
determine if there are any differences due to manufacturing, with a focus on rise-time and
delay. In this setup, the currents after each main thyristor were measured and compared
to the trigger signal and the pilot thyristor’s current output.

https://doi.org/10.3390/electronics15173956
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Top Thyristor
R3 T2
N
/\/\/\ l/l\
FC1
(O rss @)
Bottom Thyristor
R3 T2
/\/\/\ N
FC2
(O rss @)

Figure 6. Separate main circuits in series. C2: Capacitor—450 V, 100 uF. PS3: Power supply—1.3 A,
600 V. R3: Ballast resistor—20 Ohm, 100 W. T2: Thyristor—100 A, 1.2 kV. FC1/FC2: Ferrite-core in-

ductor.

2.4. Circuits 3—Parallel Ignition

The third circuit uses two main thyristors (T2) in parallel, both connected to a single
capacitor (C2) in order to test current sharing between the thyristor switches. The intent
is to determine if we can distribute a high discharge current across multiple thyristor
switches for future high-power pulsed power drivers (see Figure 7). This is a modification
of circuit 1. The trigger circuit has not been modified. In this setup, the currents after each
main thyristor (cathode side) were measured and evaluated in comparison to the trigger
signal and the pilot thyristor’s current output.

2.5. Circuits 4—Single Amplified Gate Thyristor Circuit

The amplified gate thyristor circuit, shown in Figure 8, follows the topology de-
scribed by Taylor [14]. The figure shows the entire circuit, trigger plus main. It consists of
a pilot thyristor (T1) integrated within a main thyristor (T2), with both sharing a common
anode connected to the capacitor C2. However, the cathode of the pilot thyristor controls
the gate of the main thyristor. This configuration is expected to lead to an efficient and
rapid turn-on response. In this setup, the voltage at the manual switch, the current after
the pilot thyristor, and the current after the main thyristor were measured for comparison
purposes. For the load/ballast resistor (R4), a 100 m{2 resistor was used to protect the main
thyristor from current or voltage arcs. The 20 Q resistor (R3) was kept in place as the load.
The power supply and capacitor for the discharge were switched to the 1.3 A, 600 V power
supply and the 100 pF capacitor to increase the current outputs. We discharged the capac-
itor at the same voltage levels as before: 50 V, 100 V, 200 V, 300 V, and 400 V.
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Top Thyristor
R3 T2
/\/\/\ N
FC1
Bottom Thyristor
P32
C’ B __ ¢ T2
N
"
FC2

Figure 7. Parallel main circuit. C2: Capacitor—450 V, 100 pF. PS3: Power supply—1.3 A, 600 V. R3:
Ballast resistor—20 Ohm, 100 W. T2: Thyristor—100 A, 1.2 kV. FC1/2: Ferrite-core inductors.

R3 T2
A
T1
R4
S
C) PS3 2
D
R1
PS2

Figure 8. Single amplified gate thyristor full circuit (trigger + main). C2: Capacitor—450 V, 100 uF. D:
Diode—90 A, 1200 V. PS2: Power supply—1 A, 30 V. PS3: Power supply—1.3 A, 600 V. R1: Ballast
resistor—100 Ohm, 1 W. R3: Ballast resistor—20 Ohm, 100 W. R4: Ballast resistor—100 mOhms, 300
W. T1/2: Thyristor—100 A, 1.2 kV.

2.6. Circuits 5— Dual Amplified Gate Thyristor Circuit

A second main thyristor was added in parallel to analyze the impact of AGT on dis-
tributed current output (see Figure 9). In this configuration, the voltage at the manual
switch, the current after the pilot thyristor (T1), and the currents after both main thyristors
were measured for comparison. We used the same ballast resistors (R3) to protect the pilot
and the main thyristors. The capacitor (C1) was discharged at the same voltage levels as
before: 50 V, 100 V, 200 V, 300 V, and 400 V.
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Top Thyristor
R3
/\/\/\

Bottom Thyristor
R3 T2

AAN
T1

\VAx

/

M

Q
;_;Z
s

—_

PS2

Figure 9. Amplified gate thyristor circuit with two parallel main circuits. C2: Capacitor—450 V, 100 uF.
D: Diode—90 A, 1200 V. PS2: Power supply—1 A, 30 V. PS3: Power supply—1.3 A, 600 V. R1: Ballast
resistor—100 Ohm, 1 W. R3: Ballast resistor—20 Ohm, 100 W. R4: Ballast resistor —100 mOhms, 300 W.
T1/2: Thyristor—100 A, 1.2 kV.

The switch voltage was recorded using an oscilloscope voltage probe, while the current
on the cathode side of both the pilot and main thyristors was measured using Pearson coils.

2.7. Equivalent Circuit Model and Governing Equations

To support the experimental observations with an analytical foundation, this section
develops a lumped-element equivalent circuit model for both the ferrite-coupled trigger-
ing process and the main capacitor discharge process and derives the governing equations
for each. This analysis relies on several simplifying assumptions: the conducting thyristor
is treated as an ideal switch with negligible on-resistance and no forward voltage drop;
wiring resistance other than the explicit load resistor R is neglected; the trigger-side mu-
tual inductance calculation (Equation (4)) assumes near-unity magnetic coupling (k = 1)
and a single-turn primary; and the discharge-side model (Equations (5)-(8)) assumes a
fixed, voltage-independent loop inductance and does not account for the thyristor’s non-
linear turn-on impedance, which is instead addressed qualitatively in the discussion of of
the single master circuit (see Section 4). These assumptions are expected to hold reasona-
bly well at the voltage and current levels tested (up to 400 V, 20 A) but may require revi-
sion at substantially higher power levels, where device on-resistance and wiring re-
sistance become comparable to the load resistance R.

