& |EEE v

Introduction To Voltage Surge
Immunity Testing

Bryce Hesterman & Douglas Powell
Advanced Energy Industries
Fort Collins, Colorado

Tuesday, 18 September 2007

Denver Chapter, IEEE Power Electronics Society
www.denverpels.org



-

A_ ADVANCED

L ENERGY"

ics Society Denver Chapter Meeting
aptember 18, 2007

1 to Voltage Surge
ty Testing |

Better technology. Better Results




SLIDE # 2

Voltage Surges

* Transient overvoltages on the ac power system are produced by
events such as load switching, capacitor bank switching,
equipment faults and lightning discharges

« The ability of equipment to withstand voltage surges can have a
tremendous impact on field reliability

Photo credits left to right 1 & 2: Microsoft Word clip art  3: http://www.powerfactorservices.com.au/
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The Nature of Transient Overvoltages

« Transient overvoltage events are usually of short duration, from
several microseconds to a few milliseconds

« Waveforms can be oscillatory or non-oscillatory (impulsive)
* The rising wavefront is usually on the order of 0.5 ps to 10 us

 The highest overvoltages are caused by direct lightning strikes
to overhead power lines

« Transient overvoltages entering a facility typically range from
10 kV to 50 kV

» Voltage and current levels are attenuated as the surges
propagate

[1], [4] (References are on slide 14)
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Transient Overvoltage Immunity Testing

How do you know if your designs are robust enough?
Standardized surge testing procedures have been
developed to help answer that question.

« US standard: ANSI/IEEE C62.41-1991, IEEE recommended
practice on surge voltages in low-voltage ac power circuits
Additional US standards: [7], [9]

(Typically available in university libraries)

« International standard: IEC 61000-4-5, 2005 Electromagnetic
Compatibility, Testing and measurement techniques—Surge
immunity test
Additional international standards: [5], [O]

(Available for purchase at: http://webstore.iec.ch)
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The Voltage Surge Test Method

* This presentation provides an overview of IEC 61000-4-5,
including some of the standard waveforms, and the circuits that
are used to produce those waveforms

* Voltage surge testing is typically done with commercially
available surge test equipment

« The test equipment typically has a surge generator and a
coupling/decoupling network (CDN)

« Combination wave generators produce a specified open circuit
voltage waveform and a specified short-circuit current waveform

« Coupling/decoupling networks couple a surge generator to the
equipment being tested and prevent dangerous voltages from
being sent back into the ac power system
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IEC 61000-4-5
Combination Wave Generator (CWG)

Energy is provided by the Voltage Source (U) which charges C. through
R.. Once charged, the switch delivers energy into the wave shaping
network made up of Rg,, Rg,, L, and R,,,. Component values are selected
so that they will produce a defined voltage surge into an open circuit and a
a defined current surge into a short circuit.

——AW—— AM——"" O
U
BE Ce E— Rs1 Rs2
o O
Combination Wave
Generator
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CWG 1.2/50 us Voltage Surge Waveform

Open-circuit waveform characteristics:
T=TimeB-Time A T,=1.67T=12pus £ 30 % T,=50pus =20 %

Undershoot < 30% of the crest.
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CWG 8/20 ps Current Waveform

Short-circuit waveform characteristics:
T=TimeB-TimeC T,=1.25T =8 us £ 30 % T,=20pus =20 %

Undershoot < 30% of the crest.
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Coupler/Decoupler Network (CDN)

IEC 61000-4-5 defines several CDNs. These are devices intended to
couple the CWG voltage surge into your product while simultaneously
decoupling it from the facility power. The inductances should be large
enough to have a minimal effect on the output of the CWG, while being
small enough to allow the equipment under test to function normally. A
typical value is 1.5 mH [3], [5]-[7].

