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Basic Topologies |

* Basic circuits

Charging circuits

Electrical Safety

* Diagnostics

* Grounding and shielding
* Controls

* Basic Topologies Il (Class 6)
* Hard tube
* Line-type

* Transmission line
* Blumlein
* Pulse forming network
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Basic Circuits: RC

* Capacitor charging
 Capacitor discharging

* Passive integration — low-pass filter R
* T << RC: integrates signal, Vour = (1/RC) [ V| dt IN C—~ OUT
e T >>RC: low pass, Vour = Vin . T .
* Passive differentiation — high-pass filter — -
* T >> RC: differentiates signal, Vgyr = (RC) dV,, /dt C\ i
* T << RC: high pass, Vour = Vin IN R QuUT

* Resistive charging of capacitors °
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RC Charge Voltage

X AAAA
== c== |
Natural response Forced response Complete response
v/R+C(dv/dt)=0 ve =V ve = V=V, exp(-t/R:C)

[ dviv = [ (-1/RcC) dit

Vo=V, exp(-t/R:C)
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RC Charge Voltage

t=0 Rec
D g A
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. VC = 6'.[ |c dt
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-632E at t=4RcC=4 T
Capacitance o
Limits Ve = .982E
Voltage Rise or Charging
is 98% Complete
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RC Charge Current

w } O
C
-t 5
io(t)= (Vo-cV.) e ™ - V-Cv. eg'c
initial voltage =0
=1
()= ge™ , 1=RC
0.368 ;—Z
Vo
0185 Re \'\

~1
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RC Charge Energy

Energy Stored?
' dv
W= dt = Jeidt , i =C
J P -[, dt

2
np %— Ccv

99%
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LR Circuit: Inductive Risetime Limit

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

circuit ®
- Inductance limits di/dt s00m o
- Reach 90% of equilibrium current V/R, in
~2.2 L/R E700m
R —300m
lllllll o
500m 1.50 2.50 3.50 4.50
time in LIR
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LR Circuit: Decay of Inductive Current

- At t=0, current I1=1 flowing in LR circuit

- Fall to 10% of initial current in ~2.2 L/R Gk
400mE N
%\ \\\
£ o0 e —re————)
> "1
§ | |
3 o
-800mE/
B T T T

time in L/R
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LRC Circuit

* 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; = oo, reduces to familiar LRC with power supply
* Limit C, = oo (short), reduces to familiar LRC
* Limit R = 0, reduces to ideal CLC energy transfer
* Limit L = 0, reduces to RC
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CLRC Circuit Definitions

L
T= R 1/27 is Neper frequency (o)
i L
c - C,C, Switch R
“C +C, '—’)"(U)"’()"L\/\/\/

1

W, = Resonant frequency
/LC 1+ .
; “— it) - @
2
w’ = ABS| @’ — (ZLJ j =B Natural frequency
T

L T
Z,= C_ =

eq

0= % = (Circuit Quality Factor)

V, =initial charge voltage on C,
0 =initial charge voltage on C,

Beam Physics and Accelerator Technology
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CLRC Circuit General Solutions

i(t) = Ajexp(s;t) + A,exp(s,t), where Switch L

o Q0000  AAA_
s, =-(1/21) £ V(1/217)2-02

Overdamped (R > 2(L/C)¥/2, 3<0): s i
(1/27) > oy, sy , are negative real numbers G i(t) @
i(t) = Ajexp(s;t) + A exp(s,t)

Critically damped (R = 2(L/C)/2, 3=0): I
(1/21) = m,, solution to diff. eq. after =

substitution _ _ _
i(t) = exp(-t/27) (ALt-A)) oi(t)/de+{R/L)di(t)/dt+{1/(LC))i(t) = 0

Underdamped (R < 2(L/C)¥/2, 3>0):
(1/21) < g, 51, are complex numbers
i(t) = exp (-t/21) [Aexp(jot)+A,exp(-jmt)]
i(t) = exp (-t/27) [B,cos(mt) + B, sin(mt)]
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CLRC Behavior: Underdamped limit, R < 2Z,

Switch L R
-1
i(t)= e*" sin wt
ol
V.C (1 e —
- . -I__ . t —
Vo (1) =—"L- l—e“(—sma)t—cosa)tj ©
? C +C, 20t

1 1

e @1, = = tan”' (2wr) =
—t —t Normalized Current as Function of
. ‘/0 ?L V - V (Critical Damping Resistance) *N
— T — _O 27 ~ 0 1.00E+00
ek =T T 7Y T 7 08R Y [ |
0 0 + . 8.00E-01 / 0. N=0
6.00E-01 / — ::E:;v ::150_
Ceq 4.00E-01 /____.-\ \\
0 2.00E-01 ﬁ \ ES*
: T N
l(t): 0 ; ch(t): peak @ t() == E’ o.oos+oooo os 1o s 20 2fs 30\35 4 50/ 6ls
a < 200e01 /f
__71_ -4.00E-01 \ /
Ve, (0 = k| 14 67 - N1
C + C -1.00E+00 \L//
Time
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Highly Underdamped, Z,/R = o<: Resonant Energy Transfer

. VO ) . Switch L R 0
fpeat = - i(1) = (Vy/Zy) sin (ayt) _/._JM
0

- (m2)LC, T ( T

Lpeak @t = 2
V.C =
VC2 (t) _ :‘ (1 Co S(a)()t)) ) Lossless Energy Transfer
7 (peak)@r——”= |LC, AN
@ L/ //\\
2V C, L/ / \
V. = A e
(peak)= C+C, JA LA \
= \

15
Time
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Highly Underdamped: Resonant Energy Transfer (cont.)

120%

-
Q
(=}
x

- Peak energy transfer efficiency achieved
with C1= Cz

- 1 = 4C,C,/(C1+C;)?

