Pulsed Power Engineering:
Basic Topologies

U.S. Particle Accelerator School
University of New Mexico

Craig Burkhart & Mark Kemp
SLAC National Accelerator Laboratory

June 24 — 28, 2017

o~ P> NATIONAL
g A-O ACCELERATOR
P b NN\ ABORATORY




Basic Topologies

- Basic circuits
- Hard tube
- Line-type
°* Transmission line

° Blumlein
* Pulse forming network

- Charging circuits
- Controls
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Basic Circuits: RC

- Capacitor charge
- Capacitor discharge S i .
- Passive integration — low-pass filter N C OUT
* 1 << RC: integrates signal, . T .
Vour = (1/RC) | V| dt
* t>>RC: low pass, Vour — { .
=Vin N R% OUT
- Passive differentiation — high-pass filter . .

e 1 >> RC: differentiates signal,
Vout = (RC) dV, /dt
* 1 << RC: high pass,
Vout = Vi
- Resistive charging of capacitors
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Capacitance
Limits
Voltage Rise or Charging

is 98% Complete

0 t=R cc =T t >
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Il

i(t)

-t =
=Lghe ™ o (W ohc
initial voltage =0
...
i(t)= '\Flﬁ'e s , 7=R.C
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Energy Stored?
w= [pdt = J:eldt ,i=cd

S i—cv2

0 = 2t 3t 4t 5t ——
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Resistive Charging of a Capacitor

ol A

Pl AN

B I(t) = AVRC/RC P2 e Pi—————
* Controlled by resistor . f_ﬁ,f’x{f

- Durlng reSlStlve z i : [:Zapacitor Enel‘ély E
Charg|ng 50% Of the i Energy Losses in charging Resistor E
- e |

energy is dissipated BN ek Bl . el ol e v SO
in the charging | |
resistor i | Capaci tor Vol tage | E
ﬂU'i' ------------ LR LT P LA L et Bttt L) R L L {:

s 1.8s 2.8s 3.8s 4.8s 5.8s

U(0ut)
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LR Circuit: Inductive Risetime Limit

- At t=0, close switch and
apply V=1 to LR circuit

900m

- Inductance limits dl/dt

- Reach 90% of

equilibrium current, V/R,

in ~2.2 L/R

o
o
=)
3

Inductor Voltage/Current

300m

100m

3 ' 500m
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LR Circuit: Decay of Inductive Current

o1 AL
L= ) ga \ 4
- At t=0, current =1 _
. . . ) 8oom |
flowing in LR circuit
- Fall to 10% of initial
currentin ~2.2 L/R 3 \\ ]
2& \\\
3 0
> e
I
_400mf / W‘
—/\/ﬁ/\/ -800mf
HéOOn‘wH‘ “1‘50““11‘12.50”“ H&SOIHI I H4.50ll”
L ‘ time in L/R
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LRC Circuit

o1 A

- Generally applicable to a wide number of circuits and sub-
circuits found in pulsed power systems

- Presented in the more general form of CLRC (after NSRC

formulary)
* Limit C; — «, reduces to familiar LRC with power supply
* Limit C, — « (short), reduces to familiar LRC

* Limit R — 0, reduces to ideal CLC energy transfer
° LimitL — 0, reduces to RC
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CLRC Circuit Definitions

Switch L

i(t)

L
T=—
R
C = Cl Cz
“C+C,
1 c.—=
W, = —
~ JLC, 1
1 2
o’ = ABS| o’ - (2—)
.
1
L —
Z,= /C_
eq
Z = (Circuit Quality Factor)

_ %o
O R
V, =initial charge voltage on C,

0 =initial charge voltage on C,
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CLRC Behavior: Underdamped limit, R << 2Z,

ol Ao
LS | NV g \
Vo= ¢ Switch L R
- 27 o o o JUUUUQ\/\/\_
(1) = —% €27 sin ot
ol
—¢ C _1+ 1 Cz
V C o 1 . 1—T1 i(t) _
V. (t)=—""—|1—-e?| ——sinar — coswt
N C +C, 20T
1 -+
. -1 =
lea @1, =—tan (2or7)
a Normalized Current as Function of
P " (Critical Damping Resistance) *N
—l | 1.00E+00 ~
i — ‘/0 e 27 & é 27 ~ ‘/0 8.00E-01 / \ -
pedk - - SR / i
i ZO ZO + O' pooEe! /A \ —i(H), N=10
4.00E-01 I \‘
Ceq %] 2.00E-01 /ﬁ/—"—-“.\ \\\N
. . /A E‘_O'OOETOOOO ofs 1o s 200 25 30\3:‘*23*-.95_5 507 65
l(t)—O,VCZ(t)—peak@ A = o \ )
-6.00E-01 \\ //
/4
V C 5 -8.00E-01 8 /
VCZ (t)peak = — 1+ ezm -1.00E+00 \-_..-“/
Cl + C2 Time
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Highly Underdamped, Z /R = c: Resonant Energy Transfer

o1 A

pe -y TN

. VO Switch L

Lpea = A o o L0 \An

i @t = — t - LC o ( i > - ©
eak 2w0 2 ¢q

L

V. (t) = (1 cos(@,t))  Lortes ey ot

k t = — = /LC 5 A N
VC2 (pea ) @ g J[A eq g | / | //\\

2V,C,
V. (peak) = TN

15
Time

/

t

~.

N
N

_
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Highly Underdamped: Resonant Energy Transfer (cont.)

