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» A single 2U chassis;

» 9 input RF channels;
» 2 output RF channels:
» Amplified;
» Filtered;
» Interlocked.
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A single 2U chassis;

9 input RF channels;
2 output RF channels:
» Amplified;
» Filtered;
» Interlocked.

Two spare outputs.
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A single 2U chassis;
9 input RF channels; » Tuner motor control;
2 output RF channels:

» Amplified;

» Filtered,;

» Interlocked.

Two spare outputs.
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» A single 2U chassis;
> 9 input RF channels: » Tuner motor control;
» 2 output RF channels: » External interlock daisy-chain;
» Amplified;
» Filtered;
» Interlocked.
» Two spare outputs.
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A single 2U chassis;

9 input RF channels;
2 output RF channels: » External interlock daisy-chain;

» Amplified; » Two external trigger inputs;
» Filtered,;
» Interlocked.

Two spare outputs.

» Tuner motor control;
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LLRF Characterization

» A single 2U chassis;

» 9 input RF channels: » Tuner motor control;

» 2 output RF channels: » External interlock daisy-chain;
» Amplified; » Two external trigger inputs;
> Filtered; » Eight opto-isolated baseband

» Interlocked. ADC channels.
Two spare outputs.
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Installations and Demos

Machines
Ring Stations | Cavities
ELSA 1 2
KARA 2 4
KARA booster 1 1
SESAME 4 4
SESAME booster 1 1
DELTA 2 2
Diamond booster (demo) 1 1
LNLS (demo) 2 2
LNLS booster (demo) 1 1

» System is in daily operation
at 4 storage rings and 2
boosters;
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Installations and Demos

Machines
Ring Stations | Cavities
ELSA 1 2
KARA 2 4
KARA booster 1 1
SESAME 4 4
SESAME booster 1 1
DELTA 2 2
Diamond booster (demo) 1 1
LNLS (demo) 2 2
LNLS booster (demo) 1 1

Ov v
LLRF9 Introduction

d Architecture

» System is in daily operation
at 4 storage rings and 2 LLRF Char.
boosters;

» Successfully demonstrated
at 3 other rings;

» Power sources —
klystrons, SSAs, I0Ts.
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Calibrated Channels

» Each of 9 input channels is monitored at Over
| ID=LLE1:BRD1 10 SPS, Inputs and Interlocks

INPUT CHANNEL 0
CAVITY 1 PROBE

Prop 1 Architecture

RAW AMPLITUDE 0.1 conts
RAW PHASE 34.5
HV FULL SCALE 0.86 dom LLRF Che erization

HW PHRSE OFFSET -31.28 deg

COUPL ING PHASE OFFSET o
Stabilit:
160,000 dey and Pr

OUTPUT FORMAT UNITS

™

TRIP

500,00 1
[ RESET |

0.01 kv 163.17 deg
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» Each of 9 input channels is monitored at Overview
| IDTLEET:RRDL 10 SPS, Inputs and Interlocks
INPUT CHAMMEL 0 .
CAVITY 1 PROBE » Phase measurements are relative to the
RAV MPLTTDE 0.1 cowts master oscillator phase reference at the front  |HESEE—.
R EHSE panel;
HVW FULL SCALE 0.86 dBm LLRF Chare zation

HW PHRSE OFFSET -31.28 deg

COUFL ING PHASE OFFSET
et one dex
OUTPUT FORMAT UNITS
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TRIP

500,00 1
[ RESET |

0.01 kv 163.17 deg




Calibrated Channels

| ID=LLE1:BRD1

INPUT CHANNEL 0
CAVITY 1 PROBE

RAW AMPLITUDE 0.1 counts
RAW PHASE 34.5
HW FULL SCALE 0.86 dBm

HW PHRSE OFFSET -31.28 deg

COUFL ING PHASE OFFSET
et one dex
OUTPUT FORMAT UNITS

™

TRIP

500,00 1
[ RESET |

0.01 kv 163.17 deg

Each of 9 input channels is monitored at Overview

1 0 SPS, Inputs and Interlocks
Phase measurements are relative to the
master oscillator phase reference at the front
panel;

All RF components are mounted on a 10 mm
cold plate with active temperature
stabilization;

Proposed Architecture

LLRF Chare zation




Calibrated Channels

» Each of 9 input channels is monitored at Overview
| ID=LLE1:BRD1 10 SPS .
s Inputs and Interlocks
INPUT CHAMMEL 0 .
CAVITY 1 PROBE » Phase measurements are relative to the
RV RELIODE | 0-1 cvants master oscillator phase reference at the front  |HESEE—.
A EHSE panel;
HVW FULL SCALE 0.86 dBm LLRF Characterization
WV DIASE OFFSET  ~51.28 aeg » All RF components are mounted ona 10 mm
COWPLING  PHASE OFFSET cold plate with active temperature -
a0-000 dey stabilization; and
OUTEUT FORMAT UNITS » Each channel can be configured for voltage
"ulta e
- i or power measurements;
TRIP
po—
[ RESET |

0.01 kv 163.17 deg




Calibrated Channels

» Each of 9 input channels is monitored at Overview
| IDTLEET:RRDL 10 SPS, Inputs and Interlocks
INPUT CHAMMEL 0 .
CAVITY 1 PROBE » Phase measurements are relative to the
RAV MPLTTDE 0.1 cowts master oscillator phase reference at the front  |HESEE—.
R EHSE panel;
HVW FULL SCALE 0.86 dBm LLRF Characterization
WV DIASE OFFSET  ~51.28 aeg » All RF components are mounted ona 10 mm
COUFLING _ BHASE OFFSET cold plate with active temperature -
a0-000 dey stabilization; and

OUTEUT FORKAT UITS » Each channel can be configured for voltage
o )
* or power measurements;
TRIP

— » Hardware phase offsets and full scale levels
— calibrated for rapid chassis swap;

0.01 kv 163.17 deg




Calibrated Channels

» Each of 9 input channels is monitored at Overview
| IDTLEET:RRDL 10 SPS, Inputs and Interlocks

INPUT CHAMMEL 0 .

CAVITY 1 PROBE » Phase measurements are relative to the
RAV MPLTTDE 0.1 cowts master oscillator phase reference at the front  |HESEE—.
RS panel;
HVW FULL SCALE 0.86 dBm LLRF Characterization
WV DIASE OFFSET  ~51.28 aeg » All RF components are mounted ona 10 mm

COUFLING _ BHASE OFFSET cold plate with active temperature -
a0-000 dey stabilization; and
OUTEUT FORKAT UNITS » Each channel can be configured for voltage
o )
* or power measurements;

. — > Hardware phase _offsets a}nd full scale levels
el calibrated for rapid chassis swap;

» Precision calibration procedures for voltage
and power.




Interlock Chain

ID=LLRF :BRD1

INTERLOCKS
EXTERNAL INTERLOCK INPUT

A¥PLITUDE 340.74 kv 305.41 kv 625.42 Tor

THRESHOLD 38000 kv 840,00 W T80_00 kv

RAV AMPLITUDE 6364.5 counts = 5952.3 cownts = 6207.6 counts | 6038 0 counts

RAW THRESHOLD 7098 6627 6832 a1m1

[ ooEmsar || cwasweL 0 ][ cHANNEL 1 || cHANNEL 2 |[ CHANNEL 3 |

| | I Il Il |
5762454 36046144 36067981 32105109

TRIP CAPTURE 7122 G671 6957

TRIP VALUE 38130 kv 34226 kv

785_54 K

» Fast interlock threshold can be
set for each of 9 RF inputs;

Overv

Inputs and Interlocks




Interlock Chain

ID=LLRF :BRD1

INTERLOCKS
R ——
AMPLITUDE F40.74 kv 305.41 kv 625.42 kv
THRESHOLD 380_00 kv B40.00 kv Tre0_00 v

RAV AMPLITUDE 6364.5 counts = 5952.3 cownts = 6207.6 counts | 6038 0 counts

RAW THRESHOLD 7098 6627 6832 a1m1

[ ooEmsar || cwasweL 0 ][ cHANNEL 1 || cHANNEL 2 |[ CHANNEL 3 |

| | I Il Il |
5762454 36046144 36067981 32105109

TRIP CAPTURE 7122 G671 6957

TRIP VALUE 38130 kv 34228 kv 785_54 K

Overview

» Fast interlock threshold can be
set for each of 9 RF inputs;

» Guaranteed trip in 11 ADC Architecture
clock cycles (100 ns);

Inputs and Interlocks

Stability
and Pr




Interlock Chain

ID=LLRF :BRD1

INTERLOCKS
R ——
AMPLITUDE F40.74 kv 305.41 kv 625.42 kv
THRESHOLD 380_00 kv B40.00 kv Tre0_00 v

RAV AMPLITUDE 6364.5 counts = 5952.3 cownts = 6207.6 counts | 6038 0 counts

RAW THRESHOLD 7098 6627 6832 a1m1

[ ooEmsar || cwasweL 0 ][ cHANNEL 1 || cHANNEL 2 |[ CHANNEL 3 |

| | I Il Il |
5762454 36046144 36067981 32105109

TRIP CAPTURE 7122 G671 6957

TRIP VALUE 38130 kv 34226 kv 78554 kv

» Fast interlock threshold can be
set for each of 9 RF inputs;

» Guaranteed trip in 11 ADC
clock cycles (100 ns);

» Multiple layers of interlock
protection for drive outputs. On
interlock trip:

» Hardware controlled RF
switch is opened;

» FPGA DAC drive is set to
Zero;

» DAC is disabled (hardware
powerdown);

» DDR output flip-flop is held
reset.

