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Many MOSFET connected in series can be used to
provide a fast high-voltage triggering pulse
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Pulse generator by stacking power MOSFETSs

Closed @ t=0
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Pulse generator by stacki

ng power MOSFETS
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Pulse generator by stacking power MOSFETSs
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Outlines

* Pulse-forming lines

— Blumlein line



Pulse-forming lines
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« A constant-voltage plateau is needed for many pulsed-power applications.

« Various arrangements of LC elements are necessary. It is called “Pulse-
Forming Networks (PFN)”.



Transmission lines
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« Transmission lines are the continuous borderline case of a network
consisting of discrete LC elements.

« Depending on the time T during which energy is extracted from or
supplied to the element, a transmission line can be described as lumped
circuit element or an extended object.

— T > T, the time it takes for an EM wave to move from one terminal
of the element to the next — lumped circuit element.

— T < Tiave, the time it takes for an EM wave to move from one terminal
of the element to the next — Transmission line.
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Different kinds of transmission line and the inductance

and the capacitance per unit

1. Coaxial transmission line:
C" = 2mwe/In (rs/13)
L' = (u/2m)n (1o /)
Zo = ((n/)"/2/2m ) In (v /)
= 60(ptr/20) /2 In (10 /71)

2. Double-wire line:

C'" = me/arcosh(D/d)

L' = (pu/m) arcosh(D/d)

Zy = ((,u/s)lﬁ/?r) arcosh(D/d)
3. Parallel-plate line:

C"'=eD/d

L' = pd/D

Zo = (u/e)"*(d/D)

4. Stripline:
C"'=2:D/d
L' = pd/2D
Zo = (u/2)"?(d/2D)
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An infinitesimal section of a homogeneous coaxial
transmission line

* Resistances per unit length: R’; + R’, - R’ > R.
« Conductance per unit length: G’ — G.

« All quantities are frequency-dependent because of the skin effect and
because the dielectric constant depends on the frequency.

« Assume that they are independent of the position x, the voltage V and
current I. 10



An infinitesimal section of a homogeneous coaxial
transmission line

IP) ggx  Ldx i(p)+di(p)
[U(p) Gdx -LC’dx IU(PHdU(p)
.

dI
U—-—IRdx —Ldx——-U'"=0

dt

!/ ./ / / aU ' ' d aU
I-UGdx—-CdxU' —-I' =0 U =U+—dx U'=U+—|—|dx
ox dt \ dx
oU : d /JU ,
I—- | U+ —dx|Gdx—-Cdx|U+—|—|dx|—-T1 =0
ox dt \ ox
ouU 5 d /0U 5 ,
I -UGdx ——Gdx* —-UCdx —— |— |Cdx“ -1 =0
ox dt \ dx

| (U -U oU .
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An infinitesimal section of a homogeneous coaxial
transmission line

(U-Uu_aUu N
< dx ~— ox
F=1_d_ y_cu
\  dx T ox
~ d

- Laplace transform: x = xePt , T
aw  ~ -~ . d2U dI -
— = —RI —pLI = —(R + pL)I — =—(R+pL)— = (R+pL
e p (R + pL) oz - R+pL) = (R+pL)(6+pOU
Y GU—-pcl = -G +pO)U a1 _ G +p0Y _ 6+ pOR + pL)I
dx pLY = P dx? PLax = p p
« Lossless line where R=0, G=0: dU ~ d2U .
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An infinitesimal section of a homogeneous coaxial
transmission line

Lossless line where R=0, G=0: IP) pgx  Ldx i(p)-+di(p)

v, -~
a2 =Py
a2, -
W = p LCI

Ulx,p) =U,(p) = {

Cdx |u(p)+du(p)

i

[U(P) Gdx

El+e—pv LCx

o]

U._ ep\/L_Cx

~

Inverse Laplace transform: L{Ux(t — T)} = [Je Pt

Ulx,t) = U,(t) = {

or Linear combination:

U, (t— xVLC)
U_(t + xVLC)

U,(t) =U,(t—xVLC) + U_(t + xVLC)
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An infinitesimal section of a homogeneous coaxial

transmission line

aaaaa

U(x,t) = Uy(t) = {

or Linear combination:

U, (t— xVLC)
U_(t + xVLC)

_,/t 1 _/L 1 _,/L
v__\/L_C v+_\/L_C

IP) gax  Ldx

i(p)+di(p)

—

—L u(p)+du(p)

1“@) Gdx

U (t—aVLC)

20 = T (t—xvi0)

C’dx
1|

U,(t) = U,(t—xVLC) + U_(t + xVLC)

_U_(t+2V1Q)

I_(t + xVLC)
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Termination of arbitrary freg-dependent impedance Z(p)
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» Lossless transmission line terminates with an arbitrary freq-dependent

impedance Z(p) in Laplace space.

u_1. U,I,
—

U, +U_ U, =Zol,
Ohm's law:  Z(p) = ——— ~ 5
I++I_ U_=—ZOI_
S 1+2=
U,+U_ U 1+
Z=~+—~=Z0 ~ =Zﬂl_p
u, u. U p
Zo 2o U, U. Z-12Z,
Reflection: p=—=—=
v, Z+Z

Z—1p=2Zy+Zyp
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Termination of arbitrary freg-dependent impedance Z(p)

o
Lu? <
P z
Z ki
3 i
%, &
“"’b r;
veat

u_,I. U,I,

4—

« Match load: Z=27, p = =

— No reflection.