The ferrite-coupled trigger path (Figure 1) can be modeled as a two-winding trans-
former, with the trigger-carrying conductor acting as a single-turn primary threaded
through the ferrite core and the secondary wound (N = 40 turns) driving the gate of the
triggered thyristor. The primary and secondary voltages are related by the standard cou-
pled-inductor equations:

vi(t) = Li(di;/dt) + M(dip/dt) @

https://doi.org/10.3390/electronics15173956
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va(t) = M(dia/dt) + La(diz/dt) @

where L1 and L2 are the primary and secondary self-inductances, M is the mutual induct-
ance, i1(t) is the current in the trigger conductor, and iz(t) is the current drawn by the gate
circuit. Prior to gate breakover, the gate draws negligible current (i2 = 0), so Equation (2)
reduces to

vo(t) ~ M(diy/dt) 3)

which shows that the induced gate-trigger voltage is proportional to the rate of change in
the primary current, consistent with the qualitative description of the triggering mecha-
nism given in Section 2. Assuming near-unity magnetic coupling (k = 1), appropriate for
a toroidal core with the primary conductor threaded directly through the core aperture,
the mutual inductance can be related to the measured secondary inductance (L2=1.8 mH,
Section 2) and the turns ratio N by

M = kvV(LiL;) = Ly/N ~ 45 uH 4)

This value provides a testable prediction that can be compared against a direct meas-
urement of M in future work and is independently consistent with the parasitic LC reso-
nance model used to explain the observed trigger-signal jitter (Section 3), since both derive
from the same secondary winding.

The main discharge loop (Figure 5) consists of the charged capacitor C, the load re-
sistor R, the conducting thyristor (modeled as an ideal closing switch with negligible on-
resistance relative to R), and the parasitic loop inductance Lioop of the physical wiring. Ap-
plying Kirchhoff’s voltage law to this series RLC loop gives the governing second-order
differential equation

L(d%i/dt?) + R(di/dt) + i/C = 0 (5)

with initial conditions i(0) = 0 and (di/dt)lo = Vo/Licop, where Vo is the capacitor’s initial
charge voltage. The observed waveforms (see Section 3.1) exhibit two well-separated
timescales, a microsecond-scale current rise followed by a millisecond-scale plateau and
decay, indicating that the circuit operates in a regime where the inductive and resistive-
capacitive time constants are well separated (t;, = Lioop/R < Tr¢ = RC). Under this condi-
tion, Equation (5) can be treated in two distinct regimes:

Regime 1 (fast rise). Immediately following turn-on, the capacitor voltage is approx-
imately constant over the short timescale of interest, and Equation (5) reduces to a first-
order RL charging equation:

L(di/dt) + Ri = V, (6)

with solution
_ Vo t
i(t) = (E) (1 — exp <— —)), where T, = Ljgop/R 7)
T
giving a predicted 10-90% rise-time of t, =2.2t.. Using the load resistance of Circuit 1 (R3
=20 Q) and the measured rise-time at high discharge voltage (t, = 1.0 us, see Section 4),
Equation (7) yields an estimated loop inductance of Liyop, = t.-R/2.2 =~ 9 pH, a physically
reasonable value for the parasitic inductance of the benchtop wiring used in this study.
Regime 2 (slow decay). Once the fast transient has settled, the current follows the
capacitor’s RC discharge:

Vo -4
i(t) = (E())e TRC, where tgc = RC (8)

Using C2 =100 pF and R3 =20 Q, Equation (8) gives Trc=2 ms; taking the discharge
as substantially complete after approximately 7 ¢ yields a predicted discharge duration
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of approximately 14 ms, in close agreement with the measured discharge closing time of
approximately 15 ms reported in Section 3.

Equation (7) predicts a rise-time that is independent of the discharge voltage Vo, since
t,depends only on the fixed ratio Lioop/R. This is inconsistent with the experimentally ob-
served decrease in rise-time with increasing discharge voltage (see Section 4,). This dis-
crepancy indicates that the linear RLC model, while accurately capturing the two-time-
scale structure and overall discharge duration of the circuit, does not by itself account for
the voltage dependence of the transient turn-on. The residual voltage dependence is at-
tributed to the thyristor’s intrinsic nonlinear turn-on behavior, specifically the finite time
required for conduction to spread across the device’s junction area, as discussed in Section
3. The equivalent circuit model developed here therefore establishes the linear circuit-the-
oretic contribution to the observed discharge behavior, while identifying device-level
nonlinearity as the specific, additional mechanism required to fully explain the voltage-
dependent rise-time.

To ensure consistency across the five circuit configurations, the following criteria
were used to compute the reported performance metrics. Rise-time was defined as the
time interval between 10% and 90% of the steady-state (maximum) current value, meas-
ured on the cathode current signal of the relevant thyristor. Switching delay was defined
as the time interval between the reference trigger event (closure of the manual switch, t =0)
and the point at which the corresponding thyristor’s cathode current first exceeds 10% of its
steady-state value, consistent with the rise-time threshold used above. Synchronization er-
ror, reported for parallel or multi-branch configurations, was defined as the absolute differ-
ence in switching delay between the two branches being compared, computed inde-
pendently for each of the six repeated trials and averaged to obtain the reported value.

3. Results

The results are divided into two parts. The first part presents how the raw data of the
entire system. The second part evaluated the maximum current and the rise-times of each
thyristor, as well as the differences between them. To quantify uncertainty, each data point
was measured six times, and the standard deviation of these measurements was used to
quantify the uncertainty. Due to the large volume of data, only one set of results for each
circuit is shown. The data sets have not been smoothed or filtered. While only one repre-
sentative waveform is shown per circuit and voltage level for clarity, each measurement
was repeated six times, and Table 2 summarizes the resulting uncertainty in peak current
and rise-time across all five configurations, expressed as the percentage standard devia-
tion relative to the mean. These uncertainties are consistently below 5% across all circuits
and voltage levels, confirming that the representative waveforms shown in Figures 10-25
are reliably repeatable and not subject to substantial run-to-run variation.

Table 2. Repeatability of peak current and rise-time measurements across six repeated trials per

circuit and voltage level.