Overview

Inputs and Interlocks

Proposed Architecture

LLRF Characterization

Stabilit:
and




Interlock Output Path

T 7 T 3 T 5 5 7 -
. Revision [ Notes Dale .
0 | il release 2020-01-17
L 11 | Cleanup, better labeling 2020-04-25
Latched bits can be reset under EPICS control. That resets BITRIP (as well as B2TRIP and BTRIP).
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, It external interfock input s cleared, switch S1 i then enabled, as wellas IF DAC DDR diiver. IF
LLRF46 1 DAC powerdown is also removed. When EPICS reset is removed, systems remains enabled, unless
! some internal interlock source trips immediately c
| XcesLxasFraA N | In case external interlock is applied during EPICS reset, S1 remains open, as well as PRESET hold
' ' 1= === ====== | onlF DAC DDR driver and IF-DAC powerdown control (SLEEP).
I e i a
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| L S oy Soq0 AN !
I I 1] B2TRIP u10 !
| | |
Mo L, I} BaTRIP 1 M
| | |
| I I} ILOCK_IN |
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R — I I
| | |
| CH3_LATCH | e !
M | | It
| LADC_LATCH | |
| | |
| [EXT_LATCH | |
I I I
A | BIILOCK | e LLRFS interiock logic: A
= T J‘ FILE: LLRF9_interlock.sch REVISION: 1.1 (2020-02-25)
PaGE 1 ot DRAWN BY:  Dmitry Teytelman
T z 3 T T 5 T 5 T 7 T 5 -

Inputs and Interlocks




Interlock Chain - Continued

TRIGGER TRIGGER INTERLOCK INTERLOCK SPARE
1 (up) 2 (DOWN) INPUT OUTPUT
LLRF

[

TRIP SOURCE TIME
CAVITY 1 PROBEL 0.000 us
CAVITY 2 PROBEL 384.022 us

O Board 1 interlock| O Board 2 interlock OiBoard 3 interlock

» External interlock enable
input and interlock output
allow for easy
daisy-chaining:

» Opto-isolated input;
» 5 volt logic and

solid-state relay output.

Overview

RF9 Introductior
Inputs and Interlocks
Feedback Looj

Proposed Architecture
Overall Topolog
Issues Needing (

LLRF C

Stability Measurements
sion Calibration




Interlock Chain - Continued

TRIGGER TRIGGER INTERLOCK INTERLOCK SPARE

—— L Qe » External interlock enable Overview

9 9 g 9 9 input and interlock output SN

allow for easy
daisy-chaining:

Proposed Architecture

LLRF
| » Opto-isolated input; ool toreeny
[wesm | » 5 volt logic and
TRIP SOURCE TIME solid-state relay output.
CAVITY 1 PROBEL 0.000 us .
CAVITY 2 PROBEL 284.022 us > Spal’e Output Used In some Stability Measurements

and Precision Calibration

machines as HVPS
enable/interlock;

O Board 1 interlock| O Board 2 interlock OiBoard 3 interlock




Interlock Chain - Continued

TRIGGER TRIGGER INTERLOCK INTERLOCK SPARE

1 (up) 2 (DOWN) INPUT OUT!’UT = > External |nterlock enable o
g 9 g 9 9 inPUt and interlOCk OUtPUt \nprut:a‘nd‘ \nl‘er‘\‘o;ks
allow for easy Feedback Loo

daisy-chaining: .

Proposed Architecture

LLRF
| » Opto-isolated input; ool toreeny
[wesm | » 5 volt logic and
TRIP SOURCE TIME solid-state relay output.
CAVITY 1 PROBEL 0.000 us .
CAVITY 2 PROBEL 284.022 us > Spal’e Output Used In some Stability Measurements

and Precision Calibration

machines as HVPS
enable/interlock;

» All interlock sources are
timestamped;

O Board 1 interlock| O Board 2 interlock OiBoard 3 interlock




Interlock Chain - Continued

TRIGGER TRIGGER INTERLOCK INTERLOCK SPARE

Le) 2 (oown) INPUT wrels External interlock enable Overview

9 9 g 9 9 input and interlock output SN

allow for easy
daisy-chaining:

v

Proposed Architecture

LLRF
| » Opto-isolated input; ool toreeny
[wesm | » 5 volt logic and
TRIP SOURCE TIME solid-state relay output.
CAVITY 1 PROBEL 0.000 us .
CAVITY 2 PROBEL 284.022 us > Spal’e Output Used In some Stability Measurements

and Precision Calibration

machines as HVPS
enable/interlock;

» All interlock sources are
timestamped;

» 10C automatically sorts
events to simplify trip
diagnostics.

O Board 1 interlock| O Board 2 interlock OiBoard 3 interlock
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Field Control Loop

Open/closed loop control

ADCO ' B ;
Cavity 1 probe Vector | Vi 1 G : n 2 DACO
- ( ) > L 1 b
ADC1 sum — ¢ ' + Klystron drive
Cavity 2 probe + Proportional : +
i h,
Station reference gain/phase G R Feedback Loops
vV - o | |Gre®G—re)
et A sin
CORDIC n + Iptegral Integrator
Pset 6 As—1Q cos + Excitation ~ 9ain/phase
* A corpic 1|1 ADC3
! o poc RF reterence
- 1Q = A () |a—] )
) ¢ Q=12 sin cos
Reference + A

; A
DDS phase Fulsale | 4?

A corpic Sin

generator

¢ A9—1Q cos

» Single cavity or vector sum of
two;




Field Control Loop

Open/closed loop control

ADCO ' ! :
Cavity 1 probe Vector | V; L G ' (4 12 DACO
ADC1 sum — ¢ : + Klystron drive
s — '
i + Proportional ' +
Cavity 2 probe >
Feedback L
Station reference gain/phase G 22 eedback Loops
Ve o | |Gre®G—re)
set .
A corpic SN n + Iptegral Integrator
Dset 6 A9 1Q cos i Excitation ~ 9ain/phase
* A cororc 1 I ADC3
il + ) 1Q — A¢ Q Q bbc RF reference
\ — sin Ccos
Reference + A
Full scal E
DDS phase T wl A corpIc SN
enerator
g 13 Ad = 1Q cos

» Single cavity or vector sum of
two;

» Reference phase is
compensated in real-time;




Field Control Loop

Open/closed loop control

ADCO 3 ! :
Cavity 1 probe vector | Vi ; G ! r2 DACO
S ; =
ADC1 sum - ¢ 3 " Klystron drive
s — '
i + Proportional ' +
Cavity 2 probe >
Feedback L
Station reference gain/phase G 2 eedback Loops
“rei®) (z—re-10
Vset A sin 6 (z—re®)(z—re=i)
CORDIC n + Iptegral Integrator
Dset 6 A9 1Q cos i Excitation ~ 9ain/phase
* . A corpic 1|1 bbc ADC3
e
/\‘ 1Q — Ag < . RF reference
\Jr/ _ ¢ Q Q sin Ccos
Reference + A A
Full scal K
DDS phase UL ml A corpic SN
generator 6 A6—=1Q cos

» Single cavity or vector sum of
two;

» Reference phase is
compensated in real-time;

» Proportional (direct) and
integral loops;




Field Control Loop

Open/closed loop control

ADCO ' !

Cavity 1 probe Vector | Vi i G : n 42 DACO
- ( ) > L i >
ADC1 sum — ¢ ' + Klystron drive

- |
Cavity 2 probe + Pr:igt/)rtligggl i + o)
Station reference 9 P G 22 eedback Loops
=t A corpic SN
RDI + + Iptegral Integrator
et 6 A9 1Q cos Excitation ~ 93in/phase
* 1

A corpic 1= ADC3
+ ) DDC e ADC3
- 1Q — Ao _ RF reference
P ¢ Q=12 sin cos
Reference + A A
DDS phase Fullscale g f 4 CoRDIC SN
generator
¢ A9—1Q cos

» Single cavity or vector sum of » Double rate DAC drive:
two; ’
» Reference phase is
compensated in real-time;
» Proportional (direct) and

integral loops;




Field Control Loop

Open/closed loop control

ADCO ' !

