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I - Automation in Commissioning Process of Undulators

European

XFEL | Objectives

European XFEL Project

2
5
£
91 undulators are needed P &
) SASE 3 L
Commissioning need to be e e

finished in 2 years, 2013 -
2015

3 magnetic measurement
labs are available

Therefore 3 weeks were
foreseen for commissioning
of one undulator
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Automation in Commissioning Process of Undulators

European

XFEL ] Objectives

/= Alignment of the undulator relative to the magnetic |

3
measurement bench o
7))
Magnetic measurements and field fine tuning — =
Final measurements and documentation of magnetic ci

\__ properties of undulator _

/Installation and adjustment of the linear encoders to "
achieve an accuracy of £1um

Adjustment of the tilt angles of the undulator girders
to better than £150urad

Evaluation and implementation of the correction
coefficients for rotary encoders of undulator-motors

KCaIibration of the temperature sensors —
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1 Automation in Commissioning Process of Undulators
European .
XFEL | Basic approach

Connection to the undulator PLC or to external
controllers or devices, loading of configuration data

Data acquisition, depending on the configuration
data

Data processing and analysis

hardware

Formatted output, depending on the task and J
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1 = Automation in Commissioning Process of Undulators

European

XFEL | Adjustment of the linear encoders
— l _‘,,. .,

The installation of a
profiled linear guideway
has to be validated in
order to ensure the
requirements of the gap
measurement accuracy
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Automation in Commissioning Process of Undulators

European

XFEL | Adjustment of the linear encoders

The program sequentially changes
the gap and reads the value of linear

Setcar  ActGap Leftic TLert MTright DIFFL
2012/04/20 15:56:33
e n COd e rS a n d refe re n Ce g a g eS iR ii L T W
l l 99,0 99,0000z 99,0380z 1.00090  1.00087  0.00013 o,
08.0  ©8.00003  08.05581 2.00207  1.09055  0l00027 0.
97.0  ©7.00002  97.05381 3.00454 3.00205  0.0007¢ 0.
06.0  ©06.00003  06.055L8 400318 4100337 000065 0.
3 e G T N
Undulator Hysteresis Mesurement M ES oo IR Loy niEm o L o
92.0  ©2.00001  92.0599% 7.99773 8.00191  0.00133  O.
9100  G1.00002  O1.05887 800855 5100020  0.00163 0.
—Serial Numbers for Undulator Deviation of Linear Encorder 32496757H fram Gauge 365242260 For |eft encoder R oo 0, 00055 O T I A - LA T 1oy P
. ‘ 88,0  B8.00003  88.05307 12.00465  11.99386  0.00133 Q.
Udulator SH Left Encoder SN Right Encoder SN Left Gauge SW Right Gauge SR 0.00536 Mazimal Hysterisis  0.895 um; Maximal deviation & 2,664 um 87.0  87.00002  87.05244 13.00458  13.00138  0.00208 0.
86.0  86.00003  86.05423 14.00263  14.00417  0.0021% Q.
XTI T EE T Er | . —ieasing BB e R
eiesng 8300  823.00003  83.03068 16.00606  17.00440  0.00241 0.
8200  82.00001  B2.0605L 17,9516 18.00115  0.00208 0
0.00455 8.0  B1.00002  BL.06167 18.99417  19.00110  0.00326
~Tolerances 8000  80.00002 8005970 10060612 10.09080  0.0032%
0.00390) 79.0  79.00003  79.03923 20.99648  20.99982  0.00335 -
78.0  78.00003  78.0353% 22.00003  22.00112 000368 -
Hysteresis(mm) + 0.002 Deeviationimm) £ 0.01 ~|
0.00325 41 i
- Measurement Yalues 0.00260
100 fckualGapimm) |99 99593 0.00155
EeiEpiim) - Measurement data for Unulator SN X092-1001
Left Encoder(mrm) 100.05851 Right Ercoder(mn) |99.98089 Incer Encorder for loft encader
0.00065 = Hlaxmal Hystoriss & 0,595 i, Mamal deation & 2,664 un
Left Gauge(mm) 100.05862 Right Gauge(mm) |99.QED47 0.00000 000520 ==y
— 0.0 12.0 24.0 36.0 48.0 60.0 72.0 a4.0 96.0 108.0 120 0,0M455
Left Deviation(mmy | 2-090LL Right Diviationmm) I'”m”"2 000
- Deviation of Linear Encorder 32496755H from Gauge 365242310 for right encoder D00
Left State I Right State 0.00092 Maximal Hysterisis £ 0,811 um; Maximal deviation 4,436 um W
000195
-0.0001¢ ncreasing outs
i~ Setting Parameters ecreasing .
- J 000055
1+ 1. Run-TimeSystem (PORT 801) (™ 2. Run-TimeSystem (PORT 8113 Dems o
-0.0023 oo o Ta0 %0 40 @0 70 e w0 we0 ix
ND 287 IP Address | 169.254.1.2 -0.00341
e 36524234 for i
Configuration File I € \Commissioningheonfia_long._Lmm.uck -0.0044¢ 000032 Maximal Hystoriss & 0,511 um; Maxinal deviation & 4,438 un
0.0001¢ drcressing
-0.0055¢ Oecreaing
Save File I C\X092-1001_2012,04,20_15hS4'09" bxt .
-0.0066¢ 0,002