Circuit Configuration Uncertainty in Imax Uncertainty in Rise-Time
1 Single FC 1.1-3.6% 1.1-3.6%

2 Series FC 1.2-4.5%/1.3-4.7% 1.2-4.5%/1.3-4.7%

3 Parallel FC 1.13-4.9%/1.28-4.8% 1.13-4.9%/1.28-4.8%

4 Single AGT 3.52-4.97% 3.52-4.97%

5 Dual AGT 3.52-4.97% 3.52-4.97%
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3.1. Circuit 1—Single Main Circuit

The trigger voltage and pilot thyristor current were voltage-independent across all dis-
charge levels (Vs(t) = 10 V, Ini(t) = 14 A, Figures 10 and 11), with the pilot thyristor opening
after a fixed 4.2 ps delay and a 10.8 ps transition. This voltage independence is expected
from the trigger circuit’s own RL charging dynamics (Equation (7)), since the delay is set by
the trigger loop’s fixed L/R time constant rather than by the main discharge voltage.

14 T T
——50V
12 100 V
10l = 200V H
‘w ——300V
S 8F | 400 V ||
w2 sl \‘ i
|
|
41 | o
2k C i
== : '
0 5 10 15
t[s] x107¢

50V

100V
200V
300V
400 V

tps]

Figure 11. Circuit 1—Pilot cathode current signal.

The main thyristor opened at 6.5 pis and closed at =15 ms across all voltages (Figures
12 and 13), matching the trc = RC discharge constant derived in Equation (8) to within
10%. Since this study is primarily concerned with switching and triggering behavior, the
remaining analysis focuses on the first 15-50 ps of each discharge.

25 T T
— 50V
20 - " ——100V|_|
200V
—300V
';‘ 15+ 400 V |+
-
> 10 —
5_ -
0 A
15 20

t [ms]
Figure 12. Circuit 1 —Main cathode current signal opening and closing.
The main thyristor current output as a function of time measured at the cathode side
of the main thyristor (see Figure 13) increased linearly with discharge voltage. Addition-

ally, the opening of the main thyristor occurred at nearly the same time, regardless of the
discharge voltage on the capacitor. When the pilot thyristor opened at 4.2 us, the main
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thyristor opened at 6.5 ps. It took approximately 1 to 2 us for the current to stabilize at a
constant discharge level for all voltages. However, there were variations in the rise-time
for each discharge level. At the lowest discharge voltage level, it took the longest to reach
a steady state. Steady-state discharge currents reached Ir(t) = 2.6 A (50 V), 5.0 A (100 V),
10.0 A (200 V), 15.0 A (300 V), and 19.5 A (400 V), respectively, consistent with the linear
scaling of peak current with discharge voltage discussed in Section 4.1..

10 —

I'l'l [A]

t[s] x10°

Figure 13. Circuit 1 —Main cathode current signal.

This behavior has a straightforward physical explanation rooted in the circuit’'s RLC
discharge dynamics. During the initial current rise, the rate of change in current is gov-
erned approximately by di/dt = V/L, where V is the discharge voltage across the capacitor
and L is the total loop inductance of the discharge path. Because L is fixed by the circuit’s
physical layout, a higher discharge voltage directly produces a faster current rise, which
manifests as a shorter rise-time. This accounts for the monotonic decrease in rise-time with
increasing voltage seen across all five circuit configurations (see Section 4).

The flattening of rise-time above approximately 100 V, however, cannot be explained
by the RLC circuit dynamics alone, since di/dt = V/L predicts continued improvement at
higher voltages. Instead, this plateau is consistent with the intrinsic turn-on characteristics
of the thyristor itself. Real thyristors have a finite, device-limited turn-on time, during
which conduction spreads outward from the small area near the gate contact to the full
cross-section of the device; this spreading process, rather than the external circuit, be-
comes the rate-limiting step once the circuit-driven di/dt exceeds the device’s maximum
controllable rate. Once the discharge voltage is high enough that the circuit could in prin-
ciple support a faster current rise than the thyristor’s internal spreading process allows,
further increases in voltage no longer shorten the observed rise-time, and the measured
value asymptotes to a value set by the device rather than the circuit. This is consistent
with the manufacturer-rated maximum di/dt for the IXYS CLA100E1200HB thyristors
used in this study and explains why the plateau voltage (~100 V) and plateau rise-time (~1
us) are similar across the different circuit configurations tested, since all configurations
use the same thyristor model.

3.2. Circuits 2— Series Ignition of Two Separate Main Circuits

With two independent branches sharing a common trigger circuit, the trigger voltage
(Figure 14) and pilot cathode current (Figure 15) closely matched Circuit 1's behavior,
aside from a brief oscillation at switch closure consistent with the larger total loop induct-
ance of the trigger line feeding two branches. Both main thyristors opened at 6.5 us re-
gardless of discharge voltage and tracked the single-circuit case closely (Ir2 linear with
voltage, Figure 16), confirming that the two branches behave as electrically independent
RLC loops rather than interacting with one another.
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Figure 14. Circuit 2—Trigger voltage signal.
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Figure 15. Circuit 2—Pilot cathode current signal.

25 T T
15 -
20 110
5 I
E 15+ 62 64 66 68 7; 72 74
o %10
(=}
&
_“,;‘ 10 -
5 |
0 ! L
0 5
25 T N T T
15 —50V
20 H0 R 100V |
5 7 o 200 V
'<_:' e ] —300V
‘—;: 15 - 62 64 66 68 7 72 74 400 V =
g x10°
i
SIOF i
i
5l —
0 L
0 5 15

t{pus]

Figure 16. Circuit 2—Main thyristors cathode current signal.

3.3. Circuits 3— Parallel Ignition

With two thyristors sharing a single discharge capacitor, the trigger voltage (Figure
17) and pilot cathode current (Figure 18) again showed the same fixed-delay behavior as
Circuits 1 and 2, though with additional jitter attributable to the shared capacitive load.
However, the two main thyristors’ steady-state currents diverged by up to 4 A at 400 V
(Figure 19) rather than splitting evenly, with one branch’s current drifting upward post-
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turn-on and the other drifting downward. This asymmetry is examined quantitatively in

Section 4 and is attributed primarily to parasitic loop-inductance and wiring-resistance

mismatch between the two current paths, which becomes measurable only once the

branches are forced to share a single capacitor’s discharge current.
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Figure 17. Circuit 3—Trigger voltage signal.
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Figure 18. Circuit 3—Pilot cathode current signal.
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Figure 19. Circuit 3—Main thyristors cathode current signal.
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3.4. Circuits 4—Single Amplified Gate Thyristor Circuit

The trigger voltage at the switch (Figure 20) showed voltage spikes appearing above
200 V, timed consistently with activity at the pilot thyristor’s cathode (Figure 21), where
current remained fixed near 0.06 A regardless of discharge voltage, consistent with the
pilot being driven by the separate, fixed-voltage trigger circuit rather than the main dis-
charge. The pilot-to-main turn-on delay decreased from 17 us at 50 V to 8 us at 400 V
(Figure 22), a substantially larger voltage sensitivity than the ferrite-coupled circuits (Cir-
cuits 1-3) show, since the AGT’s gate current is itself proportional to the discharge voltage
through the shared gate-drive path, directly coupling discharge voltage to turn-on speed.
The negative voltage excursion at the pilot thyristor’s cathode reflects the voltage drop
across the gate-drive path once the main thyristor’s gate draws current, consistent with
the two devices sharing a common gate-cathode loop.

