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Abstract

This paper presents an optimization procedure for a transformer-based solid-state pulse modulator with an addi-
tional damping network at the load. The design of the pulse transformer and the damping network are combined
in the procedure, so that pulses with pulse lengths in the ps-range with a fast rise time and a compact transformer
volume can be achieved.

1 Introduction

Solid-state pulse modulator systems are key elements in many particle accelerator facilities. There, the modulator
system must be able to generate precise voltage/current pulses with fast rise and fall times, and a low ripple as well
as overshoot. A possible modulator concept, which meets these requirements, are solid-state pulse modulators
based on pulse transformers. These have been proven to be able to produce high voltage pulses at high power
levels [1-5] and achieve a high efficiency [6].

In transformer-based modulators, the achievable parameters of the pulse strongly depend on the parasitic compo-
nents of the transformer and the load, and these parasitics could lead to undesired resonances [7]. Moreover, the
unwanted parasitics might result in a pulse which does not meet the required specifications, that is for example,
the rise time is too high. For mitigating this problem, various damping network concepts have been proposed
for different pulse lengths and rise times, which offer effective damping of the pulse and force it to lie inside the
demanded specifications. For example, in [8, 9] pulses with a rise time of tens of us and with a length of a few
us are investigated and the presented damping network is based on passive circuit elements only. In [10, 11], a
hybrid damping network is presented for applications, which require pulses in the ms/s range and with a rise time
of hundreds of ps. The hybrid damping network consists of active switches and passive components.

However, damping networks have not been examined for pulse transformer-based modulator topologies and for
short pulse lengths with rise times in the range of 1 ps. Furthermore, the design of the damping circuits has not
been included into a general system optimization as given in [5], which enables to identify the best set of design
and operating parameters of the modulator system. Therefore, the goal of this paper is to propose an extension
of the optimization procedure presented in [5], which combines the design of the transformer and the design
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Fig. 1: a) Voltage pulse shape including the definition of the main parameters. During #y1e and tg,) “energy losses” occur as
this energy can not be used for the application. Once the voltage pulse lies within FT'S, the flat-top interval 7, begins. The
ratio of the usable energy to the entire pulse energy defines the pulse efficiency. Table I lists the specifications of the considered
CARM modulator [12].
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Fig. 2: a) Basic pulse transformer-based solid-state modulator consisting of U-core units, two parallel connected secondary
windings and the gun. b) Electrical equivalent circuit of the solid-state modulator including the transformer with its parasitics,
the leakage inductance L and the capacitance Cy, the switching units inductance Lgen s referred to the secondary side, the
considered extra capacitance Cexra, the possible damping network and the gun. The active bias circuits are omitted for simpli-
fication.

of the damping network for a transformer-based solid-state modulator. The proposed optimization enables to
comprehensively compare different damping network topologies and their influence on the transient characteristics
of the pulse, its efficiency as well as the transformer volume. By using this approach, the designer can decide
whether the insertion of a damping circuit is beneficial for the performance of the system as well as which damping
network leads to the best pulse efficiency and minimum transformer volume at the same time. To validate the
performance of the general design methodology, the CARM source modulator is used as a case study [12] and a
feasibility study for the design of the system is performed. A set of challenging specifications need to be fulfilled
for this application, which are listed in Table I. In Fig. 1a), an indicative scheme of the voltage pulse is provided,
where the general specifications of the pulse are defined.

The structure of the paper is as follows: In section 2, the basic pulse transformer-based modulator topology in-
cluding the damping network is briefly explained. Section 3 describes the extension of the optimization procedure
which is used for designing the modulator with damping network. In section 4, results and considerations are given
for the CARM modulator system. Finally, section 5 summarizes the main outcomes of the presented work.

