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Pulse forming line (PFL)

® There are numerous applications in both physics and electrical engineering for
short (~10 ns < t, < 100 us) electrical pulses. These applications often require

that the pulses have a “good” square shape.

® Although there are many ways for generating such pulses, the pulse-forming line
(PFL) is one of the simplest technigues and can be used even at extremely high
pulsed power levels.

® A transmission line of any geometry of length [ and characteristic impedance Z,
makes a pulse forming line (PFL), which when combined with a closing switch S
makes the simple transmission line pulser.
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Simple PFL

® \When the switch closes, the incident wave V;, with a peak voltage of (1/2)V,
travels toward the load, while the reverse-going wave Vj, also with a peak
voltage of (1/2)V,, travels in the opposite direction.

® The incident wave V;, then, supplies a voltage of (1/2)V, for a time determined
by the electrical length of the transmission line T to the load. The reverse-going
wave Vy travels along the transmission line for a duration T and then reflects
from the high impedance of the voltage source, and becomes a forward-going
wave traveling toward the load with peak voltage (1/2)V, and duration T.

® The two waves add at the load to produce a pulse of amplitude (1/2)V, and
pulse duration T, = 2Tr.

Rg>>Z,
® Matching condition: R; = Z,, .
o V ZO=R,_
® Pulse characteristics
|
V, D |
V=—
2 Y
21 21 B
TPZZTT:v_pz? €, /2
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Coaxial PFL

® Basic parameters

_ ks R2 = 2T€
_27t R, " In(R,/Ry)
R
\f 2} — g0 |© rl 2
c 2m R1 R,
C 30 [cm]
(%
P TT \/L’C’ \/ue T V&G Ve lns
® Matching condition: Z, = Z, Vo
® Pulse characteristics ile
Vo
V—? Y
21 21 [ [cm]
Tp = 2Tr = -~ \er = g [ns
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Coaxial PFL

® Electric field

E(r) Vo E R Yo
TY) = = =
rIn(Ry/Ry) max(" =8 = R TR, 7R
® \/oltage at the maximum electric field
R,
VO = Emale In| —
Ry

® The value of R, /R, that optimizes the inner conductor voltage occurs when

n(22) 2
an—

® Optimum impedance for maximum voltage

1 [u ur 60
Zopt = =— |==60 [— =
opt Zn\/; € /€
60

. 60
Zyater = N 6.7 O Zo = vl 38.7 Q)
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Analysis of simple PFL

p(s) = +1 ps)=Z1-Z)(Z1+Z,)= P
e e

Current limiting ;
resistor or inductor Switch

—— € Canall

Transmission line of length /

DC charging one-way ‘tra.ns_it time 6 and Load Z;
power supply characteristic impedance Z,

® On closure of the switch, the voltage on the load rises from zero to a value
determined by

A /4
vV, = (matched)

vV, =V z
L=z, + 7, 2

® Simultaneously, a voltage step V; is propagated away from the load towards the
charging end of the line. It takes § = [/v, for the wave to reach the charging end.

v —v=v(—2_ _1)=yp( % vo=_Y
s L 7, + Z, 7, + 7, s=75 (matched)
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Analysis of simple PFL

® Potential distribution (matched load)
Chargmgen

/////%/////////%7%/////////////

4___ —V/2 step pro
towards the ch
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Lattice diagram representation of pulse-forming action

® On closure of the switch, the voltage on the load rises from zero to a value
determined by

Z
7, +Zy

vV, =V aV

® The potential on the load is given by
V, =aV (0 <t<29)
V, =aV + (a—1)yV (26 <t < 495)

Vi=aV + (a—1)yV + B(a—1)yV
(48 < t < 68)

y=p+1
® Finally

Vi=V[ie+(@—-1Dy@Q+L+p%+-)]
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Typical waveforms from PFL under matched and
unmatched conditions

“a=% 23V Z=22,
12V
209V -~~~
22TV feeacaaans _
2/81V £=—=——==——=—->=~~
0 20 0 26 46 66 86
Z=Z/2
113V
12TV tessspm===n —
-1/81V F===<g=~=~fF~-~-~-~ —
-1/9V |====
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Blumlein PFL

® An important disadvantage of the simple PFL is that the pulse generated into a
matched load is only equal to V,/2.

® This problem can be avoided using the Blumlein PFL invented by A. D. Blumlein.

® Two transmission lines and one switch is used to construct the generator.