14 T T T T T T T T
50V
12 ‘ 100 v
Ji Jﬂ 200V | 4
- i e 300 V [
> ‘ 400V | 7
2]
T 4
| | | 1 1 Il Il
5 10 15 20 25 30 35 40
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Figure 20. Circuit 4 —Trigger voltage signal.
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Figure 21. Circuit 4 —Pilot cathode current signal.
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Figure 22. Circuit 4—Main thyristor cathode current signal.

3.5. Circuits 5— Dual Amplified Gate Thyristor Circuit

The trigger voltage at the switch (Figure 23) again showed spikes above 200 V, as in
Circuit 4, though without the same clear correlation to pilot thyristor timing. With a single
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pilot thyristor driving both main thyristors, the pilot current remained near 0.06 A regard-
less of voltage (Figure 24), while the pilot-to-main delay decreased from 3.3 us at 50 V to
1.48 us at 400 V (Figure 25), faster and less voltage-sensitive than the single AGT case
(Circuit 4), since the shared gate-drive path here couples a smaller effective gate imped-
ance per branch. The two main thyristors’ currents matched within +2 A of each other
(Figure 25), a substantially tighter match than the ferrite-coupled parallel case (Circuit 3,
+4 A), consistent with the AGT’s direct, actively driven gate signal reducing sensitivity to
the same wiring-level asymmetries discussed in Section 4.
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Figure 23. Circuit 5—Trigger voltage signal.

T T T T T T T T T T
50V
100V
3 \ 200V | ]
I\ 300 V

< A 400 V

—2F [ 7

i

‘ \
\

1+ \ .
[\
AN AN
J

o] —— t i 1 — =" =" = I )

0 5 10 15 20 25 30 35 40 45 50
tps]
Figure 24. Circuit 5—Pilot cathode current signal.
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Figure 25. Circuit 5—Main thyristors cathode current signal.
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4. Discussion
4.1. Comparison of Ferrite-Core Inductor Triggered Circuits (Circuit 1, 2, 3)

A key goal of this study was to compare the performance of ferrite-core inductors
and AGT for triggering pulsed power circuits. Thus, both elements were tested in compa-
rable configuration. Figure 26 shows the max current and current rise-time for the single
ferrite trigger configuration (Circuit 1). The current at the cathode of the main thyristor
increased linearly with the discharge voltage (see Figure 26, left). However, the rise-time
of the current at the cathode exhibited a logarithmic decrease with increasing voltage (see
Figure 26, right), ranging between 1 and 2.6 us. This suggests the system has a minimum
voltage level above which the discharge time is constant, which in these tests is >100 V.
This behavior generally holds true for all configurations tested. The rise-time was deter-
mined by the time difference between 10% and 90% of the maximum current.

25 3
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Figure 26. Maximum current (left) and rise-time (right) behaviors for a single master circuit. The

uncertainties of the maximum current and the rise-times ranged from 1.1 to 3.6%.

Figures 27 and 28 compare the current and rise-time for the series and parallel ferrite-
core inductor configurations. Similar to the single main ferrite trigger configuration, the
cathode current of the main thyristors increased linearly with the discharge capacitor volt-
age (see Figure 27 left) as expected. The current rise-time also exhibited a logarithmic de-
crease as the voltage increased (see Figure 28, left), though with a difference between the
two configurations. For the series configuration, the rise-times of both thyristors were very
similar, 0.90 to 2.02 ps for the top and 0.90 to 2.18 pus for the bottom. The series case has
near identical behavior as the single thyristor case, which makes sense as the two series
circuits are separate and operating independently.

Now looking at the parallel thyristor setup where two thyristors share one capacitor,
the current output at the cathode ends are different, with a max difference of 4 A at 400 V
(see Figure 27, right). Comparing both series and parallel currents, it is visible that there
is a loss in the parallel case. For example, at 400 V, the series and single circuit case from
above saw a discharge current of approximately 19.48 A on each thyristor. For circuit 3
with two thyristors discharging one capacitor, at 400 V the two currents only add up to
8.65 and 10.84 A. Since it is a parallel setup, it should ideally split the current into equal
halves, but that does not happen.

The observed current imbalance can be attributed to four related factors. During the
fast current rise, discharge current is governed by di/dt = V/L, where L is the loop induct-
ance of each branch; even a few centimeters of difference in wiring length between the
two branches can produce inductance mismatches large enough to skew the initial current
split, since loop inductance scales at roughly 1 nH per millimeter for unshielded wiring.
Once the current stabilizes, differences in wiring resistance (from connector contact re-
sistance) set the steady-state split, since the branches then act as a resistive current divider;
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a mismatch of only tens of milliohms is enough to produce a multi-ampere imbalance at
these current levels. Manufacturing tolerances in the thyristors” on-state voltage drop and
gate sensitivity add a device-level contribution independent of wiring. Finally, because
the two current paths run in close physical proximity, mutual inductive coupling between
them is inherently asymmetric and likely contributes to the repeatable, voltage-dependent
nature of the imbalance seen in Figure 27.

