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Overview

» Background
= CLIC Layout with Damping Ring (DR) kickers
= Specifications for CLIC DR Extraction Kicker System
= Challenges and Issues
» Inductive Adder Design
= Schematic
= Contributors to the Droop of the Output Waveform
= Compensation of Droop and Ripple
= Specifications for the First Prototype Inductive Adder
» Measurements on the Prototype Inductive Adder
= 3.5KkV Pulses w/o Modulation
= Passive Droop Compensation
= Active Droop Compensation
= Active Compensation of Droop and Ripple

» Summary and Future Work
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CLIC General Layout

797 klystrons ) 797 klystrons
15MW, 139ps | I I circumferences I I | 15MW,139ps
; delay loop 73.0 m :
drive beam accelerator CR12922m drive beam accelerator

CR24383m

- -
>

2.5km 2.5 km
delay loop »
mm 5= M{mj
~YYYYY BEVYVVY | \\ BDS BDS IYYY
45 ™ 2.75 km 2.75 km 245
TA=120m € main linac, 12 GHz, 100 MV/m, 21.02 km IP e* main linac TA radius = 120 m
48.3 km - -
CR combiner ring DR: Damping Ring;
TA turnaround . : :
fn dameingiing PDR: Pre-Damping Ring.

PDR predamping ring I booster linac, 6.14

BC bunch compressor

Extraction

BDS beam delivery system Damping Kicker
IP  interaction point Injection Ring
: S.léﬂ? e~ injector, e* injector, Kicker (DR)

2.86 GeV 2.86 GeV

Damping ring kickers

PDR & DR Kickers (®):
= One injection and extraction system per ring and per beam (8 systems);
= Damping rings reduce beam emittance; hence kickers must be high stability (low ripple);
= |ow beam coupling impedance and good field homogeneity are required (talk by C. Belver-Aguilar).
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CLIC DR

Specifications for the CLIC DR
Extraction Kicker Systems

Extraction

1GHz|2GHz .

( | ) Damping Kicker TS
Pulse voltage (kV) (per Stripline +12.5 Injection Ring p

ge (kV) (per Stripline) Kicker (DR) Drawing of the CLIC DR
Stripline pulse current [50 Q load] (A) *250 extraction kicker
Repetition rate (Hz 50 . . . - i
p ( ) Damping ring kickers (Courtesy of C. Belver-Aguilar)

Pulse flat-top duration (ns) ~160 | ~900
Flat-top reproducibility +1x10 (£0.01 %) ‘ Feedthroughs ‘
Flat-top stability [inc. droop], (Inj.) +2x10°% (+0.2 %) Power Inductive Transmission Stripline | Transmission Terminating
per Kicker SYSTEM (Ext.) +2x10* (£0.02 %) supply adder line v plates line resistor

7=500)
Field rise time (ns) 1000 ‘ DC I—‘ z m——t ) Z=500 5001
: : | < ®Beamy
Field fall time (ns) 1000 Pulse gencrator From second — e —§) 7=500 }—50Q 15
Beam energy (GeV) 2.86 pulse generator
Total kick deflection angle (mrad) 1.5 (0.09 deg) Schematic of a kicker system
Aperture (mm) 20
Effective length (m) 1.7 .
Field inhomogeneity (%) [3.5mm radius] £0.1 (Inj.) /\ A Endofrise time
[Imm radius] +0.01(Ext.) \/ R L R
eproducibility Combined
Ripple and
‘ Droop Droop
= NOTE: i : |

» For rise/fall times, <100 ns desired!
» Closeto 0V intra-pulse (off-time)

Rise time Fall time

/ Setﬁng

time Beam

\

voltage required! CLIC DR kicker pulse definition
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Challenges and Issues

Flat-top Y Feedthroughs
ﬁ /‘ A T ol line I Power Inductive Transmission Stripline | Transmission Terminating
Reproducibility Combined supply adder line plates & line resistor

‘ Ripple and 7=500) 0
N A YA Droop| <P ¢ | oc | z 7=500) e g z=s00 }{s00},

Rip‘ple t e | — @ Beamy 0
-— > e Pulse generator From second — 73000 {o Z=50Q2 )—| SOQ{RV

Rise time Fall time / Settling time Beam pulse generator

CLIC DR kicker pulse definition Schematic of a kicker system

" 30.02 % (* 2.5 V) requirement for the flat-top stability of £12.5 kV, 160 to ~900 ns

pulse is an extremely demanding specification! .Exéfal‘(:“o”
Damping cker

Injection jy Ring

Kicker (DR)

» An order of magnitude better than in any existing kicker systems!
» Compensation of droop and ripple of the output voltage is required.