« Short-circuit case: Z=0 pP= Z+ZO

— Completely reflective with

inverted voltage amplltude - n =
» Open-circuit case: Z= Z+Z0 >

— Completely reflective with

the same polarity.
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Pulse is reflected when there is an impedance
mismatch

Uzy 12+

/\ | = Zn Loy /\»

Reflection: = = pP =

. U Uy_
Transmission: T=—2f=1+—""=1+p
1+ Ui+t
* For impedance match, i.e., Zy,;=Z,,: p=0 T=1

— Reflection-free junction: Z,,=Z,, is necessary but not sufficient.

« If the geometry of a line changes arbitrary, it becomes impossible to
satisfy Maxell’s equation just by superposing the fundamental waves.
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Smooth transition is required

* Only by a smooth transition can we achieve the condition that the fields

are not disturbed too much so that the reflections can be avoid for high
frequency.

HV charging

HV
capacitors

M

supply

_ | ; Trigger-pulse
' . generator
’ L Spark-gap
.\ HV switch

transmission
line

TC11851]11

\

G. Fiksel, etc., Rev. Sci. Instrum. 86, 016105 (2015) 18



Only half of charged voltage is provided in a basic
pulse forming line (PFL)
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Blumlein pulse forming line (PFL)

O A
S g
Vo — 7 94/ S
-l- ZL VO
2
T —
TT 2TT Time
9 VO
Z, Z,
S
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Sequence of Blumlein line

o A
1 LlnzeJ 1 :j_;\[_w_ 5 Linze ; Z
S| e ;

(a) Initial status at t = 0 (before switch closure)
Vo Vo

(b) Status at t = At (after switch closure)

() [V, | Vo [ AVoy [ Vo | Ve |AVa | Ve [Ve [AVes | 1V, Vol AV
0 V, V, o VvV, V, 0 V, V, 0O 0 V, V,




Sequence of Blumlein line

(a) Initial status at t = 0 (before switch closure)

=V, Vo

(b) Status at t = At (after switch closure)

------

0 0 O 0 VO VO




Sequence of Blumlein line

+Vy Z B
1 Line 1 3—W—15 Line 2 y
Z 4\ Z,
o
R e e
VO

= Yo

(b) Status at t = At (after switch closure)

=

VOV/- 7///////0///////4 0

I
(c) Status att =t; — At

------

0 0 O 0 VO VO

0




Sequence of Blumlein line

+V, L%?d [ -
1 Llnze; 1 %\[—W— 5 L|n§ ; Z
Sm ¢ l
Vor , L
: Dz,
(c) Status att =t; — At
= Vo
) o B A R
-V, /2 |
d) Status att = t; + At

------

Vo Vo2 V2 0 Vg2 V2 V, V, V,



Sequence of Blumlein line

+V L%?d B
1 Llnze 1 :i“[—'lw'— 5 Llnze 2 Z
] =2
S)i'l J/ J/
— Vo
; & | WP 7777
=V, /2 |
: (d) Status att = t; + At
vo"
- Vy/2
07 /2 e d ,//////////////// 5
(e) Status att =2t — At

------



Sequence of Blumlein line

Load
+Vy Z B
1 Line 1 33— —15 Line 2 Z
Z; 4\ Z,
SR
¢ ¢
VO#
Vy/2 7
¢= ’//////////////// 0

O_V /2 DR
I
(e) Status at t = 2t; — At

V,/2 Y

- r///////////////, 5
) Vo2 \\\\\\\\\\\\\\\\j

! f) Status at t = 2tt + At

------




Sequence of Blumlein line

Load
+Vy Z B
1 Line 1 33— —15 Line 2 Z
Z; 4\ Z,
S
] e e
| V,/2 -
o= [Z777777777777) |
—V,/2 \\\\\\\\\\\\\\\\1 :
5 (f) Status at t = 2t, + At
E V,/2
! = o 0
5 —V,/2 NN (=
| (g) Status at t = 3t; — At

------



Sequence of Blumlein line

Load
s Z [T
1 Line 1 3—W—15 Line 2 7
Z, 4\ Z;
S
] e :
E » . Vy/2
0 | —Vy/2 AN <= 0
E (g) Status at t = 3t; — At
I
_— 0

