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Abstract

This paper presents a high voltage pulsed powé¢esybased
on low voltage switch-capacitor units connected tourrent
source for several applications such as plasmaermsgst A
buck-boost converter topology is used to utilize turrent
source and a series of low voltage switch-capacitots is
connected to the current source in order to providgh
voltage with high voltage stress (dv/dt) as demdrueloads.
This pulsed power converter is flexible in termseafergy
control, in that the stored energy in the currentrse can be
adjusted by changing the current magnitude to Bogmitly
improve the efficiency of various systems with eifnt
requirements. Output voltage magnitude and stobgdt) can
be controlled by a proper selection of componentscontrol

algorithm to turn on and off switching devices. L. _—

1 Introduction - !

Pulsed power converters became widespread indiystrigth ?] “

increasing demands in applications such as ozapisin ,

sterilizing, recycling, exploding, winery, medicahd military
applications [1,2]. Plasma systems are currently mhost
substantial application of pulsed power technold@y.

However, there are still specific issues which kinthe wide
scale application of these systems. The main issy®wer
efficiency which can affect long term usage of pdlgpower
suppliers in industry.

Conventionally, voltage source topologies
generators [4,5] are hired to supply pulsed powestesns
which are inflexible in controlling voltage levedsxd power
delivery to the load.

Since plasma systems are naturally known as camatitads
for power supply equipment, current source top@sgire
suitable candidates in terms of flexibility to sypthese sorts
of applications and improve efficiency. In respéet this

issue, a dc-dc converter based on the buck-boostecers
concept is designed to feed these loads. Thisdgyaims to
generate high voltage with a series of low-mediunttage
switches. The novel idea in this proposal is empigpya

series of switch-capacitor units in order to previigh DC
voltage with high voltage stress, dv/dt, considgrplasma
loads requirements. The modified version of thisvester
can generate high DC voltage levels in a few nacwsis.

The proposed circuit diagram includes an AC-DC ifiect

connected to a buck-boost converter as a curramntcsoas

shown in Fig.1. An inductor connected to the DCrseu
through a switch Sacts as a current source. A controller is

used to control the current through the inductoictviadjusts

the energy required by a load. A flywheel diodeused to

provide a current loop for the inductor when thetdwSs is
turned off. A series of switch-capacitor units cecied in
cascade to the current source generates high edkagl and
stress and completes the topology.
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Figure 1: Plasma power supply configuration withithawitch-
capacitor units

To analyse the pulsed power converter, we haveiderms
two switch-capacitor units as shown in Fig. 2 ameldnalysis
and simulations can be extended for n switch-camaanits.

like Marxnere are also more simulations and analyses uifferent

oad conditions to verify the proposed topology aaatrol.
As the simulation results demonstrate, this powgpl/ has
the capability of generating pulsed power in anessive
range of amplitude and dv/dt.

The concept of this circuit is based on deliverthg stored
energy in the inductive and capacitive componemesibad.
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Figure 2: A simplified two switch-capacitor unitasina power
supply and the load model



To satisfy this condition, the inductor current glib be current to flow through the capacitors and chahgent This
pumped into the capacitor bank to charge the ctgracind can create a high voltage across the capacitorscydarly

create high voltage and high dv/dt across the load. while the capacitors are selected in nanofaradesng
The operation modes of this topology are shownign3F To We; _ 1 L
control the inductor current, a current control dio dt Ci

determines a duty cycle for the switchl8cated between the Since the capacitors are identical and the samermiuflows
DC source and the inductor in order to charge toedtor at through all capacitors, there will be a similartage across
a specific current level. In this strategy, theigesamount of €ach capacitor. Therefore, the summation of thedeges
inductor current is selected as a limit to turn 8§ The appears at the output of power supply.
switching state in Fig.3(a) shows the inductor givay mode. Vour =1 Ve, (2)

AVoyr =1 dVCi (3)
Where n is the number of switch-capacitor unitschtdan be
extended to satisfy load demands. Having more wedsces
the equivalent capacitance of capacitor bank inotlput of
the topology and with a fixed injected current thavill be a