80%

S
Q
o~

N
Q
X

Energy Transfer efficiency (%)
an
Q
o~

o
N
X

4 6 8 10
Capacitance ratio (C1/C2)

o
N

200%

- If C;>> C,, the voltage on C, will go to twice o
the voltage on C, o
100%

- Vermin= Voil - 4C,C,/(C1+Cy)%)

80%
60%
40%
20%

0%

Max V C2, Min V C1 (%)

~

0 2 4 6 8 10
Capacitance ratio (C1/C2)
% Voltage on C2 % Voltage on C1

Beam Physics and Accelerator Technology

Ih”l.s ;U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
e‘ ) L ducation in Beam Pt !



CLRC Behavior: Overdamped limit, R >> 27,

V —z—t Switch L R
€ "ra —ot
i(1)= +— S e —e ] o LRRAR AN
B 1
2w _ e e G i(t) — ©
Cz()_z o ¢ | T ]
@ Do —t0 — -

nd Accelerator Te
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Charge Circuits - Basics

* 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.
- May provide voltage gain
- Isolate the power source from voltage/current transients generated by pulse circuit.

High Voltage C
s Ha
[
I
Power 1+ Load Power %oadd
Supply T Cload Impedance Supply T IS-h\‘Vgilﬂthl:/oltage mpedance

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

* Resistive charging

* Constant current resistive charging
 Capacitor charging power supplies
* Three phase controller rectifiers

* Inductive charging

* CLC resonant charge
- De-Qing

: Beam Physics and Accelerator Technology
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Resistance Charging

[ - nghv()ltage
1 R 1 Switc
N YN .
: ey X
+ § $ =0
1 ] 1
v, — : : — | v(0)=0
(O — —1- =
: H Cload ¢
1 1
| 1
_ L L]
. ‘/0 R{h CLOad L---------------I . R
l(l‘)z —2 s Charge Circuit Resistance Charging Waveshapes
chg 1.1
—t 1 /—-.-__-_.__
RepoCLoad =0 =
V. )=V, 1-e" A 1 =
Clroad ( ) o i \ /’ ——
E 07 // —
1 z s
EnergyLoad ~ E CL()ad‘/oz’ > 4RcthL()ad E 0:4 N
£ 03 \
. of ) —2 S VAR
Ene?’gyum — J.iZ(t)RChgdt — RCJ‘ Yo eRcthLmddt o / \\‘\--....*H
O 0 RC ’ 0 0S5 1 15 2 25 3 35 4 45 S S5 6
) R C 2t RC Time Constants
\% ‘ 1 ) ) .. .
= R" (— Chgzmd] RoClnt | = > CroudV) Maximum charging efficiency is 50%
0 .
chg (independent of the value of Rg,)
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Resistance Charging

* Advantages
* [nexpensive
* Simple
* Allows use of low average power, power supply
* May eliminate the need for a high voltage switch
* Provides excellent isolation
* 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

: Beam Physics and Accelerator Technology
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Constant Current Resistance Charging

--------------- 1 High Voltage
R 1 Switc
chg 1

] YO — -
! t=0
' +
i I=constant c_1- Vc(o) =0
: load
1

-------------- J

Charge Circuit

= 0 = 7 where T = time forVCL to approach V,

CLoad
CLoad CLoad

chg

T
E, =|IR,dt=IR,T
0 Efficiency approaches 100% as T>>2R ,,C; g

2 . .
E,., = 1 c, V2 = ﬂ Efficiency = 71% for T =5RcthLoad
2 e 2CLoad
E T
Ej‘flczency — Stored

ESmred + ELost T + 2RcthLoad
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Constant Current Charge

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

* Disadvantages
* More Expensive
* Constant current power supply generally more expensive than constant voltage
* Maximum burst rep-rate determined by charge rate
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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 (usually)
* Locally or remotely controllable

Ih”[s }U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Capacitor Charging Power Supplies

* |ssues
* Cost ( $1-S3 / Peak Watt)

* You are buying peak power, average power is usually a little less than peak
 External protection must usually be provided for voltage reversals at load

HV Supply

el Output . ciu R; terminates the output cable and prevents the
M Cable voltage reversal from the closing of switch S;
J from appearing across D;.