= Adequate impedance matching to minimize duration of settling time:

» Impedance (and field homogeneity) of the stripline kicker has been optimized: unfortunately the
iImpedance cannot be 50 Q for both power-off (even) and power-on (odd) operation modes!

» 0Odd-mode impedance of the striplines is ~41 Q (see talk by C. Belver-Aguilar), which causes
settling time to be ~100 ns. Therefore the pulse flat-top duration is at least ~260 ns (2 GHz
option)

= Suitable high precision measurements of the pulse in the laboratory:
better relative precision than £2.5V in 12.5 kV required!

January 29, 2015 CLIC WS 2015 5



Inductive Adder ...~

switch (array)
'_
4 Rioad
'—

» Many primary “layers”, each with solid-state Triger
switches -
> The output voltage is approximately the sum of the e array) -
voltages of the primary constant voltage layers !J:

H
+ Control electronics referenced to ground
+ No electronics referenced to high voltage despite
the high voltage output of the adder ik arra) |

I
+ The output voltage can be modulated during the !L

pulse with an analogue modulation layer

1:1
Transformer

N o : :
Modularity: the same design can potentially be used Schematic of an inductive adder

for kickers with different specifications (CLIC PDR &
DR kicker modulators)

+ Redundancy and machine safety: if one switch or
layer fails, the adder still gives full voltage or a
significant portion of the required output pulse

+ Possibility to generate positive or negative output
pulses with the same adder: the polarity of the pulse
can be changed by grounding the other end of the
output of the adder

A prototype inductive adder
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» The droop of the output pulse of an inductive adder is caused by:

Contributors to the Droop of the
Output Waveform of an Inductive Adder

* The small voltage droop of the storage capacitor (C,) as it supplies charge during the pulse

= The resistive losses in the primary switch and in the primary circuit (Ry,,), which depends on the current

through the magnetizing inductance (L,,).

> Only the voltage droop of the capacitors can be compensated by adding more capacitance per layer!

» The only methods to effectively decrease the droop, caused by a combination of resistive losses and
magnetizing inductance of the transformer core, is to apply either passive or active analogue modulation

(or both) for the output pulse.
» These methods are necessary to reach very low droop (<< 1 %).

Capacitor o
B/a_llk o
—— 1 F— o
Gate L
e B B m L wm Y % FRloadN
e J,_ Switch Lm ;
ircuit Fsii .o .o
] L=
Trigger T
Simplified schematic of a constant Simplified model of a layer of an
voltage layer of an inductive adder inductive adder during the pulse

-280

285 e‘r,-—'"

-
-
-
Lo o=

P i

-
-
g

-290

Axis Title

-295

-300

-305
1.0E-07 2.0E-07 3.0E-07 4.0E-07 5.0E-07 6.0E-07 7.0E-07

Time/s

Capacitor voltage V., and voltage
of a layer V ,, during a pulse. C; =
24 uF, Rsw =0.34 Q and R,,¢/N =

10 Q.
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m Compensation of Droop and Ripple

= |nanalogue modulation layer, there is no storage RF Power [ NoO capacitor here }
capacitor but there is resistor R, | Transistor I

= Resistor R, is effectively in series with the load N Y

= Load voltage during the flat-top: n&umo" layer [ M

v /
Rioaa ~{-T
Vicad ~ g T R, Max = R. /&= Lm@ |
= V. IS the sum of the voltages over the layers — q Lin N\
except the analogue modulation layer: V| ;.4 < Vmax! mo_g'er -
= Resistor R, is in parallel with magnetizing ) !
inductance L, Const;;z::ltage e —
= Compensation modes: S — 4F
» PASSIVE MODE: During the pulse, current B U | .
through L, increases, which causes current - J: Rt BB La J et MaX
through R, to decrease. Therefore, voltage over . clamp | [
R, decreases, which causes V| .4 to increase. This =N e A7
voltage change is reverse in comparison with I Primary e p—
voltage droop caused by storage capacictors in TR Memstaen
other layers. V|\/|ax V
> ACTIVE MODE: A linear RF power transistor Load
provides a shunt path for the current through ‘ VRa ‘
resistor R,. Therefore, the voltage over R, can be N / \_