(h) Status at t = 3t;

() [V, [ Vo [AVo [ Vo [Ve [BVeg |V [V | AVes | Vo1 Ve Vs,
O 0 O O O 0 O O 0 O 0 0 O
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A Blumlein line can be built by using two coaxial

transmission line
L Y rmar
S =
N G (L g ,
L
‘l‘ Z Yo | ( 20 (
S L 1
3 A A
©
£ Vi
>
[ah]
Vo g
2 S
! Time T, 21, ar, 1ime

T: 2T

- Example: RG58 coaxial cable, 50 Q, V;,,,~2x10% cm/s
=> [L=10 cm, At=1 ns.
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Coaxial Blumlein line

Quter conductor (G roun d )

(HV) Intermediate conductor L;

Pulsed
voltage Center conductor (G roun d) )—
charging
source
& Blumlein
switch

(HV) / I
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Outlines

* Pulse-forming lines

— Pulse-forming network
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A simple pulsed-power system is a RLC circuit

» Before discharge

O 00—

Load

HVPS

I/1g

« How can we generate a square
current pulse?

» After discharge

Zsys
HVPS — Load
0.5 Under damped
0.4} _
[ : Rcri 2
0.3 Critically damped
0.2 ~<"\\
01Ef = Over damped
0.0}/ \/,_\
SO o b w oS |

2 42 6 8

Time (a.u.)

10
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Pulse-forming network (PFN)

33



Equivalent Guillemin Networks
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Pule-forming LC chain
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O
)
]
O
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Fig. 5.11. Pulse-forming L chain
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The current output of a LC circuit is a basis of Fourier

series
ve
C:: g L O.5§
C t
I(t) =V, |—sin| — o
© ﬁ (ze)
VD) =V ( t )
= Vycos| —
O"N\VIC
L 1 osl timE(t/T)
= |[— w=— adl
C VLC

_1_0:
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A trapezoidal wave can be expressed by Fourier series

(Guillemin’s method)
-
10 &
1®/1, "}
III -1.'5' - I2OI - I2.|5I II IS.
[ time(t/1)
05}
i (T = 21)
-10f -
_ . (nmt
it i(t) =1, b, sin (—t )
== ) O < t < at n=1
I, art - T
: 2 | i(t) nmt
t _—
Qzl at<t<t-—ar where bn_;fI—Sln(t) t
I 0o "
i(t) t—t 4 sin(nma
= , T—at<t<rTt b, = ( ),where n=1735...
nmw nma



The required inductance and capacitance are obtained
by comparing LC output with the Fourier series

10

a
3

| |
|
J
b~
3

“10f

Cn 4 Z.t V =
I.(t) =V, [—sin [ =—" __
" 0«} Ly (,/LnCn> " nmb, I, nmb,

co

, E . (nmt _ tby, I th, 4
i(t)=1I; b, sin (T) Cn = nnz, V T Zy, = I
n=1
4 sin(nma)
b, = ,where n=1,3,5...

nm nma
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A trapezoidal current output can be generated using
Guillemin’s pulse-forming networks

15,
10

0.5

Current a.u.

0.0

Current a.u.

M2

- T

1.5;

0.0

1.0

05

Time a.u.

nmt
I(t) =1,X2b, Sm( - )

4 Sm(nna)
nma




Fourier components of t=1 ms, a=0.1

-05} 1

—10L

(T =271)

j .
_ . (nmt
i(t) =1, b, sin (—)
T
n=1
SN S 4 sin(nma)
05 EL'.'p time(t/7) b, = ,where n=1,3,5...

nm nma

0 #

bl
b3
b5
b7
b9

1.2524
0.3643
0.1621
0.069

0.0155

40



Coils with 8 turns and a PFN charged to 1 kV will be
used

------

L(uH) 254 26.1 393 680 2287 1.1 %
C(uF) 3986.5 386.5 103.2 30.4 55

20 1 L(uH) 12.7 14.6 19.6 34.0 114.4 4.5 2.2 %
C(uF) 7973.0 773.1 2064 609 109

2.5 2 L(uH) 203.3 233.0 314.2 543.7 1830.0 1.1 8.9 %
C(uF) 4983 483 129 38 0.7

2.5 1 L(uH) 101.7 1165 157.1 271.8 915.0 0.6 17.7 %

C(UF) 9966 966 258 7.6 1.4
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A square pulse with a flat top of 2.5 kA can be
generated

e

Bl T B g Lk2. ¢33 o ¢L4. . LS . 81 pr . R1 . o
L=86.4 uH L=86.4 uH L=135 uH L=264.6 uH ¢ L=912.6 uH R=0.001 Ohm (x| Pr2

ct ... .lec2 . .le3z . . . c4a | cs . o .éLB..
T C=990uF - T C=100uF T C=25uF- C=10uF- T C=15uF - -t L=15uH
I 1 1 =