2 Basic Pulse Transformer-based Solid-State Modulator Topology

The considered pulse transformer-based topology is shown in Fig. 2a). It is based on the split-core pulse trans-
former concept, which is also often called as matrix transformer [7, 13]. The switching units (SU) consist of the
main capacitors Cpin, Which are charged up to Vipain, and the pulse switches Sps (here IGBTSs are assumed). For
premagnetizing the cores of the pulse transformer (TR) and reducing the core volume, often active bias circuits are
used [14]. To double the pulsed power rating and reduce the leakage inductance, two pulse generators (PG) units
can be mounted on the two legs of the considered U-cores. The core with the two primary windings and the two
SUs results in a so called U-core unit. The two parallel connected secondary windings enclose the core legs of all
the N. U-cores, where N, denotes the number of U-cores. For a matrix transformer, the required number of turns
N, of the secondary winding is given as
_ Veun

Vgun Ni " Voain, N2 n
R

M2 _ (D
Vinain - Ne N N

Ny =

where n is the ratio between the gun voltage and the main capacitor bank voltage (voltage ratio) and N is the
number of turns of the primary winding.

In Fig. 2b), the electrical equivalent circuit of the topology in Fig. 2a) is given, which also includes a possible
damping network (DN). The active bias circuits are excluded in the following analysis as they do not, significantly,
influence the pulse performance in case a bipolar magnetic flux swing in the core is assumed, which leads to a
transformer with reduced core cross-sectional area [14]. In the equivalent circuit, the leakage inductance Ls and
the distributed capacitance Cy of the transformer are referred to the secondary side. The parasitic inductance of the
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Fig. 3: a) Simplified secondary side referred equivalent circuit of the solid-state pulse modulator with a damping network. The
resistance of the windings is included as Rygy. b) Possible damping network configurations. Type O denotes the case if no
damping network is used. c) Applied voltage referred to the secondary side, which models the transient and the steady state
behaviour of the switching unit. d) Current-voltage characteristic of the gun.

SUS Lgey is also included in the equivalent circuit as it adds a significant amount of inductance. Given the parallel
connection of the SUs on each core, Lge, is halved. Transferring Lge, to the secondary side of the transformer
results in

L No\2 (1) Lyen 12
Lgen,s :Nc ien (M) = ien . ﬁc (2)

Capacitance Cexira models the parasitic capacitance which appears on the secondary side of the transformer in
addition to Cy. This includes the capacitance of the gun Cqy, and the capacitance of the capacitive voltage divider
Ciivider Which is used for measuring the pulse voltage. In case a high voltage cable connects the transformer to the
gun, the capacitance of the cable must also be added to Cexera as described in [5]. The damping network (DN) is
connected to the secondary side between the load and the transformer and it may consist of passive elements only
or a combination of switches/varistors and passive elements (hybrid).

In order to evaluate the performance of the voltage pulse, the modulator circuit in Fig. 2b) is modelled by the
simplified secondary side referred equivalent circuit of Fig. 3a). The total parasitic inductances and capacitances
are included in the quantities L; and C; as

L = Lgens + Lo Ci = Cq +Cextra G)

The magnetizing inductance and the iron losses are assumed to have negligible influence due to the fast rise time
[7]. The circuit is excited by a voltage source vexc, as shown in Fig. 3c), which is a linear approximation of the
switching and the steady state behaviour of the IGBT having a rise time #, and a fall time #. An additional slope
AVap during the time interval g, + fseqling 1 inserted, which models the voltage droop of the main capacitors. The
droop is approximately given as

(tﬂat + tsettling)lgun . L 100% (4)

Cmain,s gun

AViap% =

where Chains is the value of the total main capacitance Cpgin of all PG units transferred to the secondary side as

N,
Cmain,s = 2Cmainn7§ (5)

The voltage droop results in a more limited flat-top stability F7 Sjim, which is given as FTSjim = FTS — AV %,
with FTS being defined in the specifications of the application. The value of Cy,, must be chosen, so that
AVeap% < FTS in order to limit the impact of the droop on the pulse shape. A possible droop compensation is not
considered in this paper in order to simpilfy the analysis.