-0.0077¢

" 4 0,009
Start | Stop | Graph | Final state -0.00881 -0.00551
0.0 12.0 24.0 36.0 48.0 60.0 720 4.0 96.0 108.0 12C

0.00esd
oo
- — 0.0085 -
Infﬂrmatmn:lPLC\far’smn:31 Revision: 0 Buid: 26 The 1D is: 10.0.1.92.1.1 : Save | Caneel 00 1z0 0 %0 480 €0 720 840 %0 080 1

Mingh CaredlL CoredR GRL OHIR

000000100 08305
100087
15 &

EBE2HBERBYBEES
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1 = Automation in Commissioning Process of Undulators

European

Adjustment of the tilt angle of the girders

Due to magnetic force between
upper and lower magnet structures
the undulator frame bends and the
girder tilt angle changes as a
function of the undulator gap
typically by £250urad

The magnet girders of an undulator
have a rotational degree of freedom

i To minimize the influence on the
- magnetic field the girder tilt should
=) 1= be adjusted symmetrically around
the vertical position
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I - Automation in Commissioning Process of Undulators

European

XFEL ]| Adjustment of the tilt angle of the girders

WYLER’s BlueLEVEL high
precision electronic inclination
measuring instruments are
used to measure the angles
on four machined reference

a I ' surfaces of the girders

2l = T = G = The program runs on a
' separate PC

M. U-PRHS Gewicht 50 1]

Pl
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Automation in Commissioning Process of Undulators

European

XFEL | Adjustment of the tilt angle of the girders

The program sequentially changes e s

File Edit
2003/01/28 22:51:55

the undulator gap value and reads E : : :

Format  Wiew Help

200. 0 -0,114000 0. 099000 -0, 082000 0. 093000
150.0 -0.113000 0.100000 —0. 075000 0.107000
. . 100.0 -0.112000 0.102000 -0, 070000 0.112000
50.0 -0.113000 0.101000 -0, 070000 0.112000
e I al lg e O u n u a O r g I r e r 40.0 -0.114000 0.100000 -0, 070000 0.112000
35.0 -0.115000 0. 093000 —0. 0A3000 0.113000
30.0 -0.118000 0. 096000 —0. 0RS000 0.117000
25.0 -0.126000 0. 091000 -0, 059000 0.121000
22.0 -0,129000 0. 086000 -0, 049000 0.132000
20.0 -0.136000 0. 080000 ~0. 040000 0.140000
19.0 -0.145000 0.072000 —0. 026000 0.154000
18.0 -0.150000 0. 067000 -0, 023000 0.157000
16.0 -0.164000 0.055000 -0, 013000 0.163000
Undulator Parameters 15.0 -0.173000 0. 047000 —0. 024000 0.154000
Tift Angle of the X044-K004 girder 14.0 -0.183000 0. 037000 -0. 037000 0.141000
13.0 -0.194000 0. 027000 -0, 046000 0.130000
Undulator Serial NO. | X044-k004 A T Al 12.0 -0. 208000 0. 014000 -0. 050000 0.126000
: T 11.0 -0.224000 0. 000000 —0. 045000 0.129000
a—E | =—aG 10.0 -0. 247000 -0. 013000 —0. 037000 0.134000
AMS ‘ 10.0.1.2.1.1 003 ] .
— E ==H
Configuration File : | /(
(o] |C.\DDcuments and SettingsiLAB-NO | 0.00 } £
" Single Measuremnent + Double Measurement -0.03 ’4

