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Design and verification of digital low-level RF control algorithms
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Zhang Jiayi, Sun Hao, = Wang Yaqing, Li Xianping
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Abstract:  [Background] The China Institute of Atomic Energy has designed of a 9.5 MeV ultra-compact
cyclotron to support the independence of Positron Emission Tomography (PET) cyclotrons. A high-performance
control system is critical for the equipment, as the stability of the acceleration field directly impacts beam quality.
[Purpose] In order to ensure the stable acceleration of the accelerator beam, this study aims to develop a Low-Level
Radio Frequency (LLRF) control algorithm based on a fully digital hardware platform. [Methods] To enhance control
precision and increase the feedback rate, a high-speed Digital Down-Conversion (DDC) demodulation system was
designed. Addressing the issue where the 1Q sequence after digital down-conversion may be distributed in arbitrary
quadrants, an innovative quadrant preprocessing module was developed to extend applicability across the Cartesian
plane. A position-type Proportion-Integral-Derivative (PID) tuning loop was implemented for automatic frequency
compensation, integrating adaptive protection, timed detection, and one-click startup. Furthermore, a robust cross-
clock-domain data path was constructed to ensure accurate and stable amplitude regulation. [Results] Closed-loop
tests verified the reliability of the demodulation system. During the joint commissioning with the accelerator, a stable
internal target beam current of 100 pA was successfully extracted. The system achieved a cavity voltage amplitude
stability of 0.047% (RMSE) and maintained a detuning angle of 0.46°(RMSE). [Conclusion] The experimental results
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demonstrate that the proposed LLRF system fully meets the control requirements of the accelerator. The design
ensures high stability and precision, providing reliable technical support for the operation of the 9.5 MeV ultra-
compact cyclotron.
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1F T & B B J2 33 3 B2 AR (Positron Emission Tomography, PET) #E i H:7E B RE Mk A% 00 5Lk oh B8 5 B W2 Wi it
PO Ry R L I A 11 B LS W T B /N R B F I i 8 A O B IR 3 A SRR R R, B
G5 S AR N RIS R, S SE8 PET BE R /INED [ AN R 28 04 B RE R, o E R T BE R B
TP ARLE GBI IT R T 9.5 MeV 8 5125 [n1 Jie in o 2% i 1 5 0F 55 2, Hoh, midil R AE Wl R &L, &
G v fs B AT 5 e R T L 5 ) R N R A R SR, DR AT AR R RIS AT B S X S A R L AR
R RS P R S AR [, R M2 R, v B R RE R E BT BEAE 100 MeV #1250 MeV & FH A1 i i 2§ Fi °F-
Bl R G, RAEBOR A AR 7 25, BAR T SCBL T 2 1 A ) e 45 ) 5 Hh TSP 8 1 ), (A DG BIF oY 2 B4
TP R G TN RE LI, I AR ARG W& AR bR, HEOR A ZAAE IR UK. f 0 — 2ok 2 il a
Z A5 ) R, Ml LA A2 K 028 [l in S ok o AR B BE LA R RN AR A T SR TR, AR SO T R T N Y
ADCHDACHFPGA 1 4l 07 44417, ¥ 3 LUAE 5 S fif 98 SRy 00 1) 007 Ak 3 B, T2 108985 57 1 B 1) 0L 42 ol 44
B, I RGO PERE RS bR 1R B R EMEE T 0.1%(RMSE) , 238 £ Fa 2 P T+1°(RMSE) , DL IHATE J 42 i B v
S S H R

E PR, HA J-PARC ELE LR A T 3T nTCA4 ¥ 55 Zyng FPGA B4 %71k LLRF R4, S8 T & fa
EMES YR, g K TRIUMF 5255 % 4 ISIS AT & 25074k LLRF RS S, A 30U T 50BR & 84
AR RIS T FEd s, S SLAC SC80 =, £ C I BUINEE 4544 b & 8 — 10807 LLRF R4, SC IR
BERRE LT 0.15%"), LBNL 7£ ALS f#i fe A FH OB F AL R G0, B R PRI T 0.03%" . M L2 T, AR SCHE M Y
6 bm A 7E [ B Se 2 K OF- A R, EL S SR AR /N AL | I ) RE 114 R K 02 [ o v S R G B A L e AR 4 AR
SRRt

1 95MeV BEZEFEMEREHFREFERE LT
1.1 9.5 MeV R T R L 2% 1T

9.5 MeV fLHL-F RGBT R 28T I 22, HGEBEHE R an &1 1 frzs, 3528 iy 1838 B0 0 FIIR P2 SR B 2 . 2K
AR J7 EHOH T R R A, R Sl i ADC B HERAE, i B T AR R HEAT A R AL R, B S
B4 IR T 0 2 30 5k FPGA N EBIHEAT, ik A0l 88 0 A Lk Iy o iy 52 221, B PR SR T Ry fRi it , SE A R T IS 2211
Ak B b B JE T ) PR B R EE 5 0 2R % 4208 4T 7E ZYNQ 1Y PL( Programmable Logic) %, AE 5% 31 55 AIG ZE Aisf fif 42

amp_set
MUL LPF I [x R| amp + . R
N

UL LPF CORDIC

M
O 0 amp loop
S i s N

[Pk ip} > ADC

DDS! phase @,

MUL _LPF -
I |x R hase @. .
phase D, /71 | PID s(iigrY:Irs
| MUL _LPF , [CORDIC

v
X~ v

DDS

tuning loop

_ Tirectional Sower|.[ solid-state |, excitation|signal
D cavity coupler source[ | amplifier |
@ motor
drivers

Fig. 1 Block diagram of the 9.5 MeV fully digital low-level RF system
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Table 1 Demodulation parameters of the 9.5 MeV low-level RF system
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Fig.2 Frequency-domain analysis of the real-time demodulation system
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Fig. 3 Simulation of CORDIC computational Errors
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Table 2 Geometric equivalent transformation

quadrant transformed coordinates (X;,Y) geometric equivalence
I (x, ) identity transformation
I W, —x) 90° counter-clockwise rotation
It (=x, ) origin symmetry
v (=, x) 270° counter-clockwise rotation
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Fig. 6 Cross-clock-domain data path
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Fig. 7 Closed-loop self-test results
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(a) before amplitude closed-loop (CH1: 1 V/div, (b) after amplitude closed-loop (CH1: 1 V/div,
CH2: 5 V/div, time base: 5 ms/div) CH2: 5 V/div, time base: 50 ms/div)

Fig. 8 Photographs of experimental results
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Fig. 10 Stability test results
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