The considered damping network types are shown in Fig. 3b). DN type O denotes the case when no damping
network is present while DN type 1 and 2 consist of passive elements only. The DN type 3 is an expansion of DN
type 1 having non-linear elements, such as varistors, in series with RC components. The Ry, 3a-R3a-C3, €lements



Table II: Considered degrees of freedom and parameters for the CARM transformer optimization
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Fig. 4: a) General 2-D representation of the transformer geometry where the optimization and geometrical variables are de-
fined. A tilted winding arrangement is used for a reduced leakage inductance [7]. Table II lists the optimization variables, the
predefined geometrical and considered parameters for the CARM modulator.

form a varistor branch. Many varistor branches can be connected in parallel to the gun. The gun has a current-
voltage characteristic as illustrated in Fig. 3d). Up to half of the nominal pulse voltage, the gun current shows a
resistive behaviour. When vgy, > 0.5V, the gun current is equal to the rated current /g, which remains constant,

limited by the emitter temperature.

3 System Optimization Procedure

The extended system optimization procedure is outlined in Fig. 5. The optimization procedure is based on the
routine presented in [5], which is extended by the additional damping network design step for optimizing the DN
topology and parameters. In the following, the workflow of the routine is given. For better understanding the
routine, Fig. 4a) is provided, showing a 2-D representation of the transformer geometry as well as the Table II,
which contains the considered degrees of freedom and predefined parameters.

3.1 Transformer Design

At the beginning of the routine (S1), the ranges
of the degrees of freedom, the pulse specifica-
tions as well as some predefined geometrical pa-
rameters are defined (Table II). Five degrees of
freedom are selected which are the distance be-
tween primary and secondary winding at the HV
and LV side, dy and d; respectively, the depth
of the core d., the additional height of the sec-
ondary winding 53,44 and the number of cores
N.. In S2, the number of turns of the primary
winding Nj is selected resulting in a minimum
secondary winding height. This is added to /2 444
to get the total height of the secondary wind-
ing hy. Next, the cross-sectional area of a single
core, using the volts-seconds of the pulse volt-
age, the effective magnetic path length and other
quantities (e.g core dimensions) are calculated,
which result in the tank and the transformer vol-
ume. The procedure continues with the calcula-
tion of the maximum E-field E,,x on the surface
of the conductors with the highest potential (S3)
and then it is checked, whether E,x is smaller
than the permissible E-field Ey,. The charge sim-
ulation method is used for the maximum E-field
calculation [15]. In case En,x is higher than Ey,,
a new set of degrees of freedom is chosen. If
Emnax < E, the calculation of the winding losses
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Fig. 5: Proposed optimization procedure flowchart including the
damping network design section.



and the extraction of the total secondary-referred winding resistance Rygg follows in S4. The winding losses due
to the skin and the proximity effect have been studied extensively in [16] for foil and round conductors. Here, it
is assumed that both windings cover the entire core window height. In order to simplify the model for the pulse
current, a trapezoidal shape is assumed with a rise time of 1 us and a flat-top of 5 us. This current is analyzed with a
Fourier series with 100 harmonics in order to calculate the skin depth. The secondary round turns are transformed
to a foil conductor for calculating the proximity effect losses as described in [16]. Finally, the AC resistance of all
the windings is computed at the fundamental frequency fiep.

In a next step, the extraction of the transformer parasitics follows in S5. The primary foil winding is approximated
by N, parallel connected round conductors equally distributed over the primary winding height for minimizing
the distance between adjacent conductors [17]. Moreover, a homogeneous current distribution is considered and
the primary and secondary windings are grounded at the LV side. The leakage inductance L is then calculated
with the current mirroring method [18] and is added to the generator inductance Lgens, Which results in the total
parasitic inductance L. For the distributed capacitance Cy of the transformer, the charge simulation method is used
[15], which takes into account the grounded surfaces of the core and tank. A detailed explanation of the steps for
calculating Cy can be found in [17]. The capacitance of the gun and the capacitance of the HV divider are added
to Cq in order to obtain the total parasitic capacitance C; which appears on the secondary side of the transformer.