higher voltage level and stress in the output afgrosupply.
Ceq = % (4)
Based on heating and switching characteristichefpower
switches in terms of internal resistivity of conting and
non-conducting modes, both sides of each capaditer
connected to the sides of each switch in order ravige
voltage sharing over the switches.
Plasma reaction is resumed in respect to the sitiounl of a
high voltage over related material. But the keynpdé that,
this high voltage should be induced with an extigniégh
voltage stress, dv/dt. Pumping stored currenttiméoseries of
capacitors which have considerably low capacitancas
TCios F R fulfil the high voltage level and stress of thegutea creation
L requirements.
Plasma applications are known as nonlinear resistiv
capacitive loads. To simulate plasma behavioutHerpulsed
© power supply, a simple resistive-capacitive modéti wa
switch has been chosen to show a high and lowtiresisof
load Riioqa & Rai0aa,» 1N different physical situations.
Ri10aa » IN Mega Ohms range represents the load resistivit
before a resumption of plasma reaction in ordentalel the
load’s leakage currenk,;,,q in the range of a few ohms
represents the load resistivity in the period aspha reaction.
) This load model is highlighted in Fig. 1 and Figd3 In a
real condition, the resistivity of load substaryiadrops and
(a)Current source, charging mode (b)Current sourcghdrging based on the proposed model, the load currentpislied by
mode (c)Voltage source charging mode (d)Load stipglnode the voltage and current sources. ,
There are arbitrary numbers of switch-capacitor taunit should be noted that the capacitors should galy f
connected in series together and the whole unipairallel discharged to avoid probable short circuits in #tch-
with the current source of the system which chartjes C€apacitor units and resonant between the induatdr tae
capacitors. The number of these units is determimedhe Capacitor bank. Based on this control algorithmriese
required output voltage. Take it into the accobat tvhen the Switches should be opened when the load is readciased
inductor is charging throughs%ll those switches should bevhen the capacitors are fully discharged. Even when
closed otherwise there may be an undesired resbeameen capacitors get fully discharged the flowing currenthe load
the inductor and the capacitors. As soon as theciod Creates a voltage over capacitors which may causkod
current crosses a defined current limit, indicating inductor Circuit at the time of closing unit switches. Theme several
is fully charged, §is switched off and the inductor curreniv@ys to either prevent or damp this phenomenon swh
flows through the diode, D, as shown in Fig.3(te Torward Putting either reverse blocking components, extdactive or
diode and switches voltages create a small negatitage Other damping elements in the short circuit loop.
across the inductor which slightly discharges titictor. Since there is a possibility of not delivering thenole
In the next switching mode, which is called capasit C@Pacitor's energy to the load, and unit switchiesiog for
charging mode and is shown in Fig.3(c), the swighéurrent recovery, there should be an appropriateben of
S, ..,S, get opened simultaneously to allow the induct&l2mper components like resistors or inductors,téatan the
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Figure 3: Switching states of the proposed powepbu circuit



switch-capacitor units to prevent the probable roshrents
which is due to making charged capacitors shordutirby
closing units switches.

3 Simulation results

According to the above equations, it can be dedubat a
higher current can generate a higher dv/dt acrdes
capacitors. Fig. 4 illustrates the results extrdiem the
simulation of the circuit operating in the mode whoin
Fig.3(c). In this figure, the voltage and curretiesses of
circuit with two different inductors If & L,) and current
levels (,, & I,,) are depicted.

To have a same stored energy in the both inducfors,
L, = n - Ly, the inductor current should be adjusted as:

1
I, = I Iy 5)

Since,
1

1
;Ll 'IL12 = ELz : IL22

(6)

In this example Land L, are 1 & 9 mH, respectively and

deliver the stored energy in the inductor to thedlseveral
times through each inductor discharging cycle. €hesults
are also shown in Fig. 6.
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consequentlyl;, = 31, in order to have the same energyigyre 5: Output voltages and currents of powemplygn case of

stored in the inductors,;land L,. As it can be seen in Fig.

4(a) & (c), the inductors currents are controllédta A and
15 Afor I ; and |, respectively.

Ultimately, the voltage level of the capacitor &sbd on the
stored energy in the inductor.

L
Vour = ’a -, (7)

There are same stored energies in the inductotsolbrcases.
Therefore, the final values of the voltages areilaimand

reach the level of 18kV. However, dv/dts vary reljag the

inductors current levels. In the first case, théuittor current
is set to 45 A which creates a 4.5 V/ns voltagesstracross
the capacitors while in the second case, the iodwairrent