I Yo

P M\

1.2

- Peak energy transfer 1

efficiency achieved with
Ci=C,

Energy Transfer Fraction

- If C,>> C,, the voltage on //

C, will go to twice the
voltage on C;

Voltage Ratio
| =

0.5
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CLRC Behavior: Overdamped limit, R >> 2Z

Switch L

C,=— " —
t T
o =
l(t)— [ “@— e_”t]
_ p \"
20 ——| e e”
Ve, ()= —e ¥ T
Za)LC w’ 1 o 1 o

i \27 T/

Jun. 24-28, 2019 USPAS Pulsed Power Engineering C. Burkhart & M. Kemp 15



LRC Circuit, General Solution

- Definitions

* W, = (LC)Y> (undamped resonant frequency)

° a=R/2L (Neper frequency)

° B — wOZ — 02

* Rgit = 2 (L/C)%5 (critical damping resistance)
- Level of damping defined by 3

* B> 0: underdamped

* B = 0: critically damped

* 3 <0: overdamped

- Regime dependent variables
e w=VBifp>0 ca=a+V-Bif<0 *a,=a-V-Bifp<O
0 otherwise O otherwise 0 otherwise

Jun. 24-28, 2019 USPAS Pulsed Power Engineering C. Burkhart & M. Kemp
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LRC Circuit, General Solution (cont.)

o1 AR

(Voo C - Iy)
C-Wo-m

Vit = |Voe m't-|:cos|:m-tj +

C-[mg - ml) [C-(ctl - cf,g)]

I -y t — iy
[Vo-mg—g}t-e : + Ve : if 5
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LRC Circuit, General Solution (cont.)

o1 AR

(Vo - RIg+ Igel)
Ll

I(f) = |Ioe 01"t|: cos(m-t) + -sin(co-t)il if >0

-

L (w3 - o) " Lfer- 2]

Vl:l - RID - 0’.-1’[ - 0'.-2-1: )
[oo0a + -t-e + I5-e if p=

£
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Hard Tube Modulators

- Pulsers in which only a portion of the stored electrical energy is delivered to

the load. Requires a switch that can open while conducting full load current.
e Switch must open/close with required load voltage and current
* Voltage regulation limited by capacitor voltage droop

* Flat output pulse — large capacitor/large stored energy
- Cost
- Faults

- Name refers to “hard” vacuum tubes historically used as switch

- Today’s fast solid-state devices are being incorporated into designs previously
incorporating vacuum tubes

e e

| I+
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Hard Tube: Topology Options

- Capacitor bank with series high voltage switch - gives pulse
width agility but requires high voltage switch

Large
— Capacitor +
Bank

Gate Drive Circuits and Controls

Total Loop High Voltage
Inductance Switc : : :
00008 - et e
#1 #2 #n
|+ Load Load
— Impedance i —— Storage Impedance
= DC Capacitor
Power
Supply
T T

- Variations

* Add series inductance: zero current turn on of switch
* Series switches: reduces voltage requirements for individual

switches

Jun. 24-28, 2019
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Hard Tube: Topology Options (cont.)

- Issues:
* Switches must have very low time jitter during turn-on and turn-off
* Voltage grading of series connected switches, especially during
switching
Isolated triggers and auxiliary electronics (e.g. power, diagnostics)
* Switch protection circuits (load and output faults)
* Load protection circuits
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Commercial Series Stack Modulator

"The Power You Need

PowerMod ™ HVPM 100-150

Diversified Technologies, Inc. (D11) has applicd its ex-
tensive background in high power electronics to design
and build a 100 kV, 150A solid-state modulator for use in
demanding commercial applications. The PowerMod™
HVPM 100-150 utilizes DTT's patented solid-state tech-
nology. The configuration shown fits in an oil tank ap-
proximately 507 x 36" x 647,

DIT's HVPM 100-150 utilizes the same breakthrough
technology found in the HVPM 20-150 which received
an R&D Magazme award as one of the 100 most techno-
logically significant products of 1997. DTT's PowerMod'™
high voltage. solid-state modulators are available from 1-
200 kV. and up to 2.000A peak.

High power. high current modulators based upon DT1's
design offer customers increased efficiency, enhanced re-
liability, increased pulse flexibility, and cost-cffective high
power switching capability.

D11 has pioncered the state-of-the-art in solid-state clec-
tronics since 1987, Our modulators have become essen-
tial components in applications for ion mplantation (PSII).
particle accelerators, and semiconductor and flat pancl
display manufacturing.

M Pes: 7,400,

Tek N, [Aneaty
v :

DIVERSIFIED TECHNGLOGIES, INC.

CHY 200V CH2 100V M 258 CH1

HVPM 100-150 Pulse, SOkV, 904 Jnto Warer Resistor

PowerMod™ HVPM I00-150 Solid-Stare Modulator

Control Voltage

High Voltage Input:
Average Pulse Current:
1 us Peak Current
Rise Time*:

Fall Time*:

Nominal Pulse Width:

Nominal Pulse Frequency:

*into resistive load

Specifications

120V AC

1-100 kV DC peak
75A

150A

<15

<15

Lis - 100 s

0-3.000 Hz

(781) 275-9444 Fax: (781) 275-6081

Jun. 24-28, 2019
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Solid model of the 500 kV hard switch
note the spiral wrap of the series string of switch
modules to reduce effective parasitic capacitance.
The output (pulsed) end of the modulator is on the
axis, and the input (DC) end is on the outer surface.
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Hard Tube: Topology Options

- Grounded switch — simplifies switch control

O—

\ |
] | %
C Rchg
Cl
||

SW ZIood —3
'_ R
- |ssues:

* Only works for one polarity (usually negative)
* HVPS must be isolated from energy storage cap during pulse
* Loose switch control benefit with series switch array

Jun. 24-28, 2019 USPAS Pulsed Power Engineering C. Burkhart & M. Kemp
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Hard Tube: Topology Options

ol AR
o b M\
- Pulse Transformer - reduces the high voltage requirements on
: 1:N Pulse
SWItCh Large Transformer
Capacitor ~ ________
Bank r '
' |
|| | |
| | =
} |
: : Load
High Voltage | ! Impedance
Switch l :
e
' |
T | |
| I

- Issues: = 1
* Very high primary current (N*l,,,4) and large di/dt for fast rise times
* Requires very low primary loop inductance and very low leakage
inductance: exacerbated by high turns ratio; L, C, Z scale with N2
* Fast opening switch required capable of interrupting primary current
* Distortion of waveform by non-ideal transformer behavior
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Hard Tube: Topology Options

- Bouncer modulator — compensates energy storage capacitor

droop

* Initially, SW2 is closed, voltage on C3 is transferred to C2

* Then SWH1 is closed, applying output pulse to load

* Energy transferred from C3 to C2, during linear portion of
waveform, compensates for voltage droop of C1

