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A Sudy on the High Precision DC Power
Supply for Electron Accelerators

Ha Ki Man

Department of Electrical and Electronics Engineering
The Graduate School of Korea Maritime University

Busan, Republic of Korea

Abstract

As the beam-line users require more stringent bstability for the
advanced synchrotron experiments, fully digital toolled 20-bit magnet
power supplies have been developed and succeststd for closed orbit
correction of Pohang Light Source (PLS). The negitali power supply has

used fiber optics for 25 kHz switching of IGBT dging, and implemented
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DSP, ADC, Interlock, DCCT cards in a compact 3ledi19" chassis.

Input-output low-pass filters suppress harmonicé®Hz line frequency

and switching frequency noise effectively. Overpérformance of the

power supplies has demonstrated 2 ppm short-term stability (< 1 min)

and + 15 ppm long-term stability (< 12 hours). All theisting 12-bit 70

power supplies for vertical correction magnets aeptl with new digital

power supplies during 2005 summer shutdown period.

In this paper, describe the hardware structure amdrol method of the

digital power supply test results were shown.
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Table: 1.1 Specifications of the Magnet Power Sepgdbr the PLS storage ring

P N DC Output Ripple | Stability ‘Linearity

S 0 I[A] V[V] Al/lmax (%)

BD 1 850 643 +0.05| +0.005| +0.02
Q1 12 137.32 83.9 +0.05| +0.005| +0.02
Q2 12 137.32 133.5 +0.05| +0.005| +0.02
Q3 12 137.32 101.4 +0.05| +0.005| +0.02
Q4 1 600 326.2 +0.05| +0.005| +0.02
Q5 1 600 421.7 +0.05| +0.005| +0.02
Q6 1 600 268 +0.05| +0.005| +0.02
SF 1 198 179.8 +0.5 +0.05 +0.2
SD 1 198 179.8 +0.5 +0.05 +0.2
SQ 4 + 17 +55.5 +0.5 +0.05 +0.2
CH 70 + 45 +21.0 +0.5 +0.05 +0.2
Y, 70 110 +21.0 +0.01 | +0.001| +0.002
SCH 12 + 16 +55.5 +0.5 +0.05 +0.2
ScV 12 + 12 +55.5 +0.5 +0.05 +0.2
BT 4 + 10 +31.1 +0.5 +0.05 +0.2
ST 200 49 +0.5 +0.05 +0.1
SV +5 10 +0.2 +0.02 +0.1

BD: Bending, Unipolar

SF, SD: Sextupole, Unipolar

Q#: Quadruples, Unipolar

SQ: Skew quadruplppBir

CH, CV: Horizontal and vertical corrector, Bipolar

SCH, SCV: Sectupole horizontal and vertical cooedBipolar

BT: Bending trim, Bipolar

SV: Steering

ST: Septum, Unipolar







o
2
1

2.1 ZA} ¥ 73

3 WAREZHES7] O] S 19934 M= 2dls WEY wHAd A

ALS (Advanced Light Sourc& A Zto & u|= f¥, A& vt 18l ¥
gy adistaol e E3A M3 Ao A& o} 1994 34|t WAL

e P o B B e < A P R ]
(Emittance”} 4> A& whSofok sp7] ol A g H719

ol TS $5 shojof Tk

WA olmE s

ﬁ
2
T
B
[Kl
(m
o
2
=
ol
0
2
N
X
_EL
re
—
B~
o,
r>4
o
o
i
N
2
ofo
>



o] dQaslr}, ol 7|FEAHZL (reference value] WA &35
o] o]Fojxol FHAF Fdlsol =old & 7] wiEolth oju oy

AF4NA 10-bit o] Fal5S 2 AAFFIE Awste] AA A

1) 0|= Advanced Light Source (ALS)
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Table 2.1: Storage ring magnet power suppliera\ics

M agnet Amps Volts Sability | No
Bending 970 536 +/-5.0E-5 1
Quadrupole
Family QFA 507 350 +/-1.0E-4 1

QF 113 45 +/-1.0E-4| 24

QD 113 33 +/-1.0E-4| 24
Sextupole

Family SF 395 200 +/-1.0E-3 1

Family SD 395 200 +/-1.0E-3 1

Skew Quad 15 200 +/-1.0E-3| 4

Vert. Corr. +/-19 40 +/-5.0E-4| 24
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Horiz Corr. +/-21 45 +/-5.0E-4 48
Correction

Horizontal +/-33 25 +/-5.0E-4 48

Vertical +/-116 15 +/-5.0E-4 48

2) O|= Advanced Proton Source (APS)