“|transient
- |simulation

- TR1
Type=lin
 Start=0
Stop=5ms

3.5e03
3e03+
2.5e03+
2e03+
1.5e03+
1e03+
500+

0

400+
200+

-500+
-1e03+
-1.5e03+
-2e03+
-2.5e03+
-3e03+
-3.5e03

Current (A)
Voltage (V
o

-200+

I | | -400 I | I
0 1e-03 0.002 0.003 0.004 0.005 0 1e-03 0.002 0.003 0.004 0.005
Time (sec) Time (sec)



A simple PFN with constant C and L in all stages can

also be used

SN

ST

NV

T

time(t/1)

(T = 271)

o1 LE4BUH 1 oy L=4SUH T 1 g3 0 LEASUH T T oy L=45UH ) g 0 LE4BUH 0
C=225uF NC=225uF T C=225uF T~ C=225uF N C=225uF
©1V=2000 1 V=2000 “{wv=2000 1 V=2000 | V=2000 Ry
o " o B 13
CoL=45uH L=45uH ~ ~ ~ ° © °  L=45uH L=45uH " L=asH L
N
1
C=C=— = 225puF at | |
TN L o=
L, =2nL LL ~ 2nL |
1 1 1(t)/1, Iy
wn -_ ~ v
JL,¢ ~2nLC || .
0.5 1D
« For 5 stages: fit=1ms;
2T T T o
W =—=— = —— i
> T T 1ms 1ol

L = 45pH
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The energy coupling efficiency is lower using the
simple PFN

SN

YV

ST

NV

Fatatel

Jof LMsWH l s LsasUH | gy LS4SUH oy L4SUH [ g LSS
T C=225uF T~C=225UuF T C=225uF “T~C=225uF “T~C=225uF
' V=2000 - = - - ' V=2000 ' V=2000 V=2000 ' V=2000 - -
L2 L4 L6 L8 L13
CL=45uH - L=45 uH ©L=45 uH L=45 uH L=45UH
3e03 3004
2034
© 2004 1
< 1€031 S . 2
g < 1001 E = -CV* = 2.25K]
5 5 ol
O -1e034 S ,
2034 -100+
-3¢035—c'03 0.002 0.003 0.004 0.005 -200 : ' ' '
- : : : 0  1el03 0002 0003 0.004 0.005
Time (sec) Time (sec)
[ ]

Only 4.4 % of the energy is transferred to magnetic energy.
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Mini-spherical tokamak

e ertical-field
Tokamak f
plasma~_§
1 kW, 2.45 GHz
(= ) S s T Magnetron

4 toroidal-field coil
connected in series. 1
ms, 2.5 kA pulsed-
current.

B=876 G @ 4.6 cm will be
used for ECR heating.



A square pulse of 2.5-kA current output with duration of
1 ms can be provided

¢ L=101.7uH- - ¢ L=116.5uH ¢ L=157.1uH ¢ L=271.8uH ¢

ct . .. .. cz . . . C3 C4
TC=990-UF : -TC=100-uF -TC=25 uF TC=10 uF
= S s
o 3e03 S
tl:anSqut::j:::::::::: 2603, - - L
simulationf. - - ../
........... — 1e03+ \
TR - g.. ;I .........
CTypesfnt 5 01— S
CStat=0 3l {
Stop=oms. . . . . o111 .
.................... 2603
e 3e035 56104 16103 o

"""""""""""" Time (sec)



The actual components were determined by what we

could get

. Design: ------

L(uH) 1017 116.5
C(uF) 996.6 96.6
L(uH) 102.8 114.9
C(uF) 990 100

e Built:

2.5

157.1
25.8
157
25

271.8
7.6
270
10

915.0
1.4
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Current [A]

Discharge current measurements

800

600

400 —

200 —

=200

-400

WS Ky,
Afb 2 <
p z
p
- ., A
Discharge . " raa
I T - Discharge
=—Current of one stage PFN (L=102.8 uH, C=0990 uF) 400 T T T T
=== Curve fitting === Current of one stage PFN (L=114.9 uH, C=100 uF)

Current [A]

0.4

06 08 1 1.2 14
Time [ms]
Discharge

T
——Current of one stage PFN (L=157 uH, C=25 uF)
=== Curve fitting

03 04 05 06 07
Time [ms]

Current [A]

== Curve fi

300

200

100

Current [A]

-100

-200

.300 1 1 L 1
0 0.1 0.2 03 04 05 06
Time [ms]

Discharge

= Current of one stage PFN (L=270 uH, C=7.5 uF)
=== Curve fitting

100

o 01 0.2 03 04 0.5
Time [ms]