D1 Co Ce
A — L , R R, is the internal resistance of the power supply

(load) 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

Ih”l.s }U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Capacitor Charging Power Supplies

Output ' C1 L1
Cable Rt Rt
Capacitor Voltage Cc Protection
1 diode R1
T T 1 (load)
o !
Vr =
_‘g et Voltage Reversal Protection Circuit
Current through D1 The protection diode needs to have:
from revefsal (V0 - areverse voltage rating that is higher than the circuit
Normal Charging Current operating voltage and the supply operating voltage (with a
safety factor)
\ \ - arms current rating higher than seen in the circuit
0A - aforward voltage drop during conduction that is less than
HV Supply output diod§ .under voltage the voltage drop in the power supplies’ diodes (if R is not
reversal conditions 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

. . Vcharge ”
* Useful relationships Capacitor Voltage
* QOutput current
Ioutput = I:)peak/vrated = CIoachhg/Tc
* Peak power
I:)peak = CIoachthrated/Tc
* Charge time € Charge Time =Tc (peak power) »
Tc = Cloachthrated/Ppeak » Period = 1/rep. Rate (average power) ﬂ
* Maximum repetition rate Where:
PRF, . = |:>avg /(Cloadvchgvrated) T, is the load charge time in seconds

Ppeak 18 the unit peak power rating

Cload 18 the load capacitance in Farads
Veng 1s the load charge voltage in volts
Viated 1 the power supply rating in volts

9l.e,rat0r School Pulsed Power Engineering Winter 2025



Capacitor Charging Power Supplies

- Switch-mode power supplies (series-resonant converter)

- Constant current on recharge time scales, but little output filtering so high frequency
content on the output current

* May result in increased losses in charge circuit components (e.g. diodes)

High Frequency
Inverter HV HV

. ; Rectifiers Output
Q, E“_ Q, EIL HV | —
Transformer & D, # D,

Rectified L]
Line C L - C
VOItage 1 —_— . N load
I iD, % D,

of o] —

Bluhm, H., Pulsed Power Systems Principles and Applications, Springer, 2006
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Capacitor Charging Power Supplies

. + 4‘—| 7
¢ W
! %_DI 4

Vin(t) bﬂ [ ] Wuﬁ ]

LT [

i(t) = (Vis-Va/ N)(Ceq/L) ™2 sin(@qt) = (Vin-Vea/N)(C/L) Y2 sin(wqt)

N2C,>>C so resonance is not affected by the load capacitance

Behaves as a constant current supply
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DC Resonant Charge - Capacitor to Capacitor

Charge Circuit
S N L o
1 = c
1 1
RLC circuit with diode to block reverse N = E : N
. . . . _— . 1 —_—
ringing and permit switch recovery Vo ——_C ( i i) E Cod ™
1
’ : :
. -
CC Charge Circuit
i(1)= Yo sin d J _ Yo Ginar  where C, =L
Lchg v Lctheq Z Co + CLoad
C,,

T C,
At peak voltage (t = —) V. =2Vo c L

: CLuad
)
c Load

2V.C,

Crouad =
Co + CLoad

ForC, =10C,, ,: =1.82V
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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

: Beam Physics and Accelerator Technology
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Effects of Stray Capacitance

I Disde P
. [ Y A 3
After C, ., 1scharged : ; i =
Load v, = : e D == \v(0)=0
o— T ; CG—— it) co T ¢ =
>~ ~ 1 H [ load
Ve, =2V, andV, =V, C < : j :>
N
0 LCC thC 0 Charge Circuit
C T @ c — Vo Cs = StI’ay Capacitance to ground Peak inverse diode
s load voltage >2V, instead
Co>>Cro >> € of V,

i(1)= —G—Z sin(at) = —‘;ﬂ- sin ot ) rect orstray capadﬁ/

ﬂ 20— |—VCload ‘/
C = LA
: : il
V. =2V -V coswt -
S c / TRAARN
cC 1
where C =——4 gnd @ =—
“ Cs + CLoaa’ d Lchgceq

Ih”l.s U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
e‘ ) L ducation in Beaz Pt !

Beam Physics and Accelerator Technology




Effect of Stray Capacitance

4%”—/-11% C, - stray capacitance to ground

Croad| + Cq4 - stray capacitance across diode stack (includes
) diode junction capacitance, capacitance between mounting connections, etc.)

L.- total series inductance between diode and ground

J Cio . . .
G == 2Vo lad *+ 5y, Equivalent Circuit where: Cy>>Ciaq>>Cs,Cy

After Cio.q is charged:

C, will ring with C, and can create large inverse voltage across the diode stack
Cloag Will oscillate with C4and C;

Inductor Snubber and/or Diode Snubber may be required

Education in Beam Phy

sics and Accelerator Technology
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Inductive Charging Voltage Regulation

* 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

Ih”[s }U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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De-Qing

Vprn UNREGULATED

v,I
]
©) Vepw REGULATED (APPROX. 40 kV)

estcracsesisossne
. .