* After output pulse is finished, energy from C2 rings back to C3, low

loss ) I
- Issues: i 3 %‘ 2
* Extra components /~°’W1r ________ s
* Timing synchronization | I ( (V¥ Ly | —
L
* Bouncer frequency low 5 c3 1!
| /sw2 c2 —— |
large L and C’s | |

— BOUNCER
Jun. 24-28, 2019 USPAS Pulsed Power Engineering C. Burkhart & M. Kemp
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Line-Type Modulators

ol A

o M\

- Based on the properties of transmission lines as pulse
generating devices

- Advantages

* Minimum stored energy, 100% — load (neglecting losses)
- Voltage fed, capacitive storage (E-field), closing switch
- Current fed, inductive storage (B-field), opening switch

* Fault (short circuit) current < twice operating current (matched
load)

* Relatively simple to design and fabricate, inexpensive

e Switch action is closing OR opening, but not both

Jun. 24-28, 2019 USPAS Pulsed Power Engineering C. Burkhart & M. Kemp 26



Line-Type Modulators

ol A

o M\

- Disadvantages

* Fixed (and limited range) output pulse length

* Fixed (and limited range) output pulse impedance
- Output pulse shape dependent on relative modulator/load

impedance
- Zpad< Zpuser — VoOltage reversal, may damage switch or other
components

e Switch operates at twice the voltage (or current) delivered to
load

* Must be fully recharged between pulses: may be difficult at
high PRF

Jun. 24-28, 2019 USPAS Pulsed Power Engineering C. Burkhart & M. Kemp 27



Transmission Line Modulator

ol A

o M\

( N (/; I:I"" ( R (/si I:I""‘

- Square output pulse is intrinsic

- Pulse length is twice the single transit time of line: 1 = 2¢/(c/e*)
* Vacuum: 2 ns/ft
* Poly & oil: 3 ns/ft
* Water: 18 ns/ft

- Impedance of HV transmission lines limited:
* ~20<72<~2000Q
e ~30 Q <Z<=<~100 Q for commercial coax
°* However, impedance can be rescaled using a pulse transformer

Jun. 24-28, 2019 USPAS Pulsed Power Engineering C. Burkhart & M. Kemp 28



Transmission Line Modulator

ol A

o M\

=G~ &= O

=

Energy density of coaxial cable is low (vs. capacitors)
— large modulator

Fast transients (faster than dielectric relaxation times)

stress solid dielectrics

* Finite switching time and other parasitic elements
Introduce transient mismatches

* Modulator/load impedance mismatches produce post-
pulses
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10 Q, 40 ns TL Modulator: Impact of Load Mismatch

Matched

2.00

R=1257

6.00

2.00

Jun. 24-28, 2019

6.00

time in seconds

atched L
20.0n 60.0n 100n 140n 180n
time in seconds
Impedan
20.0n 60.0n 100n 140n 180n

20 nH
in series

10.0

6.00

®
o
@

s L
> 200
o

-2.00

R=0.75Z |

6.00 |

2.00

USPAS Pulsed Power Engineering

-6.00F

60.0n

4.00f

20.0n

60.0n

time in seconds
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Blumlein Modulator

o1 A

ke AN

- Major limitation of TL modulator: switch voltage twice load

voltage

- Blumlein Line
* Requires Two Transmission Lines
* Load voltage equals charge voltage

Vicad
Viine

time

«—— T —»l«—— 2T ———>

0
Voltage across load (R)

* Switch must handle current of V. /Z,, twice the load current

Zo , T .
) Vlme t=0 /i ZO T
%R:ZZ) Vload l

Jun. 24-28, 2019 USPAS Pulsed Power Engineering

Vload

Circuit on left - unfolded
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Blumlein “Wave Model”

Initial conditions

e 2 TL with a common electrode
* TLs charged to V,

* TL Impedance: Z, |
* Load impedance: R=2Z, 1 _—

2 Lines Single transit: T Charge voltage: \, Impedance: Z,

|

| = Pl

Switch closes att=0

Wave that hits short, reflects with inverted

polarity

no load current

Wave in upper TL unchanged

=T

Inverted wave reaches load ! W/2
Load voltage: V,/2 - (-V,/2) =V,
Load current: V,/R

* Load matched, no reflected wave in either TL

g-<t <

| /2

| = ! § b= sz = v/am = 0
Voltage of V,/2 on both ends of load, )

T<t<3T

| — T ¥ § 'I =M/2+V/2)R=V,/R
-\/2

t = 3T. energy depleted

Jun. 24-28, 2019
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Blumlein in Comparison to Transmission Line

ol A

- Switching
* Blumlein charge (switch) voltage equals load voltage
* Blumlein switch current is twice the load current
* Peak switch power is twice the peak load power for both
topologies
°* However, it is generally easier to get switches that handle
high current than high voltage

- Blumlein is more complicated
* Either nested transmission lines or exposed electrode —
half load voltage during pulse
* More sensitive to parasitic distortion (e.g. switch inductance)

- Both are important modulator topologies
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Blumlein Modulator

Outer Housing - Ground

High Voltage Insulator

Dielectric Liquid

Switch
Charged Conductor

Large Radius to Reduce
Electric Field Enhancement

Corona Ring to Reduce
Electric Field Enhancement

Coaxial Blumlein Configuration

Jun. 24-28, 2019 USPAS Pulsed Power Engineering
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Advanced Test Accelerator Blumlein Modulator

- Vin=25kV
10:1 Step-Up

Resonant
Transformer

Jun. 24-28, 2019

~ Vcen=250kV

— Trigger
. Cathode
-Anode

Intermediate Water/Oil

Conductor
Center

Conductor

Interface
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Cell Drive
250kV, 70’ns
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Pulse Forming Networks (PFNs)

- The maximum pulse duration of transmission line pulsers is

limited by the physical length of the line, at 3 ns/ft,a 1 us TL
would be 330’ long