controlled by controlling the current through the
RF power transistor.
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-980
. )
-990 i i
995 ' 0.5 /o f
> - = 7
g -1000 Dr — - I "
L 7N
> -1005 | o
2 _
‘1010 ] A ,l
| OIO\’ —r
-1015 Q‘ - =4 \/|oad-w/o-AM
/
_1020 / - - V|0ad - AM 1
= Vload - AM 2
-1025
1.0E-07 2.0E-07 3.0E-07 4.0E-07 5.0E-07 6.0E-07 7.0E-07
Time/s

&b Compensation of Droop and Ripple

Vload [%]

100.08 =—Vload - w/o AM

100.06 w==V]0ad - AM for compensating droop

e===V]oad - AM for compensating droop

100.04 . and ripple

100.02 A\ / ’\\

100.00 — +(0
99.98 .
99.96 V
99.94 -

1.00E-07 2.00E-07 3.00E-07 4.00E-07

Time [s]

Simulated droop compensation with
passive analogue modulation

active analogue modulation

= Passive analogue modulation — partial droop compensation

will be applied!
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Active analogue modulation — partial droop and ripple compensation
» For the CLIC DR kicker modulator, both PASSIVE and ACTIVE modulation methods

.02 %

Simulated droop and ripple compensation with



A 5-Layer Prototype Inductive Adder

» The purpose of the prototype inductive adder has been:

» To verify experimentally design steps for the high precision inductive adder
» To test both passive and active analogue modulation
» To approach the required £0.02 % flat-top stability for the output pulse, as specified

for the CLIC DR extraction kicker modulator

Design Parameter Prototype CLICDR
Inductive Adder | Extraction
Kicker
Modulator
Output Voltage (kV) 3.5 12.5
Output Current [50 Q load] (A) 70 (250) 250
Voltage per layer 700 700
Number of layers 5 20
Pulse flat-top duration (ns) *350 (900) 160 — 900
Pulse rise time [0.1-99.9 %] (ns) 100 <1000
Pulse fall time [0.1-99.9 %] (ns) 100 <1000
Flat-top stability (for 160 ns) +0.02 % +0.02 %
Repetition rate (Hz) 50 50
* limited by transformer cores, design value 900 ns
January 29, 2015 CLIC WS 2015

LOAD
RESISTOR

The prototype inductive adder with
two half-layers inserted
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Measurements on the 5-Layer
Prototype Inductive Adder

1 o1 T N ] ] .
|

IIII EEREEE «®F IO ENNLNTONENEE
“=u EEEEER =
I EEEEEE S Prototype HE!'!!H

~Bms inductive adder |g
m EEEEEE A EeeeessNeE e e SRR
Signal =====h==;§==§55;.'§55==

\
/!

.......

Oscilloscope

The prototype inductive adder with the measurement setup

a DC power
supplies
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Measurements on the 5-Layer

CURRENT
TRANSFORMER

The prototype inductive adder with a current
transformer and a load

January 29, 2015

CLIC WS 2015

Prototype Inductive Adder

In initial measurements,
only one branch per
half-layer PCB was
powered!

2 branches per layer.
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Measurements: 3.5 kV Output Pulse - No Modulation

= Setup for the measurement:

>
>

>

>
>

The prototype adder with 5 layers

1 branch powered per half-layer PCB,
2 branches per layer

Capacitors (24 pF/layer) charged
initially to 750 V

50 Q, 18 kV load by Diconex

No modulation applied.

= Qutput pulse parameters

>
>
>

>

Output voltage: 3.5 kV

Rise time (0.1...99.99 %) 160 ns
Droop: ~3.4 % (120 V) for 170 ns flat-
top duration

Small intra-pulse voltage (~10 V).