In step S6, the total parasitic inductance and capacitance, the resistance of the windings, the maximum E-field and
the transformer volume are stored for each considered core number N.. With the stored values, the Pareto fronts
of the transformer parasitics are obtained. The ranges of the transformer parasitics Ly and C; obtained from the
Pareto fronts are used afterwards to solve the circuit in Fig. 3a) analytically for each DN type independently of the
transformer design. This methodology is used as the number of iterations rapidly increases if the design of the DN
types is directly included inside the optimization cycle of the transformer design. For instance, the design of the
transformer and the design of the DN type 1 would require L = D+ P = 8 nested loops, where D = 5 stands for the
number of loops due to the 5 transformer degrees of freedom and P = 3 is the number of loops because of the three
different parameters of the DN type 1, i.e the Ry, C; and Rexira Values. Knowing the lower and upper boundaries
of the parasitics for each transformer core number results in a lower total number of iterations. Therefore, a more
extensive parametric sweep can be performed for the parameters of the damping network.

3.2 Damping Network Modeling & Design

In the next step, the damping network is designed. First, the DN type is selected in step S7 and depending on the
selection, the output voltage pulse vgu, () is calculated in step S8. To describe the detailed steps inside the DN
section, the DN type 1 is used as an example. Neglecting the influence of the core and the winding resistance and
assuming a resistive load at the output, the transformer is essentially an undamped 2nd order LC network. In [19],
the following set of equations is used to damp the oscillations of an LC input stage with a shunt RC branch (i.e DN
type 1), which is inserted in front of a converter system. With the characteristic resistance Ry, and the ratio of the
capacitors o

Lt Cl
R = —_— = —_—
=V *TVg ©)

the optimum resistance ratio Qqpy, type 1 and the optimum damping resistance R; are given as [19]:

R [2+o)(4+3w)

=—L= 22T s R =R
Qopt, type 1 Ro (4—|—0€)2(12 1 0

2+0)(4+3a) )
(4+ o)202

However, this design methodology is not completely suitable for the design of the DN type 1 for the CARM
modulator due to the nonlinear current-voltage characteristic of the gun and the fact that there is not an ideal
controller which regulates the voltage pulse. Hence, this methodology is only used as a first indication for the right
range of the Ry and C; values. In order to evaluate how the DN type 1 affects the voltage pulse, Ry, C; and Rextra
are varied over different values.

By inserting the variable resistor Rexira, the high impedance of the gun is decreased in order to improve the shape
of the voltage pulse at the cost of higher power losses. This may lead to more SUs in parallel at the primary side
and to a multi-core arrangement for the pulse transformer. Consequently, the role of Rexy, in the pulse damping
and whether it is beneficial for the system performance is examined in the following.

3.3 Pulse Shape Analysis

In the optimization cycle, the circuit of Fig. 3a) with the DN type 1 is analyzed in the time domain solving the
differential equations numerically. Because of the time domain analysis of the circuit, the model can be used



with any given linear or non-linear load. The circuit analysis of Fig. 3a) leads to the following set of differential
equations with the state vector Xy, | containing the states of the system, i.e the currents through the inductors and
the voltages of the capacitors. Hence,

— . T
Fiype 1 = [iLe: e, v | ®)
dir, 1 .
dr = f [Vexc - lL[Rwdg - vCl] ©)
t
d V¢, 1 . Ve, — V¢ V¢, .
dt G ke R Rextra fgun (10)
dVC 1
i " Ric el (11

with zero initial conditions. Solving (8)-(11), the voltage across the gun can be directly extracted as vguy, = v¢,.

The expression of the excitation voltage vexc given in Fig. 3c) is expressed in the time domain as

\%
%t 0<tr<y,

1
Vgun - VgunAVcap%tﬂﬁ[_,_fseule (t - tr) tr <t <t +tar +settle
Vexc =

(VgunAVcap% - Vgun) tlf [t - (tr ~+fiat + Tsettle + tf)] fr +tat +fsettle < 1 < fr + far + Fsettle + I
0 otherwise

while the gun characteristic given in Fig. 3d) is modelled as

Igun 1
igun _ { mvgun 0< Veun < ngun

1
Igun ngun < Voun < Vgun

In order to reduce the computational effort of the optimization and evaluate the behaviour of the pulse during the
transient period, the equations (8)-(11) are solved for only a short time interval g0t at the beginning of the pulse,
which is given by