Example of a single phase line-to-line CDN

DECOUPLING COUPLING
Combination
Wave Generator
J‘C=muF
Line o J-_ £ 1- 0
Neut o T J-_ N o EUT
Earth I -|_ T
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Coupler/Decoupler Network (CDN)

Example of a single phase line-to-earth CDN
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Coupler/Decoupler Network (CDN)

Examples of three phase line-to-earth and line-to-line CDNs

COUPLING COUPLING
Combination Combination
W
Wave Generator ave Generator
L
C=18uF
R =10 ohm
C=9uF ° o
o—4¢
DECOUPLING
DECOUPLING [ —"
o
o o ?
L1 o ~n o L1 o r~ o
L2 o r, ] L2 © . o
L3 o e, o EUT L3 o P o EUT
Neut o SN Te) Neut o reen, o
Earth l Earth l
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Coupler/Decoupler Network (CDN)

IEC 61000-4-5 provides a decision tree for selecting the correct CDN

Selecting the
coupling/decoupling
network method

Line to Line

1 phase: Fig. 7
3 phases: Fig. 9

Shielded? No
Symetrical? Yes
Yes
l No
v y

Line to Earth————

1 phase: Fig. 8
3 phases: Fig. 10

Grounded at each end: Fig. 16
Grounded at one end: Fig. 17
Multiple grounded cables: Fig. 18

Via capacitors: Fig. 11
Via arrestors: Fig. 12
Via clamping devices: Fig. 13

Via arrestors or clamping
circuit: Fig. 14

Via capacitors: Fig. 15
or direct (without CDN)
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Links

Surge testing equipment

http://www.ramayes.com/Pulsed EMI.htm (Local)
http://www.atecorp.com

Tutorial on surge testing

http://www.teseq.com/com/en/service support/technical information/Transient im
munity testing e 4.pdf

Application notes on surge testing

http://www.haefelyemc.com/pdf downloads

Free LT Spice software

http://www.linear.com/designtools/software
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Part 2 Simulating Surge Testing

* It would be great to be able to design equipment that passes the
surge tests without having to be re-designed

« Performing circuit simulations of surge testing during the design
phase can help you to understand component stress levels, and
prevent costly re-design efforts.

« |EC 61000-4-5 provides schematic diagrams of standard surge
generator circuits, and describes what waveforms they should
produce, but no component values are given.

« The next part of the presentation reviews a Mathcad file that
derives a suitable set of component values for the 1.2/50 s
voltage, 8/20 us current combination wave generator

« The presentation concludes with a review of an LT Spice circuit
simulation of the combination wave generator coupled to the
input section of a power supply
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Deriving Component Values using Mathcad

« Define the problem

« Derive Laplace domain circuit equations for open-circuit voltage
and short-circuit current

* Determine time-domain responses using inverse-Laplace
transforms

« Derive expressions for the peak voltage and the peak current

» Define functions for the waveform parameters in terms of the
component values and the initial capacitor voltage

« Enter the target values of the waveform parameters
« Set up a Solve Block using the functions and target values

« Solve for the component values and the initial capacitor voltage

ADVANCED
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Combination Wave Surge Generator

Bryce Hesterman
September 15, 2007

Figure 1. Combination wave surge generator.

Figure 1 is a circuit that can generate a 1.2/50 ys open-circuit voltage waveform and a 8/2Qis short-circuit
current waveform. IEC 61000-4-5 shows this circuit in Figure 1 on page 25, but it does not give any
component values [1]. Instead, Table 2 on page 27 presents two sets of waveform characteristics. The
first set is based on IEC 60060-1. It defines each waveform in terms of the front time and time to half
value. The definition for the front time makes it awkward to use for circuit synthesis. The second set of
characteristics is based on IEC 60469-1, and it specifies the 10%-90% rise times and the 50%-50%
duration times. It appears that it is easier to derive component values from the IEC 60469-1 definitions,
so this document takes that approach.

ADVANCED
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Table 1. Waveform Definitions
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10%-90% Rise Time

50%-50% Duration Time

1.2/50us Open-circuit Voltage Waveform

Ius

50us

8/20us Short-circuit Current Waveform

6.4s

l6us

Figures 2 and 3 on page 29 of IEC 61000-4-5 provide graphical definitions of the waveforms. These figures
also specify that the undershoot of the surge waveforms be limited to 30% of the peak value.