- Transmission line can be approximated by an LC array
* Higher energy density in capacitors
* Higher energy density in solenoidal inductors
* PFNs can produce long duration pulses in a compact package

O

1

l
0O
| -
n
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Pulse Forming Networks (PFNs)

- Design equations

* Z=(L/IC)0S

* 1=2N(LC)%> (output pulse length)
* For N-stages of inductance, L, and capacitance, C

- However, the discrete element model of the TL is only accurate
as the number of stages, N — «

- Example
*N=7
* Z=10Q
e T=1us
- C=714nF
- L=0.714 pyH

Jun. 24-28, 2019

LA S LA e A S A ol I A
L L L
ok ) £ L
Cox Co= C== CZ= c-
geeelae b B
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Example PFN Output Into Matched Load

120 |

E [\ 7-stage PFN
I~ 1us
B / AN D4 Matched load
80.0
" B
&) n
Q) _ \
Q_ L
§ 400
p= \

\\ / \V

N

-40.0

200n 600n 1.00u 1.40u 1.80u

time in seconds
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The Trouble with Pulse Forming Networks

- Ripple on flattop
- Pulse rise and fall are not sharp
- Why?
* Attempting to reproduce a rectangular pulse, which is non-causal
- Wmax = *©, therefore, N must — «
- PFNs constructed with finite N
* Fourier series expansion of a rectangular pulse (period 0 to 1)
- 1(t) = 2 loeaT ) 3 __ by sin (nTrt/7)
* b,=(1/n) (1 — cos (nt)) = 0 for even n, 2/n for odd n
- 1 (t) = (4 lpear/TT ) an=1 (1/n) sin (nTTt/T) oOver only odd terms, n =1,3,5,...
* Magnitude of the nt" term a 1/n, sets convergence rate for a
rectangular pulse

Jun. 24-28, 2019 USPAS Pulsed Power Engineering C. Burkhart & M. Kemp 40



Fourier Components (Normalized) for a Rectangular Pulse

o1 AR

pe -y TN

1.4 I I I I

11(t)

12(t)

13(t)

14(t)

15(t)

16(t)

17(t)

-0.6 | | I I
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Fourier Approximation to a Rectangular Pulse

o1 AR

P M\

1.4 T T T T

1.2
I1s(t)

2s(t) 1

I3s(t)

14s(1) 08

I5s(t)

0.6
I6s(t)

\
W/ N

0.2

0 0.2 0.4 0.6 0.8
t
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Guillemin Networks: A Solution to “The Trouble with PFNs”

ol A

o M\

- E.A. Guillemin recognized that the discontinuities due to
e Zero rise/fall time, and
* Corners at the start/stop of the rise and fall

are the source of the high frequency components that
challenge PFN design. “Communication Networks,” 1935

- Further, since such a perfect waveform cannot be generated by
this method, that better results can be obtained by intentionally
design for finite rise/fall times (i.e. trapezoidal pulse) and by
rounding the corners (i.e. parabolic rise/fall pulse)

- Faster convergence of the Fourier approximation

* Trapezoidal: nt" term a 1/n2
* Parabolic: nth term a 1/n3

Jun. 24-28, 2019 USPAS Pulsed Power Engineering C. Burkhart & M. Kemp 43



Guillemin Network Design

- Assume circuit topology - ‘ ‘

L
- Each element of the series gt gt
C

. S . onm 7]
i(t)=1, Z b, sin —
n=1,35,... 3
- Can be produced by the circuit

1(t)n = sin( ,—
V

L
C,

[ ] [ [ ]
) =—2Showt
()n Z o

n
Jun. 24-28, 2019 USPAS Pulsed Power Engineering
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Guillemin Network Design (cont.)

ol A

o M\

- Comparing the amplitude . nmt V. 4
[ b sin— = —2_sin( )
and frequency terms for pk=n T I L C
the Fourier coefficients Cn s
and the LC loop )
Vn nw 1
I Ln JL.C,
- Solving for L, and C, C
T
L = where Z =
nﬂb ka
Tb
C = =
nr/,
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Fourier Coefficients for Trapezoidal Waveform

- For a trapezoidal waveform the series expansion is:
o0
: nia
()= 1 Z b, sin —
n=1,35... 3 |
I |
I |
]
4 s nm | |
bn — at < > \e—ar
nw nma o |
| - : Time
- wheren=1,3.5,... — 1 >
- a =risetime as % of pulsewidth 1
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Fourier Coefficients for Trapezoidal Waveform, 8% Risetime

Yo

1.4

1.2

0.8

0.6

0.4

Current Amplitude

0.2

P M\

Fourier Coefficients for Risetime = 8%

/—\

/

N

1st Harmonic
= 3rd Harmonic
e 5th Harmonic

—7th Harmonic
e 9th Harmonic

11th Harmonic

N

/
M\

- A -
0.3 04 0.5 00 0.7 /03>

0.9 1

-0.2 \—/
-0.4
-0.6
Time
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Fourier Approximation; Trapezoidal Waveform, 8% Risetime

Yo

L | BN g \
Sum 1-6 Fourier Coefficients - for 8% Risetime

1.4

W/ — NN
L/ RN\
| A\

Amplitude

0.2 1T —
0 ] T T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
-0.2
Time
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Fourier Approximation; Trapezoidal Waveform, 5% Risetime

Yo

P M\

Sum 1-6 Fourier Coefficients - for 5% Risetime

1.4

PSSR
L/ o N\
L/ e N

Amplitude

M/ ||

O T T T T T T T T T
(J) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

-0.2
Time
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Trapezoidal and Parabolic Waveshapes; General Solution
Valuesof b,, L, and C,,

Waveform b, L, C,
L I 2L
4 Z,T 4t
RectangUIar nir 4 n2J'L'2ZN TC1 -|'C3 TCS ‘|’
4 (sin nna) Z\t 4t (sinnna)
Trapezoidal nr\ nma 4 ( sinnmwa ) n’p’Z,\ nma
nwa
2 2