Tshort = settle 1 fadd

with f,g9 = 1 ps. The gun voltage is calculated for this time period and the transient characteristics of the pulse are
checked. The considered rise time %5, and the overshoot os are defined as

Vmax

Irise = 1100 — 150 os = < — 1) -100%

nom
To calculate the rise time (50%-100%) of the pulse, the two points in time #5y and #1gy are used, which indicate the
time instances where the voltage pulse reaches 50% and 100% of its nominal value. For calculating the overshoot,
the maximum voltage V. is determined and the os is compared to the predefined acceptable overshoot given
in the specifications. The settling time ends when the voltage pulse lies completely inside the FT Sy, band. By
stepping through veu,(7) in the time domain, the settling point in time is obtained. At step S8 the rise and settling
times as well as overshoots are stored for evaluating the different pulse shapes and visualizing the data. In case
one or more pulse characteristics do not meet the specifications, the inner loop sets a new set of values for R, Cy,
Rexira and step S8 is repeated for the new set of the DN parameters values. If all values for Ry, C; and Rexqq have
been considered, the procedure starts again with step S1, which defines a new set of design variables. In case all
transient characteristics are met, the design is considered to be valid and the “energy losses” during the settling
and the fall time are computed by integrating the power over these intervals (S9). Also, the usable energy during
the flat-top is determined. With these values, the pulse efficiency Npuise results

Eﬂat—top
Esettling + Eﬂat—top + Efall

MNpulse =

where Efai.iop, Eseuting Etan are the energies during flat-top, until flat-top is reached and during fall time, respec-
tively. The resulting pulse efficiency and the transformer volume are a point of the Pareto front. In a next step, the
procedure restarts with S1 through the outer loop and a new valid design is calculated. Finally, in S10 the Pareto
front of pulse efficiency versus transformer volume is plotted.



The same basic procedure is applied for the other DN types as well. For DN type 2 the set of equations is

_ . . T
Xtype 2 = [lL“ l,, VCl] (12)
dip, 1 .
dtt = ft [Vexc - lL[Rwdg - VC(] (13)
diy, R, [ . .
— = —R — ] 14
df " 2Rt Ry 1/~ e (112~ on) (1
dVCt 1

i, — Ryi Rextral 15
dt G |:lLt R> + Rexra (VCt AL extralgun)] (1)

while for DN type 0 becomes

Xtype 0 = [iLU VCJT (16)
di 1 )
d;t = Zt [Vexc - lL[Rwdg - VC[] (17)
dvc | S
d[t :a [lL[_lgun} (18)

with zero initial conditions. For the varistors in DN type 3, a simplified model is assumed, where an infinite
resistance below a certain threshold voltage Vi, is assumed and the varistors start to conduct instantaneously at
the threshold voltage offering a low resistance path. As a result, below Vi, DN type 3 acts as a DN type 0 with the
additional Rexyra and as a DN type 1 above this voltage.

After evaluating all the different DN types the optimization routine is finished. In the following section, the routine
is applied for the design of the transformer and the damping network for the CARM modulator system.

4 CARM Source Modulator Case Study

At the research center ENEA, a cyclotron autoresonance maser (CARM) is currently under development which is
a mm-wavelengh source. For this system, a pulsed modulator is required with the specifications listed in Table L.
The optimization routine presented in section 3 is applied to the specifications to validate its performance.

4.1 Component & Parameter Selection

Before starting the optimization procedure, the components and some parameters are defined as provided in Table
II. There, the 5 degrees of freedom are given, which are illustrated in Fig. 5a). Due to the required ultra-fast rise
time, the primary winding is chosen to have only 1 turn. This minimizes the leakage inductance, which is a limiting
factor for the rise time. The SSNA1250B450300 IGBT is considered as pulse switch which has been successfully
used in [1] with a switching capability of 12 MW (3 kV / 4 kA). The switching characteristics of the IGBT are
directly taken from the datasheet. A 100 nH parasitic inductance referred to the primary side is considered for the
SUs [17].