25 25
1 Thyristor 1
201 ES 20T 1 Thyristor 2
< 15 - < 15}
et g -
_E10f = _E 10+ -
5¢t - 1 Thyristor 1 | 1 5t =
s T Thyristor 2 =
x
0 : . : . 0 : ’ :
100 200 300 400 500 100 200 300 400 500
VI[V] VIV]

Figure 27. Maximum current levels for series ferrite circuit 2 (left) and parallel ferrite circuit 3
(right) after the main thyristor. For the series configuration (left), the uncertainties in current and
rise-times were 1.2-4.5% for the top thyristor and 1.3-4.7% for the bottom thyristor. For the paral-
lel configuration (right), the uncertainties in current and rise-times were 1.13-4.9% for the top thy-
ristor and 1.28-4.8% for the bottom thyristor.

These effects are consistent with the data: imbalance is negligible at low voltage,
where currents and di/dt are small, and grows to approximately 4 A at 400 V (Circuit 3)
as both resistive and inductive contributions scale with current. The smaller imbalance in
the dual AGT configuration (1.62 A at 400 V, Circuit 5) suggests the shared, tightly con-
trolled gate drive partially compensates for wiring-level asymmetry, even though the un-
derlying power-path mismatches remain unchanged.

Comparing the rise-times, the parallel case is significantly slower. The rise-time of
the top thyristor was 2.32-19.4 us, while the bottom was 0.9-19.5 pus (see Figure 28, right).
At and above 100 V, the bottom thyristor has a noticeably faster rise-time of ~5 pis. Com-
paring the rise-times from the parallel setup connected to one single capacitor with the
separate parallel setup, it becomes visible that there are losses as well, possibly due to
uneven current distribution from the single capacitor.
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Figure 28. Rise-times for series ferrite circuit 2 (left) and parallel ferrite circuit 3 (right) after the

main thyristor. Note the different y-axis ranges.

https://doi.org/10.3390/electronics15173956



Electronics 2026, 15, 3956

21 of 30

The nonlinear, logarithmic-like decrease in rise-time with voltage seen in both panels
of Figure 28 is consistent with the RLC discharge dynamics discussed in Section 3: at low
voltage, rise-time is governed primarily by the circuit’s di/dt = V/L relationship, producing
a steep initial decrease, while at higher voltage the rise-time approaches a floor set by the
thyristor’s intrinsic turn-on time rather than the external circuit. This explains the general
shape common to both the series and parallel cases. However, the parallel configuration
(Circuit 3, Figure 28 right) shows a substantially more pronounced and extended nonline-
arity than the series configuration (Circuit 2, Figure 28 left), with rise-times spanning nearly
an order of magnitude (0.9-19.5 ps) compared to the series case’s tighter range (0.9-2.2 us).
This additional nonlinearity is attributable to the current-sharing imbalance discussed in
Section 4: because the two thyristors in Circuit 3 share a single capacitor, the effective loop
inductance and resistance seen by each branch depend on the (voltage-dependent) current
split between them, rather than being fixed circuit parameters as in the independent-branch
case. As the discharge voltage increases and the current imbalance grows, this coupling be-
tween current distribution and effective branch impedance compounds the simple RLC and
device-limited effects, producing the extended and less regular rise-time behavior observed.

If one thyristor carries more current than the other, it could result in uneven voltage
drop across the setup. This unevenness causes further imbalance, worsening the mis-
match in conduction.

4.2. Comparison of AGT-Triggered Circuits (Circuits 4 and 5)

Figures 29 and 30 show the current and rise-time for the two AGT configurations.
The maximum current measure at the cathode exhibited a linear relationship for both con-
figurations with increasing discharge voltage (see Figure 29). The parallel AGT case also
shows a current difference between the two thyristors, similar to the parallel ferrite-cou-
pled (FC) case (circuit 3). The difference is smaller here, at about 1.62 A at 400 V. Again,
the total current from the parallel AGTS do not add up to that of the single configuration,
indicating a loss as seen earlier and for similar reasons.
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Figure 29. Maximum current levels for AGT single circuit 4 (left) and AGT parallel circuit 5 (right)
after the main thyristor. The uncertainties in the current and rise-times were 3.52-4.97% for the main

thyristor.

The single AGT configuration exhibits the same rise-time behavior and similar values
as the single FC configuration (see Figure 30). The parallel AGT case, however, has a very
different rise-time response from all previous cases. The typical logarithmic decrease with
voltage is still present, but the change is much faster, going from 10 to 20 us at 50 V down
to <1 us at 100 V. Additionally, the rise-time reaches the steady minimum earlier at 100 V
instead of 200 V. For the single AGT, the rise-time ranged from 1.12 to 2.72 us, but for the
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parallel AGT, the rise-time from 100 to 400 V was 1.1, 0.8, 0.5, and 0.5 ps, respectively.
Thus, the parallel AGT managed to obtain the fastest rise-times for all the cases.
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Figure 30. Rise-times for AGT single circuit 4 (left) and AGT parallel circuit 5 (right) after the main
thyristor. Note the different y-axis ranges.

4.3. Comparing FC and AGT Circuits

When comparing the single thyristor case for both FC and AGT setups, there is no
significant difference between the two configurations in either maximum current (see Fig-
ure 31) or rise-time (see Figure 32). Minor discrepancies are present, possibly caused by
differences in cable length or the use of resistors. This suggests that both setups deliver a
similar amount of current at a similar time scale, indicating that the system is primarily
driven by the thyristor and capacitor, rather than by the ferrite-core inductor or resistors.
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Figure 31. Comparing maximum current levels for the FC circuit 1 (left) and AGT circuit 4 (right),
both for the basic case of single capacitor and single switch. The figures are copied here again for
easy reference.
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Figure 32. Comparing rise-times for the FC circuit 1 (left) and AGT circuit 4 (right), both for the basic
case of single capacitor and single switch.

In terms of current levels (see Figure 33), both setups show similar magnitudes, with
a difference in slope.
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Figure 33. Comparing maximum currents levels for the FC circuit 3 (left) and AGT circuit 5 (right),
both in single capacitor discharging through two switches.

However, there is a significant difference between the rise-times (see Figure 34) of
both systems. As discussed before, the parallel FC circuit showed an inverted logarithmic
decrease with increasing time whereas in the AGT, it showed high rise-times at 50 V but
drops immediately to an almost constant trend from 100 to 400 V.
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Figure 34. Comparing rise-times for the FC circuit 3 (left) and AGT circuit 5 (right), both in single
capacitor discharging through two switches.