Table 2.2: Summary of correction power suppliestierAPS machine

Rating AU
Correction No. of. I | V Ripple |[Stabili |Reprodu
Magnets Units | [H] [Al | V] |Current| ty |cibility
V. Cor. 280 0.086 | 113| 2113 1x%0*1% [6x 10
Sextupole
H. Corr. Dipole 240 0.0122 90 11.48 “ “ u
Skew Quadrupole 20 0.0122 90 22.48 " u r
H. & V. Corr.: H. 78 0.003 134 | 12.73 “ “ u
H. & V. Corr.: V. 78 0.004 116 | 15.43 “ “ “
Trim Dipole Coil 80 0.016 54 12.64 “ “ “

3) 0|= SLAC/SPEAR-3

SRR UEA- D\ PN

R

~ElF=tste)] ¢ X&) 9= SLAC/SPEAR-3 14

= 20034 129 AlHE AZF SR 24|d SRS AYE o)

. ol AYFH7IE % Aloj7]= 24-bite] Ea T 200 wv /50
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hour 45 %2t DAC EE=E /WEsto] Abgstal lvh. SPEAR-3= A7

FH AENAEAZS FAd H&ste S AAR st=goirt g
Ak AAAFE vl 4 kHz 5712 VME HRERHE s wen 49
HEE= £ 30 A & AFESFAL QT 3 2.3 SPEAR-2] BTS line?t A7
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Table 2.3: SPEAR-3 DC Magnet Intermediate Powemp8up

Magnet | Volts| Amps [ P(kw) [ PS Qty
BTS Line
Septum 50 300 15.0 1
Dipole Bends 45 500 22.5 4
Quadrupoles 80 60 4.8 2
Storage Ring
Titanium pumps 40 60 2.4 4

Quadrupole singles 100 100 10.0

Sextupole strings 100 150 15.0
Quadrupole strings 125 80 10.0
Quadrupole strings 150 100 15.0
Quadrupole strings 200 75 15.0

I
I\)CD-bI\J_b

4) £ BESSY-II
BESSY-Ii= 5 HEH <o ¢x|38] o S DACE 16-bits At
43}tk 7F 16-bit DACE 27 Z%&38lo] 24-hite] nEFES 2= DAC HE

g Apgstel WAEABA Agstel ®E FEI W HE (Lpm-



1% 2.1 2709 16-bit DACE AME-3ate] 24-bite] bR 1E FAdH=
FLE Ho]F1l 9t} Coarse ADC] low byte ¢} fine ADC high byte} A &

&% dolE (D8~ D16 73 it

S\ SN
__EONml B

Figure 2.1: Basic configuration of a 24-bit DAC

5) A9|A Swiss Light Source (SLS)
29 29] SLS A& A%z LINAC 12831 BOOSTER Hol A}

&ots e ddewrlE & 240049k o] 600 olds HAEAle]

AR sts gAY A7z Fasglon 4= It 54 59
=2 AT EE o}F F FaE o] gt} Alo}r]e A ozE= ADC A
ol Ai dga A Ale] 2Fe] 20 wv = AGalsHA Aoyt "vh 19
2.2= SLIA "AE Aof71E A8l AR A7) WRTAEEE Bl F
9tk FEE AES Ed 5 Mbpst VMES 11E5EA1S 3o} aea

ADC/DAC/PWM EE5 53+ DSPusE £3l dlolg E4lo] o]Fo] Xt}
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Table 2.4: PS families for the synchrotron lightise
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A
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Figure 2.2: Configuration of the Digital controll&$

Max. Max. Power Switch Required stability
Cl/JArI’. Volt. [V] [kW] Fliquu. Short- Long-term
[ppm]
950 +/-1000 174 10 10 100
500 880 430 16 15 100
120 75 9 100 100 100
140 +/-120 4.05 100 100 100
140 35 4.9 100 100 100
70 145 10.2 50 100 100
120 130 15.6 50 100 100
120 30 3.6 100 100 100
120 60 7.2 100 40 100
120 15 1.8 100 500 100
+/-40 +/-40 1.6 100 100 100
+/-6 +/-110 0.66 100 500 500
+/-7 +/-20 0.14 100 15 100

_12_




6) 9= DIAMOND
Ao dd T $9x8 9= DIAMOND 747+ 20073 &S S x=
A AAHHL A= A 7FE7]olth 15000t o] HAEF717F s of
APEE I Qo R 291 FERE AYskgla SLset FEste] tA™
Ao] 715 AFE-&FaL itt. Table 2.5 DIAMOND 7}4:7]9] AAdFF7]e] A