¥ - 2

MAIN THYRATON FIRES

CHARGING CYCLE REPEATS

- TIME
ENERGY ABSORBED ’
BY REGULATION
CHARGING o cg%’ﬁ'gs @ PEN
D.C — Vpe Lp TRANSFORMER
POWER 0—/Y YY"\ —p} e
SUPPLY 25:1 RATIO Rl ..l.c'
STEP ~DOWN
* c | gﬁ;‘"ﬂ”"’ KLYSTRON
A PULSE
= , DIVIDER
=t PULSE 25us —250 kv
0.C FILTER R1S C1 TRANSFORMER
NE TWORK 3 112
_— COMPARATOR -l—
8 TRIGGER MAIN
SWITCH YRAT
GENERATOR ) 3 _L THYRATRN I I
<
. R2¢ Tcz Y
KLYSTRON

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

o« e I I I T T T T T T T T T T
* Phase advance on voltage divider ,
2.5 Vpe [ ’,—— . -
* Measured signal, V), actually higher than PFN voltage, Vpen A .Ncmss\y//’
* Ratio of V\/Vpey is a function of PFN charge rate o b . // S |
* Compensates delay = (UNREGULATED) // F } avorn
* Used in SLAC 6575 i = # /5/‘ 11 ]
2 /s S s —=1  te— SYSTEM DELAY
* Feed forward control loop g Lo i BT / // S
. z VOLTAGE INCREASE 7/
* Measure final PFN voltage S oo |- s .
. . . . // COMPENSATED DIVIDER
* Adjust timing if voltage fluctuates > WITH PHASE ADVANCED
.. . B s / NORMAL PFN VOLTAGE
* Similar regulation accuracy e 7 1
Ve
SEZ
&y Z | 1 I L | 1 1 L f I D |
o 15 30 45 60 75 90 105. 120 135 150 165 180 195  2I0

Wt (DEGREES) 822678
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Alternative to de-Qing

* Traditional resonant charging through transformer in Stage 1

Ipri I sec V sec V pfn
Switch1 L1 cr T1 CH D3
P—X“—ﬁv—i 3 1:20 —7 M ]
N = X 4 $
M- i : > e
: 1 ~| S 2+ a x o8 c2
- ) 9, ‘ 2 10k Thyristor ,
200 ] Vv £ ¢ V-di 150nF
L 10nF == 45k
.. .
- 28
Switch2
B ElEE %
Stage 1 o
° Ch.1: | primary
Ch.2: | secondary
N Ch.3: PFN Voltage
[N VR ‘//"?_ﬁ Ch.4: Secondary Voltage

l,q{s i Pulsed Power Engineering Winter 2025
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Alternative to de-Qing

* Energy in primary magnetizing inductance and L1 recovered through D1/D2 after Switch1 and Switch2 open
* Stage 2 freewheels until current in transformer secondary reverses

Ipri Isec V sec V pfn Tojk Run

5 Stage 2 ‘

i y T |
- e ‘\'d“ 7 ’71:;:-7; EL f
N

> 45k T 8 . -

!
H
i
i t
™ - 1.0 ‘ - % )[su O J[:N%SGS/ ][ &
=
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Controlled Rectifier Converters

Used in higher power applications to rectify the line voltages to create a DC voltage/current source

Typically use a 3-phase system to feed 6 or 12 thyristors (with a phase shift transformer)
Begin analysis with idealized circuit and constant current load

P

7L T 7I7'3 \JS T *
,,_L_@_g_—l}_,i\___? vy CP Iy

-ZJS Ty }AETG AT,

Mohan, N., Undeland, T., and Robbins, W., Power Electronics Converters, Applications, and Design,
John Wiley and Sons, 1989.
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Controlled Rectifier Converters

P
<@
‘_k@S T 1 T3 | Ts

— [
f_@_o_—_r;’\——- va (D|la

—i ] ]

7 7’4j 6 yi Ty }
< .

6-pulse controller rectifier. Current path prior

to t=0 in red, current path after t=0 in green

Waveforms for a=0. V4=1.35V_

Ug, Ybn

Phase angle a to control
DC output

For converter operation, . |
0° <a<90° —

|
!
|
|
I
{
|

Waveforms for a>0. V, = 1.35 V| _cos(a)
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Controlled Rectifier Converters with line inductance

I8

=25% AC inductance mandatory in German VDE standards oL = 0.05
Vi /(N3 1)

AC inductance limits bolted fault currents

Line side transformers add inductance

= mt

i /
e =15 ]><|. lg =1i)

a (o +u)

—= 0t

Waveforms for a>0 and finite line inductance.
Vs =135V COS(OL) - 3(D|_5|d/Tt
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Practical considerations for Controlled Rectifier Converters

Line notching can occur at the point of common coupling (PCC) on an AC
distribution system

This can cause problems with sensitive electronics connected to PCC

Notch depth at PCC reduced by Lg4/(Lss+Lsy) relative to that at the converter
For small u, notch width = 2wL4l4/(V2V| sin o) radians

wt

Al
P o | e o o o
A

%

| | i
ig I l
$> ! \ ! \
, , 2V | 4, = 20,0,
iz = continuous I | | o
C 0 T

‘ Vp = 2 Vg sin
- J_r

wt

Equipment
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Harmonics and power factor on Controlled Rectifier Converters

Harmonics generated are fundamental and others according to harmonic

number:

h = pn = 1 where p is the pulse number of the converter and n=1,2,...