To provide a more direct, quantitative comparison across all five circuit configura-
tions, Table 3 summarizes the key performance indicators discussed above, including
maximum discharge current, rise-time range, switching delay, branch-to-branch synchro-
nization error, and measurement uncertainty. As Table 3 shows, the ferrite-coupled and
amplified gate thyristor architectures achieve comparable maximum current and synchro-
nization error in their single-branch configurations (Circuits 1 and 4), while the parallel
configurations that share a single discharge capacitor (Circuits 3 and 5) exhibit both a
measurable current imbalance between branches and a substantially wider rise-time
range than their independent-branch counterparts.

https://doi.org/10.3390/electronics15173956



Electronics 2026, 15, 3956

24 of 30

Table 3. Quantitative comparison of the five evaluated triggering circuit configurations.

Circuit

Configuration

Imax@400V  Rise-Time Range Switching Delay

Branch-to-Branch
rancato-branc Uncertainty Range

Sync Error
. N/A (single
1 le F 195 A 1.0-2. ~6. 1.1-3.69
Single FC 9.5 0-2.6 us 6.5 us branch) 3.6%
. Top: 0.90-2.02 us ~6.5 us (both ~ Top: 1.2-4.5%
2 Series FC 195 A each Bottom: 0.90-2.18 ps branches) 01 ps Bottom: 1.3-4.7%
Top: 2.32-19.4 us Top: 1.13-4.9%
3 Parallel FC - 865 A+ 1084 Ag 1 m: 0.9-19.5 ps 6.5 ps 01ps Bottom: 1.28-4.8%
4 Single AGT 195 A 1.12-2.72 us Decreases linearly - N/A (single 3.52-4.97%
with voltage branch)
.52 100400 V:1.1, D -line-
5 Dual AGT ~89Aeach 02720 ms(100-400V:L1, - Decreases non-line- ;o 3.52-4.97%
0.8, 0.5, 0.5 ps) arly with voltage

These quantitative differences are elaborated in the sections below.

Both architectures achieve comparable branch-to-branch synchronization, with tim-
ing differences on the order of 0.1 us in their multi-branch configurations (Circuits 2, 3,
and 5). Neither method shows a clear synchronization advantage over the other in these
measurements; the dominant source of timing spread in both cases appears to be wiring
and device tolerances rather than the triggering mechanism itself.

The ferrite-coupled approach requires only a passive coil per triggered device,
wound around the trigger-carrying wire, with no additional active components. The AGT
approach requires an additional pilot thyristor per main device, along with its own gate-
drive path (resistor, diode, switch, and auxiliary supply in this implementation). For an
N-device array, ferrite coupling adds N passive coils, while a single-pilot AGT configura-
tion (as in Circuit 5) adds one pilot thyristor regardless of N, though at the cost of a shared
gate-drive network that must reliably deliver adequate trigger current to every main de-
vice simultaneously.

The ferrite-coupled method scales linearly and independently: each additional thy-
ristor requires its own coil, with no interaction between trigger paths, as demonstrated by
the clean synchronization in Circuit 2's independent branches. The Equilibria Power im-
plementation extends this to 48 thyristors (see Section 4.4) using one coil per device, sup-
porting the method’s scalability. The dual AGT configuration (Circuit 5), by contrast,
drives two main thyristors from a single pilot device, which is efficient in component
count but places increasing demand on the pilot thyristor and gate-drive network as more
devices are added in parallel; the reviewed data do not extend beyond two main thyristors
per pilot, so scalability beyond this point is not directly established.

Ferrite coupling is the simpler of the two topologies: a single passive component per
device, with no additional active switching elements or auxiliary power path required for
the trigger. The AGT circuit is inherently more complex, requiring an additional thyristor,
ballast resistors (R3, R4), a blocking diode, and a manual switch or equivalent gate-drive
logic per pilot device.

The AGT circuit’s rise-time is comparatively insensitive to discharge voltage once
above approximately 100 V (Figure 30), reaching values as low as 0.5 us, whereas the fer-
rite-coupled configuration’s rise-time continues to depend more visibly on the parallel
current-sharing behavior at higher currents (Figure 28). This suggests the AGT architec-
ture may be more robust to voltage variation in fast-switching applications, while the fer-
rite-coupled method is more sensitive to the current imbalance effects discussed above
when multiple thyristors share a capacitor.

Given its simplicity and independent scalability, the ferrite-coupled approach is best
suited to modular, high-channel-count pulsed power systems where each switching ele-
ment operates independently and reliability of the trigger path is paramount, as
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demonstrated in the Equilibria Power coaxial plasma gun application. The AGT architec-
ture, with its faster and more voltage-independent rise-time, may be preferable in appli-
cations demanding minimal switching delay from a small number of devices, such as fast
rise-time pulse compression stages, where the added circuit complexity is an acceptable
tradeoff for switching speed.

The reported uncertainties (1.1-4.97% across all configurations, Table 2) are domi-
nated by trial-to-trial variation in switching delay rather than in steady-state current am-
plitude, consistent with the delay being sensitive to small, uncontrolled variations in gate
trigger timing and thyristor turn-on threshold between repeated trials. Synchronization
error, being a difference between two independently measured delays, is correspondingly
more sensitive to this same source of variation than either individual delay measurement,
which is consistent with the branch-to-branch synchronization values (~0.1 us) represent-
ing a small difference between two larger, independently noisy quantities.

To summarize the results, the first circuit showed that the main thyristor’s opening
time decreased linearly with increasing discharge voltage, while the rise-time followed a
non-linear trend, appearing to approach a constant value at higher voltages. In circuit 2,
which employed two independent branches, no significant losses or differences in current
or rise-time were observed between the paths. The current was divided almost equally
between the two, aligning with Kirchhoff’s law. Compared to the single-circuit configu-
ration, the dual-path circuit showed only minimal differences in output and synchroniza-
tion, likely due to manufacturing tolerances or setup inaccuracies. A notable observation
is the order-of-magnitude difference in rise-time between the single-path circuits (circuit
1) and the parallel thyristor circuit (circuit 3), which uses a shared capacitor. This high-
lights the dependence of rise-time on the current magnitude during discharge. Another
difference appeared in the post-conduction current behavior: in one configuration, the
current continued to increase after the main thyristors opened, while in another, it de-
creased immediately. These variations may result from minor discrepancies in line
lengths, parasitic inductances, or contact resistances. In both systems, however, the main
thyristors opened at approximately the same time.