ol B Tilt Angle of Unulator SN X055 - K015Girder

Tilt Angle of the X055 - K015 girder

Elue Level value

012 0.35 Tit Angle mm/m
COM PORT MO, POSITION TILT ANGLE
a—E oG
0,15 0.30 F=F+a=H
[ = [-0.04
AT 025
[ = -0.015
| e T T 0.20 —
a 20 40 60 a0 100 120 140 160 180 200 015 ]

Graph ‘ Stop ‘ Cancel

Cancel 0.10 .
0.05 .
0.00
-0.05
010 Gap mm
0 20 40 60 80 100 120 140 160 180 200

20130710 16:16:48
SaiGal E

0081000 0.193000  0.048000
0.093000 0196000  0,050000
0092000 0198000  0.051000
0080000  0.202000  0.052000
008000 0203000 0052000
87000 o

0 10
[ L Ol
09 ey Desesn 9z 007m
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1 = Automation in Commissioning Process of Undulators

European

XFEL | Evaluation of the feedforward correction coefficients

Rotary .
encoder Strong magnetlc fo.rces cause
an elastic deformation of the
Linear undulator support frame at
By encoder small gaps

Thus cause deviations
~170kN  between the linear and the
rotary encoder readings

The rotary encoder reading
needs to be corrected for
deformation effects

Rotary

encoder Since deformation is elastic,
a feedforward correction can
be applied
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Automation in Commissioning Process of Undulators

European
XFEL | Evaluation of the feedforward correction coefficients

The Gauss—Newton least-squares algorithm was used to
fit the nonlinear function f(c, x) with parameters
¢ = (¢4, Cy, ..., cpy) to the measured data

(Xi,yi )(l = 1, 2, ,m)

This algorithm minimizes the sum of squares
=Y [f(c,x;) —yi]* of residual errors r; = f(c¢,x;) — y;

Minimum is achieved when the partial derivatives with

respect to the parameters are zero

oR arl_ .
KC] 221 ‘a_c] 0(]—1,...,7’1)

_ (x=x9)
A fitting function of the form f(¢,x) =c; +c, *e ¢ was

chosen and is used in the program
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Automation in Commissioning Process of Undulators

European

XFEL | Evaluation of the feedforward correction coefficients
The program sequentially changes
the gap and calculates the deviation

correction coefficients =]

] 3
; format is:
H Jeft_top: x0 Y0 Al Tl
5 left_bottom: x0 y0 A1 t1
Calculation of Correction Coefficients-Yersion 1.1 3 :]I g:;—g‘;gé om: ;g ;g :11 Ei
Ewaluation of the correction curves : )_(9___ _’_’(_’__ __E_ ___Ei
2 2 n left_top: 5.00000 0.04353 0.38177 2.80627
0.45 Diff mm. Al 038177 ; x0 5.00000 ;t 2.80627 ;v0 0.04353 'Iefﬁ,bmF:'tum: 5. 00000 0.04353 0.38177 2. 80627
- " " i right_top: 5. 00000 -0.00458 0.35378 2.62273
Calculation of Correction Coel . 0.40 FFunction right_bottom: 5.00000 ~0.00458 0.35378 2.62273
& Measure Data
~Serial Numbers For Undulator UEs
Undulator SH Left Encoder SN Right Encoder SH 0,30 _| 4|L|
4 3
H-KN0% | ABEA52Z4ET 390961007 0.25 -
0.20

~Setting Parameter

* ; Measurement data for Unulator SN X044-K004

Evaluation of the correction curves
mm Al 0.