Cavity 1 probe Vector | Vi i G : n 12 DACO
- ( ) > L 1 b
ADC1 sum — ¢ ' + Klystron drive

- |
Cavity 2 probe + Pr:igt/)rtligggl i + o)
Station reference 9 P G 22 eedback Loops
=t A corpic SN
RDI + + Iptegral Integrator
et 6 A9 1Q cos Excitation ~ 93in/phase
* 1

. A corpic = ooe ADC3
-« ADC3
/\‘ 1Q > Aé ) RF reference
= ¢ Q2 sin  cos
Reference + A T A
DDS phase Full scate A corpic sin
generator
¢ A9—1Q cos

» Single cavity or vector sum of » Double rate DAC drive-
two; ’
» 512-point amplitude and phase

» Reference phase is S
profiles;

compensated in real-time;
» Proportional (direct) and
integral loops;




Field Control Loop

Open/closed loop control

ADCO ' !

Cavity 1 probe Vector | V; . G ' (4 12 DACO
ADC1 sum — ¢ | + Klystron drive

ADCL | ; :
Cavity 2 probe ctation reference + Zﬁﬁ?gﬁgg:' G - AT * Feedback Loops
v - . o [TlEenGem
- ™ corpIC SIN Integral Integrator
et 6 A9—1Q cos * T Excitation ~ 9ain/phase
4 I

A corpic 1= . ADC3
* ) - - =
- 1Q - A ) RF reference
Pa ¢ Q=12 sin cos
Reference + A A
Full scal -
DDS phase UL ml A corpic SN
enerator
9 s Ab—1Q cos

» Single cavity or vector sum of
two;

» Reference phase is
compensated in real-time;

» Proportional (direct) and
integral loops;

» Double rate DAC drive;

» 512-point amplitude and phase
profiles;

» Excitation input for built-in
network analyzer.




Tuner Loop

| LLRF: TUNER: C1

TUHER LOOP
LOOP CONTROL m
ANTI
INT DIEFF WINDUP
a5 Do o1

DEADBAND

D.100 degreas
MINIMUM FORVARD POWER D1 kw

LOAD ANGLE OFFSET

vooe sten | |00 mnmom 0.022

.00 degrees

Tuner 1 Motor Control
Tuner 2 Motor Control

O Probe balancing loop

» Loop runs in the EPICS I0C at 10 Hz;

Overview

Feedback Loops

LLRF Chara

Stability ments
and P! >alibration




Tuner Loop

Overview

| LLRF: TUNER: C1

Feedback Loops

TUHER LOOP
LOOP CONTROL EEI . roposed Architecture
» Loop runs in the EPICS IOC at 10 Hz; [iatiia
ANTT
PROP INT DIFF VINDUP .
o » Keeps caylty forward and probe LRE Charaieriaton
phases aligned;
DEADBAND D.100 degrees

MINIMUM FORWARD POVER D.1ww

LOAD ANGLE OFFSET 0.00 degrees

vooe sten | |00 mnmom 0.022

Tuner 1 Motor Control

Tuner 2 Motor Control
O Probe balancing loop




Tuner Loop

LLRF: TUNER: C1

TUNER LOOP

LOOP CONTROL m
I

ANT.
PROP IHT DIFF oy
e - o
DEADBAND D.100 degrees
MINIMUM FORVARD POWER D1 kw
LOAD ANGLE OFFSET 0.00 degrees
LODP SIGN 0 =roes 0.022

Tuner 1 Motor Control
Tuner 2 Motor Control

O Probe balancing loop

» Loop runs in the EPICS I0C at 10 Hz;

» Keeps cavity forward and probe
phases aligned;

» Options for one or two motors per

cavity, field balancing loop for
multi-cell cavities;

Overview

Feedback Loops

Proposed Architecture

LLRF Chare zation

Stability
and P!




Tuner Loop

LLRF: TUNER: C1

TUNER LOOP

LOOP CONTROL m
I

ANT.
PROP IHT DIFF oy
e - o
DEADBAND D.100 degrees
MINIMUM FORVARD POWER D1 kw
LOAD ANGLE OFFSET 0.00 degrees
LODP SIGN 0 =roes 0.022

Tuner 1 Motor Control
Tuner 2 Motor Control

O Probe balancing loop

Loop runs in the EPICS IOC at 10 Hz;
Keeps cavity forward and probe
phases aligned;

Options for one or two motors per

cavity, field balancing loop for
multi-cell cavities;

Adjustable deadband to avoid
unnecessary mechanical wear.

Overview

Feedback Loops

Proposed Architecture

LLRF Chare zation

Stability
and P!




Tuner Motion Control

» LLRF9 supports a number of

off-the-shelf motor controllers:
» Galil DMC-21X3 stepper/brushed

ID=LLE1l:C1T1 DC/erShleSS' Proposed Architecture

ERLILRDECLI XS TREAHRDERECE » Schneider Electric Motion Mdrive
VELOCITY COMMAND | 0.000 deg/s Plus stepper; LLAF Ch:
FNCODER POSITION 315691.920 deq » Aerotech Soloist brushed DC.
ENCODER VELOCITY 0.000 deg/s
ANKLOG INPUT -5.549 ¥

MOVING ENABLE IR CCW LIM CW LIM

o cH
WA STATUS Dx6D




Tuner Motion Control

» LLRF9 supports a number of

off-the-shelf motor controllers:
» Galil DMC-21X3 stepper/brushed
ID=LLE1l:c1T1 DC/erShleSS' Proposed Architecture
GALIL DHCS21X3 STREAI DEVICE » Schneider Electric Motion Mdrive
VELOCITY COMMAND D000 degts PIUS stepper; LLRF Characterization
FNCODER POSITION 315691.920 deq » Aerotech Soloist brushed DC.
FICODER VELOGERS kel » Interfaces include Ethernet, RS-485, [
ANALOG INPUT -5, L
MOVING ENABLE DIR CCW LIM CW LIM RS_422’
o cH
WA STATUS 0x6D




Tuner Motion Control

Overview

» LLRF9 supports a number of
off-the-shelf motor controllers:

» Galil DMC-21X3 stepper/brushed

Feedback Loops

ID=LLE1l:c1T1 DC/erShleSS' Proposed Architecture
GALILL DHCSZIXS STRERH DEVICE » Schneider Electric Motion Mdrive
VELOCITY COMMAND 0.000 degts PIUS Stepper; LLRF Characterization
FNCODER POSITION 315691.920 deq » Aerotech Soloist brushed DC.
= . Stabil
EASDR VELOSERE 0:000 dews » Interfaces include Ethernet, RS-485, |
ANALOG INPUT -5.549 ¥,

MOVING ENABLE IR CCW LIM CW LIM RS_422;

® o » Plunger position monitoring from
Tl stas 0x6D analog potentiometer;




Tuner Motion Control

Overview
» LLRF9 supports a number of
off-the-shelf motor controllers:
» Galil DMC-21X3 stepper/brushed
ID=LLE1l:c1T1 DC/erShleSS' Proposed Architecture
EAE0L DHE-2E Snill NHlEs » Schneider Electric Motion Mdrive
VELOCITY COMMAND D000 degts PIUS Stepper; LLRF Characterization
FNCODER POSITION 315691.920 deq » Aerotech Soloist brushed DC.
ENCODER VELOCITY S by » Interfaces include Ethernet, RS-485,  [Hi
ANALOG INPUT -5, L
HMOVING ENABLE DIR CCW LIM CW LIM RS_422’
® o » Plunger position monitoring from
Tl stas 0x6D analog potentiometer;

» Standard support for limit switches;




Tuner Motion Control

» LLRF9 supports a number of B
| m-ar:cir off-the-shelf motor controllers:
HOTORRREECED » Galil DMC-21X3 stepper/brushed _
ST T DC/erShleSS; Proposed Architecture
. » Schneider Electric Motion Mdrive e
PlUS Stepper; LLRF Characterization
VELOCITY (DEG/S) s000.00 » Aerotech Soloist brushed DC.
ACCELERATION TIME (5)  0.040 » Interfaces include Ethernet, RS‘485, 3 : :uo‘:;\]tf:ltm
DIRECTION OF TRAVEL 0 RS—422,
RAV MOTOR POSITION -939567 - . .
READRACK YALUS (DEG) e » Plunger position monitoring from
ANALOG TNPUT 986 analog potentiometer;
D;NE S » Standard support for limit switches;

» EPICS MotorRecord is supported, not
recommended.