T I | T T T T T | T ' T T ‘ T |
| I . |
..... I . . . P N @ . . . . . . . I .
| |
1 1 |
| I |
| |
..... | T |
| |
| |
..... T Y
| { |
L L I } b L L B e B 1I
|
|
..... | I S
1.
|
..... I . . . . . . . . . . . .
|
|
..... v S
. e
SV A S > | ————p |
| 160 ns| 170 ns
| [T [ | L |
& |-s.0v “|.105 s E & N\ 306mv 100ns/div 1.0GS/s 1.0ns/pt
E7H [3.475kv & s1.0ns None Normal |
WD [3.483kV T 166ns 133 acgs RL:1.0k
T [20.98GV/= W|G‘I124HH1 Auto  October 21, 2014 12:21:01

13.5kV

January 29, 2015
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Measurements: Passive Compensation of Droop
and Active Compensation of Droop and Ripple

= Setup for the measurement: e -
» The prototype adder with 4 constant voltage ; Tor iaslisg ﬂ"an .
Oscilloscope voltage \ng

layers and an analogue modulation layer
» 1 branch powered per half-layer PCB, 2

2 kQ (-
7=50 Q, ts=5ns [ § R
% » S | =

7=50 Q, t4=5
branches per layer - N 1 ,_
> Capacitors (24 uF/layer) charged initially to St o ‘ 22uF  RF
500 ower ®
350...553 V. fraugistor (o GND
» Passive or active analogue modulation applied > . flange

RF Power
| Transistor \ @ @]
e |

\

RLoad

Trigger

Capacitor Bank
;

layers /799\\

1k

Constant voltage

Semiconductor

switch (array)
Fast L
te | diode " %
¥ clamp

-

g 7 - — Schematic and layout of the active

Pril;mry 151

. Riwlene analogue modulation layer

Secondary
current
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Measurements: Passive Droop Compensation

T T T T I T T T

I : ‘ 'l T ‘ I T T | T T I
L (a2 o — —_—,
® —— L__-_-___1 5 Curs1 X Pos © L —1
J‘ x > '\ 286ns
= { ' N R ] A S — f —t—ii} ' i —
f 160 ns H\’. Vload 1.18 kv Curs1Y Pos ()
\ 1.18kV
> T le=
F_--:444-+;+-F;--;4-4q; A T T TR Y
(a2 -
Zoom of 160 ns flat-top 1 6l X

v

-
-

b}

*MMNMMNﬂw”%gywwvgg

¢ “ + ' 1 ¢ + + +
- / ~N
\/\—.\J d NGRS \/r\_,\,

Vv

ripple+droop

1 1 i

+ + +

il9V:l:016%

1

\/\/\/,\/\’\/ f \ J\/\J'\—'\/\/\/\,W

:

I RN ] VI S T L1

Notes:

= Setup for the measurement:
» 4 constant voltage layers and a passive analogue modulation layer
» 1 branch powered per half-layer PCB, 2 branches per layer
» Capacitors (24 pF/layer) initially charged to 350 V (R, = 7.9 Q)

«  Tektronix scope used (DPO 5034) has a nominal vertical resolution of 8 bits (< +£0.4%) — can be
improved with oversampling and averaging

« The curve is an average of 1000 measured pulses

*  The optimal combination of R, & L, depends on the output voltage!

January 29, 2015
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Measurements: Active Droop Compensation

T T T -}v T T T T T T [ T T T T [ T T T | T /| T T T T
*‘ 160 ns o :
<+ > Curs1 X Pos
g : _ e -
e | P OO b, N 201.75ns
- W‘"‘:-Frh:i._':if_" ,’-—é—‘ S ‘_’—_7_—'—_’—-‘Aq—7'_rxv—\j‘\’f— BAW e ;;
VA ‘ A 7 — Curs1 Y Pos ()
- |1 ¥ 1. 0% L.\ AW e =]}
']l Ytoad 1:O&«d| RY - A 1.82kV
’ T -
: - V) [ e T

—— - - - —

— - - -] — ———— - ———

O
160 ns
“““, “*' T e T S e S e
E e 7' T~ o~ s —
Vioad _> ripple+droop :t1.23V, +0,07 % 7
L ST (N | () G O 1 (I (S | 11111111111\111.1l
= Setup for the measurement:
» 4 constant voltage layers and a passive analogue modulation layer
» 1 branch powered per half-layer PCB, 2 branches per layer
» Capacitors (24 pF/layer) initially charged to 551 V (R, = 7.9 Q)
» Active droop compensation with piece-wise linear ramp function
Notes:
« The curve is average of 1000 measured pulses
* Repeat of the measurement with averaging of 4000 pulses resulted in +£1.17 V (£0.06 %0)!
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Measurements: Active Ripple Generation

800 I | P T E e T B AT R T AT g bt e e e i s e T====
I ! | ==Vload (Sine 10 Mhz) |, !

780 oo bl Vioad (Sine 30-MHz) |- ------ im---

S R i O MBI
L : ! Vfload (Pos.ramp) !