Measurement Yalues 0.0s Ty ————r - o oas O 38177 ;0 5.00000 it 2.60627:y0 0.04353
I —stFuncion
SetGapimm) 10 ActualGap(mm) 10,00006 0.00 e i s
oo 10.0 20.0 30.0 40.0 S0.0 60.0 0.0 80.0 0.0 10c 0.3
Left Encoder(mm) | 3. 14463 Right Encoder(mm) | 3. 20444 el mm o
Evaluation of the correction curves P
iati 0.42772 it
i B i) gt B i) |20 040 DFf mm A1 035378 ;%0 5.00000 it 2,62273 ; v0 -0.00458 =
015
Setting Paramneters 0.35 —FitFunction 0.10
. a Measure Data

& 1, Run-TimeSystem (PORT 801} " 2. Run-TimeSystem (PORT 511} 0.30 0.05
0.0

00 100 20 M0 40 S0 0 00 0 0 I

Rotaryf2 mn

Configuration File I CiPublichCorrCoeffGenty L, 1 CorrectionCurves3times:? 0.23
0.20
Evaiuation of the carrection curves

i CH\R044-KOD4_2015, 10.09_20h06'33" bt
Save FIIB I \ - - 015 0.40  Dif mm. Al 0.35378 ;0 S.00000 ;t 2.62273:v0 -0.00458
0.3 =FitFunction.
0.10 I = Measre Data
| Start | Stop | Fit | '
0.05 |
00
Information: | PLC Version: 31 Revision: 0 Buid: 26 The [Dis: 10.0.1.2.1.1 I rrrr————r - r = - a8
-0.05 |
0.0 100 200 3.0 400 500 800 7.0 800 90.0  i0C o
Rokary/2 mm [
o0
0.0 10.0 200 0.0 0.0 0.0 €0.0 0.0 0.0 %0.0 0

Create coefficients. kxt file | ' Save I Cancel Rokaryz mm

SGsP ActGsp LeMLC RiGMLC LeMDevistion RightDevistion
20181008 20.07°21

] 19990714 20000731 @04EL6 000383
0 18000006 17990684 18000308 004661 000451
1 5290096 16001123 004505

200.
180.

1600 16000006 152.90096 160,01 o
1400 14000006 13091187 14001247 00412  0.00620
1200 12000006 11991364 12001420 004321  8.00707
1000 10000006 991195 10001242 0. 2.00818
200 1281 9001189 004363 000882
20 006 7991336 $001218 00433  0.00E0E
700 7000006 6891461 001090 004273 000842
600 60000 S8.91463 6001100 00472 00067
S50 5500008 S491400 600692 004288  0.0043
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Automation in Commissioning Process of Undulators

European

XFEL | Calibration of temperature sensors for undulator cell

Objective

= Temperature may vary along
the tunnel

= NdFeB permanent magnet
used for the XFEL undulators
has reversible temperature
coefficient n~—-1.1x10" 3 /oC

Solution P
: . Ag = 'l
= Gap correction method will be b+2cg/ Ay
used to compensate for B AT = Tyom — Tacts
magnetic field changes Tyom IS the nominal temperature
: : T4+ 1s the actual temperature
- E_aCh undulator is equipped Ay 1s the undulator period length
with temperature sensors g is the undulator gap

b and ¢ are empirical constants

ICALEPCS’15, Melbourne, October 19, 2015
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Automation in Commissioning Process of Undulators

European

XFEL | Calibration Method

All temperature sensors together with a certified
reference temperature sensor are thermally connected
to an aluminum block and inserted into a thermo-
stabilized water bath in a thermostat

Its temperature could be controlled to proceed with
calibration measurements that will allow finding of the
offset and slope at 0°C for calibrating sensors

0.15 0.0015

—_— —_—L
0.001 ——————
_ M M
01 y = 0.0034x + 0.0592 - & 0.0005 \ \
. R 5 \ R
G S O 7 T W 1
o = 17 21 23 25
c 0.05 E -0.0005 - ¥—‘l— _\
K} > -0.001 +— —
T Temperature (°C) 3 0.00
-g 0 T T T T T T T T T T T 1 -0'0015
[m)] 16 18 20 22 24 20 -0.002
v = v -0.0025
-0.05 y 2E-05x-0.0136 Temperature (°C)
-0.1 — . .
The deviation between three
y = -0.0024x - 0.0976 . o
-0.15 sensors is less than £0.002°C
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Automation in Commissioning Process of Undulators

European

XFEL ] Calibration of temperature sensors for undulator cell

Each sensor is equipped with a memory block,
which allows saving the calibration coefficients