The AGT exhibited a hard turn-off behavior due to potential differences after the
main thyristors had opened. As discharge voltage increased, the opening times of both
the pilot and main thyristors decreased linearly. In the single AGT circuit, voltage meas-
urements at the switch showed peaks occurring earlier with higher discharge voltages,
corresponding to the pilot thyristor’s rapid response. The pilot thyristor reacted almost
immediately upon activation, maintaining a steady current, while the main thyristor’s de-
lay decreased linearly with increasing voltage. Notably, the main thyristor opened imme-
diately after the pilot thyristor turned off. Its rise-time behavior remained consistent with
that observed in circuits 1 and 2, with uncertainties staying within a stable range. In the
final configuration, the pilot thyristor’s current became positive. Here, the opening times
of both the pilot and main thyristors decreased non-linearly with increasing discharge
voltage unlike the single AGT circuit. The use of parallel-set thyristors combined with an
AGT led to non-linear opening behavior of the main thyristors, influenced by the pilot
devices, and similarly non-linear rise-times. Despite these changes, the discharge current
through both main thyristors increased in a nearly linear and consistent manner. At dis-
charge voltages > 100 V, the AGT’s rise-time exhibited only a slight decrease, indicating
that it is largely independent of the discharge voltage.

Overall, using ferrite-core inductors with independent subcircuits and dedicated dis-
charge capacitors is the most promising solution for modular high-current pulsed power
systems. The series ignition circuit showed minimal delay of 0.1 us between the two main
thyristors, though slight variations in rise-times were observed. In the parallel ignition
circuit, an asymmetric current distribution emerged, with one thyristor experiencing a
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linear decrease in current while the other increased. The single amplified gate thyristor
circuit exhibited a more efficient turn-on response, though a negative current peak ap-
peared during switching. Finally, the dual amplified gate circuit showed nearly equal cur-
rent distribution between thyristors but introduced a nonlinear time delay between dif-
ferent discharge voltages. Overall, ferrite-core inductors proved to be a reliable alternative
to resistor-based configurations, though further optimization is needed to minimize tim-
ing inconsistencies and jitter in amplified gate circuits.

In summary, the ferrite-coupled architecture offers a simpler, lower component
count, and an independently scalable triggering method well suited to modular systems
requiring many synchronized channels, such as the Equilibria Power coaxial plasma gun
demonstrated in Section 3, at the cost of somewhat slower and more voltage-dependent
rise-times and greater sensitivity to wiring-level current-sharing asymmetry when multi-
ple thyristors share a capacitor. The AGT architecture offers faster, more voltage-inde-
pendent switching and reduced current imbalance in parallel configurations, at the cost
of additional active components (a pilot thyristor and gate-drive network) per triggered
device. Ferrite-coupled triggering is therefore best suited to large, modular arrays where
simplicity and independent scalability are prioritized, while AGT triggering is preferable
in applications demanding minimal switching delay from a smaller number of devices.

4.4. Application Example

Our collaborators at Equilibria Power, LLC employed a modified ferrite-coil trigger-
ing system (see Figure 35) based on the presented work in this paper to ignite a coaxial
plasma gun (CPG). The pulsed-power circuit used to operate the CPG is shown in Figure
36.
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Figure 35. Equilibria Power’s pulsed power system.

A flyback transformer (L1, L2) charges a 55 pF, 15 kV rated capacitor (C1) to4 kV. A
second 5 V gate signal from the microcontroller triggers the thyristor or silicon-controller
rectifier (SCR: U1-U4) stack, applying the stored 4 kV to the CPG electrodes for the pri-
mary plasma-ionization pulse.
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Figure 36. Equilibria Power’s pulsed power circuit for the coaxial plasma gun.
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The SCR assembly consists of 48 thyristors arranged in an 8 times 6 configuration
(eight devices per series branch, six parallel branches), supporting up to 4 kV and 8.4 kA
during a pulsed operation which can be viewed in Figure 37.

6 thyristors in parallel

SCR In SCR Out

- iy -

TR

FC

Figure 37. SCR assembly (T —thyristor, FC—ferrite-core inductor).

A calibrated Rogowski coil placed after the SCR cathode monitors the main CPG cur-
rent. Figure 38 shows the monitored current waveform which peaks near 5.3 kA.

Gas Puff CPG Current: 2 kV Discharge
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Figure 38. Equilibria Power’s results on the current vs. time monitored by a Rogowski coil.