Top Level Panel: ANKA

Feedback Loops

40,42 dog.

0.00 v
174.67 dog.

» Two cavity station (ANKA):
» 6 cavity signals;
» Klystron forward and
reflected;
» Magic T load.




Top Level Panel: ANKA

Feedback Loops

40,42 dog.

0.00 v
174.67 dog.

» Two cavity station (ANKA):
> 6 cavity signals: » Two tuner loops;
» Klystron forward and
reflected;
» Magic T load.




Top Level Panel: ANKA

Feedback Loops

40,42 dog.

0.00 v
174.67 dog.

» Two cavity station (ANKA):

> 6 cavity signals: » Two tuner loops;
» Klystron forward and » Active blocks for quick control
reflected; panel access.

» Magic T load.
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Feedback Loops

MESSAGE CURRENT PREVIOUS

» Two single cavity stations
(SESAME):
» 3 cavity signals per station;
» BPM sum;
» 2 spare signals.




Top Level Panel SESAME

Th=tiar AV e
EITE

e m
FWD REV
ot

Feedback Loops

MESSAGE CURRENT PREVIOUS

» Two single cavity stations
(SESAME):
» 3 cavity signals per station;
» BPM sum;
» 2 spare signals.

» Two tuner loops;




Top Level Panel SESAME

ID=LLRF : CAV1 [mELe | [EXIT |

Feedback Loops

MESSAGE

Loop closed, ramping up

» Two single cavity stations

(SESAME): .
o . » Two tuner loops;
» 3 cavity signals per station; i )
» BPM sum: » Station state machine controls.

» 2 spare signals.



State

Machine

| LLRF

:STATE: C1

TIMEOUT

STATE MACHINE COHNTROL

MAXTMUM TUNING ERROR  |5.0 degrees

OPEN LOOP TUNING 0.0 kv
OPERATING VOLTAGE 600.0 kv
DUMP WINDOW TOP 110.0 kv
UM WINDOW BOTTOM Ho00.0 kv

DUMP RATE, PER SECOND |i0.2500 kv

» Simplified controls: ON and OFF;

Overview

Feedback Loops

Proposed Architecture

LLRF Ch

rements
ision Calibration




State Machine

Overview

| LLRF: STATE: C1

Feedback Loops

STATE MACHINE COHNTROL

Dot » Simplified controls: ON and OFF; ISl

» State machine handles station turn

MAXTMUM TUNING ERROR  |5.0 degrees

on
OPEN LOOP TUNING 0.0 kv » Cavity tuning in open loop state;
Y » Feedback loop closure; o Srbslili
OFERRTIRG VALTRGE 00.0 kv » Ramping to nominal field;
T e o 110.0 ky » Rampdown and turn-off.
UM WINDOW BOTTOM Ho00.0 kv

DUMP RATE, PER SECOND |i0.2500 kv




State Machine

LLRF: STATE: C1

STATE MACHINE COHNTROL

TIMEOUT

MAXTHUM TUNING ERROR

OPEN LOOF TUNING

OPERATING VOLTAGE

IUMP WINDOW TOP

DUMP WINDOW BOTTOM

DUMP RATE, PER SECOND

T120.0 seconds

5.0 degrees
60.0 kv
00.0 kv
110.0 kv
H00.0 kv

i0.2500 kv

» Simplified controls: ON and OFF;
» State machine handles station turn
on
» Cavity tuning in open loop state;
» Feedback loop closure;
» Ramping to nominal field;
» Rampdown and turn-off.
» Monitors error conditions
(interlocks) and timeouts.

Overview

Feedback Loops

Proposed Architecture

LLRF Character

Stability
and Precision Calibration

urements
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ADC Waveform Capture

Frpr— — » 12 ADC channels sampling IF signals

Raw ADC data

(9 inputs, 3 references); pagnestes
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ADC Waveform Capture

Frpr— — > 12.ADC channels sampling IF signals Fe
— (9 inputs, 3 references); oo

o, - » 24576 sample buffer;
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ADC Waveform Capture

Frpr— — > 12.ADC channels sampling IF signals "
— (9 inputs, 3 references); oo

o, - » 24576 sample buffer;

» 10 updates per second in free running

s e AL
50 0 50 100 150 d .
T (1) moae,
. ADC spectrum
100
80
d g0
B
E
20
0
-10 o 10 z0 30 40 50 60

Frequency (MHz)

ACQUISITION CONTROL

oo eoons| | [




ADC Waveform Capture

v

12 ADC channels sampling IF signals
(9 inputs, 3 references);

24576 sample buffer;
10 updates per second in free running  [EEICIEEEEERTEE

Diagnostics

Proposed Architecture

ID=LLRF:BRD1

v

ACQUISITION CONTROLS

v

POST-TRIGGER LENGTH Tie3za mode.
i i . Stabili
Gif2/CH3 WAVEFOR » Multiple hardware trigger sources: SELTY
| SOFTWARE | » External trigger;
TRIGGER SELECT A
[ maowRRE » Ramp profile start;
HARDVARE TRIGGER » Interlock;

» Feedback loop closure.




ADC Waveform Capture

» 12 ADC channels sampling IF signals
(9 inputs, 3 references);

» 24576 sample buffer;
» 10 updates per second in free running  [EEIIEIEEEEERED

Diagnostics

Proposed Architecture

ID=LLRF:BRD1

ACQUISITION CONTROLS

POST-TRIGGER LENGTH Tie3za mode.
i i . Stabili
Gif2/CH3 WAVEFOR » Multiple hardware trigger sources: SELTY
| SOFTWARE | » External trigger;
TRIGGER SELECT A
[ maowRRE » Ramp profile start;
HARDVARE TRIGGER » Interlock;

» Feedback loop closure.

» Supports pre-trigger acquisition for trip
capture.




Diagnostics

Network Analyzer
» High resolution (1024 point)

swept analyzer;
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Network Analyzer
» High resolution (1024 point)

swept analyzer;
» Adjustable excitation level, P chitecture

| ID-LLRF:BRD1 I
FeT—ye) o Magnitude
10 £0.000 10000 = S —
<
SETILE INTEGRATE ™ //
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Network Analyzer

» High resolution (1024 point)
swept analyzer;

, e e | (e » Adjustable excitation level; : rehitecture

Diagnostics

 E—— » Fast sweep times with

- | Y proprietary carrier suppression
om T algorithm;
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Network Analyzer

» High resolution (1024 point)
swept analyzer;

, T e o » Adjustable excitation level, . rchitecture
i e » Fast sweep times with

s | o Y proprietary carrier suppression

mrm o [ E— ‘ T—— algorithm;

= e » Multiple probe points within the

e —— system:

. » Cavity probe;
| - | T— I — » Cavity sum;
I » Error signal;

» Drive output.




Network Analyzer

» High resolution (1024 point)
swept analyzer;

, e Fimze- (e » Adjustable excitation level; Proposed Architecture

Diagnostics

Magnitude

o » Fast sweep times with
: proprietary carrier suppression |EEEeEE
= algorithm;
» Multiple probe points within the
system:
» Cavity probe;
L L » Cavity sum;
e > Error signal;
» Drive output.
» Spectrum analyzer mode with
excitation disabled.

T T T
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Frequency offset (kHz)
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LLRF9 Internal Layout

Interconnect color code

—  RF signal inputs/outputs

i EPICS 10C sm{?ﬁ‘;:l?én, J.ﬂigy?.‘c » 3 LLRF4.6 modu IeS, each with
— Local oscillator i distribution
; 4RFin p uts: Overall Topology
3

USB
S
i *

outputs

Drive

Interlock output

LLRF4.6 LLRF4.6 LLRF4.6

B ik il

Local oscillator
generator and

Interlock input

RF reference




LLRF9 Internal Layout

Interconnect color code

—  RF signal inputs/outputs

- ﬁiﬁ'ﬁi‘"“ EPICS I0C sm{li]ﬁ‘z]:n?én, J.ﬂigy?.‘c > 3 LLRF46 mOduleS, eaCh W|th

— Local oscillator distribution
3 . ; 4 RF inputs; Overall Topology
; - USB '
T — » One input per module
— dedicated to reference

LLRF4.6 LLRF4.6 LLRF4.6 mon |to ri n g ;

el 1|1 1T

Local oscillator
generator and

Interlock input

RF reference




LLRF9 Internal Layout

Interconnect color code

—  RF signal inputs/outputs

E ?xiﬁ]‘l»ifnﬁ EPICS I0C sm{li]ﬁ‘z]:n?én, d;lgisg?:: > 3 LLRF46 mOduleS, eaCh W|th
p ‘ - 4 RF inpUtS; Overall Topology
5 - USB
T — » One input per module

Interlock output |

dedicated to reference
LLRF4.6 LLRF4.6 LLRF4.6 mon |t0 ri ng ;

= » |dentical FPGA code on all 3

w1 | T[T modules;

Local oscillator
generator and

Interlock input

RF reference




LLRF9 Internal Layout

Interconnect color code

—  RF signal inputs/outputs - i

E ?xiﬁ]‘l»i?";i EPICS 10C sm{li]ﬁ‘z]:n?én, dia;{llgi%i%n > 3 LLRF46 mOduleS, eaCh W|th
. ‘ _ 4 RF inputs; Overall Topology
5 - USB )

+ I [— » One input per module
e dedicated to reference
g LLRF4.6 LLRF4.6 LLRF4.6 mon |to ri n g ,
E . » Identical FPGA code on all 3

w1 | T[T modules;

Local oscillator » Two Complete field control
i paths with filtering/interlocking.