(15A) causes the output voltage to rise with 1.5\8lope.
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Figure 4: dv/dt s generated by different inductei$h the similar
inductive energy, (a) current of ImH inductor ()t voltage of
1mH inductor, (c) current of 9mH inductor, (d) outpvoltage of
9mH inductor.
To show how this power supply circuit works, andifyethe
validity and accuracy of foreseen circuit analysesich

delivering inductive energy to the load in monoorent, (a) & (b)
Inductor current (A), (c) & (d) Output voltage (kVie) C;& S;
voltage (kV), (f)C, & S, voltage (kV), (V), (g) Load current (kA)
As can be seen in Fig.6 (c) & (d), the plasma resuat 10kV
voltage while each capacitor provides half of thidtage
level shown in Fig.6 (e) & (f). At the plasma reaotperiod,
the load discharges capacitors firstly and thenitlgictor
energy will be delivered to the load with a biggéne
constant. The load voltage created by inductoreziirwhich
is remained voltage across capacitors after digiigris
balanced identically. These results remove all eamg in
regard of capacitor’'s voltage sharing issues. k& skcond
example which may happens in some cases whilettineds
energy in inductor is more than requested energg lgad,
each plasma reaction just will be fed by storedrgnen
capacitors and inductor current supplies severattien in
each discharging cycle. Hence this power supply thes
capability of supplying loads with less energy dadwm
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Figure 6: Output voltages and currents of powempbypgn case of
delivering inductive energy to the load in multsoaant, (a) & (b)

comes latter, a 1Q load is assumed as a resistivity of th@guctor current (A), (c) & (d) Output voltage (kV)

load in the plasma reaction period and resultspagsented
for the power supply feeding two loads with differe
demanded energies. . In the first mode, the loagssitates
high amounts of stored energy so the power supeliyets

most of the stored energies in the inductor andctpacitors
to the load in one inductor discharging cycle.

The results shown in Fig. 4 can also be benefifmalthe
analyses of power supply operation in the case laick of
plasma reaction and energy delivering. As antieipathe
inductor energy will be entirely delivered to thapecitor
bank and charge it. If this energy is not depldtes system
will face a major trouble. For example, when theiese

The relevant simulation results are displayed m6iln the switches get closed while there is a 20kV voltageoss
second mode, which may happen in some cases, #te Iem. In this status, an external load should beected to

demand for the energy is less and the power supaly

the power supply to discharge the stored energy.



4 Components determination and energy |Vin [200V|Rp, | 1Q | Ryppaa | INF | Croaq | 100

discussion L [1mH | ¢ | 10nF| R, 0 | 10MQ | £ 2kHz
- . . L Table I: Specifications of the modelled circuit

Efficiency is the main concern when designing a @oWThese results indicate how the topology decredsestergy

supply for plasma applications. In this topologying least |psses and improves power efficiency. In the fitsategy, the

energy losses is considered in addition to thelléty of the ., rent source and the units switchés, & S, ...,S,, get

equipment which needs to be adjusted for a diversft ¢osed when the inductor still delivers 10 A to thad. This

pulsed power applications. The inductive and cdp@ci means 100 volt still exists across theQlad which is
components (& C;), should be selected appropriately insmed ag/

, i ‘ off-out- ClOSINg switches results in discharging
order to both satisfy load requirements and avc_ndrgy output capacitors through unit loops and loses gnerhis
wasting. As the output voltage level and stressda_md/ered energy loss for a delivery cycle can be estimated a
energy are defined by load, the elements sizes lman
determined with regard to those parameters. Eppss = ECquOff_outz =0.5%X6x 1072 x 1002 = 30uj
The output equivalent capacitaf,,, should be at least temyiie the total stored energy in the inductor is:
times of the load capacitance to prevent any Iaagioblem.

On the other hand the equivalent capacitance nieetle as Erotar = 5 LI,* = 0.5 X 1 x 1073 x 452 = 1012.5mj

small as possible to generate voltage stress awdl leRegarding the calculation and analyses, in thiategy for

demanded by the load. example, the energy losses are almost less tha8%.0f the
Ceq = 10C10qa (8) total stored energy in the inductor. This loss égligible in
If the capacitors(;, are supposed identical: comparison with the delivered energy to the load the
Ci=10n"-Croqa 9 efficiency could be considered more than 99.997%.
n is determined by the switches voltage stabilityd a .
demanded output voltage. 5 Conclusions
Assigning the correct value to the inductor curiierthe next This paper proposed a new topology based on switch-
step which can create the anticipated dv/dt, ferldad. capacitor units in series to generate high volteyel and
I = (Coq + Cwm)% (10) stress for pulsed power applications. The generatept of

In the last stage, the demanded energy storeckifnthuctor S Pulsed power supply is based on a current ceour

defines the inductance value. topology connected to a series of low-medium vatagitch-
12 -F 11 capacitor units which considerably improves thécefficy of
2L T “load (11) plasma systems. Simulations have been carriecboudlidate

Finally, the recovery time for inductive and capiaei the proposed topology and control. The simulatiesults

components and the frequency of pulsed power gty show that there is no restrict for the generatidrhigher

the power supply can be determined as follows: voltage levels and stresses by increasing the numbéhe
T, = f}i (12) switch-capacitor units.
T, , = LeatCroad)Vout (13) Acknowledgements
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