740 +-------- re ——==-———=- == === EECEELEE N-g-=—g=- 1===-
e . ; L | : . I
R N AR
> [ :

700 -oo-

680 t----f--r-mmm T e -

660 + - T e ---

640 : : : : : : '

1.50E-07 2.50E-07 3.50E-07 4.50E-07 5.50E-07 6.50E-07 7.50E-07
Time/s

= Setup for the measurement:

4 constant voltage layers and a passive analogue modulation layer

1 branch powered per half-layer PCB, 2 branches per layer

Capacitors (24 pF/layer) initially charged to 200 V (R, = 7.9 Q)

Active ripple generation with a positive ramp (blue) and 2 MHz (red), 10 MHz (purple) and 30 MHz
(green) sine waves.

Note:

*  Modulation range: ~10 % of the maximum output voltage

VVVYVYY
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Measurements: Active Ripple Compensation

= Setup for the measurement: 10 7--

; T — A I S e —— e
> The prototype adder with 5 layers 9 ‘:“i’% ~~~~~~~~~~~~~~~ Sl ¢ e sion st g oo 5
» 1 branch powered per half-layer PCB, o . W et -+++:= Extrapolated ampl,tude P
2 branches per layer 710
» Capacitors (24 yF/layer) charged = Gl
initially to 551 V ¢ 13
> Active analogue modulation layer "1
> Modulation signal: a ramp + a sine ; F--1-s;
wave with a frequency of 5...25 MHz. : I A S S oy S R (S — S
= Steps for active ripple compensation . f S e S i (A m— Sa——
» Gain and phase responses for the 250E+06  7.50E+06  125E+07  L75E+07  225E+07  2.75E+07
injected compensation signal from the Ereguency/He
signal generator to the load voltage
were measured sl L N [ T |
> Correction factor were defined for 20 s - SR Pa—— = e .
compensation signal o L I T o— o -
> Load voltage was measured T | i 3906 MHz ; : : :
> Fast Fourier Transformor (FFT) was £ 3.0 fo-d-mbome e Ao e T bomomiomee !
applied to define the most significant %, [ | _~ T
ripple components g i E ; : : {
» A compensation signal, consisting of = 20 t--1--hooo ¥ e i Measured phase delay - -------- ;
ramp to compensate the droopandaa 5 | .= o | =rrei-Extrapolated phase delay §
sine wave to compensate the most = { : : : !
significant ripple component was 10 +— ‘ ' : ‘ : ‘ * ‘ :
created. 2.50E+06 7.50E+06 1.25E+07 1.75E+07 2.25E+07 2.75E+07

Frequency/Hz

» The compensation signal was applied
and the load voltage was measured.
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Measurements: Active Ripple Compensation
p YT 4 160ns o~
— o C - A . ‘ T — > | o | Curs1xPosB:
e e T amiveso|
P B T | Vieag 1.823kV e

| T N TR SR EN TR S B
— o e e e ] — — — — — e | — — — —— - e b — — —

Zoom of 160 ns ﬂat-top? ------------------

L
[

I

I._._
f_

HE

Hh

(i

I

I_

R |
‘ L
t——LL

| N A If\r’_'f'\f .‘\{m‘\‘—\.f\‘ N e T R A A

N | | N ETE : ‘ 05 %, O\
; e _>/ " Vinplerdroop £ 096V, £0.05 %\

Ll IJIIIIIKIIL TR N T R (T N S [ B [ R R 1 LJ\IJIIilllLl

= Setup for the measurement:
» 4 constant voltage layers and a passive analogue modulation layer
» 1 branch powered per half-layer PCB, 2 branches per layer
» Capacitors (24 pF/layer) initially charged to 551 V (R, = 7.9 Q)
» Active droop and ripple compensation
Notes:
« The curve is an average of 1000 measured pulses
*  Repeat of the measurement with averaging of 4000 pulses resulted in +£1.02 V (+0.06 %0)!
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Evaluation of Accuracy of the Measurements