Flat top and 4 [sinfjnma Z,T 4t (sintnma

parabolic rise nr\ ltnma . sinlnza 2 n’r’Z,\ lnma

and fall tnma

I
| | 1
| | 1
| | \
| | \
R |
|
AT —> at « > |e—ar
° T
Time —> | v Time —»
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Waveshape with Parabolic Rise and Fall Time
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Fourier Coefficients for Other Waveshapes; Inductance
and Capacitance Values for Five-Section PFN

ol Ay
LS | SNy g \
Fourier coefficients Inductance Capacitance
Waveform a
bs bs bs b7 be In Ly Ls Lr Ly Ch Cs Cs Cq Ch

Rectangular 0 11.2732]|0.4244(0.2547 0.1819 0.1415(0.2500[(0.2500/0.2500| 0.2500| 0.2500{0.4053{0.04503{0.01621|0.00827| 0.00500
Trapezoidal 0.05{1.2679|0.4089|0.2293 0.1474 0.0988[0.2510{0.2595|0.2777] 0.3578] 0.3578|0.4036[0.04318{0.01459{0.00670| 0.00349
Trapezoidal 0.08{1.2601{0.3854(0.1927 0.1015 0.0482/0.2526(0.2753]/0.3303| 0.4478] 0.7340]0.4011]0.04089{0.01227/0.00462| 0.00170
Trapezoidal 0.10]1.2524|0.3643(0.1621 0.0669 0.0155/0.2542(0.2912|0.3927| 0.6796] 2.2875]0.3987]0.03865/0.01032|0.00304| 0©.00055
Trapezoidal 0.20(1.1911j0.2141 0 —0.0393 |—0.0147|0.2672(0.4455| o —1.1561|—2.4052{0.3791{0.02272 0 0.00179] —0.00052
Parabolic rise 0.05(1.2699(0.4166|0.2418 0.1640 0.1194|0.2507]|0.2547]0.2632] 0.2773} 0.2961{0.4042|0.04420{0.01539|0.00745| 0.00422
Parabolic rise 0.10(1.262710.3939|0.2064 0.1194 0.069110.2521|0.2694(0.3084| 0.3808| 0.5122/0.4019{0.04179(0.01314]|0.00543| 0.00244
Parabolic rise 0.20(1.2319{0.3127]|0.1032 0.0246 0.0017/0.258410.3393(0.6168| 1.8472| 20.94 10.3921{0.03318|0.00657|0.00112] 0.00006
Parabolic rise 0.25/|1.2092{0.2610{0.0564 0.00353| 0.0017{0.263210.4065{1.1292| 12.887 | 21.37 ]0.3849(0.02769]0.00359|0.00016| 0.00006
Parabolic rise 0.3311.1609(0.1720]0.00930| 0.00338] 0.0064]0.2742|0.6168(6.8493| 13.44 5.5556(0.3695{0.01825/0.00059{0.00015] 0.00023
Parabolic rise 0.40|1.1142;0.1080 0 0.0085 0.0015(0.2857]0.9821 o 5.346 | 23.15 ]0.3547|0.01146 0 0.00039{ 0.00005
Parabolic rise 0.50{1.0319/0.0382/0.00825| 0.00300[ 0.0014|0.3085|2.7747\7.7160( 15.15 25.00 0.3285(0.00406{0.00053/0.00014| 0.00005

Multiply the inductances by Z, 7 and the capacitances by 77Zy . The inductances are
given in henrys and the capacitances in farads if the pulse duration is expressed in
seconds and the network impedance is in ohms. “a” is the fractional risetime of pulse.
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Practical Implementation of Guillemin Networks

- Challenge:

* Wide range of capacitor and inductor values may not be
practical to implement

- Solution:
* Formulate impedance function of Guillemin
* Derive network with same impedance function, but more
practical topology
* 5 additional topologies are presented

Jun. 24-28, 2019 USPAS Pulsed Power Engineering C. Burkhart & M. Kemp

52



Synthesis of Alternate LC Networks

ol A

o M\

| | |
%'—1 Ls %Ls L2 %LM
TQ T(:3 Tc:5 T(:M_2 TCM
The admittance function for the above circuit has the form:
C;s

Y(s)=— — =%

LC *+1 L3C3s +1

2= 36

Z(s) in turn can be expanded about its poles to yield equivalent

networks have other circuit topologies
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Equivalent Guillemin Networks

Type A: 00893 00202 00075  0.0026
00781
e Capacitances vary o Type A

. 0235 140259 150313 o506
[ ]
Little used 00781 00632 00658 00774 01093

Type B; A e e e T
 Capacitances vary J‘O“GT 0.0642T 0.0703’I o.oasoT o.leuT
e Similar in layout to Type E

Type C: ozss% oz7o% ‘% % O,w%mec

* Capacitances vary 04003T oo-usT oomT oooaaT ooonT
e Straightforward design

* Often used

0.0914 00909 0.0908 0.0906 0.0882

- Type D
. . 0.0910 K 0.0 0.09 .0
* Fixed capacitance 00916 9‘°T 16]" 00916T"
* Negative inductances 0455 Bed 0.0012  0.000076

* Basis for Type E 01955 owzé 0423% % E_%
Type F

Fia. 6-22. ~—Equ|valent forms for five-section Guillemin voltage-fed network. Mulitiply
PY H the values of the inductances by Zyr and the values of the capacitances by r/Zy. The
CapaCItanceS Vary inductances are in henrys and the capacitances in farads if pulse duration r is expressed

in seconds and network impedance Zy in ohms.
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PFN - Type E

> 0.1586
> 0.1670

/ - \o/ A

S 0.1701
> 0.1615

/ \
000801 _0.0674_0.0668 _ 00711 0.0805
" V 2 T e

N 0.0914 00909 00908 0.0906 0.0882
— Type D
|

-0.0113 1-0.012291-0.0118 - 0.0077

0.0910| 0.0910] 0.0910] 0.0910] 0.0910
T T T T T Q-W"’T 00916 00916 00916 0.0916]
o- ) _ _ |

The negative inductance that are seen in the Type D PFN represent the mutual inductance between
adjacent inductors and may be realized in physical form by winding coils on a single tubular form
(solenoid) and attaching the capacitors to the inductor at appropriate points on the inductor.