For the 6-pulse system presented, harmonics are 5%, 7t 11th 13t
Amplitudes of harmonics are (1/h) that of the fundamental

Power factor can be derived

PF = (3/%)cos a

IEEE-519 defines harmonic limits at PCC

Beam Physics and Accelerator Technology

Iﬂl‘s U.S. Particle Accelerator School
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Maximum Harmonic Current Distortion in Percent of I,

Individual Harmonic Order (Odd Harmonics)

Isc/IL <11 11<h<17 17<h<23 23<h<35 35<h TDD
<20* 4.0 20 1.5 0.6 0.3 5.0
20<50 7.0 3.5 25 1.0 0.5 8.0
50<100 10.0 45 4.0 15 0.7 12.0
100<1000 12.0 55 5.0 20 1.0 15.0
>1000 15.0 7.0 6.0 25 1.4 20.0

Even harmonics are limited to 25% of the odd harmonic limits above.

Current distortions that result in a dc offset, e.g. half-wave converters, are not allowed.

* All power generation equipment is limited to these values of current distortion, regardless of actual /.

Where

Isc = maximum short-circuit current at PCC.

I = maximum demand load current (fundamental frequency component) at PCC.

TDD = Total demand distortion (RSS), harmonic current distortion in % of maximum demand load
current (15 or 30 min demand).

PCC = Point of common coupling.

Pulsed Power Engineering Winter 2025




Example

Design a simple resonant charging system to charge a 100 nF capacitor to 10 kV using a 1 kV
capacitor charging supply. This is for an abort kicker system that extracts beam from a storage ring
operating at 60 Hz. To ensure that beam is not delivered to the ring prior to the kicker being
charged, the 100 nF capacitor must be charged at least 6.7 ms prior to firing the kicker. Assume all
circuit elements are ideal. S1 peak current cannot exceed 10 A. Stored energy in the capacitor
must not exceed 10 J due to safety concerns. Determine the main component values and
maximum switch current to satisfy the design requirements.

S2

VAL

NN

Lmagnet

5 5 5 B
i
C T Cload

=

|

Vmax @ Cioaq = 2Vo(C/(C+C)aq)) — 2V < 10 KV so a transformer is
required

I&”‘s }U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Example

S2

1 2 2 3

Cload Lmagnet

I o o Vo VN
N
N
VAL
o
'_‘—‘ }—‘*r.n o
(8]
©
VNN Dy -y

I
L

Equations:

E<10J->C<20/Vy?>=20 uF
2N(C/(C+N?Cpaq)) = 10

N>5 to achieve desired voltage gain
lpeak = Vo(Ceg/L)2 <10

= /o = n(LCeq) "2 < (1/60) - 6.7 X 103 = 10 x 103

1:max -

Ceq = NZCCIoad/(NZCIoad"'C)

Ih”[s }U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Example

5 MO, .

Lmagnet

e 2 Vo Vo VLS.
—
=
A R
o
[e]
Q
o
IR N Ny

I e

From equation 2, C = 5N2C,,,4/(N-5). Substituting C=20 X 10- yields
N2-40N+200 = 0, or N = 5.86, 34.14. Since N?C,,,4 < C for voltage gain,
N < 10.

From equation 6, C¢, = 2.93 pF
If we set |,k = 10 A, L = 29.3 mH from equation 4

Then t,,5 occurs in 920 us, well within the requirements

Ih”[s }U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Example

[ LTspice XVl - rc_testraw - X
P& EF A0 RAARRIGERE 4 2r M oS 5
4 rctestasc ¥ rotestraw
ﬁ = = =
.model Dmod D(ron=.001 roff=100g vfwd=0)
L2 D1
a1n tin >
Jfl 29.3m ic=0 ° o c2
20p ic=1000 **100“
.tran 0 2m 0 100n uic
22 rc testraw ERER

T T
0.6ms 0.8ms
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Electrical Safety (ALWAYS CONTACT YOUR AHJ OR SME. THIS IS AN OVERVIEW)

* General electrical hazards are shock and arc flash.
* Different approach boundaries depending upon AC (power frequencies), DC or AC (radio frequency)

* Different PPE requirements depending upon voltage, fault energy or electric/magnetic field
* Two similar standards: DOE Electrical Safety Handbook, DOE_HDBK-1092 & National Electric Code NFPA 70 E

* NFPA 70 E Article 360 deals with capacitors, focus on these, more pulse power unique hazards

* There are shock, thermal / arc flash, hearing, arc blast and lung collapse hazards for capacitors
* Each hazard has its own keep out boundary and mitigation requirements

* Capacitors as shock hazard
* (>100V and >1J) OR (>400 V and >0.25))

* Capacitors as arc flash hazard

* >100V and > 10 kJ must review calculation
* The 1.2 cal/cm? limit of category 1 clothing is reached in a box at 44 k) and 18 inches working distance

* Capacitors as thermal contact burn hazard

* >100 J, use leather gloves

* Capacitors as an arc blast hazard

* > 122 kl there is a lung collapse hazard. This is stated reason remote discharge if > 100 kJ
* >1klthereis an eardrum rupture hazard at 18"

ation in Beam Physics and Accelerator Technology
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Electrical Safety (ALWAYS CONTACT YOUR AHJ OR SME. THIS IS AN OVERVIEW)

 High Z (or bleeder) discharge drops voltage to < 100 V and energy to< 5

* <1000 V wait 3 time constants or 1 minute, which ever is longer
* > 1000 V time to meet both requirements to be stated.