The transformer is immersed into a tank, which is filled with an insulating mineral oil with a specific relative
permittivity €. According to [17], a peak electric field strength Ey, of 20 kV/mm is acceptable for mineral oil
and for short pulse lengths in the range of a few ps. To the turn with the highest voltage a field shape ring is attached
which lowers the maximum E-field. The field shape ring is designed with a radius df, so that En,x < Eg. In [1,17],
the field shape ring had a 7 mm radius. Here, a more conservative value of 9 mm is selected, as optimization runs
of the transformer design showed a tendency between the range of 8-9 mm for not exceeding Epn,x. Moreover,
in this analysis, silicon iron (SiFe) 3% with a tape thickness of 50 um is assumed as core material due to its high
saturation flux density and high interlaminate breakdown voltage [1, 13]. A 1.5 T applied flux density is assumed
for the SiFe core. The gun has a 100 pF parasitic capacitance while an additional 50 pF is considered for the
HV capacitive voltage divider. The gun is placed in the same oil tank as the transformer, so that no high voltage
cable is needed. In contrast to the genetic-based optimization algorithm in [5], the optimization routine runs in a
brute-force mode for the 5 degrees of freedom. This allows a better understanding of how the combination of the
different transformer geometries with the four DN types relate to each other.

4.2 CARM Transformer Design

Two SUs, which lead to a transformer with 1 core, are sufficient to provide the rated power of the gun. However,
apart from a 1 core transformer, also 2 and 3 core transformer arrangements are examined. The lower and upper
boundaries of the 5 degrees of freedom are given in Table II. For the three considered transformer core numbers,



Table I'V: Considered boundaries for the parameters of the DN types.

Ne DN type 1 DN type 2 DN type 3
1 1kQ <R; < 15kQ 0.1kQ <R, <5kQ 1kQ <R3, < 15kQ
50pF < C; <50nF 1pH < L, <5mH 50pF < C34 < 50nF

1kQ < R3p, < 15kQ
50pF < G5, < 50nF

Rextra = {%Rgum Rgum °°} Rextra = {%Rgum Rguna °°} Rextra = {%Rgum Rgum °°}
2 1kQ <Ry < 15kQ 0.1kQ <R <5kQ 1kQ < R3, < 15kQ
50pF < C; <50nF 1pH < L, <5mH 50pF < C34 < 50nF

1kQ < Ry < 15kQ
50pF < C3p < 50nF
Rextra = {%Rguna %Rgum °°} Rextra = {%Rgun, %Rguna °°} Rextra = {%Rguna %Rgum °°}
3 1kQ <R; < 15kQ 0.1kQ <R, <5kQ 1kQ <R3, < 15kQ
50pF < C; <50nF IpyH < L, <5mH 50pF < C35 < 50nF
1kQ < Ry < 15kQ
50pF < C3p < 50nF

87 1 87 1 87 1
Rextra = {ngum 7Rgun» °°} Rextra = {ngum 7Rgun7 °°} Rextra = {ngunu 7Rguna °°}

an optimization run is performed up to the step S6 of the design procedure given in Fig. 5. There, all the different
combinations of L, C; are stored. The results are given as a scatter plot in Fig. 6. The green curves in Fig. 6 indicate
the pareto fronts, which are used in order to identify the optimal ranges of the parasitics of each considered core
number and they are listed in Table III. These ranges are used for the design of the DN types. It can be seen that
the higher the number of cores, the lower the parasitics as predicted by the relations (1) and (2). Given that the
primary winding has only a single turn, the higher number of cores results in a smaller turns ratio according to (1),
which results in a smaller leakage inductance. Also, the generator inductance on the secondary side is reduced as
it is inverse proportional to the number of cores.

4.3 Evaluation of Pulse Performance with the DN Types

The considered boundaries for the parameters of the DN types 1, 2 and 3 are given in Table I'V. For all DN types,
only Rexira Varies when N, increases whereas the rest of the DN parameters remain unchanged. The reason is that
with an increasing N, the switching power capability of the system, which is (2N;) 12MW, also rises as more SUs
can be used. Therefore, Rexry is chosen to drop until the minimum point, so that the 2N, SUs can just deliver the
total power of the system. By reducing Rexra, the high output impedance of the system due to the gun decreases,
which improves the pulse damping.