The circuit is first analyzed in the Laplace domain, after which time domain equations are derived.
Functions for the waveforms and functions for computing the time to reach a specified level are then
derived. The component values are derived using a solve block which seeks to meet the specified

waveform characteristics.
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Derive Laplace domain equations for
open-circuit voltage

Write Laplace equations for the three currents in Figure 1 for
the time after the switch is closed at time t = 0. Assume
that the capacitor is fully charged to Vie » and that the initial

inductor current is zero. Also, assume that the effects of
the charging resistor R can be neglected.

I(s) = Cy(—s-Vi(s) + V) (D)
o) = 2)
S) =
? Rs1
V. (s) — Li-s-I3(s)
I3(S) = (3)
Rm+ Ry
éﬁl\zfég\C(ED Better technology. Better results. >
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Ve(s)
Solve (3) for I Iy(s) = R2T R L (4)
s2 + + LS

Write a KCL equation for the three currents.

I(s) = Iy(s) — I5(s) = 0 (5)

Substitute expressions for the currents from (1), (2), and (4) into (5).

Ve(s) Ve(s)

Rs1 Rep # R+ Lys

Cor(=8"Vi(s) + Vg ) - = 0 (6)

ADVANCED
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Solve (6) for v (s).

(7)
VieRs1-Ce(Rgp + Ry + Ly-s)
" Ryp Ly Co + [CoRgp(Rgg + Ry) + Ll's + Ryp + Ry + Ry

Ve(s) =

Write an equation for the open-circuit output voltage.

Voc(8) = 13(s)Rgp (8)

ADVANCED
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Laplace domain equation for
open-circuit voltage

Substitute (4) and (7) into (8)

Vi.-R.1-Ry-C.- + + L.s
de Rs1Rgo Ce (Rs2 R+ L )
Voc(8) = ; 9)
(R + Ry L) {57 L o+ [y (R + R + s + Ry + Ry + Ry
ADVANCED
ENERGY Better technology. Better results. >
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Use Inverse Laplace Transform to find a time
domain equation for open-circuit voltage

Use the Mathcad Inverse Laplace function to find a time-domain equation for Vout-

(Some simplification steps are not shown.)

(10)

2.V, - ) )
dc Rsl Rs2 C
2'Rsl'Lr'Cc

C..sinh SR (R + R0 = [ 2R (R + Ry) + 4R + IfJ
SRt (R + R €7 = 2Ry (R + Ry + 4Ry L€ ¢ Lf-exc{

Vo

CeRyp-(Rgp + Ry) + Lr_t:|
2RqLe G

ADVANCED
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Simplified time domain equation
for open-circuit voltage

Expand the hyperbolic sine function in (10) and simplify.

—t) -t
Voczvdc'ﬂ"'l'&'[l_G’TIJ'CT2 (1
L,
T = Rop Ly Ce
where 1~ (12)
SR (R # R €2 = [ 2R (R + Ry + 4R 2|+ 1
2.R -L.-C
. Ry Ly Ce (13)
2 2 .2 2 2
[CoRyp (Rep # Ry + 1] = Ry (R + R € = [ 2Ry (R + Ry + 4R TG v I
ADVANCED
ENERGY Better technology. Better results.
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The simplified time domain equation for open-circuit voltage
(11) has the same form as the corresponding equation in [2]

An equation for the 1.2/50 us waveform is given in [2] as:

( ‘_t] —t (14)
1] T2
Voc = A-Vp- 1—¢ e

6 6

where A =1.037 1,=0407410 T, = 682210
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Determine when the peak of the open-circuit voltage occurs

Determine the peak value of the open-circuit output voltage by setting the time derivative of (11) equal
to zero, and solve for t.