Shorted end V, Open end

- . |

[ —
S

N 2,

_C::]E__(J) z Z

Zs

//////Eurthplane/////
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Blumlein PFL e o W - — c—
ShJ ¢ ¢
vt Yo Yo
® After switch closure, the end of line 1 W 7 o,
iS eﬁeCtively ShOrted; thUS the (a) Initial status at f = 0 (before switch closure)
reflection coefficient is +1. - ) i
N L
® Atthe junCtiOn of line 1 and the |Oad, (b) Status at f = At (after switch closure)
the reflection coefficient is given b V, .
JER DY 0 7z
(ZL 4 ZZ) — Zl ZL 1 (c) Status at t = t;, — At
p — - = — '
(ZL + ZZ) + Z1 ZL + ZZ() 2 . . Vo/2 //////// ///
i . —V,/2
® Matching condition: Z; = 27, (d) Status att = t, + At
VO
V,y/2
D l I D B o — THRT I BT IT I /'Z
1 O () Status at t = 2t, — At
V@ 7 AL ; V,/2
1 Z,=27, O~W:2 < — CEBPBP NSRBI ITHPTE
- i (f) Status at t = 2t; + At
V i Vo/2
V721 0 : Vy/2 Y
VA (g) Status at ¢ = 3, — At
-V/2r |
_V - 0

(h) Status at t = 3t;
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Analysis of Blumlein PFL

Current limiting
istor or inductor

(o
_ Transnﬂssion line 1 Transmission line 2
impedanceZ, lengthl impedance Z, length
and transitftime &. and transit time 6.
\ Switch
DC charging
| power supply

® The reflection coefficient at the load
7, + 27,

Load, impedance Z;

p

® The reflected step at the load

Zy
Z, + 2Z,

V.=p(=V)=-V

® The step V; transmitted to the load and the
line 2

Z, + Z,
Z, + 2Z,

Ve =V, + V.= =2V

t—p=-1 p=+12 p=+l—9

E7E_ 0B

wzl ------------ “““ “’

V2 t> 8+ Just afte

ection at load
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Analysis of Blumlein PFL

® The fraction of the step to the load and the line 2

28

Time

44

66

80

Load Potentials

-p(p — v B(B*-pAV
2 @ pB*-pHV
_ BV
P -
pz (pZ_'BZ)V_ Pﬁ(Pz—.Bz)V"'

pB(F-p?V=0

B (e*-FV

(2-p2)(p2-ﬁ2)V_a e

v, =gy litie A oy
LT T Y22, 7+ 2y
Z, + Z, Zy
Vyp = =2V X = BV
= Z,+22, " Z, + Z, p
27, 27,
Q= —- '8:—
Z, + 227, Z, + 22,
® Finally
V=-aV[l-1+(p-B-(p-P+@-*-(p-p)*+]

7,227,

n“‘t-

Z,<2%Z,

26 26 26 26 28 26 26 26 2626

26 26 26 26
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Simple PFL vs. Blumlein PFL

Matching condition: Z; = Z, Matching condition: Z; = 2Z,

S :
R o~ ~ Zo ,
I z—p 3

Al

Zi Vo ’—g*(

Voltage
o
]

N | i
Voltage
|

I . »> | ; >
T 2% Time T R 8 S
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Coaxial Blumleins

Outer conductor

Outer conductor

/

Intermediate conductor SL,-

) ( Inner conductor
Center conductor

. Blumlein Zl ¢

switch

Intermediate conductor Vo gf.,-

Pulsed
voltage
charging
source

\—/

Blumlein

Zz switch

I—

® Matching condition: Z;, = 7Z, + Z,
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Two-stage stacked Blumlein

® Matching condition: Z;, = 47,

v _3<’<6 S<1<28

- | g .

34V VA =-V2 =—

-vi2
v [ -
= =V —t

+V/2 <—

Transmission line 1 +
+V impedance Z,, length —V / 2 Line 3 T+V
) | v

| : 34V +VIA =V -—
Transmission line 2 Y-
Switch __impedance Zo, leng!_| + 1/ /2 5 @
= - +V/2 <=

+V —6 )
26<t< 46

Transmission line 3 Load Z; + 26<t<36 +
impedance Z,, length / i / 2 L
+V y-vi2 v -2
J +V2 —» +V/2 —
E Transmission line 4 _ ¥ : ¥ -
Switch  impedance Z,, length / +V / 2 Line 2 E;;W i 1 o

o _E_) + =
Line 3
y-vi2 @y -v
+V/I2 —

+V/2 —>

Line 4 ' 2 | % ' s
+V/2 —> _ +V/2 =—
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Two-stage stacked Blumlein

® A more practical realization of two-stage Blumlein PFL using a single switch

Transmission line 1 E F
impedance Z,, length [

O~ 6
—o/ o— A B Transmission line 3
Switch cC D impedance Z,, length 2!
Transmission line 2 | o o |
impedance Z,, length [ G H
Current limiting
impedance
DC
charging

power
supply

® |f points A and B and C and D are connected, then the load can be placed either
across points E to H with points F and G connected or across points F to G with
points E and H connected. - This change simply reverse the polarity of the
pulse generated in the load.