RF reference




Proposed Topology

» Need 12 channels to

Cavity 1 probe po Mi — monitor 4 cavities (probe,

Covity2probe | forward, reflected) — at
Kiystron forward __{ ouUTo i
P least two units;
Cavitydprobe  _|cH4  LLRF9/476
Cavity 1 forward {5
Cavity 2 forward | (e out?
Cavity 3 forward |7
Cavity 4 forward | opyg

To klystron drive

Overall Topology

Interlock input

Cavity Lreflected _[~j0™ Interlock output
Cavity 2 reflected CHI

Cavity 3 reflected CH2 OUTO
Cavity 4 reflected CH3

Klystron reflected CH4 LLRF9/476
Circ load forward CH5

Circ load reflected CH6

WG load forward

WG load reflected CHS

OuT2

Interlock input




Proposed Topology

i

Cavity 1 probe
Cavity 2 probe
Klystron forward
Cavity 3 probe
Cavity 4 probe
Cavity 1 forward
Cavity 2 forward
Cavity 3 forward
Cavity 4 forward

CHO
CHI
CH2
CH3
CH4
CH5
CH6
CH7
CH8

Interlock output

LLRF9/476

Interlock input

OuUTO

OuUT2

To klystron drive

Cavity 1 reflected
Cavity 2 reflected
Cavity 3 reflected
Cavity 4 reflected
Klystron reflected
Circ load forward
Circ load reflected
WG load forward

WG load reflected

CHO
CHI1
CH2

CH4
CH5
CH6

CHS8

Interlock output

LLRF9/476

OuTO

OuT2

Interlock input

» Need 12 channels to
monitor 4 cavities (probe,
forward, reflected) — at
least two units;

» PEP-II setup monitors 23
channels plus reference;

Overall Topology




Proposed Topology

To klystron drive

Overall Topology

OuT2

Interlock input

» Need 12 channels to
Cavity2probe |y forward, reflected) — at
Cavitydprobe  _|cH4  LLRF9/476
Cavity 3 forvard___ |y channels plus reference;
Cavity 2 reflected CHI
Klystron reflected CH4 LLRF9/476
WG load forward

. i monitor 4 cavities (probe,
Cavity 1 probe »|CHO Interlock output
Klystron forward CH2 OUTO . .
Cavity 3 probe P least two units;
Cavity 1 forward CH5 > PEP'” Setup mOﬂltOl’S 23
Cavity 2 forward CH6 OUT2
Cavity 4 forward CHS .
E— ll_ka » Delete 5 channels or add a
Cavity Lreflected [0 Interlock output th | rd un |‘t9
Cav%[x 3 reflected CH2 OUTO
Cavity 4 reflected CH3
Circ load forward CH5
Circ load reflected CH6
CH7
WG load reflected CHS




Proposed Topology

» Need 12 channels to

Cavity 1 probe po Mi — monitor 4 cavities (probe,

To klystron drive

Overall Topology

Coniy Zpbe oy forward, reflected) — at
stron Torwart .

Cyspve | oue least two units;

Cavitydprobe ____|CH4  LLRF9/476 :

Cavity Ltorward___| s » PEP-II setup monitors 23
Cavity 2 forward

Cavty s forwarg |8 e channels plus reference;
Cavity 4 forward CHS

lnlcllu}kingul » Delete 5 channels or add a

Cavity Lreflected [0 Interlock output th | rd un |‘t9

Cavity 2 reflected . .
Cavity 3 refected o | o> outo » Top unit monitors all probe

Cavity dreflected___|cyy5 and forward signals:
Klystron reflected CH4 LLRF9/476

Cireloadorsard__cgs » Field control loops;
irc load reflecte
e o2 » Four tuner loops are on

WG load forward CH7

WG load reflected CHS that IOC as We".

Interlock input




Proposed Topology

i

Cavity I probe | CHO Interlock output
Cavity 2probe __fpyy

Kiystron forward | ~yyp ouTo
Cavity3probe  _|cp3
Cavitydprobe  _fcH4  LLRF9/476
Cavity 1 forward {5
Cavity 2 forward |-y ouT2
Cavity 3 forward | opy7
Cavity 4 forward | opyg

Interlock input

Cavity Lreflected _[~j0™ Interlock output
Cavity 2 reflected CHI

Cavity 3 reflected CH2 OUTO
Cavity 4 reflected CH3

Klystron reflected CH4 LLRF9/476
Circ load forward CH5

Circ load reflected CH6

WG load forward

CH7
WG load reflected CHS

OuT2

Interlock input

To klystron drive

Need 12 channels to
monitor 4 cavities (probe,
forward, reflected) — at
least two units;

PEP-II setup monitors 23
channels plus reference;
Delete 5 channels or add a
third unit?

Top unit monitors all probe
and forward signals:

» Field control loops;
» Four tuner loops are on
that IOC as well.

Bottom LLRF9/476 is
monitoring/interlock only.

Overall Topology




Proposed Topology (Continued)

% » Initial plan — use two cavity

Cavity Iprobe [~ Interlock output veCtor sum (OUTO) ,
Cavity2probe |y

Kiystron forward | ~yyp ouTo
Cavity3probe  _|cp3
Cavitydprobe  _fcH4  LLRF9/476
Cavity 1 forward {5
Cavity 2 forward |-y ouT2
Cavity 3 forward | opy7
Cavity 4 forward | opyg

To klystron drive

Overall Topology

Interlock input

Cavity Lreflected _[~j0™ Interlock output
Cavity 2 reflected CHI

Cavity 3 reflected CH2 OUTO
Cavity 4 reflected CH3

Klystron reflected CH4 LLRF9/476
Circ load forward CH5

Circ load reflected CH6

WG load forward

WG load reflected CHS

OuT2

Interlock input




Proposed Topology (Continued)

% » Initial plan — use two cavity

Cavity probe [ Tertock outpt vector sum (OUTO);
Cavity 2 probe CHI

Kiystron forward____|cypp outo » Plus four tuner loops;
Cavity 3 probe CH3

Cavitydprobe ____|CH4  LLRF9/476

Cavity 1 forward CH5

Cavf&y 2 forward CH6 OUT2
Cavf(y 3 forward CH7

Cavity 4 forward CHS

To klystron drive

Overall Topology

Interlock input

Cavity Lreflected _[~j0™ Interlock output
Cavity 2 reflected CHI

Cavity 3 reflected CH2 OUTO
Cavity 4 reflected CH3

Klystron reflected CH4 LLRF9/476
Circ load forward CH5

Circ load reflected CH6

WG load forward

WG load reflected CHS

OuT2

Interlock input




Proposed Topology (Continued)

To klystron drive

OuT2

Interlock input

% » Initial plan — use two cavity
Cavity probe [ Tertock outpt vector sum (OUTO);
Cavity 2 probe CHI
Kiystron forward____|cypp outo » Plus four tuner loops;
Cavity 3 probe CH3
Cavity4probe ____|cpg  LLRF9/476 » To measure the transfer R
Cavity 1 forward CH5 . e
Cavity 2forward | ype oum functions through cavities 3
Cavity 3 forward
Cavty v | and 4 need to add OUT2 to
Interlock input .
] OuTO;
Cavity Lreflected [0 Interlock output
Cav%&y 2 reflected CHI
Cavity 3 reflected CH2 OUTO
Cavity 4 reflected CH3
Klystron reflected CH4 LLRF9/476
Circ load forward CH5
Circ load reflected CH6
WG load forward
WG load reflected CHS




Proposed Topology (Continued)

% » Initial plan — use two cavity

To klystron drive

Cavity probe [ Tertock outpt vector sum (OUTO);
Cavity 2 probe CHI
Kistronforvard___cy outo » Plus four tuner loops;
ﬂvl()’ robe CH3
%L‘:Ffd’%»cm LLRF9/476 » To measure the transfer SIRINETE
avl orwar 5 . g
Cavity 2 forward | cype ot functions through cavities 3
avil orwar
oy s tomans |7 and 4 need to add OUT2 to
Interlock input .
_p‘? OuTO;
Cavity I reflected | nterlock output H H
e e —={cno merotcown » Realized that two field
Lavity sretlected  _ cH1

Coiy il oz ouTo control loops can run in
Klystron reflected CH;t LLRF9/476 para”el ,
Circ load forward .
Comes Jow o " actar som A
WO |CHS 1 ek » Care needed in

f configuration (more on

next slide).