[ _‘t] —t [1 —exp[iD (15)
. _ T .
i VdCTIE 1 — etl ‘erz — VdCE exp(_tjexp(_tj _ ,-Cl 1 exp(_t] =0

dt Lr Lr T 1

(Simplification steps are not shown.)

Tl + 12
t =7T:ln (16)
oc 1
p o

T and T, are defined in (12) and (13).
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Find the peak value of the open-circuit voltage

Determine the peak value of the open-circuit output voltage by substituting (16) into (11).
T 1+’172

- j 2 (17)

ADVANCED
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Derive Laplace domain equation for
short-circuit current

Write a Laplace equation for the short-circuit output current by combining (4) and (7),
and setting R, = 0.

Vdc'Rsl'Cc

|:32'Rsl'Lr'Cc + (Rsl'Rm'Cc + LT)S + Ry + Rm}

Igo(8) = (18)

ADVANCED
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Use Inverse Laplace Transform to find a time
domain equation for short-circuit current

Use the Mathcad Inverse Laplace function to find a time-domain equation for the
short-circuit current and simplify.
—t
Vdc €xp T (19)

Iyc = = 'Sin(wsc't)
Ly ooge

. = 2Rq LG (20)

where sC Ry{-R-C,+ L

2 2 2 2
o = \/(4'Rsl + 2'R'm)'Rsl'Lr'Cc - Ry Ry G - L (21
¥ 2Rq Ly Ce
ADVANCED o}
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The simplified time domain equation for short-circuit current (19)
doesn't have same form as the corresponding equation in [2]

Note that the equation given for the short-circuit current in [2] has a different form than (19).

I(t) = A-Ip-tk-exp(_?t) (22)

An equation of this form cannot be produced by an RLC circuit. Itis only
an approximation, and doesn't account for the undershoot.
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Determine when the peak of the short-circuit current occurs

Find the time when the short-circuit current reaches its peak value by setting the time
derivative of (19) equal to zero and solving for t.

—t
Vdc-exp(T—j
d sc

1 2

. Vdc' T Tge O —t 1

— -sm((osc-t) = -exp -cos| Mgt + atan =0
dt Lr'(’)sc Lr'rsc'wsc Tse Tsc' @

(Simplification steps are not shown.)

¢ _ sc (24)
scp —
P (Dsc

atan(‘c -(DSC)

1. and o . are defined in (20) and (21).
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Find the peak value of the short-circuit current

Write an equation for the peak value of the short-circuit current by substituting (24) into (19).

—atan('csc ' (‘)sc) j

Torn @D

Vic Tse €XP
sc sc

_ (25)
Ip =

2

2
Lr'\/1 *Tse "Osc

ADVANCED
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Find the peak undershoot of the short-circuit current

Inspection of (23) and (24) shows that the first negative peak of the short-circuit current occurs at:

atan(’csc-msc) + 7 (26)

(DSC

t

sc_min ~

The value of the first negative peak of the short-circuit current is found by substituting (26) into (19).

. exp|:—(atan(’csc-msc)+n):|
“¥de tse

I _ Tse Osc (27)

sC_min ) 5 >
Lr' T Tge "Ogc
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Define a vector of the unknown variables
(component values and initial capacitor voltage)

Define a vector of the component values and the initial capacitor voltage.

(28)
Ro»
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Define a function for computing the open-circuit voltage

Define a function for computing the open-circuit voltage using (11)-(13).

VoeX,0) = [ €. < X,

LreX1

RsleX2
RszeX3
Rm<—X4

VdC — X5

(29)

A e Ry 2 (R + Ry) 2= [ 2Ry (R + Ry + 4Ry 2Ly, + L,
Rsl'Lr'Cc

A

TIF

e 2'Rs1'Lr'Cc
? [CeRep (Ryp + Ryp) + L] - A

-ty =t

Rs2 T T

Vdc-rl-—- l1—¢ ! e 2
Lr

ADVANCED
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Define a function for computing the peak open-circuit voltage

Define a function for computing the peak open-circuit voltage using (12), 13), and (17).