* Enclosed in protective barrier, conductive preferred

* Visually verifiable wiring integrity highly desired
* Automatic discharge device required when energy stored

exceeds 100 kJ
* Fail safe design and/or redundancy highly desired

Ihn ] ‘U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
S]] ducation in Beam Physics and Accelerator Technolog



Electrical Safety (ALWAYS CONTACT YOUR AHJ OR SME. THIS IS AN OVERVIEW)

* Some Requirements for >1000 V DC Capacitors from NFPA Article 360, 2021
Remember shock hazard PPE has different requirements and still applies

Energy Stored Energy PPE Energy Discharge
& Verification
0-0.25) none Optional
0.25-100)J shock only Meter or Low Z ground stick
100J-1000J) | eyes, ears, thermal + shock Meter or Low Z ground stick
1 kJ-100 kJ eyes, ears, thermal + shock High Z & Low Z ground stick
> 100 kJ Same as > 10 kJ, calculate arc Remote High Z & Low Z required

blast and lung collapse boundary

Always visually verify high Z and low Z sticks before use, measure periodically
Always verify meter operation before and after use
Bleeder resistors to reduce voltage to < 100 V & < 5 J within stated time

Ih”[s }U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Electrical Safety

Require multiple grounding sticks for Capacitor failure can create shrapnel, oil
floating capacitors

spillage and other hazards requiring special
precautions

Ihn ] U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Diagnostic Techniques and Considerations in Pulsed Power Systems

*Voltage measurement
* Voltage divider
* Resistive
* Capacitive
* Balanced / Compensated
* Commercial voltage probes
*Current measurements
* Current Viewing Resistor (CVR)
* Rogowski
* Self-integrating Rogowski
*Grounding
* Proper grounding
* Ground loops

: Beam Physics and Accelerator Technology
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Measuring High Voltage

High-voltage

e oo * High voltage resistor strings are used to make
HV measurements
* Resistive shunts
igh-voltage b High-voltage . . . .
md [ oot 5 l Fesistors * Resistive dividers
* Parasitic effects (illustrated in Fig 9.51) can
Micoamnete Ve Ly introduce waveform distortion at higher
R, frequencies as illustrated in Fig 9.52
P ” * Impact of parasitic elements is reduced as time
;‘iisiu;::.@ High-voltage measurements with resistor strings. (@) Resistive shunt. (b) Resistive Consta nt iS reduced' but dissipation and |OSS
ez o increases
"// H <0)
* Change to compensated divider if needed
S l’l’ :,' ““ \’X’\ | High-voltage resistor
\\# T % ' w

AT

vie)
\
\

<

3
N

\

N
~oy
t

zzzzZzZZZz7z2227 W (c)

Figure 9.52 Waveforms from resistive voltage divider. (a) Ideal output voltage from a square-pulse
Figure 9.51 Effect of stray capacitance, shunt capacitance, and series inductance on resistive input. (b) Output with significant shunt capacitance. (¢) Output with significant series inductance.
voltage divider.

-
-
/

llgrator School
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High Frequency Voltage Dividers

* Most common alternatives HV HV

 Capacitive divider — low frequency response can suffer
* Ratio = Cyy / (Cv+ Civ)

* Balanced or compensated divider Chv = Riv g Chv
 Add capacitance to try to swamp stray capacitance — MONITOR
* Can be done with discrete components - L
* Typical design of commercial H\F; probes c =T Ruv %r © L
* Must take into account loading of monitor
* Ratio=Ry / (Rw+Ruv) GND GND CcOoM

RuwC = RyvChy for compensated divider

* Stray capacitance to monitor point will increase Cyy and
often require empirical tuning

tis
il &

VD5-DH VD15-A VD60-B VD75-C

Commercial (Ross Engineering) and Custom

Isl‘s }U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Scope Probes

* Balanced probes
* Input impedance is frequency dependent
* Scope impedance impacts response

* Bandwidth is limited

* May be substantially less than rating, depending
on ground connection

* HV versions require tuning to scope

* Pulsed power workhorses
e P5100: 100X, 2.5 kV, 250 MHz
e P6015: 1000X, 20 kV, 75 MHz

* P5210 (differential): 5 kV, 50 MHz, 2 kV common-
mode

Beam Physics and Accelerator Technology

Ih”'.s ;U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
e‘ | L ducation in Beaz Pt



New Class of probes, Tektronix IsoVue

Extremely high common mode rejection ratio 160 dB @ DC Y

60 kV common mode voltage isolation &7l
Up to £2500 V differential voltage P N

Up to 1 GHz analog bandwidth g
Galvanic isolation through fiber optic connection

Sensor Head

Comp Box R,

,f‘* Flexible Tripod

SensorTip Cables
N

N

Beam Physics and Accelerator Technology
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Current Measurement

* Current viewing resistor
*V=IR
* Must keep parasitic inductance time constant small compared to rise time of signal

* Time changing induced magnetic field, dB/dt

* B-dot loop
* V=NAdB/dt
* Coil of area, A, with N turns
* V = NAB/(RC)
* Passive RC integrator or use scope integration function, each has tradeoffs
e Calibration difficult, function of source and loop
* Location, size and orientation affect measurements
* Handy for investigations, order of magnitude, shape of response relative to shape of presumed source

» Rogowski coil — special case of B dot loop
* Encloses current source
* Eliminates location/orientation calibration factors

Ih”[s }U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Rogowski Coil

* Usual “air core” approximation, diamagnetic _
field of loop is negligible Toroidal mandrel

* Assume B;=B
* B(r) = ul/2mp
* V= NA dB/dt
= HA(N/2mp) di/dt
= WA(N/2) di/dt
= uA(N/@)I/(RC) (with RC integrator)
£ is coil length

N / 2 is number of turns / meter Figure 9.58 Rogowski loop—self-integrating current probe.