Using the ranges of the parasitics obtained in the previous section for each number of cores, the circuit of Fig. 3a)

400 -

o N=1
390 O Nn=2
[ N=3
380
370 Table IIT: Boundaries of the optimal set L & C,
& s N, L,(mH) C, (pF)
U 1 59-8.1 354 - 385
S0 ) 34-44 325 - 350
340 3 25-32 334-353
330 -
320 : — .
2 3 4 5 6 7 8 9 10

L, (mH)

a)

Fig. 6: a) Plots of total parasitic inductance L; versus total parasitic capacitance C; for a transformer with N. = 1, 2, 3 cores. The
green curves indicate the pareto fronts. A higher number of cores results in lower parasitics. Table III presents the respective
boundaries of the parasitics extracted from the pareto curves.
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Fig. 7: Rise time versus overshoot for the considered number of cores and for DN type 0 in a), for DN type 1 in b) and for DN
type 2 in c¢). DN type O results in acceptable rise times at very high overshoots. DN type 1 shows an improved performance

with a good compromise between overshoot and rise time. DN type 2 results in acceptable rise times but higher overshoots than
DN type 1.

is solved analytically with the four DN types. Hence, the rise time versus overshoot dependency can be extracted
for all the DN types and the number of cores. This is illustrated in Fig. 7 as Pareto fronts. It is observed that DN
type 0 achieves the required 1 us rise time specification, but it results in unacceptable overshoots between 96.4% to
97.9%. It is also seen that a higher number of cores results in faster rise times due to the reduced parasitics. With
DN type 1, an improved performance for the pulse could be achieved compared to the DN type 0. For instance, an
overshoot of 16% can be achieved in case a transformer with 3 cores is used, at the 1 us rise time limit. However,
if a less strict rise time limit of, e.g 2us, would be allowed for the application, the overshoot decreases rapidly
to 3.5% and also the number of cores can drop to 2 as only a slight increase of 1% is observed in the overshoot
between a 2 and a 3-core transformer. The performance of DN type 2 lies between DN type 0 and DN type 1. It
offers comparable rise times as DN type O but it results in higher overshoots than DN type 1 between 32% to 78%.
Also, high inductance values in the mH range would have to be realized for inductor L, in order to achieve lower
overshoots.

In a next step, DN type 1 is extended by inserting varistors in series to the RC branch forming the DN type 3. The
idea is to have the varistors in an “off-state” operation below a certain threshold value because without damping
(i.e DN type 0) the rise times are below 1 us. By “activating” the varistors above a certain threshold value, the
overshoot in Fig. 7a) should be reduced. In order to examine the influence of different threshold (clamping)
voltages of the varistors two values are assumed, which are Vi, = 350kV and Vi, = 500kV for 1 varistor branch.
The results are presented in Fig. 8a) and b), respectively. For V,, = 350 kV, the overshoot is 32%, 13%, and 8% at
the 1 us rise time limit when the number of cores is 1, 2 and 3, respectively. On the other hand, for Vi, = 500 kV
clamping voltage, an overshoot of 13.6%, 4.5%, and 3.5% for 1, 2 and 3 cores is obtained at the rise time limit of 1
us. This constitutes a relative improvement of 73%, 80%, and 80.4% compared to DN type 1 and an improvement
of 57.5%, 65.4%, and 56.25% in case a 350 kV clamping voltage is used. As a last step, two parallel connected
varistor branches are examined for the DN type 3 arrangement assuming Vi, = 500 kV for both varistors. The
rise time versus overshoot dependency for this case can be seen in Fig. 8c). It offers significantly lower overshoot
levels for all the considered number of cores compared to the case with 1 varistor branch. At the 1 us rise time limit
it shows overshoots of 6%, 2%, and 1.5% for 1, 2 and 3 cores respectively. This constitutes a relative improvement
of 55.9%, 55.6%, and 57.1%. Consequently, the DN type 3 with two varistor branches, a 500 kV clamping voltage
and a 3 core transformer shows the best performance of all considered DN types.
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Fig. 8: Rise time versus overshoot for the considered number of cores for DN type 3 at Vi, = 350kV and 1 varistor branch in
a) at Vyar = 500kV and 1 varistor branch in b) and at Vi, = 500kV and 2 varistor branches in ¢). A clamping voltage of 500
kV results in a better pulse performance compared to a 350 kV at the 1 us rise time limit and for all the considered number of
cores. The 2 varistor branches offer lower maximum overshoot levels and an improved performance at the 1 us rise time limit
compared to the 1 varistor branch.