Vp(X) = | ¢« X,

Lre X1
Rsl «— X2
Ry « X3
R, < X4
VdC — XS
(30)
A e Ry (R + Ry)*Co2 = [ 2Ry Ry + Ry) + Ry L, + 12
Re1 L Ce

‘Cl — A
L 2Ry Ly Co

2 [CeRp (Rep + Ry + L] - A

’Cl+’CZ

V Rs2T . Tl ’

de L 2 T+ T,

ADVANCED
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Define a function for computing the short-circuit current

Define a function for computing the short-circuit current using (19)-(21).

(X0 = |C. < X,

Lr<— X1
Rsl — X2
Rs2 — X3
Rme X4
VdC «— XS
o PRaLG (31)
T RaRpCet
Ry 2R R L - Ry PRy
> 2'Rsl'Lr'Cc

ADVANCED
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Define a function for computing the peak short-circuit current

Define a function for computing the peak value of the short-circuit current using (25).

LX) = | ¢, <X

L.« X1
Rsl «— X2
Rsz «— X3
Rme X4
VdC — X5
T 2'Rsl'Lr'Cc
* Rsl'Rm'Cc + Ly
g R LRy PR
* 2Ry
_atan(Tsc'O)sc)J

T

(32)

®

Ve Tsc XD ‘
sc sc

2 2

Lr'\/l tTse Osc

ADVANCED o}
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Define a function for the peak undershoot of the short-circuit current

Define a function for computing the value of the first negative peak of the short-circuit current using (27).

Inin_sc(X) =

ADVANCED
ENERGY

C. <« XO

Lr<—X1

Rg1 « X2

Ry eX3

Rm<— X4

Vdc eXS

e 2Rg1 L G

Rs1 Ry Ce + Ly

J R 2R R L€~ Ry Ry € -1

(33)

.. «—
> 2'Rsl'Llr'Cc
—(atan(rsc-(nsc) + n)
—VdC-TSC-CX
Tse Oge

2 2

]“r'\/l T Tge O
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Define a function for to determine when the open-circuit voltage
reaches a specified percentage of the peak value

Define a function for computing the time at which the open-circuit voltage reaches a specified percentage
of the peak value. The initial time value of the solve block can be used to get the function to find values

before or after the peak.

Given
Voe(X.0) _ P
Vp(X) 100
(34)
£10' >0

T, (X, P,t) := Find(t)
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Define a function for to determine when the short-circuit current
reaches a specified percentage of the peak value

Define a function for computing the time at which the short-circuit current reaches a specified percentage
of the peak value. The initial time value of the solve block can be used to get the function to find values

before or after the peak.

Given
(X0 p
L) 100
(35)
£10' >0

T (X, P,t) :=Find(t)

ADVANCED
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Enter the target performance specifications

Enter the target peak open-circuit voltage: Vpeak = 1000

Enter the target 10%-90% rise time for the open-circuit voltage: toer = 1" 10 6

Enter the target 50%-50% duration time for the open-circuit voltage: toed =50 10 6

Enter the target 10%-90% rise time for the short-circuit current: tyop = 6.4 10 6

Enter the target 50%-50% duration time for the short-circuit current: teed = 16 10 6

Enter the target percent undershoot for the short-circuit current: P, =25

ADVANCED S

ENERGY Better technology. Better results.
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Enter initial guess values

Enter initial guess values for the components and the initial capacitor voltage.

6 6
C,:=1010 °  L.:=1010 Ry =10

Rs2 =10 Rm:: Vdc =1100

Define a vector of the initial guess values.

ADVANCED
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Compute the waveform parameters
using the initial guesses and compare
the results with the target values

Compute the 50%-50% duration time for the open-circuit voltage.

r (x.50.5107) =7, (x.50.50016"%) = 40.1x 107 ¢
—6
Target value tocd = 50.0x 10
Compute the peak value of the short-circuit current. I‘p(X) = 560
V.
_ __ 'peak B
Target value: Ipeak = I‘peak =500

ADVANCED
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Compute the 10%-90% rise time for the short-circuit current.