* Can be built in the lab

* Calibration challenges: accurately measuring A
and N/2

* Signal attenuation from passive RC integrator
yields small signals unless | very large or time
constant short

e Commercially available

Ih”l.s ;U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Self-integrating Rogowski

* More rigorously, the field B;, in Fig 9.58
B;=B-Wi. (N/2mp)
where i  is the current flowing in the coil
i. = NA (dB;/dt)/R (1)
* Combining the above and solving for B
B = B; + (dB;/dt) (uUN2A/2mpR)

= B; + (dB;/dt) (L/R) inserting the identity for a
solenoid inductor

* When L/R is large compared to the time scale of current variations
(d/dt) (L/R) >> 1, then the left term above can be neglected and:

B = (dB;/dt) (LN?A/2mpR)
* Recognizing B = pl/2mp and solving for dB;/dt from (1)

ic = I/(NR) Commercial CT
* Typically, L is made large by using a ferrite or steel core (Pearson, Stangenes & Bergoz)

I,q{s }U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Grounding

*Universal ground is a fiction, there is always some impedance between any two points and no infinite sink
*Every circuit has a supply and return conductor that should carry normal current

* Ground is a separate conductor for carrying fault current only
*Proper grounding is the single most important factor in making accurate experimental measurements in pulsed
power systems: design it in

*kA/us x nH =V, no two points in a high dI/dt system ever have the same potential which will induce “ground
loop” currents

*kA x mOhm of resistance =V, “grounds” which are physically separated by cable resistance will produce
“ground loops” for everyone else (e.g. beam instrumentation) as well as you
*Solid “earth” ground when possible, low impedance ground to reduce “L”
*“Single point” ground systems when possible
* Almost anything with an AC plug has a ground lead
 Safety requirements often result in additional grounds
* Daisy-chained grounds on high di/dt systems can cause problems

Ih”[s }U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Ground Loop

Cable to Load

DC coupled PS Impedance ~_(Simple model) s
o0 Suppl
Power w + + | SupPply
Supply T T Load
AT Return
Lcable & Rcable Ra _
R gnding Lgnd & Rgnd R gnding
"Ground Loop" Y
- I
Ground 1 THIOTT— W Rb Ground 2
/77 /77
Capacitively

coupled Vs (’\Z AMPLIFIER

/ SE
:%: «——— STRAY
E CAPACITANCE
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Isolation Techniques for Ground Loops

Ground loop from multiple-point Additional isolation techniques
grounding ‘
#1 %H% #2
CIRCUIT CIRCUIT

1 2
GROUND | } - K
LOOP
L ]

- — 0 ——
S vy ¢y

Interrupting ground 100p current Isolation transformer — unshielded, capacitive coupling
flow using transformer isolation will minimize effectiveness at high frequencies, signal
droop at low frequencies

Optocoupler — excellent for low-level digital signals but
CIRCUIT CIRCUIT . . :
1 2 pre- and post-coupler cabling can re-introduce noise,
need two power sources, one at each end

Common-mode choke — effective for common mode at

- higher frequencies (oL high), unipolar pulses can result
in reduced common mode impedance

Ih”l.s }US Particle Accelerator School Pulsed Power Engineering Winter 2025
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Cabling for ground loops

ey Noise induced as since 1 # Iy,
v e zZ Mostly an issue ~kHz frequencies where
Ies I ground path impedance is low compared
— to shield

Earth ground or ground conductor
Noise reduced as Iz, — 0

Z Ferrite or tape wound steel core
Magnetic core Ik L increases mutual inductance between
lre center conductor shield increasing

Earth ground or ground conductor inductance of ground path

Iy Noise at minimum as [, =
—>
| Not always feasible to isolate high
Vv Ir Z
; power loads due to safety or other
e concerns (capacitance to ground)
Earth ground or ground conductor Can work for signal (twin-axial cable)

Beam Physics and Accelerator Technology
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Common Mode Choke for Signal Cables

.-—MAGNETIC CORE

CIRCUIT
1

)

CIRCUIT
Bans

« Remember discussion of magnetic cores, cut core and
small gap for high B, materials to keep AB large, u higher

» Both examples have same core, same number of coax
cable turns, same low frequency impedance

» Better winding has lower capacitance across core, keeps
high impedance to higher frequency. Better Ok

im Physics and Accelerator Technolog
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Cabling between equipment

T | Best to eliminate V,; and V,, connections
, =
E:‘IEEI’ii:ii!f:i%:’:f’i:?i:f‘i::’i?iii“ Ty ?“L 0 If not possible, can use ferrite torroids on signal
uirun Il HIM‘IIhHEﬂIIHi’JI i
- I :}Vg, cables
AR 2 -
IN[I’!IIIVIIII»HI!IIiﬁl!?l\l!’ﬂlﬂlll e 7 . s .
U = 7 §R2L Could isolate load rack, but NEC doesn’t permit
VT TEIETR ’ . .. .
B 3 - } 0 if AC power present and capacitive coupling to
1% . .
ks ground may couple high frequency signals

BT ~

[ s 0 1 0
SR sl ; !