® |f points E and F and G and H are connected, then the load can be placed either
across points A to D with points B and C connected or across points B to C with
points A and D connected.
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Stacked Blumlein

Vy . L £ inl
% : —— nVo
0 |
R S g
L 0 N
A== i 7 —
% 1 Blumlein - 1
—
P Z A
0
, = Z,=2nZ,
0
G A= —
2 Blumlein - 2
e
- . =
0
- — = Z =
0
: il =
s Blumlein - n —_—
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[Optional] Helical lines

® For rectangular pulses with pulse durations on the order of a few microseconds,
the physical lengths of the transmission lines become prohibitive — on the order
of 1 km for a 10 us pulse.

® The helical line storage element can be realized by helical winding of a
conductor of circular or rectangular cross section over a metallic cylinder.

A ¢ AR5
R;
B— Aluminium ‘
Ve tube :
From HYPG R S O NS IHON
Multilayer = Enameled copper P W
mylar film wire helix

_ _ Average radius of helical winding
Unfolded length of wire helix l

7 — _Rl) \[ L (27IRavg)n{l

Vp Vp

Dlameter of helical conductor Total number of turns
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Self-matching PFL

® |n this circuit, at one end of the line the inner conductor is connected to a
terminating resistor R and at the other it is connected to a load Z;, where Z; # Z,.

Terminating resistor R Cuwent limiting
resistor or inductor
| " o i DC charging
II - power supply
Switch output 2V

Transmission line, I

Load Z, impedance Z,, length ! -
and transit time &

e RN =7
pi=@-Z)i+Z) Charged 02V ,* pp = (R-Z,Y(R+Z,)
GBS ’ B=RIR+Z,)

o O )_.a/
Switch Switch
Load Z, Tcri{nating resistor R

Equivalent circuit

F NATIOMAL
UNIVERSITY
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Self-matching PFL

® From the lattice diagram, the voltage on the load can be found to be

o+ (8- (1 + pu(t - 8)

+pr(a = 1)(1 + p)u(t — 26)

u(t) = =2V | +orp(B — 1)(1 + p)u(t — 36)

+orpi(e = 1)(1+ pu(t — 45)

i +. .o

where u(Ar) =1 for At >0, u(At) = (-) for At <0
and At=(t-nb), n=1,23,...

® If the value of the terminating resistor
IS made equal to the impedance of
the line, i.e. R = Z,, then pr = 0 and
B = 1/2. Then, the load voltage
becomes T

2Va <8
Vi(s) = _T(l —e %)

Amplitude

» A single rectangular pulse with duration §
independently of the value of Z;, thus the PFL

Is self-matching.
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Bi-directional or zero-integral PFL

® Some applications require the generation of a bi-directional pulse in which the
polarity of the pulse changes sign in the middle of the pulse, causing the net
integral of the pulse to be zero.

Current limiting
resistor or indicator

e

charging

! ) power supply

output V

L

Transmission line, =
— impedance Z,, length [
and transit time &

Load Z[
Switch
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Pulse forming network (PFN)

® A main disadvantage of the PFL is the speed of propagation of EM waves along
transmission lines.

® The material used in transmission lines is some type of polymer plastic such as
polypropylene, and the dielectric constant tens to be quite low (e, = 2~3). Thus,
it is impractical for making a long pulse over 1 us.

® An alternative approach is to build a simulated line using a ladder network of
inductors and capacitors.

(a) Parallel-wire representation

Az Az Az Az

(b) Differential sections each Az long

R'Az L'Az R'Az L'Az R'Az  L'Az R'Az L'Az

(c) Each section is represented by an equivalent circuit.
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Basic LC PFN

® Approximately, forn > 10

/L L
Zy = C_N: = t, = 26 = 2,/LyCy = 2nVLC
N
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Waveform of 5-element LC PFN

Pulse amplitude [U/U ]
——

0.0 0.5 1.0 1.5 2.0 2.5
Time [us]
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Example of stacked Blumlein PFL

1 Dﬁﬂ 5 Cable spec (30 kV):
oR| D—4 | C’ =108 pF/m

o L’ = 328 nH/m
) | =L, + zy=550hm
1k SH—— D~ “  Matched load = 330 Ohm
- lo « Transit time = 6 ns/m
S = * Pulse duration = 36 ns (3 m)

4 o
_'\

w

-
\f/
LN =
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Example of stacked Blumlein PFL