Table V: Transformer, DN & pulse shape parameters for different rise times and for a 3 core transformer with DN type 3 and 2 varistor branches

Scenario Li(mH) Ci(pF) Far(kV) R3a(kQ) C3a(0F) R3pkQ) C3p(0F)  Rexirak®Q) frise (BS) ILsettling(1s) 05 (%)  FTS (%)

1 2.6 342 500 1.5 50 1.9 50 0 1 4.95 1.56 1.7
2 2.6 342 500 1.4 50 1.9 50 0 1.25 4.7 0.7 1
3 2.6 342 500 1.9 35 1.9 40 12.5 1.6 44 0.37 0.6
4 2.6 342 500 1.9 35 2.5 30 7.61 1.76 4.6 0.31 0.4
5 2.6 342 500 1.85 27 2.45 35 7.61 2.35 3.53 0.03 0.1

Besides the rise time and the overshoot, another important transient characteristic of the pulse is the settling time.
A high settling time means a long operation of the gun at a high voltage, which could result in a breakdown. Here,
a 5 us settling time limit is assumed for the voltage pulse and the achievable settling times and the pulse shapes
during the transient period are investigated in a next step. For this, in Table V the transformer, DN type, and
the pulse shape parameters are listed for different rise time scenarios. When the rise time is at 1 us, the minimum
achievable FTS is 1.7% having a settling time close to the limit. If one allows a longer rise time limit, the FTS limit
can be reduced and the settling times become shorter. Also, the sizes of the capacitors of the 2 varistor branches
tend to be lower. However, the resistor Rexira Should be inserted to improve the pulse damping.

Among the 5 different scenarios, scenario 5 is considered to be a good compromise as it offers the best balance
between the different transient characteristics. It reaches the 0.1% FTS limit at 3.53 us with a negligible overshoot
having a rise time of 2.35 us. The pulse shape for this case is illustrated in Fig. 9a) whereas in Fig. 9b) a zoomed
view is presented, where it is shown that the pulse safely lies within the FTS limit after its settling. Although the
pulse shows a high rise time, it has a very fast settling time with almost zero overshoot. The fast settling time along
with the insignificant overshoot are more important aspects for the pulse shape than the rise time by itself as they
enable low volt-seconds during its transient interval. The volt-seconds of the pulse correlate with the breakdown
voltage of the oil-immersed transformers as it has been shown in [20] and therefore should be kept low.
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Fig. 9: a) Resulting pulse shape for the scenario 5. The pulse has a rise time of 2.35 us and an overshoot of 0.03%. The 0.1%
FTS limit can be achieved at a settling time of 3.53 us. b) Zoomed view of the pulse after its settling. The pulse safely remains
within the FTS limit.

5 Conclusion

In this paper, an extended optimization procedure is presented which combines the design of the transformer and
the design of a damping network for short-pulse transformer-based solid-state modulators. In the procedure, four
different DN types are considered. To validate the performance of the optimization routine, it is applied to the
specifications of the CARM modulator system and a feasibility analysis is conducted for this system. Based on
the given evaluation and comparison of the different damping network types, the performance of the presented
design and optimization procedure is demonstrated. With this procedure, other damping network types can also be
efficiently evaluated. Finally, the optimization procedure is general and it can be applied to various pulse lengths
and different rise time ranges for achieving an optimal pulse performance and a compact transformer volume at
the same time.
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