The quality of the output pulse is dependent on the number of sections used. For a waveform having
a desired risetime/falltime of ~ 8% of the total pulsewidth, five sections (each consisting of one
inductor and one capacitor) prove to be adequate to produce the desired waveshape. A sixth section
provided only slight improvement. This corresponds to the relative magnitude of the Fourier-series
components for the corresponding steady-state alternating current wave. The relative amplitude of
the fifth to the first Fourier coefficient is ~4% while the sixth to the first is ~ 2%.

Note: If faster risetimes/falltimes are required, the number of sections needed to satisfy that
risetime increases.
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Type E PFN- Practical Design Parameters

- For : , Iy
* PFN Characteristic Impedance =7, S Yo
* PEN Output Pulse Width = 21 t= JINCn
- where Ly = total PFN inductance and

Cy = total PEN capacitance
* The total PFN inductance (including mutual inductances) and
capacitance 1s divided equally between the number of sections.
* Empirical data have shown that the best waveshape can be achieved
when the end inductors should have ~20-30% more self inductance.
The mutual inductance should be approximately 15% of the self

inductances.
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Type E PFN- Practical Design Parameters (cont.)

- Bottom line: don’t bust your pick designing a “perfect” PFN
* Capacitance values vary from can-to-can and with time
* Inductor values are never quite as designed
* Strays; inductance, capacitance, resistance, distort the waveform
* and should you somehow overcome all of the foregoing, you can be
certain that the technicians will “tune” the PFN and your “perfect”

waveform will be but a memory
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PFN Design for Time Varying Load

ol A

o M\

- Within a limited range, the impedance of individual PFN

sections may be adjusted to match an impedance change

In the load.

* For example: Each section of a 5 section roughly drives 20%
of the load pulse duration. If the load impedance is 10%
lower for the first 20% of pulse, designing the first section of
the PFN (section closest to the load) to be 10% lower than
rest of the PFN will make a better match and generate a
flatter pulse.

* This approach works only if the load impedance is repeatable
on a pulse-to-pulse basis
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PFN: Practical Issues

ol A

o M\

- Switch: In addition to voltage and peak current requirements, must
also be able to handle peak dl/dt (highest frequency components
will be smaller magnitude and may be difficult to observe)

* SLC modifications to 6575 doubled dl/dt
* Even with 2 thyratrons, short tube life
* Solved by adding “anode reactor” (magnetic switch in series with tube)

- Positive mismatch, Z,,,q4 > Zppn
* “Prevents” voltage reversal (may still get transient reversals), improves
lifetime
- Switch
- Capacitors
- Cables

* Incorporate End Of Line (EOL) clipper to absorb mismatch energy
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PFN: Practical Issues

- Inductors
* Must not deform under magnetic forces
* Tuneable
- Movable tap point
- Flux exclusion lug
- PFEN impedance range is limited (just like PFLs), as is maximum

switch voltage
* Transformers can be used to match to klystron load
* SLAC 6575 modulators are matched to 5045 klystrons with a 1:15

transformer
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Charge Circuits - Basics

Yo

P M\

- The charge circuit is the interface between the power source and
the pulse generating circuit and may satisfy the following functions
* Ensures that C, .4 is charged to appropriate voltage within the allowable
time period.
* Provides isolation between the power source and the pulse circuit

- Limit the peak current from the source.
- Prevent the HV switch from latching into an on state and shorting the

power source.
- Isolate the power source from voltage/current transients generated by

pulse circuit.

@
Power R Load Power
Supply T Cload Impedance Supply

Where C,,,4 represents the capacitance of a transmission
line, PFN, energy storage for a hard-tube circuit, etc.

Cioad
+ 1

!
Load
High Voltage Impedance

T Switch
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Charging Topologies

- Resistive charging
- Constant current resistive charging
- Capacitor charging power supplies

- Inductive charging

* CLC resonant charge
- De-Qing
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Resistance Charging

o1 Ao
LS | = g \ =3
[ - - ngh V()ltage
1 R 1 Switc
Y JNE B ¢
1 \/\/\/\ 1 ; o—— »
+ - - t=0
—1 1 |
— 1 1 — 1+
vV, —— 1 1 . S V (O) =0
o - 1(t Z c
i E © Cload
<7
| |
] ]
L---------------I
—t . .
( ) ‘/0 RepgClona Charge Circuit Resistance Charging Waveshapes
Nt)=—— “
Rchg 1v: —
—1 8 o2 \ /// —itt)
R}, ,.Croad > o2 \ /'/ —w ||
Ve,.. )=V, 1 ) BTN —
L K
EnergyLoad ~ ECLoad‘/o ’ r> 4RcthL0ad g 0»2 / \\
D.l / \\
) ) 2 —2¢ '0 ( I s
E _ ,2 R d _ R * ‘/0 RCthL()add o 05 1 1.5 2 25 3 35 4 4.5 S 55 EI.
nei’gyLost — j l (t) chg t — ¢ - e t RC Time Constants
0 .0 Rc
v2( R, C 2 Maximum charging efficiency is 50%
hg~~ Load ReneClrou .
= RO ——= ) T e et |O =3 C,..V; (independent of the value of Ryy,)
chg
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Resistance Charging

ol A

- Advantages
* Inexpensive
* Simple

* Allows use of low average power, power supply
* May eliminate the need for a high voltage switch
* Provides excellent isolation
e Stable and repeatable

* Charge accuracy is determined by regulation of power supply

- Disadvantages
* Inefficient

* Slow for high energy transfers
* Requires resistor rated for full charge voltage and, depending on
the charge time and energy transferred, a high joule/pulse or
average power rating

Jun. 24-28, 2019
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Constant Current Resistance Charging

=~
9
--------------- 1 High Voltage
Rchg : 'Sytch/
Mo |
2 t=
i 1+
i I=constant c T~ V;(O) =0
1 load
<
|
.............. =
Charge Circuit
C, ) I where T = time for V. to approach V,
" CLoad CLoad "
T
ELost = jlchhgdt = IchhgT
0
E,.=tc e )
Sored — 5 TLoad TCppq 2C, Efficiency approaches 100% as
| E, T T>>2R ,Ci oad
Efficiency = ”i eE = TTIR C Efficiency = 71% for
Swored Lost chg ™~ Load T =5RcthL0ad
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Constant Current Charge