TSC(X,9O,5-10_ 6) — TSC(X, 10,100:10 9) =69x 10 °
— 6
Target value tyor = 6-40x 10
Compute the 50%-50% duration time for the short-circuit current.
TSC(X,SO,ZO- 10 6) — TSC(X,so,s- 10 6) =20.8x 10 °
— 6
Target value tyeq = 16.0% 10
o Imin sc¢(X)
Compute the percent undershoot for the short-circuit current. —  _100=14
1,(X)
Target value Py =25
ADVANCED S
ENERGY Better technology. Better results.



Enter weighting factors for each of the
target values

The weighting factors help guide the solution to the desired outcome.

Enter the weighting factor for Vpeak' KVp =1
Enter the weighting factor for toor Kyor =1

Enter the weighting factor for tocd Koedg =1
Enter the weighting factor for Ipeak' KIp =1
Enter the weighting factor for toor Ko =20
Enter the weighting factor for teed K .g =20
Enter the weighting factor for Py Kooy =5
ADVANCED
ENERGY

SLIDE # 46

Better technology. Better results.

>



SLIDE # 47

Define a solve block to find the component
values and the initial capacitor voltage

Given

V(%) L,

Kyn,= K
2% \%
Vpeak P P ]'peak

TOC(X,9O, 90010 9) - TOC(X, 10,10010 9) |

tOCI‘

TOC(X, 50,510 6) ~ TOC(X, 50,500 10 9)

¢ Kocd = Koed
ocd

ADVANCED
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TSC(X,9O,5- 10 6) - TSC(X, 10,10010 9)

. Keer = Keer
scr
TSC(X, 50,20-10° 6) - TSC(X,50,3- 10 6)
. Ksed = Ksed
scd
mln sc(X) 100 K <K
—I_p(X) Pscu scu scu

ADVANCED
ENERGY Better technology. Better results.
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TSC(X,9O,5- 10 6) ~ TSC(X, 10,10010 9)

i “Bser SCr
scr

TSC(X, 50,20-10 6) — TSC(X,SO, 310 6)

; Ksed = Kged
scd

mm sc(X) 100 K
—Ip(X) Pscu scu scu

X = Minerr(X) K1

ADVANCED
ENERGY
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The solve block finds the component values and
the initial capacitor voltage that minimize the
error in the solve block equations

Computed component values and
initial capacitor voltage

6 6

C.=6.038x 10 L.=1037x 10 Ryy =25.105

Ry, =19.80 R, =0941 V. =1082

ADVANCED o}
ENERGY Better technology. Better results.
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Compute the waveform parameters using
the solve block outputs and compare the
results with the target values

Compute the peak value of the open-circuit voltage. Vp(x) = 1000
Target value: Vpeak = 1000

Compute the 10%-90% rise time for the open-circuit voltage.

TOC(X,9O, 90010 9) - TOC(X, 10,10010 9) = 1000x 10

6

Target value or = 1.00x 10

t

ADVANCED
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Compute the 50%-50% duration time for the open-circuit voltage.

TOC(X, 50,5-10° 6) - TOC(X, 50,500-10 9) = 50.0x 10~ °
— 6
Target value toed = 30.0x 10
Compute the peak value of the short-circuit current. Ip(X) =500
Target value: ]'peak = 500

ADVANCED o}
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Compute the 10%-90% rise time for the short-circuit current.

TSC(X,9O, 510 6) - TSC(X, 10,100:10 9) =6.12x 10 °
—~ 6
Target value tyer = 6.40% 10
TSC(X,9O,5- 10 6) — TSC(X, 10,100.10 9) —toor
Percent error -100=—-4.3
tSCI‘
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Compute the 50%-50% duration time for the short-circuit current.