(LRI IISIUR Y

Can add a choke to block high frequency return

. I Busb ... . .
s 7l e currents for critical applications
S —
ST B 152
0 Y 0
o 2|7

Mills, J., Electro-magnetic Interference Reduction in Electronic Systems, PTR Prentice Hall, 1993.

sics and Accelerator Technology

Ih”l.s ;U.S rticle Accelerator School Pulsed Power Engineering Winter 2025
e‘ ) L ducatic Phy !




AC Line filtering

®
=

DM

L
T

L iAMPL! CM

HE &

LT
30

‘

LOAD

]

G
e

,J7(CHASSIS)

- Good line filters employ amplitude-selective, mode-selective and frequency-
selective filtering for conducted noise

* MOV or transorbs to prevent over-voltages
¢ Common-mode inductors for common-mode noise
* High and/or low-pass filters with discrete components

e Should be used in all chassis designs for pulsed power systems
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Control System Functions

e Control output waveform
* Voltage
* Pulse shape
* Timing
* Protect system (MPS)
* Over voltage
* Over current
* Other external interfaces

* Protect personnel (PPS)
* PPS interlocks
* Emergency Off
* Access interlocks
* Energy discharge

- Bleeder resistors across capacitors
- Engineered grounds

Ih”[s }U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Control System Elements in lab setting

 Lab or prototype scale: independent elements
* Charging supply with integrated controls
* Trigger generator
* Diagnostics
- Oscilloscope

- Probes
* Voltage divider
* Current transformer

* System level (e.g. cooling water interlocks)

Ih”[s }U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Control System Elements in facility setting

* Installations
* Control system interfaces to many operators/users and many other machines/systems: an
integrated control system is required

- Periodic evaluation
- Software and security updates
- Configuration control

* Control system may incorporate many elements at varying levels
- Integrated modulator control (modern trend)
- System level (e.g. HPRF)
- Facility level (e.g. accelerator)

Ih”[s }U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Control System Elements in accelerator complex

Iﬂl‘s U.S. Particle Accelerator School
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Pulsed Power Engineering

Timing Load
Local System ,
system HMI | | diagnostics protaction
Personnel \ / res
pmytsOtCﬁm \ \ Cooling
system Pulsed water
ine /
protection P system \ Facility-
EPICS | interlocks
interface / Equipment | | Personnel
I0C protection | | protection
interlocks | | interlocks

Winter 2025



Integrated Control Elements

- Programmable Logic Controller (PLC)
* Replaces relay logic
* Serial communication interface (EPICS support)
* Limitations
- Slow
- Loop timing not clocked
- Expand capabilities with additional circuits
* Sample-hold
* Peak detect
* Various A-D and D-A

- Programmable logic devices (DSP, FPGA)
* Fast, to >100 MHz clock
* Powerful
* Compact
* Flexible
* Communication options
* Inexpensive (after development costs)

ls‘.‘-s U.S. Particle Accelerator School
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ILC-Marx PLC chassis

Cell Diagnostic

Module: Xilinx CPLD .

communication ~ Cell ID provides cell LEDs indicate

& measurement program control logic cell statuses
\

Cell Over-Current Remote-Local ~ PWM chip driving

Fiber Optic Links to
Egtl\l/la;tors Gimder Groundeontroller Oper. Setting ~ 50kHz current source

Control board for SLAC developed ILC-Marx
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Elements of the SNS HVCM controller with CompactRIO FPGA

Analog
16X —| Interface NI 5751 NI 7962R e
Module Digitizer FPGA ~_
N7
NI 6674T NI 7842R
Timing M/F FPGA
Analog Pl AN e —
NI 5751 NI 7962R |, —
16X — Interface Dicltizer eoeA |
Module 9
HMI
Taall Power |
Control f ist.
Digital | | 7842R 8135
< <
PPS Interface M/F FPGA Controller <> ENet

——> Digital Signal
HPRF

Control Signal
—> High Speed Digital Signal

Personnel
Protection Water
Panel
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HMI Options with modern controllers

Display Tabs. Fault Summations. Controller Status/Mode 13 NEW HVCM CONTROLLER
| | | | Gate &1GBT Switching | Controller Status, Controllr Faut || 0| sTanpBy mopE Admin Ensbled Standby Fie Edit_View Elﬂ Operate Took: Window _Help
@n
Tining Contt | | [ | o | | [ | [ ronmooe | Reset | RUN | Awoswe | siop
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scrzaov | scrzoov | sce | ey s Dump Sw ASwitching
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