- Advantages
* Efficient
* Power and voltage rating on charge resistor is low
* Can still provide excellent isolation

- Disadvantages

* Expensive: requires constant current power supply or
controllable voltage source
* Maximum burst rep-rate determined by charge rate
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Charging Efficiency is Waveform Sensitive

1.1

0.9

0.8

0.7

06

0.5

0.4

0.3

0.2

Normalized Capacitor Charge
Voltage

0.1 A
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Resistance vs Constant Current Charge
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RC Time Constants
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Capacitor Charging Power Supplies

- Positive attributes

Efficient (>85%)

Low stored energy

Stable and accurate (linear to ~1% and with 1% accuracy)

Can be operated from DC output to kHz repetition rates

Compact (high energy density)

Good repeatability (available to <0.1% at rep rates)

Output voltage ranges up to 10’s of kV and controllable from 0-100% at
rated output voltage

Charge rate usually specified at Joules/sec

Internally protected against open circuits, short circuits, overloads and arcs
Locally or Remotely controllable
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Capacitor Charging Power Supplies

- |ssues

* Cost (usually > $1/watt)
* External protection must usually be provided for voltage

reversals at load

R; terminates the output cable
HV Supply and prevents the voltage
Ro Lo 1OutPut G L reversal from the closing of
switch S, from appearing
o . . across D4. R, is the internal
A —— — :, o resistance of the power supply
and is usually on the order of a
few ohms. C, is the internal
— — power supplies internal
capacitance and may only be a
few hundred pF.

Generalized HV Supply Load Connection
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Capacitor Charging Power Supplies

0\

Period

Capacitor Voltage

!

0A

e

Normal Charging Current

Current through D1
from reversal (Vr)

HV Supply output diode under voltage

reversal conditions

Jun. 24-28, 2019

Cable Rt'
c Prtcion
e R1
T T \ (load)

Voltage Reversal Protection Circuit

The protection diode needs to have:

a reverse voltage rating that is higher than the
circuit operating voltage and the supply
operating voltage (with a safety factor); a rms
current rating higher than seen in the circuit; and
a forward voltage drop during conduction that is
less than the voltage drop in the power supplies’
diodes (if R/ is not used). If used, Rt’ should be
selected to limit the current to the supply rated
output current or less.
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Capacitor Charging Power Supplies

- Useful relationships

* Charge time Vetarge Capacitor Voltage
_ l CLoad‘/chg‘/rated
chg —
£2 P

Peak power rating

_ 1 CLoad‘/chg‘/rated .
B =377
chg . € Crarge Time ,-Tc (peak power) »
° Average power ratlng Period = 1/rep. Rate (average power) ﬂ
P = ! PRF
avg 2 CLoad ‘/chg‘/rated Where:

Maximum repetition rate
1 P

avg

PR, ==
2C, V.V

Load " chg " rated

Output current

;2P
output V

rated

Jun. 24-28, 2019 USPAS Pulsed Power Engineering

T, is the load charge time in seconds
Pcax 18 the unit peak power rating

Cloaq 1 the load capacitance in Farads
V.ne 18 the load charge voltage in volts
Viateq 18 the power supply rating in volts
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Capacitor Charging Power Supplies

o1 Ao
b M\
- Switch-mode power supplies
- Constant current on recharge time scales, but little output
filtering so high frequency structure of the converter is on the
output current
* May result in increased losses in charge circuit components (e.g.
diodes)
gl BRI |
Lo e vov P U [
. 16 : s —protocol
—} 3300 7 I 1w S |
44uF 148 xH Freq. R it [ i oo S U B S
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DC Resonant Charge - Capacitor to Capacitor

Charge Circuit

!

o

Charge Circuit
. V.o t vV . C,C
i(1)= —=2 sm[ J =—gsinet Wwhere C, =——
Lchg 'J Lch gCeq Z 0 + CLoad
C,,

Load

T C,
At peak voltage ( = —j V. =2Vo—=
0, C

CLoad

2V.C
ForC,6 =10C,,,: V, —=

CLoad =
Co + CLoad
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DC Resonant Charge - Capacitor to Capacitor

- Advantages
* Efficient

* Voltage gain reduced the PS voltage requirement

* Easily capable of high repetition rate operation

* Can operate asynchronously

* Power supply isn’t required to provide large charge current when
system is operating at low duty factor

* Low di/dt requirements on high voltage switch

- Disadvantages

* Requires a large DC capacitor bank
* DC capacitor bank needs to be fully recharged between pulses to
ensure voltage regulation at the load, unless alternative regulation

techniques are employed

Jun. 24-28, 2019
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Effects of Stray Capacitance

o1 Ao
o b M\
After C,_, is charged : -Dﬁ """" v
1 1
: i I V (O) = O
V. =2VandV, =V | | N L
Load s AV — 1 1t ‘ : 1+
o T - G— i(t) ') Croad -~
Long o ; ;’r 1
. . Charge Circuit
— it —) C, = Stray Capacitance to ground
G Cioad Peak inverse diode
C,>>Cppy >>C voltage ~2V,
instead of V,

i(1)= L sin(ar) = Y sin or
_chg Z

C
Ve =2V, =V cos ot

cC 1
where C_ =—" and @ =—F—
! Cs + CLOad d Lctheq

Jun. 24-28, 2019

Effect of Stray Capacifan
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|
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Effect of Stray Capacitance

C, - stray capacitance to ground

Al

C4 - stray capacitance across diode stack (includes
diode junction capacitance, capacitance between
mounting connections, etc.)