48



Resistant played an important role

Current [A]

Current [A]

Curve fitting of PFN
T T

s Ky
(R KUy,
X 3
& <
P &
H
3 %
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+,
v 4
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0 0.2 0.4 0.6 0.8

Time [ms]

Discharge

Time [ms]

T
=== Discharge current of whole PFN (simulation)
===Discharge current of whole PFN (experiment)

Stage C (theory) | L(theory)| L (measure) R (measure)
1 990 (uF) 102.8 (uH)| 13244 (uH) | 0.2840.01 (Q)
2 100 (uF) |114.9 (uH)| 12340.4 (uH) | 0.3240.02 (Q)
3 25 (uF) 157 (uH) | 158+1 (uH) | 0.43+0.01(Q)
4 7.5(uF) | 270 (uH) | 27747 (uH) | 0.7340.03(Q)
- B
transient | (L5 L3 L
simulation|  CLEZTUH  CL=SBUH  {L=123UH  { L=132uH R=0.047 Ohm
C5 C3 C?
L C:T5UF  TC=5UF  TC=100UF  TC=000 uF Lt
Type=iin ' ' L=30 uH
§ Start=0 "SR5 R3 )
Stop=3ms “SR=0.730hm 'S R=0.430hm$ R=0.32 Ohm S R=0.28 Ohm
] L
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Outlines

* Pulse-forming lines

— Pulse compressor
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Capacitor load

Af <
o H
F
5 K
3 X
W Teal -

 Pulse compression scheme: a charged capacitor can transfer almost all
of its energy to an uncharged capacitor if connected through an inductor.

« Output voltage can be doubled in a peaking circuit.

—%ﬁ\‘. vimiv‘v“ . . vimvxvx .
Ly Ly L,
U e i U
Cy —— ilg Cwm C, ilcg
Vo 1 Vo 1

LM>L2 => IM<IZ wM<w2 TM>T2
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Capacitor load

oL dI . Ly
1 Lymy7,.— V2 —_—
dt 0
1
V, =— | Idt
27 q, I .
v 1 Idt—L ar_1 Idt B B
M Cy Mdat ¢,
11 ! d*l 1 ! d21+ 1+1 o
Cuy Matz — ¢, Matz " \cy  C,) ~
d?1 1 1 1 N 1 1
+ I=0 = w =
dtz LM Ceff Ceff CM C2 LM Ceff

I = asin(wt) + Bcos(wt)
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Capacitor load

I = asin(wt) + Bcos(wt)
I(t=0)=0=>8=0

I = asin(wt)

dl
Frie awcos(wt)

dI B B
LME . = LM(X(A) = VM

I(t) = :—Zsin(wt)

1 ('vy .
V1 = VM—CML stm(wt) dt = VM_

1 (tvy,
Vo =— | —si t)dt =
2 CzJo stm(w )

Va
for CZ~CM,V—~1
M

VmCum

Ly
Vi
— CM
VM e —
LM(U
VmC,
— 1 - t
o Cz[ cos(wt)]
v,
[1 — cos(wt)] Vo
M max

_ 2Cy
Cy +Cy
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Pulse compression scheme: C,~C,,

Normalized voltage V(t)/Vy,

2.0

\\\ ///
05 \\ ///

\\\ ///

VyC,
Vi=Vy———"——|1—cos(wt)|=V
1= Vi =g (1= cos(@t)] = Vyy

VumCy
V), =—|[1—cos(wt)| =~ —
2 =g (1~ cos(@d] =
T
Fort=;, Vlz(), V2~VM

Cy ——

—I7-® &-—T-®

Vq
C,

Load

Energy is fully transferred to the 2nd

cap, i.e., intermediate storage capacitor.

— VZ—M [1 — cos(wt)]

Vm [1 — cos(wt)]

54



Water is commonly used as the dielectric material for
the intermediate capacitor

2TE, € b 1
C = l —_= =
In(b/a) For =09

1.1

« The gap between two cylinders need
to be able to handle the high voltage.

C
Air: e, =1 => 7= 0.5x10°F/m

C
Water: €, = 80 => 7= 4x10°8F/m

Ex: KALIF, bipolar Marx generator, charged up to £100 kV. V, ;=5 MV.
0.5uF

Using ai l_25><10—9_50
sing air: 1= 05 <109 — m
_ 25 x 107°
Using water: 1= =0.625m

4x10°8
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Intermediate storage capacitors can be used to
compress the pulse

Marx bank intermediate pulse water-insulated insulator outer simulation
storage forming transmission stack MITLs volume
capacitors lines lines
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Outlines

 Pulse transmission and transformation
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Insulating interface separating the vacuum section and

the liquid dielectric is needed

i
¥ “
P %
z m
2 &
3 $
v T i

« Some tasks in science and technology required brightness of intense
pulsed radiation > 100 TW/cm?2-Sr. With E > 1 MJ, electric power > 100 TW,
electric power flux density > 100TW/m? are needed.