Fob A aela Fue B 542 welFa Yok

Table 2.5: Diamond power converter parameters

Type Number | Current(A) | Voltage(V) | Bandwibth
(Hz)

SR Dipole 1 1500 530 DC
Booster Dipole 1 1000 2000 5
Booster Quadruploe 2 200 421
Booster Sextupole 2 20 60 5
Medium Power Supplies 437 350/200/10041/28/17 DC
Slow Corrector Type 544 5 20 50
Fast Corrector Type 224 16.5 55 1000

2.3 vl EA]

oo r 6 wHl o A WAGTFEI AT Aol ARRH AL e Ay
H719 EA4E ARt oy diacdd W 9A43E Y8 ALEF
E A2 A AU AR A" Tes AR dE B Qlth
ALS, BESSY-lI®] 79 19-bit ©]4}e] ol & 1 Aloj7]|Z WA %L, SLS,
DIAMOND ] 7-% tA[&Ao] 7S Ab&ato] W Hg3stE o] Far it

T 262 oY &/ ATAR WYE AUFT/)) AYABY T2}
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Table 2.6: Comparisons of specification for coli@tpower supplies

AFA Converter AF A | Set-point AT T
Sructure o] a4 235
APS Switching APWM 16-bit 20 ppm 400 kHz
(IGBT)

BESSY-II Linear Analog 24-bit 10-100 ppm Linear

ALS Switching (FET)| APWM 20-bit > 20 ppm

SLS Switching (FET) DPWM 20 ppm 10-100 ppm 100 kHz
SPEAR-3| Switching (FET)| APWM 24-bit 20-50 ppm | 40-60 kHz
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L1, 2mH L2, 100uH
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IGBT Precise
Driver [ DSP&FPeA [ L0 oard
(a)
2.00MS/s 9 Acqs
E T 3
E 1) ¥

CRT20-0V R S00mYy W 25-08s CHT Y 140V
(b)
Figure 3.1: Single-phase buck converter: (a) Bldicigram, (b) filter input and output

voltage
Load =V corrector 45 A, switch=25 kHz, load=25 kHz
Upper: Filter input switching voltage, Lower: Outpioltage ripple, C12=35 uF
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< Q
o 9

n 0
IGBT Precise
Driver DERAIREER, ADC board

(@)

83 Acqs
F 1

5.00MS/s
E
E

ChT— 20:0V " ChZ 200V M 10.08s CATx 128V
(b)
Figure 3.2: Bi-phase buck converter: (a) block dhag (b) Filter input and output
voltage

Load=V corrector 45 A, switch= 25 kHz, load= 50&H
Upper: A-lag filter input voltage, Middle: B-lag,olwer: output voltage ripple
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IGBT Precise
Driver DR RS ADC board

Run: 5.00MS/s  Sample
F

K

~MI0.0ps Chi~v  11.2V

(b)
Figure 3.3: Proposed multi-phase buck convertgmbl@ck diagram, (b) PWM signals
for 4-phase shifted
CH1: PWM-0, CH2: PWM1, CH3: PWM2, CH4: PWM3 (timBus/Div)
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3.2 Full-bridge AWE Y T+Z E A4

Full-bridge ZWET2E W (bipolar) dF9S Zo2dts wAE
AAAM ol Wl 28 HAAe] A& HT HoRE st=dold
FgAdol wHolum didge] goldk Fxolth F 3.1 PLS Ao A

WAEAGANE 93] BLE S AANAATFA ol AFS

o 2) #F2 FelA dFe EEdol FHofof dth 3) =9 AF9
w8l 5ol 20-bit Jr== AlEStolok ghtt 4) ofe] Rkl A glell ol

AfF7E &3 A5 AR Holof dn

i
8

Table 3.1: Specifications of the new corrector PS

Parameters Vertical Specifications
Current + 110A
DC output voltage rating + 11V
Load inductance (resistance) 16 mH @ 1 kHz (0B8at DC)
Operating quadrants 4Q
Small signal response 1 kHz
Current stability (Os to 100s) <5 ppm
Current stability (long term) + 10 ppm
Resolution of output current 20-bit
Accuracy + 15 ppm
Reproducibility + 5ppm
Resolution referred to reference > 20-bit
Temperature stability (10C to 30°C) | 2 ppm FC

_21_



a9 345 AE PYFAFTEIIY o] YRS BFu qrk

st=go] TS U=2 ZE et IGBT full-bridge Eje] 29 %

=
a-=

7FA 3L 9lom 443k (four quadrant) s 2HS & 4= QlEE A A QT
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a9 3404 HoFE st=dole] 8 v thed 2k
29 A 5344 25 kHz
H=€etd: 1.5 u4S