These application results demonstrate that the ferrite-coil triggering approach devel-
oped in this work can be reliably extended to kilovolt-, kiloampere-class solid-state
switching systems used in high-current capacitor discharge power electronics. The suc-
cessful operation of Equilibria Power’s 4 kV, 8.4 kA coaxial plasma gun using a digitally
timed ferrite-coil-triggered SCR stack validates the scalability of the method beyond the
400 V laboratory circuits described earlier in this study. The close agreement between ex-
pected and measured current waveforms, as well as the clean triggering behavior at mi-
crosecond timescales, confirms that ferrite-based digital triggering can support plasma-
physics experiments requiring synchronized, high-current discharges. This real-world im-
plementation highlights the potential of ferrite-coil gating architectures to serve as a com-
pact, repeatable, and scalable triggering method for solid-state switch arrays for future
pulsed power systems.
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The experiments reported in this study were conducted at discharge voltages up to
400 V and currents up to approximately 20 A per thyristor, roughly two orders of magni-
tude below the 4 kV, 8.4 kA regime demonstrated in the Equilibria Power application
(Section 3, Figure 38). While the ferrite-coil triggering method scaled successfully to that
higher-power system, the detailed synchronization, jitter, and current-sharing measure-
ments reported here were characterized only at the lower voltage and current levels;
whether the observed 0.1 ps synchronization and current-imbalance trends extrapolate
linearly to kilovolt, kiloampere conditions was not directly verified in this work. All par-
allel configurations examined here (Circuits 3 and 5) used only two thyristors per shared
capacitor or pilot device, connected using discrete, hand-assembled wiring. Scaling to
larger parallel arrays, such as the 48-device stack used in the Equilibria Power system, is
expected to be considerably more tractable when implemented with custom printed cir-
cuit boards providing identical, symmetric current paths for each branch, as in that sys-
tem, rather than the hand-wired connections used in the present laboratory circuits. Un-
der such a design, the dominant factor limiting current-sharing uniformity at higher de-
vice counts would shift from wiring and path asymmetry toward component-level toler-
ances, such as variation in thyristor gate sensitivity, on-state voltage drop, and ferrite-
core-to-core coupling consistency across the array. This distinction was not directly char-
acterized in the controlled comparisons presented here, since all parallel configurations
tested used hand-assembled wiring rather than a symmetric PCB layout. In addition, all
measurements used a single thyristor model (IXYS CLA100E1200HB) and a single ferrite-
core inductor design (40-turn, 24 AWG winding on one core geometry); the extent to
which the reported rise-time, jitter, and synchronization behavior generalizes to other de-
vice families, current ratings, or coil geometries has not been established. Finally, the cur-
rent-sharing imbalance discussed in Section 4 is expected to scale with both the discharge
current and the number of parallel branches, since both loop inductance mismatch and mu-
tual coupling between branches grow with additional parallel paths; without further testing
at higher device counts, the practical upper limit on the number of thyristors that can be
reliably paralleled using either triggering method remains an open question for future work.

Additionally, a full characterization of the core’s magnetization curve and hysteresis
loop, which would allow the observed jitter to be decomposed into magnetic (hysteresis-
driven) and electrical (LC-driven) contributions, was outside the scope of this study and
is identified as a direction for future work.

5. Conclusions

This study demonstrated the feasibility of using thyristors and ferrite-core inductors
to develop a high-voltage, high-frequency pulsed power system with simultaneous, loss-
less parallel discharge for current below 400 V experiments and for the advancement of
high-power pulsed power systems capable of compressing electrical energy into very
short pulses. By evaluating five different circuit configurations, we showed that ferrite-
core inductors effectively enhance the simultaneous opening of thyristors, achieving
branch-to-branch synchronization within approximately 0.1 us across all multi-branch
configurations tested. Each circuit at each voltage level was tested six times to ensure re-
peatability, with measurement uncertainties in current and rise-time ranging from 1.1%
to 4.9% across the ferrite-coupled configurations. Our experimental results confirmed that
independent dual-master thyristor circuits (Circuit 2) exhibited consistent rise-times (0.9-
2.2 ps) with minimal current loss between branches, validating the system’s stability and
repeatability. The system also demonstrated the ability to use thyristors in parallel to share
the discharge current load; however, when two thyristors shared a single discharge ca-
pacitor (Circuit 3), a current imbalance of up to 4 A at 400 V was observed between the
two branches, alongside an order-of-magnitude increase in rise-time (up to 19.5 us) relative
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to the independent-branch case. These variations were typically caused by differences in
line lengths, unintended parasitic inductance, or contact resistance at connection points
within the circuit, as discussed in Section 4. The amplified gate thyristor circuits showed a
more efficient turn-on response, with the dual AGT configuration achieving rise-times as
fast as 0.5 ps at 400 V and reducing the parallel-branch current imbalance to 1.62 A, a 60%
improvement over the equivalent ferrite-coupled parallel configuration (Circuit 3); jitter and
delay in the pilot thyristor’s turn-on response, however, still require optimization.

These results indicate that ferrite-coupled triggering is particularly suitable for sys-
tems requiring synchronized activation of multiple switches, whereas AGT configurations
may be advantageous when extremely fast switching is required.

These findings highlight the importance of precise triggering mechanisms, particularly
in high-current pulsed power systems where timing synchronization is crucial. The success-
ful reduction in rise-times and the stabilization of current waveforms validate the use of
ferrite-core inductors for high-current pulsed power applications. Based on these results,
the use of ferrite-core inductors and AGT to trigger multiple thyristors in modular pulsed
power systems is feasible, the choice of which method depending on the implementation.
Extending the system to operate at kilovolt and kiloampere levels presents additional chal-
lenges, such as higher current rise rates, managing parasitic inductance, controlling thermal
loads, mitigating electromagnetic interference, and maintaining long-term reliability under
repeated operation. However, as modern thyristors cannot handle tens to hundreds of kilo-
volts and kiloamperes individually, any solid-state high-power system will still require dis-
charging multiple circuits, thus requiring synchronized triggering. The results presented in
this work are therefore relevant to high-power systems and can provide guidance for future
development of high-power pulsed systems. The ferrite-core inductor trigger in principle
could be used for triggering any system that accepts a 5 V TTL signal.

While this work provides valuable insights into pulsed power circuit behavior, sev-
eral areas warrant further investigation. Future studies should focus on minimizing the
observed jitter in the pilot thyristor to further reduce switching delays and improve syn-
chronization. Additional configurations, such as hybrid AGT ferrite-core inductor setups,
could be explored to balance speed and stability. The system should be tested under
higher voltage and current conditions to assess long-term reliability and potential indus-
trial applications. Integrating adaptive feedback control mechanisms could enable dy-
namic adjustments to circuit performance, improving overall efficiency. Given the precise
control required in plasma experiments, this technology could be further tailored for ap-
plications such as magnetic reconnection studies and other pulsed plasma systems. By
addressing these aspects, future work can refine thyristor-based pulsed power systems
for broader scientific and industrial applications, paving the way for more efficient and
reliable high-power switching technologies.

The present results are limited to a single thyristor model, a single ferrite-core geom-
etry, and discharge conditions up to 400 V and 20 A; extending this triggering approach
to substantially higher voltages, currents, or parallel device counts remains to be experi-
mentally validated. A direct priority for future work is therefore to evaluate the ferrite-
coupled and AGT architectures at the kilovolt, kiloampere scale under controlled, repeat-
able laboratory conditions, extending the practical demonstration already achieved with
the Equilibria Power system (Section 3) into a fully characterized dataset.
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