6

TSC(X,SO, 201079 - TSC(X,50,3- 107%) = 16.6% 10

Target value tyed = 16.0% 10 6

T (X,SO,ZO-IO_ 6) - T (X,50,3-10_ 6) —t

Percent error 5¢ > sed -100=4.0
tsed
Inin sc¢(X)
Compute the percent undershoot for min_sc
. -100=27.7
the short-circuit current. _Ip(X)

Target value < 30%

ADVANCED
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v
Compute the ratio of the initial capacitor voltage to the peak open-circuit voltage. de =1.08
V. (X)
p
Compute Tis Tyr T and O -
Rsl'L -C _
- T, =5057% 10

Ty =
SR (R + R €7 2Ry (R + Ry) + 4R 7 LG+ 1,7

a 2RqLe G
2=
[CeRep (R + Ryp) + Ly _\/Rslz'(Rs2 + Rm)z'Ccz - PRsl'(Rsz +Rpy) + 4'R512J'Lr'cc + er

T

T5=68.30x 10 °
2R -LC _
Ty, = L T =2055% 10 °
Ry Ry G+ Ly
2 2 .2 2
Jrg 2R Ry L~ Ry PRy - 1y ;
Oy = 0y, = 119.2x 10
2Ry Ly Ce
ADVANCED
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Set up a range variable for graphing. n:=0._200 ¢ =2 10010 °

o200

1><103 (

Vool Xota) 500

I (X, ty)
—-0.3-1
eak
P 0
- 500
0 2x107° 4x10°° 6x10 > 810" 110 %
tn
Figure 2. Open-circuit voltage and short-circuit current.

ADVANCED o
ENERGY Better technology. Better results.



SLIDE # 57

It appears that it is not possible to exactly meet the specifications using this circuit. The problem is
meeting the short-circuit rise and duration times while keeping the current undershoot less than 30%.
The errors in the current timing parameters are less than 5% when using the calculated component
values.

Information about the origin of the combination wave test is provided in [3],[6]. An analysis of a surge

generator that takes shunt stray capacitance on the output is given in [4]. The US surge standard,
which closely follows the international standard, provides additional information [5].
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1.2/50 us Voltage, 8/20 us Current
Combination Wave Generator

tran 0 100u 0 0.1u
PWL(0 10u 10.01u 5) V2

| +
Rc
G

.model SWITCH SW(Ron=1m Roff=1Meg Vt=2.5 Vh=-0.5

1K AN
V1 Jcc @
6.04pF
1082V

ADVANCED
ENERGY Better technology. Better results. >



SLIDE # 59

1.2/50 ps Voltage Waveform

50% — 50% duration = 50.4 pys (Target = 50 us)

1.0kV

ookv 1ol ST . o S SN S S
0kv | ] SO U S SO S AU SO S S
oy 1ol FOUUE PR S HU. e, s, e, SO S
SV S O OO NN e SUUOS SUURIOOS UOOOOOOS OO SR S
oy | s SN B
0k | T
U S SUSUOOS SOOUOUOON SOOOUS SUOUOUS SOUOPUOS: SOUSOOS SURTPUIN Do NS
0200 |- oesbeoees e

01kV 4-------- ......... ......... ......... ......... ......... ......... ........

0.0kV A ' ' . . ' . ' ' '
Ous 10us 20us 30us 40us 50us 60us 70us 80us 90us 100us
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1.2/50 ps Voltage Waveform

10% -90% rise time = 1.05 us (Target = 1.0 ps)

1.0KV
7Y S A P S
08KV e f S AU SR
oy e SR e fo e SUTRTUU AU
ooyl e oo S IR e,
0BV 4o e, e % PO P AP
0aKy s e 2 RO S PP
Ay L PR e PR TP
Dok d SO S STP PP T PP PP

OAKV frrrrrrrrme e - feeee—————— . N

0.0KV * = - - - -
3us 4us Sus Bus Tus 8us 9us
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8/20 ys Current Waveform
50% -50% duration =16.7 uys  (Target = 16 ps)
Undershoot = 27.4% (Target < 30%)