Dual Control Loops

CHo
Cavity 1 probe Vector Vi @ Vit G @_» 1o
cHL sum N ¢ +
Cavity 2 probe T + Iz;oirﬁn,;tliggg\ +

v O I

ref é (Ge—re) (z—re-)
Integral Integrator
gain/phase Overall Topology

CH3

= =
Cavity 3 probe Vector | V2 ) A2 G
sum \b é + ®_> 2

CH4 -
B —
+ Proportional +
Cavity 4 probe gain phate -
V2, O el
® Ge—re®)(z—rc—17)
Integral Integrator
gain/phase

» Integral loops zero A at RF;




Dual Control Loops

CHo
Cavity 1 probe Vector | V1 @ Ay G ®_> 12
cHL sum N ¢ +
e
+ Proportional +
Cavity 2 probe T gain/phase N
G 2
Vier s [T|GrenGre™
Integral Integrator
gain/phase Overall Topology
CH3
=0 e
Cavity 3 probe vector | V2 @ Do G @_> 12
CHa sum _\J @ +
=2 e
+ Proportional +
Cavity 4 probe T gain/phase 2
G 2
5 -
v ® (z—re?)(z—re 0y
Integral Integrator
gain/phase

» Integral loops zero A at RF;

» Two integrators on at once —
balancing problems;




Dual Control Loops

CHo
Cavity 1 probe Vector | V1 @ A G n 12
sum % @
CH1 - +
—_— .
Cavity 2 probe + Zgl:?';#z"s‘g‘ +
v G 22
ot s [T|GrenGre™
Integral Integrator
gain/phase Overall Topology
CH3
Cavity 3 probe Vector Vi @ Do G i 2
sum ) ]
CH4 - +
_— .
Cavity 4 probe T + Zﬁﬁ?gﬁg’s‘g‘ +
G 22
2 N
v s [TG=renG=re™
Integral Integrator
gain/phase

» Integral loops zero A at RF;

» Two integrators on at once —
balancing problems;

» Direct loop with moderate gain
is more tolerant;




Dual Control Loops

CHo
Cavity 1 probe | vector | V1 ) A G O_» ouTo
2
cHL sum - (—b ¢ + . !
—_— —
Cavity 2 probe T + Z?il;?;#;'s‘g‘ - +
G 2
Vier s [TC=renG—re™
Integral Integrator G/
gain/phase Overall Topology
CH3
Cavity 3 probe Vector Vi @ Do G @_» 2 ouT2
CH4 sum AN ¢ +
—_— —
Cavity 4 probe T + F;r;iwgt';ggg\ . - +
Vi s [TlGemG=re™
Integral Integrator
gain/phase
» Integral loops zero A at RF; » Two direct, one integral;

» Two integrators on at once —
balancing problems;

» Direct loop with moderate gain
is more tolerant;




Dual Control Loops

CHO
Cavity 1 probe Vector Vi /) VAN G ouTo
- D : =~ 12
Cavity 2 probe T + Zﬁﬁ%‘ﬂ%’éi‘ +
G 22
Veer 6 [T |GrenGre™
Integral Integrator G/
gain/phase Overall Topology
CH3
Cavity 3 probe Vector Va N\ JADY G ouT2
o (D : (=12
W + Proportional +
, T gain/phase G 2
L o [TETmGTe™
Integral Integrator
gain/phase
» Integral loops zero A at RF; » Two direct, one integral;
» Two integrators on at once — » Integral: high gain at low
balancing problems; frequencies;

» Direct loop with moderate gain
is more tolerant;




Dual Control Loops

CHO
Cavity 1 probe Vector Vi /) VAN G ouTo
- D : =~ 12
Cavity 2 probe T + Zﬁﬁ%‘ﬂ%’éi‘ +
G 22
Veer 6 [T |GrenGre™
Integral Integrator G/
gain/phase Overall Topology
CH3
Cavity 3 probe Vector Va N\ JADY G ouT2
o (D : (=12
W + Proportional +
, gain/phase G 2
L o [TETmGTe™
Integral Integrator
gain/phase
» Integral loops zero A at RF; » Two direct, one integral;
» Two integrators on at once — » Integral: high gain at low
balancing problems; frequencies;

» Direct loop with moderate gain » Direct: 12—15 dB of wideband
is more tolerant; feedback for all 4 cavities.
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Interfaces to Define

» Total number of channels and channel selection;




Interfaces to Define

» Total number of channels and channel selection;
» Tuner motor control;




Interfaces to Define

» Total number of channels and channel selection;
» Tuner motor control;
» HVPS control/interlocking;




Interfaces to Define

v

Total number of channels and channel selection;
Tuner motor control;

HVPS control/interlocking;

Opto-isolated slow ADC and interlocking;
» Each LLRF9 includes an 8 channel 12 bit opto-isolated ADC;
» Capable of triggering interlocks (window comparator);
» Four configurable input ranges: +5V, +£10 V, 0-5V, 0-10 V;
» Each channel is polled at 13.75 ksps.

v

v

v




Interfaces to Define

v

Total number of channels and channel selection;
Tuner motor control;
HVPS control/interlocking;

Opto-isolated slow ADC and interlocking;

» Each LLRF9 includes an 8 channel 12 bit opto-isolated ADC;
» Capable of triggering interlocks (window comparator);

» Four configurable input ranges: +5V, +£10 V, 0-5V, 0-10 V;
» Each channel is polled at 13.75 ksps.

Interlock daisychain input and output;

v

v

v

v




Interfaces to Define

v

Total number of channels and channel selection;
Tuner motor control;

HVPS control/interlocking;

Opto-isolated slow ADC and interlocking;
» Each LLRF9 includes an 8 channel 12 bit opto-isolated ADC;
» Capable of triggering interlocks (window comparator);
» Four configurable input ranges: +5V, +£10 V, 0-5V, 0-10 V;
» Each channel is polled at 13.75 ksps.

v

v

v

v

Interlock daisychain input and output;

v

Digital input levels, connectors.




Development needed

» Configure 4 tuner loops (easy);




Development needed

» Configure 4 tuner loops (easy);

» Structure to integrate monitoring information from multiple LLRF9
units;




Development needed

» Configure 4 tuner loops (easy);

» Structure to integrate monitoring information from multiple LLRF9
units;

» Top-level interlock summary processor, reset handler;




Development needed

v

Configure 4 tuner loops (easy);

Structure to integrate monitoring information from multiple LLRF9
units;

Top-level interlock summary processor, reset handler;
Operating procedure for dual loop operation;

v

v

v




Development needed

v

Configure 4 tuner loops (easy);

Structure to integrate monitoring information from multiple LLRF9
units;

Top-level interlock summary processor, reset handler;
Operating procedure for dual loop operation;
State machine to run SPEAR3 configuration.

v

v

v

v
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Open Loop Transfer Function

Setpoint and excitation

Disturbances

+

Error

Feedback

RF

] cavity
Cavity field probe

» Measured from setpoint to the
cavity probe;




Open Loop Transfer Function

» Measured from setpoint to the
cavity probe;

» Feedback block in open loop has
no dynamics, just gain and phase
shift;

Setpoint and excitation Disturbances

+

Error -] RF

Feedback > X
cavity
Cavity field probl




Open Loop Transfer Function

» Measured from setpoint to the
C‘av\lyAt‘)pen—luo‘ptranslt‘erlunclwo‘n ‘ ‘ Cav'ty probe,

il ] » Feedback block in open loop has
| no dynamics, just gain and phase :
e shift:

Gain (dB)
!
=5

"800 200 a0 200 100 0 100 200 00 400 500
Frequency offset (kHz) .
» Open loop cavity response;

g 1 |
5,4007 J
‘g 200 E
g

& —300- B

7500 400 -300 -200 -100 100 200 300 400 500
Frequency offset (kHz)




Open Loop Transfer Function

» Measured from setpoint to the

‘ ‘ szfli Q‘:QESD.O‘S‘ (wvf“l/"):if?ﬂkHz ‘ _ Cavity probe;
g | — » Feedback block in open loop has
-//\\ no dynamics, just gain and phase
:20’ ‘ | | | | | | | ‘ 1 Shlft’ Frequency Domain
-500 -400 -300 -200 -100 0 100 200 300 400 500
e ameey » Open loop cavity response;

g o » Fit resonator model to extract gain,

- loaded Q,

s o w s, ~ Extremely useful for configuring
e st the feedback loops, tuner loops,

general diagnostics.