DC-link Z1¢}: 30V

b stEdels T8 FEEE Ve SAS AyEd te g2k
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Figure 3.5: 3-phase rectifier’s voltage
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Passive Circuit Frequency Response
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Figure 3.6: Simulation results of input filters) (aith filter, (b) without filter
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Figure 3.7: Output filter: (a) circuit, (b) measoment result, (c) filter assembly
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Table 3.2: Control loop vs. PWM frequency

PWM frequency (kHz) Control loop cycle | ADC SOC cycle time
time(u s) (us)
100 20 20
50 20 20
33.33 30 30
25 20 20
16.67 30 30
10 50 50
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Figure 3.10: IGBT on/off switching loss
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Figure 3.11: Danfysik DCCT layout

Table 3.3: Specification of ULTRASTAB 867-200I

Current range 0 to 200 A
Analogue outpu| + -200 mA
Temp.coefficien, < 0.5 ppm/K
Bandwidth DC ~ 100 kHz
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Figure 3.15: Configuration of the Digital Contral®ower Supply
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Figure 3.16: Block diagrams of DSP and FPGA Corraid
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* 60 MHz DSP with 32/40 bit floating point ALU

» Additional 256 byte SRAM and 1 MByte FLASH

e Separate watchdog

« 5 MBaud Data Optolink; latency < 3&; 10,000 accesses per second
» Electrical service interface (RS232, JTAG)

e Separate trigger interface
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Clock deviation < +/-2.5 ppm (-30°C to 75°C)

Direct addressing of the power semiconductor (fQ, 2Q, 4Q, 2*2Q
systems)

Special digital addressing process for the powenicenductors (PWM,
PRM)

«  PWM frequencies: 10, 16, 25, 33, 50 and 100 kHz
 PWM synchronisation options between several systems
» 11 free memory units for 16,384 data points

» 8 16 bit AD converters (50 ksps), electrically ateld

e 2 14 bit DA converters (50 ksps), electrically ateld

» Latency between data acquisition and power semigatinod addressing < 35
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Figure 3.17Block of the Digital Controller Functions
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Table 3.4= F<lojo] Jejiel i 7 2= AW S

Table 3.4: Firmware device states

Device state or mode | Value Comment
MONITOR 0x0 Monitor operating system is running.
DEVICE_OFF Ox1 Device is switched off.

DEVICE_ON 0x2 Device is switched on.

ADC _CAL 0x3 Device calibrates the ADCs.

U7

DEVICE_LOCKED | Ox4 The device parameterisation fhil€he device i
in a locked state.

TRANSIENT 0x5 Device is in a transient state.
DEVICE_OFF_LOC |0x6 A disorder is diagnosed. Device is switched off
KED

0x7 (not used)
DOWNLOAD_DATA |0x8 Device is in the data download state.
SAVE_DATA 0x9 Device is in a data save state (EIgASH).
Oxa
MODIFY_DATA Oxb In this mode device data can be ified (e.g.
parameters).
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Figure 3.27: Block diagram of the voltage feed farsv
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Figure 3.31: Step response: (a) input delay, (Ipwdimiter, (c) timing of input and

output response
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Figure 4.1: The completed PS assembly
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Table 4.1: Instruments list for measurement

AHEEH AZTe] E57

AAd=A HP3458A: Digital volt meter

Hor==A] FLUKE8505A: Digital volt meter

R DANFYSIK DCCT 860R

Fu=EA] =4 1 | Agilent 35670A dynamic signal analyzer

Ful=EA] =2 2 | Stanford research SR860 spectrum analyzer

F 42 HAARAAFRS =HARFE Ayl AR o] SA%

el o] 23 e Adeav]e AdEAE

APEAo] FAAN G Ape]uk

||\
o
ofo
1o

3 DCCTe|

Table 4.2: Measurement of the set and output curren

Setting (A) | Measured (A) Error (mA)
0 0.00356 3.56

25 25.0015 15

50 50.0002 0.2

75 74.9978 2.2

-25 -24.9951 4.9
-50 -49.9933 6.7
-75 -74.9935 6.5

*Hitech 100A DCCTA}-&, FLUKE 8505A(DPS ID: No2(P08CV1), April 07, 2005)
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(Maximum current 100 A/10 V, V*10 is current, 1 sed per sampling)
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Figure 4.7: Filter output frequency response @ 25 A
(a) Before filtering (25, 50, 75 kHz), (b) Afteltéring
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