600A

500A {--- - ......... ......... ......... ......... ......... ......... ........ ........
008 oo D
goom | oo\
2008 | oo oo N b

100a {ofii O S . AU U S S

0A - ......... ......... ........ ......... .........
: L 27.4% : . . : . :
100A 4. - .. Dol NG A ¢ L L b L L

-200A

Ous 10us 20us 30us 40us 50us 60us 70us 80us 90us 100us
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8/20 ys Current Waveform

10% -90% rise time = 6.2 ys (Target = 6.4 ps)

600A

500A

400A

300A

200A

100A

0A

-100A 1

-200A - - - : . ' ' : ;
4us Bus 8us 10us 12us 14us 16us 18us 20us 22us 24us
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8/20 uys CWG with CDN and Power Supply

.tran 0 37.54ms 37.49ms 0.1u
Combination Wave Generator
PWL(0 0 {Ts} 0 {Ts + 0.01u} 5) .param Ts = 37.5ms
c .model SWITCH SW(Ron=1m Roff=1Meg Vt=2.5 Vh=-0.5
Rc < /{R/m\, Lr
o A #{Out P >
1k N/ 0.94  10.4pH
Cc @
Vi Rs1 Rs2
6.04uF 25.1 19.8
2164
2 kV Open Circuit
Rectifier, Filter & Load
R
Power System Model Coupling/Decoupling EMI Filter MUR460 D2
Series resistance = 0.1 ohm Network
Parallel resistance = 2 ohm 168 K67 L6 17 0.995 D1 yAN
Line-line inductance = 100 uH _L1 L4 Tpr L6 MUR460
° » ° »
SINE(0 169.7 60 0 0 0) 100pH 1.5mH 1mH
Cc1 c4
V3 4 ESR = 0.20hm
1uF 0.22yF ESL = 15nH
L2 L5 L7 Jceé R1
o l { U 60‘ N -~ 80
100pH J_ cs L ca21-5mH 1mH cs c7 470p
1pF 3
1uF
K12L1L20.5 L3 -l_ L 3'3";1— 3.3nF
Lz
' Conduit s T Local G g MUR460 D4
100 ft 1/2" ocal Groun D3 YAN
Steel EMT MUR460
Conduit Resistance = 75 mohm
Line-conduit inductance = 100 uH & &

http://www.steelconduit.org/pdf/groundingpart1.PDF
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8/20 uys Combination Waveform

Peak Open-circuit voltage = 1 kV

Diode Power = (I(D1)*(V(D1_A)-V(Bus_P)))
Peak Power =4.4 kW
Pulse Energy = 67 mJ

SLIDE # 64

Diode Current = |(D1)
Peak Current = 325 A

5.0kW 1 250V 500A
4.5kKW | 225V L 450A
4.0kW { 200V L 400A
35KW { 175V L 350A
3.0kW { 150V L 300A
2.5kW { 125V L 250A
2.0kW { 100V L 200A
1.5kW | 75V - L 150A
1.0kW { 50V - L 100A
0.5kW { 25V - L 50A
0.0KW = oV 5:|Js 10us 1:5ps 2:0|Js 2:5|Js 3:0ps 3:5ps 40us 4:5|Js 50us”
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8/20 uys Combination Waveform

Peak Open-circuit voltage = 2 kV

Diode Power = (I(D1)*(V(D1_A)-V(Bus_P)))
Peak Power = 16.5 kW
Pulse Energy = 246 mJ

Diode Current = [(D1)
Peak Current =642 A

18kW 1 300V 900A
15kW 1 DEQV/ - L L 750A
12kW 1 10]0\V4 R I - 600A
OkW - 150V - L 450A
6kW 1 100Vt - - e i ......... ......... ...... , ........ ......... ........ L 300A
3kW 1 BOV - -t _ ........ ......... e N e ......... ........ L 150A
Okw 1 oV ’ Z Z Z : : Z . , 0A
Ous 5us 10us 15us 20us 25us 30us 35us 40us 45us 50us
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