« Vacuum environment is required.

« High-voltage pulse must enter a vacuum vessel hosting the source
through an insulating interface separating the liquid dielectric from the

vacuum section.

Water

Insulator
(lucite, epoxy, etc.)

Vacuum

Metal grading rings

000000
Setesete
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The interface consists of insulating rings separated by
metallic grading rings

« The metal grading rings are used to distribute the potential
homogeneously over the interface on the vacuum surface.

« The metallic and dielectric rings are sealed to hold the high vacuum
either by O-rings or by Metal-to-dielectric bond.

« Sparking on the surface on the vacuum side is more important.

« Electrons may be produced by field emission on metallic surfaces.

Water SN Vacuum

Insulator

(lucite, epoxy, etc.) Metal grading rings

59



The side surface of the dielectric material i1s tilted to
prevent flash over

e xu,
¥ “
p ¥
z m
° 4
& K
v i

« Out gassing: gas from the “absorbs” released by electron bombardment.
« Electron avalanches may occur with the tangential electric field from the
space charge on insulator.

300

 Dielectric-vacuum interface
' IS the weakest element of a
high-voltage pulse line
under E-field stress.

250

:

7070 Glass
7 x 105

150 - - Eve = 2176 41/10 V/m)

:

r RS 1 ¢ t:timewhenE>87%E_,,.
KRR A 1 For t=10 ns, E,,,=20MV/m,
Max power density that can
| be delivered is 1 TW/m?Z.

Flashover fieldstrength [kV/cm]

a
o
I
o
<
Q
-]
|

6 40 20 0 20
Conical half angle [degrees]

& -
8
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Self-magnetic insulation

+ + A A
<v> E < 20MVIm I = Icrit
4 Displacement current
A A A A A A
+ |
v N <l UNZ,=F(U)
4 Electron current

For E > 20 MV/m, homogeneous plasma layer is generated within a few

nanosecond.
For | > I, electron orbits can no longer reach the anode => more and

more sections are insulated. => An electron sheath forms on the
negative conductor.
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Electromagnetic shock wave is formed

« The propagation velocity of the U=0

loss front is less than the speed of
light, c.

« As long as the voltage ramp
remains below the breakdown
threshold, the wave propagates at
the speed of light.

U=-1.5MV

U=-2MV

U=-2 MV

Anode

Cathode plasma

Pulse voltage

A\

-0.6  -04 -0.2 0
Distance from pulse front (m)
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Pulse transformers

i
¥ “
P %
z m
(3 d
3 $
L2 T i

« High-voltage transformers: used for transformation of current, voltage,
impedance, polarity inversion, insulation and coupling between circuits
at different potentials.

 Based on magnetic coupling between two conducting circuits.

« Perfect or ideal transformer: no ohmic losses, no eddy currents, without
hysteresis and stray field => magnetic flux goes completely through both
the primary and second coil.

« Faraday’s law:

dé = B =) |[| -
Uy =Ny~ — — | —
1 174t
do U, UZI
U, =—Ny—
2 2 4t
U, N > -,

Uu, N = -
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The transformer rise the voltage but reduce the current

d ~
Uy = N1—¢ U._ N - A
dt >, — T I, ' B ) 1,
Ul Nl — (0 — N D —
d¢
Uy =—N,—
2 2 dt U, UET
 For open circuit, i.e.
secondary coil is open => ¢ L\ /)
Is caused by i, only: > J
. U,
L =
10 l(l)Ll

 If aload of complex impedance Z is connected to the secondary coil:

U . o
i, = 72 N,i, = N4i; Additional flux from the secondary coil is
compensated from primary coil.
. . N; . C . N, .
li =l10+ 11 =lo— 12 Power = (ll — llO)Ul = —_l2U1 = lez
Ny Ny
N,i N
o If iqo<< 22 => iy = ——Ziz
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Rectifier

 Half-wave rectifier:

la_a. 3'5 5 []RUT/\ A\,
| \/ ; | t

« Center-tapped full-wave rectifier:

« Full-wave bridge rectifier:

| \/ t | t

https://zh.wikipedia.org/wiki/%E6%95%B4%E6%B5%81%E5%99%A8 65




Full-wave rectifier with smoothing capacitor

= Bridge
Fectifier

F
C I |
——— ' | Load
Smaoothing : :
Capacitor L
. . A"
C Charges C Discharges _ Waveform
Ripple B ¥ y a with

— T T T lapaciiir
[N LN N N

I Nl N N\ Vavelr

oy L v \ V \ Capacitor

Resultant Output Waveform

https://electronics.stackexchange.com/questions/363454/smoothi

ng-a-full-wave-rectifier-voltage
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Dual output