L- total series inductance between diode and

Charge Circuit g roun d

[

Al

— oy, Cload + 5y

Equivalent Circuit where: C,>>C,,,s>>C,,Cy

After C .4 is charged:

Cs will ring with C, and can create large inverse voltage
across the diode stack C, .4 Will oscillate with C4 and C,

Inductor Snubber and/or Diode Snubber may be required

Jun. 24-28, 2019
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Diode Snubber

S
coo P Q0000
R, i1s used for DC grading of diodes to force voltage sharing between diodes. Want the current

through R, to be large compared to the maximum leakage current (I,)through the diodes: R ~ ﬁ

r

Cps and Rpg form the fast snubber where Cpyg is for voltage sharing and Rpg is for damping.
Energy is stored in Cpg and dissipated in Rpg

Considerations for Cq : Considerations for R i :
Charge stored @ ~0.7 volts =10 diode junction charge 2 | L : o
c R, > N+ where N is the number of series diodes
TDS >> the stray capacitance of the entire stack (N diodes) D%V
C,s should be as small as possible for higher efficiency R C is small compared to maximum applied Cli_v
t
DS~ DS

Power Dissipation Rating > 2(PRF)C V> where V. is

the maximum inverse voltage on the diode
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Charge Inductor Snubber

[ o\
Lepe Diode
" Pl C,>>C,,, >>C
VO +:: CS ::+2VO Cl%_"‘ 2VO o = 1
C - o=
¥ Lcths
L Select C, 5 >Cq
g L, o
_B?LF_RLS 00000 Considerations for R g:
C ::+2VO —> Y 1 Lch L.
i ST (1): R, < > ?g (critically damped)

Equivalent circuit with
snubber across inductor

Jun. 24-28, 2019
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S

(2): Ensure power rating is adequate :
P>2(PRF)C,JV,

(3): Adequate voltage rating (> V)

(4): Want R, ;C,; >> charging period

C. Burkhart & M. Kemp
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Inductive Charging Voltage Regulation

ol A

o M\

- For klystron phase stability, PFN charge voltage regulation
may need to be ~10 ppm

- High power supplies usually do not have precise regulation

* Requires more complicated topologies (over simple
rectifier/filter)
* Increases cost

- Common approach to regulate PFN charge voltage from

unregulated source is de-Qing

* Monitor PFN voltage during charge cycle

* When PFN reaches final voltage, shunt energy remaining in
charge inductor to dummy load

Jun. 24-28, 2019 USPAS Pulsed Power Engineering C. Burkhart & M. Kemp
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De-Qing

o1 AL
i T o\
Vorw REGULATED (APPROX. 40kV)
MAIN THYRATON FIRES
CHARGING CYCLE REPEATS
- TIME
ENERGY ABSORBED ’
BY REGULATION
" . CHARGING o ng&'gﬁ @ PEN
D.C e TRANSFORMER
POWER o_fY'WL s . _ﬂ —I'V‘Y'Y'\_
SUPPLY 25:1 RATIO R1 _Lc, _—
STEP ~ DOWN
* o | ey KLYSTRON
L PULSE
= DIVIDER
D.C FILTER R1 c) TRANSFORMER
NETWORK e
COMPARATOR
8 TRIGGER MAIN
GENERATOR THYRATROM I
. R2 Tcz
= msmon
6 D.C. REFERENCE
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De-Qing Limitation

- During the delay between the measurement of the PFN reaching
the desired charge voltage and the termination of charging current
(system delay), the PFN voltage continues to increase

- When the unregulated source voltage is higher, charging current is
increased and the PFN voltage increase during the system delay is

increased (AVpgy)
- This error must be corrected for precise PFN voltage regulation

* Phase advance on voltage divider T T T T T T
- Measured signal, V), actually higher 25w |-
than PFN VOItage, VPFN 25% VOLTAGE INCREASE\V/
- Ratio of Vy/Vpgy is a function of PFN ., |- . —
Charge rate (UNREGULATED) } AVpey
- Compensates delay
Used in SLAC 6575
. Feed forward control loop
- Measure final PFN voltage < /
- Adjust timing if voltage fluctuates
- Used at PAL 05 Yo
* Similar regulation accuracy

o
O<
a

I

1
}a— SYSTEM CELAY

_______ VDC FOR 25% < '0 OF FiG. 13-13

VOLTAGE INCREASE 7/

PFN VOLTAGE (Vpgy)
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Control System Functions

- Control output waveform
* \Voltage
* Pulse shape
* Timing
- Protect system (MPS)
* Qver voltage

* Qver current
* Heater time-outs

- Protect personnel (PPS)
* PPS interlocks
* Emergency Off
* Access interlocks

° Energy discharge
- Bleeder resistors across capacitors
- Engineered grounds
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Control System Elements

- Lab Scale: independent elements

* Charging supply with integrated controls
* Trigger generator
* Diagnostics

- Oscilloscope

- Probes
* Voltage divider
* Current transformer

System level (e.g. HLRF)
Facility level (e.g. accelerator)

Jun. 24-28, 2019 USPAS Pulsed Power Engineering

C. Burkhart & M. Kemp

83



Control System Elements

- |Installations

* Control system interfaces to many operators/users and many
other machines/systems: an integrated control system is
required
- Periodic evaluation
- Configuration control

* Control system may incorporate many components at varying
levels

- Integrated modulator control (modern trend)
- System level (e.g. HLRF)
- Facility level (e.g. accelerator)
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Elements of the 6575 Modulator Control System
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Integrated Control Elements

- Programmable Logic Controller (PLC)

* Replaces relay logic
e Serial communication interface (EPICS support)
* Limitations
- Slow
- Loop timing not clocked
- Expand capabilities with additional circuits
* Sample-hold

* Peak detect ILC-Marx PLC chassis
* Various A-D and D-A ET—

- Programmabile logic devices (CPLD, FPGA)  commincaton  Celd  Jovicccay  Leds indica

& meas\urement program control logic cell statuses
* Fast, to >100 MHz clock

y Powe rfUI ILC MARX CONTROL MODULE_32 =7
2 ¢ = — E
* Compact : -
* Flexible :
L =7
* Commun|cat|0n Optlons Cell Over-Current Fiber Optic Links to  Remote-Local ~ PWM chip driving
. Detectors (under GroundeOntroIIer Oper. Setting  50kHz current source
* |nexpensive (after development costs) C0H)

Control board for SLAC developed ILC-Marx
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