The effective bit length of a 8-bit ADC is 6-7 Mod. PM AM (d) AM (d&r)
bits. o _ method  (d)
The effective bith length of the oscilloscope
can be increased with the following means ~ AUa+r (%) +0.16  £0.07 (1k) +0.05 (1k)
» Oversampling (OS) +0.06 (4k) +0.06 (4k)
> Ensemble averaging (EA) AUq4,, (V) +1.9 +1.23 (1k) +0.96 (1k)
» Both these methods were applied +1.17 (4k) £1.02 (4k)
Accuracy of the measurements
. , Resghh os 0 1 1

> Active droop compensation: (bits') 1 1
* The best measurements: #0.06 % (* 1.17 V)
The effective number of bits of the ADC: Averaging 100 1000 1000

6 (effective length of bits) + 1 (0S,4x) + (n) 4000 4000

6 (EA,4k) =13 ReSgohea 3.3 5 (1k) 5 (1k)
* Absolute precision: 0.37 V (in the range of 3 kV) (bits) 6 (4k) 6 (4k)
» Active droop and ripple compensation:
«  The best measurements :20.05 % (£ 0.96 V) Viaoc (V) 2000 2888 (it) 2888 (it)
*  The effective number of bits: 6 + 1 (0S,4x) + 5 Y @y

(EA,1k) =12 ReSge (%) 0.16 0.024 (1k) 0.024 (1k)
*  Absolute precision: 0.73 V (in range of 3 kV). 0.012 (4k) 0.012 (4k)
*  With EA of 4k, the numbers were +0.06 % (z

1.02 V), 13 bits and 0.37 V. ReSpps (V) 3.2 g';g g;;

AUy, = combined droop and ripple (flat-top instability), Resg, o5 = resolution enhancement by oversampling (averaging of
samples), Resg,, g4 = resolution enhancement by ensemble averaging (averaging of pulses),
V, = voltage range of a measurement channel, Resg,, = relative accuracy, Res,,, = absolute accuracy
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Summary

» Two 5-layer, 3.5 kV prototype inductive adders have
been built and tested at CERN

» Both passive and active analogue modulation
methods tested to improve the flat-top stability of the
output pulses

» The best measured flat-top stability for 160 ns pulse
flat-top has been £0.05 % (+0.96 V) at 1.8 kV, which
was reached by applying active droop and ripple
compensation.

»The final goal is to reach the stability requirement for
the CLIC DR extraction kicker modulator (£0.02 %)

» The full-size 12.5 kV, 250 A, CLIC DR kicker
prototype inductive adders are currently being
designed at CERN

» The design of 12.5 kV inductive adders is based on
the design of the two 5-layer prototype inductive
adders.

January 29, 2015 CLIC WS 2015
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Future Work

= |mprove the precision of the active analogue
modulation, to meet £0.02 % requirement for the
combined droop and ripple:

» Measurements with new magnetic cores, pulse
duration up to 900 ns

» A new active analogue modulation layer with
improved precision of ripple compensation (an RF
amplifier between the RF MOSFET and a signal
generator)

» Measurements with a 16-bit oscilloscope

= Measurements of two 12.5 kV inductive adders with a
stripline kicker installed in a beamline in an
accelerator test facility

3D model of a future inductive adder

= Other possible applications for inductive adder at CERN (Courtesy of P. Faure)

technology at CERN:
» FCC kicker systems (20 kV, 3.6 kA, 2.5 ps)
» PS KFA kicker system (40 kV, 1.5 kA, 2.6 ps)
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Questions & Comments?
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Demonstration of Active Ripple Compensation
In Time and Frequency Domains

= Time domain
» Original waveform: load voltage with ramp
compensation applied (blue)

1828 m-mmmmmmmm oo
Vload (w/o Active ripple comp.)

Vioad (Activeripple comp.) = |
Vload (Active ripple comp., phase -180 deg.)

1826 +----

» Compensated waveform (green): the

droop and the most significant ripple
frequency has been compensated

A ripple component deliberately amplified
(red): the most significant ripple
component has been amplified (phase
shift of the ripple component -180
degrees in comparison with the green
curve)

Frequency domain

>

Magnitudes of FFTs of the original load
voltage (blue), ripple compensation
applied (green) and a ripple component
amplified (red).

FFT of original waveform: load voltage
with ramp compensation applied (blue)
FFT of compensated waveform (green):
the droop and the most significant ripple
frequency has been compensated

FFT of a the waveform in which a ripple
component has been amplified (red):
phase shift of a ripple component -180
degrees in comparison with the green
curve
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