Closed Loop Transfer Functions

Setpoint and excitation

Disturbances

+

Error

Feedback

RF

] cavity

Cavity field prol

A

» Measured from setpoint to the
error signal;




Closed Loop Transfer Functions

Setpoint and excitation

Disturbances

+

Error

Feedback

RF

] cavity

Cavity field prol

A

» Measured from setpoint to the
error signal;

» Shows attenuation at frequencies
where feedback has gain;




Closed Loop Transfer Functions

» Measured from setpoint to the
error signal;
» Shows attenuation at frequencies
where feedback has gain;
Setpoint and excitation Disturbancei > Perturbatlons at the |nput Of the
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Closed Loop Transfer Functions

» Measured from setpoint to the
error signal;

Gain (dB)

» Shows attenuation at frequencies
where feedback has gain;
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Closed Loop Transfer Functions

» Measured from setpoint to the
error signal;

» Shows attenuation at frequencies
where feedback has gain;

B e % w0 » Perturbations at the input of the

cavity are rejected with the same

transfer function;

oo} ] » Proportional only;

] » Proportional and integral, much

higher rejection at low frequencies;
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Closed Loop Transfer Functions

» Measured from setpoint to the
error signal;

Booster closed-loop transfer functions
T

» Shows attenuation at frequencies
where feedback has gain;

» Perturbations at the input of the
cavity are rejected with the same
transfer function;

» Proportional only;

» Proportional and integral, much
higher rejection at low frequencies;

» Easier to see with the logarithmic
frequency scale.
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LLRF Characterization

Time Domain




Step Response
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Step Response
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» Ramp start triggers waveform
acquisition;

» Ramp profile loaded with a 10%
amplitude step (230 to 253 kV);




Step Response

ooooo

» Ramp start triggers waveform

\j
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Wil acquisition;
W :
e » Ramp profile loaded with a 10%
amplitude step (230 to 253 kV);
A » Open loop: phase shift (AM-PM in
Y 2.9 yugtmmen power stage), setpoint error;
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Step Response
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Ramp start triggers waveform
acquisition;

Ramp profile loaded with a 10%
amplitude step (230 to 253 kV);
Open loop: phase shift (AM-PM in
power stage), setpoint error;

Closed loop response is much faster, as
expected;

Time Domain




Step Response
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Ramp start triggers waveform
acquisition;

Ramp profile loaded with a 10%
amplitude step (230 to 253 kV);

Open loop: phase shift (AM-PM in
power stage), setpoint error;

Closed loop response is much faster, as
expected;

A bit too much gain, overshoot seen;
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Step Response
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pom ~le 1 » Ramp start triggers waveform
f U“ I acquisition;
o+t et > Ramp profile loaded with a 10%
amplitude step (230 to 253 kV);
: ) » Open loop: phase shift (AM-PM in
; WWJ\'W‘ W} A power stage), setpoint error;
I 5777 » Closed loop response is much faster, as
e expected;
ﬁ » A bit too much gain, overshoot seen;
E A i » Prominent ripple due to SSA power
b S supply switching at 190 kHz.




Pulse Response
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» Open-loop pulse response, cavity A;

Time Domain




Pulse Response
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» Open-loop pulse response, cavity A;

» Base 2 kV, pulse 20 kV;
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Pulse Response

j \ 1L | » Open-loop pulse response, cavity A;
- - > Base 2 kV, pulse 20 kV;
- | » Larger reflected power peak at the
- ; falling edge, expected for coupling
R B W R factor 5 > 1;
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Pulse Response
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Open-loop pulse response, cavity A;
Base 2 kV, pulse 20 kV;

Larger reflected power peak at the
falling edge, expected for coupling
factor 5 > 1;

Phase slope during pulse decay

indicates the cavity is slightly detuned.

Time Domain
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Stability Measurements and Precision Calibration
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Thermal Stability: Lab Measurements

°C

Ambient temperature measurement

On chassis
25 in air
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» 9 internal sensors on cold plate: 6
NTCs, 3 DS18B20 digital sensors;

Thermal




Thermal Stability: Lab Measurements

Ambient temperature measurement
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» 9 internal sensors on cold plate: 6
NTCs, 3 DS18B20 digital sensors;

» Three temperature stabilization
loops using thermoelectric coolers;

Thermal




Thermal Stability: Lab Measurements

Ambient temperature measurement

On chassis|
In air
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Out of loop sensors
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» 9 internal sensors on cold plate: 6
NTCs, 3 DS18B20 digital sensors;

» Three temperature stabilization
loops using thermoelectric coolers;

» Two external sensors, in air and
attached to chassis;

Thermal




Thermal Stability: Lab Measurements

Ambient temperature measurement

On chassis|

. » 9 internal sensors on cold plate: 6
i ‘ ‘ NTCs, 3 DS18B20 digital sensors;

-6
Time (hours)

» Three temperature stabilization
J e loops using thermoelectric coolers;
T LiAr oDy 031822 TEN fasec]

o LA onD20S e T eeoc) » Two external sensors, in air and
attached to chassis;

I B I » Tight stabilization of in-loop
Ir\flo‘op sensors (32 sample average) sSensors ,

LLRF:BRD1:NTCO:TEMP [degC]

Thermal
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Thermal Stability: Lab Measurements

Ambient temperature measurement

On chassis|

» 9 internal sensors on cold plate: 6
2 ‘ ‘ ‘ NTCs, 3 DS18B20 digital sensors;

-6
Time (hours)

» Three temperature stabilization
J e loops using thermoelectric coolers;

— LLRF:BRD3:NTC1:TEMP [degC]
—— LLRF:BRD1:DS1822:TEMP [degC]

o LA onD20S e T eeoc) » Two external sensors, in air and
attached to chassis;

I B I » Tight stabilization of in-loop
Ir\flo‘op sensors (32 sample average) sSensors ,

LLRF:BRD1:NTCO:TEMP [degC]
21.03F —— LLRF:BRD2:NTCO:TEMP [degCl|

——LLAF BRDSNTCOTENP e » Residual sensitivity of out-of-loop
. sensors is 0.09-0.12 °C/°C.

Thermal
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Thermal Stability: LNLS Measurements

Peltier control signals
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» Recorded over 2 days;
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Thermal Stability: LNLS Measurements

Peltier control signals
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Thermal Stability: LNLS Measurements

Peltier control signals

—— LLRF:BRD2:AD5644CH7 []
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» Recorded over 2 days;

Out of loop sensors

e e v e » Diurnal temperature variation

e; 261 — LLRF:BRD1:DS1822:TEMP [degC] .

s clearly seen in out of loop sensors
£l T - and Peltier control signals;
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Thermal
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Stability Measurements and Precision Calibration

Tuning Scans




Tuning Scan at SESAME

» Run the station in open loop, fixed
setpoint;
» Move the cavity from limit switch to

VV/A limit switch;
] » At multiple points record:

Gain =07, Q = 15062.2, (W, - W) = 260.46 kiz

o t28don » Probe voltage and phase;
- o iy » Forward and reflected power and
£ \ phase; TiningScans
| » LLRF9 output power meter;
%050 “a0 00 eyt i ™ 400 600 > TUner potentiometer;

» Open-loop transfer function.
» A lot of interesting plots!




Tuner Position Potentiometer vs. Detuning

Potentiometer voltage vs. cavity detuning

10 : : : T
—6— Measurements

Bl __ Linear fit (Vpo‘=0.05fo75.82)‘ ]
S ] - .
5 | » Nearly linear;
g o ] » A deviation near zero detuning
8 of ] is caused by wall heating;
5 ] » Slope should be consistent,
-4 ] offset shifts with temperature.
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_—%0 6 50 160 1 éo 260 ZéO 300

Detuning (kHz)




Cavity Voltage vs. Detuning

Cavity 2 voltage vs. detuning, open loop

2001

o
S
T

Voltage (kV)

o
S
T

501

—%0 0 50 100 150 200 250 300
Detuning (kHz)

» Cavity voltage peaks around 0;

Tuning Scans.