» Positive cycle:

™~
o 1

A

VN

* Negative cycle:

¥

A

N

1
Vi A H—"’:—:“—
v, L | _ i_v
\ \ ————"F
\ / \ / \
1\ ’; \x ’( \\ f
/ , £ > >
/ \ / Lt )
(P) / \ J \ /

A < »—tg—

http://www.electroniccircuits.be/?page_id=267 67



Voltage multiplier (Cockcroft—-Walton (CW) generator)

O ANV NV

https://en.wikipedia.org/wiki/Voltage_multiplier



Voltage multiplier (Cockcroft—-Walton (CW) generator)

[ i 1 2 4EIDIU
[
T I 200V T
T STy 2oy BTy logoy 3 e 200v
—¢ ——C ——C ——C
ov| e T4 200V L gyl T T 200v] 2

- https://en.wikipedia.org/wiki/Voltage_multiplier 69



Dual-output

- T
3{ o -L_[ |Load+
L1 o V—.
< _L |jo -
! T Load

https://en.wikipedia.org/wiki/Voltage_multiplier
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Internal of a magnetron

microwave
\ / radiation
\ /
- R
output
antenna
magnet cathode path of an

electron

cooling fins cavities
RF fields
© 2010 Encyclopeedia Britannica, Inc.

https://kids.britannica.com/students/article/electron-tube/106024/media?assemblyld=137
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Magnetron is a forced oscillation driven by electrons

between the gap

Hot cathode emits

electrons which

travel outward Stable magnetic
field B

Electrons from a hot filament would
travel radially to the outside ring if

it were not for the magnetic field. The
magnetic force deflects them in the
sense shown and they tend to sweep
around the circle. In so doing, they
"pump" the natural resonant frequency
of the cavities. The currents around the
resonant cavities cause them to radiate
electromagnetic energy at that resonant
frequency.

The cavity exhibits
a resonance
analogous to a
parallel resonant
circuit.

£ 7

—
1

— —

resonance ) T LC

e

1

Current around
the cavity plays
the role of an
inductor. Oscillating magnetic
and electric fields
produced in the
cavity.

Charge at ends
of cavity plays
the role of a
capacitor.

Electrons from the hot
center cathode arriving
at a negatively charged
region tend to drive it
back around the cavity,
"pumping" the natural
resonant frequency.

http://hyperphysics.phy-astr.gsu.edu/hbase/Waves/magnetron.html
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Magnetron schematic diagram

HV capacitor

N
C ———
Magnetron
Primary
SUPP'Y
*
High-voltage e

transformer

http://www.sciencemadness.org/talk/viewthread.php?tid=154071
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Magnetron schematic diagram

U
T 2kv
a 1
! \/2 kV
N
2 kV
19 Wi /\}
Magnetron t
Primary
SUPP'Y
0
High-voltage |

transformer

http://www.sciencemadness.org/talk/viewthread.php?tid=154071 74



Magnetron schematic diagram

2 kV

HV gdpachter " 2k

-2 kV

>
— \

—~+V

Magnetron

-4 kV
5 . /

Microwave is
generated.

Primary
SUPP'Y

3
= 4 -

High-voltage
transformer

http://www.sciencemadness.org/talk/viewthread.php?tid=154071 75



Pulse generator using H-bridge inverter

S1
CAPACITOR CAPACITOR
\ T1 T3 /
Y r'y V2

DC-UNIT |+ le Jli DC - UNIT
voltage C1 c2 voltage
current - =| | G2 current
power L1 -z power
controlled T4 I I T2 _ | controlled

a1 |

S2

DC Pulse Power Controller

www.melec.de



Pulse generator using H-bridge inverter

CAPACITOR

N

DC - UNIT
voltage
current
power
controlled

S1
> CAPACITOR
T1 T3 E /
73 'y V2
+ .le .J DC - UNIT
G| v c2 voltage
= : = ' ==| | G2 current
L1 | 2 power
T4 I I T2 - | controlled
OJIEI L/E ‘
< v
S2
N =
—® 2
DC Pulse Power Controller ¥

—

l E'b L

+

www.melec.de
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Pulse generator using H-bridge inverter

CAPACITOR

N

DC - UNIT
voltage
current
power
controlled

S1

> > CAPACITOR
T1 T3 E /

7y 'y V2

. .le .J DC - UNIT

ci ¢2 voltage
== - : ==| [e2| -current

17 2 power
T4 T2 . | controlled
a1 |

4_
v
S2
sAl —®
=) 2
DC Pulse Power Controller v
—_— —_—
0 0

|

www.melec.de
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Pulse generator using DC power supply