3-stage Blumlein pulse generator
- 20 kV charging, Load : 1m long corona reactor

Summary

40 — T T T T T T T T — 300
oL\ 0o V_peak =37 kV @ V, = -20 kV
20 | L 1 200 | peak =230 A
E 0] st\“ 1 150 a
@ o Lot 1\ [ W MW 1100 2 Peak power = ~5 MW
£ 10 \ ﬂé\ ”\ ™\ 50 § Energy = ~0.15 J/pulse
o Mﬁt\\\\//} W \Vwﬁ”ﬂéo © For 100 Hz operation, P, ~15W
-30 y -50
[ \/ _
-40 L~ 1 100
6 0.30
5 [ l - 0.25 .
I - Huge instantaneous power
R — = generation of high energy electrons
S 3 015 2 > radical generation (O, N)
— - > ’
T 27 i 100 3 - efficient removal of NOx
g 1f ” 0.05 W Low average power
0 ! /A,,W/N\ o0 —> low power consumption
) I T U O TR O T SR TR oy —> high efficiency
-50 0 50 100 150 200 250 300 350 400 450
Time [ns]
27/30
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Example of stacked Blumlein PFL

250 Nox T NOx
= 20|
S 150
wRLL £ 100
) [ T o % C
B — - W«{(«(«««(«(««lmum;w 2 ' -
) —— NO2
(@) 0 ; 1 . | f | f
S0RV

ov

-50KV

Os 100ns 200ns 300ns 400ns
O V(R2:2}

28/30 High-voltage Pulsed Power Engineering, Fall 2018




Implementation of transmission line theory

JOURNAL OF APPLIED PHYSICS 121, 243302 (2017)

@ CrossMark

Underwater spark discharge with long transmission line for cleaning

horizontal wells

Kern Lee," Kyoung-Jae Chung,"® Y. S. Hwang," and C. Y. Kim?
'."J{-I,r;m'mn'.-ri of Nuclear Engineering, Seoul National University, Seoul 08826, South Korea
“Sun & Sea Co. Lid., Seoul 06569, South Korea

Coaxial cable
Length (1)

Characteristic capacitance (C.)

Characteristic inductance (LZ.)
Characteristic resistance (RZ,)

15— 125m
0.17nF/m
0.20 pH/m
2.45mQ/m

Current
Pulsed power system  probe

N

HV probe

v

/

Coaxial cable (110m)

P

/

Ground

rf’
-
=

T em | (Cenual r.
»m collector well Spark gap

<— Water level

well screen

-
$5m

=125 m, V,=20kV, r = 0.2mm, /= 5Smm, 5= 1x10°, 7= 1x10°K

] Ly Ro ' C.L.R, i | ——r T
i I i | b
i HV e YV AMA H—T — “:/ i 20 (b) voltage ——Exp. |
: S E N ¥ —
' Lovole LE) I T 10 iRy >
! Drove I [ N : T
(a) C I 1 1 1 1 L3 ( ) 1 —
i Com Virope @} 1 1 o F ¥ g 10}
i R S 1P =
| GND I Lo i s current
e s o s i e e e il e s o el i ! > /
Capacitor bank Coaxial cable Spark channel ) 0
ﬁ i
L/2 R/2 R/2 L/2 = 2
vy (t) *-'W‘*\—WWIA’M-/"’V‘V\—+ Viey1 (D) ‘g 107
i i = 10 f
] C ! = 05
® 0 bn(®) S :
: ! 0L EETEE e i
= : 2 1 " 1 4 1 1 | 1 2 1 " 1 4 1 L
v . 15 10 -5 0 5 10 15 20 25 30 35
k™ section Time |pus]
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Implementation of PFN

Fusion Engineering and Design 96-97 (2015) 269-273

Contents lists available at ScienceDirect

Fusion Engineering and Design

journal homepage: www.elsevier.com/locate/fusengdes

. —— Vacuum
et chamber
\
_ s |Current =

Filament

Design and development of the helicity injection system in Versatile
Experiment Spherical Torus

JongYoon Park, Younghwa An, Bongki Jung, Jeongwon Lee, HyunYoung Lee,
Kyoung-Jae Chung, Yong-Su Na, Y.S. Hwang*

Department of Nuclear Engineering, Seoul National University, Seoul 151-744, South Korea

>

=
LX)

To cathode

To anode

Current [kA]

Tvmad

[
|
"‘I’"
i [

I

_‘N

=,

A A
Yy
<
- |

PFN Ray
12kv| 4kQ

Voltage [kV]

 — Chamber —

o o o & =
M b @ B
- T

-3
o
T

L= -
n @ m o
T

o
o

e

2.2m

’Zenter

Stack

T -
iy ====Simulation Curent | B
L] —— Experiment Current |

1.0

.......

0.8

=
m
1

=3
LY

---=-Simulation Voltaga |
——Experiment Voltage

b
=
L

Impedance [t]

0.0 T

B,=0.05  B.=0.1
02 - .
] o«

T T T T
0 2 4 6 8 10 12 14
Injection Length [m]

Time [ms]

T
16 18

20
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