File Edit Format View Help
X021-NO19
2014,/03/06 23:50:56
ALMEMO Device Serial wNo. : T09120225
MO Sensor Serial No. : DKD-K-06701
||M1 sensor serial No. : DKD-K-06702
M2 Sensor Serial No. : DKD-K-06703
— M3 Sensor Serial No. : DKD-K-06704
piff=callibratingsensorvalue-referencesensorvalue . .
Unduator No. ~ [1021013 Undiotor No. V0259035 sctualies || Lsemor | wsemor | msemor | vesenor | Loiff ol
16.160 16.070 16.350 15.977 16. 085 -0.090 0.1
17.159 17.068 17.351 16.978 17.084 -0.001 0.1
.17.239,70.1. 18.161 18.069 18.357 17.983 18.085 -0.092 0.1t
AMS IS SR AMS |5'17'239'70'1'1 19.146 19,053 19,344 18969 19.070 -0.003 0.1
20.140 20.047 20.340 19.963 20.063 -0.093 0.21
21.137 21.040 21.338 20.959 21.059 -0.097 .2
Save Path |C=\X°21‘N°19.201“-03-05.23*’25'3"*-'3‘t Save Path |C:\X021~N019_2014.03‘06_23h25‘34.b(t 221132 221036 220336 211057 23.053 ~0.097 o
23.123 23.024 23.329 22.949 23.043 -0.098 0.2
Somecions HANG Tepeanis Connections HAAKE Temperature Sl oy moan o el e %98 0
ALMEMO Serial Port  HAAKE Serial Port Set (°C) Actual (°C) ALMEMO Serial Port  HAAKE Serial Port Set (°C) Actual (°C) | 26.117 26. 016 25,330 25. 046 26.035 —0.101 0.2
ngé_l sensor ]Ijnear ;]tt‘}ng: y=606gg]i2 XEL({?'S??]S )
=T T == M1 e sensor linear fitting: y=0. x+ (0.
ComM3 :J ICOM4 L] 18.0 l17‘99 COM3 l] I‘»U“ _J 16.0 !J \|right sensor Tinear fitring: ¥=0.0011 x+(-0.199 )
vacuum Chamber sensor Tinear fitting: y=-0.0006 x+{-0.064 )
% 1. Calibration {* 2. Monitor " 1. Calibration & 2. Monitor
s #lx0z1-n019
Temp Set Parameters Waiting Time Temp Set Parameters Waiting Time 2014/03/06 23:55:53
: ) } 7 ALMEMO Device serfal wo. : T09120225
Start (°C) End (°C) Step(°C) Calibration(s) Monitor(min) Start (°C) End (°C) Step(°C) Calibration(s) Monitor {min) MO sensor serial No. : DKD-K-06701
ML Sensor seriaﬂ1 NO. = DKD—K—8€73§
1 YR = o M2 Sensor Serial No. @ DKD-K-067
|16 ,ﬂ ]26 L] ]‘ L] 1120 LI I‘ —] I:D ._] |"° _] |1 _I |*~"‘ _] Il L! M3 Sensor Serial No. : DKD-K-06704
| piff=callibratingsensorvalue-Referencesensarvalue )
ALMEMO ALMEMO .|”'7nrne o M0 ) Left E?vmtmr- B M1 o middle ?EE
Mo M1 M2 M3 M0 M1 M2 M3 ¢ = 5 167 5.
i< 16.158 -6
[18.161 [22:45 18038 [22354 [22:866 [22858 ¢ Zon: p-138 5
C Left Down ‘y=-0‘0012x+(-0.071) |o 5.157 6.+
Deviation Deviation M E Eﬁlgg* *{76'
[o o [o [0 [0:002 [4:509 EX [+e22 9 e  [j000mxe0.153) P 5107 -6
|
Undulator Undulatt I . =0 B
Left Middle Right Vac Chamber AR et Middle Right Vac Chamber I e F
]18,059 | 18.358 | 17.984 Im.oss |18.046 [18.0%5 [18.0% |1a.044 Vaccum Chamber y=-0.0006 x+(0.064) [o
Stoj I I Cancel | | I
P i Start Stop Cancel 1 o=

After evaluation of the offset and slope the
program could write these values directly into
the memory block of calibrated sensor
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Automation in Commissioning Process of Undulators

European

XFEL|] Conclusion

A modular concept allowed to build flexible frame for
development of several automation programs

The use of automation programs allowed to reduce the
time spent for the commissioning of the control system
by an order of magnitude

The commissioning of all undulators have been
successfully finalized in 2015
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