S1
CAPACITOR «— CAPACITOR
\ T1 E T3 |Z /
Y r'y V2
DC-UNIT |* QJ OJ DC - UNIT
voltage C1 ¢2 voltage
curregnt = T "==| [e2] current
power -1 L2 power
controlled T4 I I T2 _ | controlled
ey Nl
v |-
s2 >
ik sal o
—e 2
DC Pulse Power Controller v

s X = l

|

www.melec.de



Pulse generator

aaaaa

SIPP2000 Single

v

SIPP2000 Single

DC

I i e ___VDCZ

www.melec.de 80



High-frequency switch mode power supply

High Frequency

Inverter HV HV
® : : Rectifiers Output
Q, JE”_ Q, JEH_ HV ,{ : —
Transformer A D, A D, |,

)|
I
Q)

Rectified |
Line c L
Voltage ' I —

[ load
i E 3D, XD,

oH  oH =

34 Feedback
T T Control <

Local/;emote
t Controls/Monitors
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Currents with specific profiles needed to be provided to
drive coils in Tokamaks to confine the plasma

& Ku,
o ,
& s
& <
- H
z
7 ]
£y z
%, d
) v
1831

Currents of SMART

5 4 —— Solenoid  —— Divl
= — PF1 — Div2 - .
2 2 _\/ — PR2 Equilibrium
3 o ‘N ——— state can be
§ -2 achieved with
100 ' poloidal field
'E‘ .
% 50 —— Plasma Current I, COIIS
5 —— Net Eddy Current L,
3 ° —
R [cells] (b) '
0 100 200 300 — 2 —— Loop Voitage Vi,
/1'00 Divl Div2 = =
0.75 \i. -r/ % 0 [
0.50 PF/Z > 2 A *
— 0.5 — -25 0 25 50 75 100 125 150 17
£ PF1—~™ 1% & Time ¢ [ngs] ) )
S oo . Breakdown Plasma current is driven.
£ -02s "'~ e The current of the CS will be determined by the
=== required breakdown voltage and plasma current.
-0.75 a .
\Sol
—1.0%.0 1100

Radius R [m] S. J. Doyle, etc., Fusion Eng. Des. 171, 112706 (2021)



An H-bridge combining pulse width modulation technique
will be used to provide the controllable currents

 H-bridge configuration provides <+ Pulse width modulation provides

the capability of reversing the the capability of controllable
current direction: currents
. H-bridge
SCB LC filter converter Inductors Coil
— B I R T |
I : ‘ : I : I : I : 0
I x o K| A : |
T ] :%} 5} S |
) | 2QOV/d1Y | | | J | | |
YN . ] 1 ]
|G |LJ} ‘ T - freee———
2 = A W N\ T i Yel
T | | 200v/div i g N
@ 04A/iv | ol

0 10ms 20ms

M. Agredano-Torres, etc., Fusion Eng. Des. 168, 112683 (2021)
C. Boonmee and Y. Kumsuwan, 2012 15th International Power Electronics
and Motion Control Conference, Novi Sad, Serbia, 2012, pp. LS8c.3-1 83



The output voltage is controlled by the status of
switches S1~S4

PO ’
+ N
4 ::' l?'a
1 D, : D,
£, — Es _IK}
1 o
S
| C, A
lf.nr - - Vg
51 —
S D, 5 1,
£, —|K} £ —
"_
No© .

. S,/S, ON; S,/S, Off: V5 =V,
. S,/S, ON; S./S, ON: V,5 =0.

A. Namboodiri & H. S. Wani, I. J. Innovative Research in Sci. & Tech. 1, 2349 (2014)



Bipolar Modulation Scheme

POy : 1.0 l’” A
g’ilg}nt giﬁK}Dz 0 = fj\‘ By i ”/\ /\ /\ /\ /\ /\ Az”
s e W VIV VYV VY
Vy == x"; V., ‘
B, o- V| e P
Ss D, o D,
kY 2K w
N;_ i
VAN — v 1 [ o m ]
0 ‘ e d. — I —
. S,/S, ON; S,/S, Off: Vag =V,. o 2
* SIS, Off; S3/S, ON: Vg =-Vy. | Van,
« S,/S, ON; S4/S, ON: V,g =0. 0 pimi=ieeaiminingl N
AU I I -

A. Namboodiri & H. S. Wani, I. J. Innovative Research in Sci. & Tech. 1, 2349 (2014)



Unipolar Modulation Scheme

.. ‘E'K}m . —|K}”2

S,/S, ON; S,/S, Off: Vyg =V,. ™ | :A LI [V [
S,/S, Off; S3/S, ON: Vg =-Vy.
S,/S, ON; S,/S, ON: V,z =0. “ | ARAACARRRALL 1

A. Namboodiri & H. S. Wani, I. J. Innovative Research in Sci. & Tech. 1, 2349 (2014)



Simulation using bipolar modulation scheme
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Simulation using bipolar modulation scheme
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