Cavity Voltage vs. Detuning

Cavity 2 voltage vs. detuning, open loop

» Cavity voltage peaks around 0;

» Zooming in we see an
interesting effect — peak
voltage is around 650 Hz;

Tuning Scans.




Cavity Voltage vs. Detuning

Cavity 2 voltage vs. detuning, open loop

» Cavity voltage peaks around 0;

» Zooming in we see an
interesting effect — peak
voltage is around 650 Hz;

» Likely due to imperfect match
at the SSA output.




Waveguide Power vs. Detuning

Cavity 2 power vs. detuning, open loop > ReﬂeCted power minimum near

Power (kW)
(=2}

Tuning Scans.
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Detuning (kHz)




Waveguide Power vs. Detuning

Cavity 2 power vs. detuning, open loop > ReﬂeCted power minimum near
12 T T T T T T O,
10r » Forward power reading
ol changes due to finite directivity
g of couplers;
5 6
3
o
2r B 4
‘ — Reflected

—%0 0 50 100 150 200 250 300
Detuning (kHz)

Tuning Scans.




Waveguide Power vs. Detuning

» Reflected power minimum near

LLRF9/500 drive power vs. detuning, open loop

1.474 O,
14720 ] » Forward power reading
. changes due to finite directivity
E of couplers;
g » Drive level is constant;
: 1.4661 Tuning Scans.
1.4641
! ‘46—%0 6 50 1 60 150 260 250 300

Detuning (kHz)




Waveguide Power vs. Detuning

» Reflected power minimum near

250 5 0,

s » Forward power reading
= < changes due to finite directivity
=~ (0]

Y S of couplers;

je] o

© o . .

s g » Drive level is constant;

@

e » Peak field and minimum

reflected are offset;
200 0
-10 -5 0 5 10

Detuning (kHz)




Waveguide Power vs. Detuning

» Reflected power minimum near

250 5 0,
s » Forward power reading
= < changes due to finite directivity
=~ [
Y S of couplers;
D Q.
] kel . .
s g » Drive level is constant;
@
& » Peak field and minimum
reflected are offset;
2005 = 0 5 10 » Offset minimum of reflected
Detuning (kHz) power is expected, directivity

again.




Coupler Directivity Correction

Power (kW)
(=2

» Assuming power source is
i _ matched, we compute the
avity 2 power vs. detuning, open loop

coupler directivity correction
matrix;

— Forward
— Reflected

0 50 100 150 200 250 300
Detuning (kHz)

Tuning Scans.




Coupler Directivity Correction

» Assuming power source is
matched, we compute the
coupler directivity correction
matrix;

Cavity 2 power vs. detuning, open loop

» At each point, we compute the
expected reflection coefficient at
RF from cavity transfer function
fit;

Power (kW)
(=2

— Forward

— Reflected
—%0 0 50 100 150 200 250 300
Detuning (kHz)




Coupler Directivity Correction

Goupler correction, cavity 2, measured 2016-11-07

H ] » Assuming power source is
S| ~ ] matched, we compute the
] coupler directivity correction
£ —\/ | matrix;
oo [ ered » At each point, we compute the
I I expected reflection coefficient at
RF from cavity transfer function
fit;
il » Matrix elements are then :
ol adjusted to:
2 » Remove variation in forward
;: power;

&
3
o
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Detuning (kHz)




Coupler Directivity Correction

Goupler correction, cavity 2, measured 2016-11-07
15 - T T T

] » Assuming power source is
: ~ ] matched, we compute the
coupler directivity correction
—\/ | matrix;
oo [ ered » At each point, we compute the
I I expected reflection coefficient at
RF from cavity transfer function
fit;
» Matrix elements are then
adjusted to:
» Remove variation in forward
power;
— » Match measured and
gg;;;;ﬂ computed reflection.
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Detuning (kHz)

Forward power (kW)
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Tuning Scans.
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Time Domain Cavity Response

Probe Probe
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Tuning Scans.




Time Domain Cavity Response

Probe Probe
191
190
150 189
$ 188
Z 100 S
RS
s 186
185
184
0 10 20 3 40 50 10 20 30 40 50
Time (us) Time (us)
Forward Forward
7,
6
5 280
4 §
3 £ 270
3 8
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Time (us) Time (us)
Reflected Reflected
340
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1
240
0 10 20 3 40 50 0 10 20 3 40 50
Time (us) Time (us)

» Step drive to 0;
» Natural cavity response;

Tuning Scans.




Time Domain Cavity Response

Q = 14039

160

1401
1201

S 100-
=

80

Voltage (|

» Step drive to 0;
» Natural cavity response;

. ‘ ‘ ‘ ‘ ] » Can extract quality factor and
0 10 20 30 40 50 detunlng,

60

401

Time (us)

Af =263 Hz
T

Tuning Scans.

Time (us)




Time Domain Cavity Response

Transfer function fit

8
A
of
- 5T
89 » Step drive to 0;
3r .
il » Natural cavity response;
1 - » Can extract quality factor and
-5 50 1D(£uning (LSZ[; 200 250 300 detuning;
Darmping transient » At the same tuning point collected
1 .
20 transfer function e
T measurements;
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Time Domain Cavity Response

Transfer function fit

8
|
of
- 5T
89 » Step drive to 0;
3r .
il » Natural cavity response;
1 - » Can extract quality factor and
-5 50 1D(£uning (LSZ[; 200 250 300 detuning;
Darmping transient » At the same tuning point collected
1 .
20 transfer function e
l measurements;
T » Roughly 300 Hz offset between
Tos ' ; 1 frequency and time domain.
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Beam-Based Calibration




Cavity Parameters at LNLS

Gain = 1.1, Q = 9650.05, (w - w,_) = 1.90 kHz Cavity 1

5 T

Qp 40000
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£ 3.1415

_15 I I I I I | I |
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Frequency offset (kHz)
©=1118.41 ns, ¢ = 359.5 deg
T

Beam-Based Calibration

Phase (degrees)
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Cavity Parameters at LNLS

‘ Gain‘=1.1,Q‘=10683.4‘1, (w'—w‘")z—1.5‘1 kHz ‘ Cavity 1

Data

Qp 40000
Q; 9650.0
£ 3.1415

| | | | | | | | |
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Frequency offset (kHz)
©=1123.44 ns, ¢ = 0.9 deg
T T T
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Frequency offset (kHz)

Phase (degrees)
o




Probe Calibration

Cavity field

250

240
2301

» Scanned cavity 1 field down to
170 kV, captured synchrotron tune
using LFB tune tracking;

s
= 220
k=]
2 2101
% 200
o
190
1801

Cavity 1
Cavity 2

1247 12:48 12:48 12:49 12:50 12:51 12:51 12:52
i

170

Synchrotron frequency
T T

2550

Beam-Based Calibration

25}

1, (kHz)

2450

24t
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Time




Probe Calibration

Correction factors: cavity 1 = 0.960, cavity 2 = 0.887

' » Scanned cavity 1 field down to
170 KV, captured synchrotron tune
] using LFB tune tracking;

1 » Fit ws to total voltage Vj, assuming:

80 390 400 410 440 450 460 470

420 430
Total gap voltage (kV)
» Stations are in phase (phased
— —— earlier to maximize ws);
» Momentum compaction, beam

o
! l i I I ] energy, energy loss per turn are
o ) 4

Beam-Based Calibration

as published.

Error (Hz)
L&
[}

380 390 400 410 _ 420 430 440 450 460 470
Total gap voltage (kV)




Probe Calibration

Correction factors: cavity 1 = 0.960, cavity 2 = 0.887

' aro ] » Scanned cavity 1 field down to
170 KV, captured synchrotron tune
] using LFB tune tracking;

» Fit ws to total voltage Vj, assuming:

80 390 400 410 440 450 460 470

420 430
Total gap voltage (kV)

» Stations are in phase (phased

— earlier to maximize ws);

o i , I l H ] » Momentum compaction, beam B b Garaton
o i3 l i I ] energy, energy loss per turn are

— ° o ] as published.

Error (Hz)
L&
[}

» Obtain scaling factors for existing
calibrations.

380 390 400 410 _ 420 430 440 450 460 470
Total gap voltage (kV)




Summary

» LLRF9 integrates a lot of functionality in a single unit;

Beam-Based Calibration
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» Used with normal conducting cavities at a number of machines;
» Powerful diagnostic features to simplify tuning and operation;
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Summary

v

LLRF9 integrates a lot of functionality in a single unit;
Used with normal conducting cavities at a number of machines;
Powerful diagnostic features to simplify tuning and operation;

v

v

v

Enables precision measurements of accelerator parameters.
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