Wa6 % oM 2/ M Fx % W Vol. 46 No. 9
2025 49 H Chinese Journal of Scientific Instrument Sep. 2025

DOLI: 10. 19650/j. cnki. ¢jsi. J2514099

RIRFHRRAMEBEHENTES E”

Fowlal RME W ERT A 5
(1. FEHERZEGEE TR BN 310018; 2. FETERIZAMF R BER IR HERI MR BT JLE 100029;
3. METTERFM R E AT EEESALRE  Jual 100029)

T E AR W AR R R SN A N I A P A5 B 5 R R A SR R AR O R, LS RN
BRI 2 AR RIR 215 5 2L S BT PID Jriki s B S a i , ARSI A i oD AR, R T Tk
TR BE TR, 55T Python R P A EE T W SR A0 SIS RE 1o A5 i) 7 BLREAY A SE 80 B0 it e 1 0 B & h i A~ 2
B, — A SEUR R F R AR UE R T BRI A B R S B R AR ZE N o/ VT = 1.35x 107 (7 =2.48) SN S
B Mt IR B0 I A5 2 A BRI LR 2 SRR 2 Z MW L R B0 €=2. 8, FEEEST AT BT RN SE0E I o8 T 9530 PID il
SR BT BT R GRS AP T R ), 7698 I F R AR ZR 8 e 1 B P g | AR PID #ifil 3k, o el 0 0
PRI E T HSE 20 B8, 2 )5 BHAT T X S8BT RUAE S0 PID A PID B A 1] A SEal &, 07 B St gl e i | A
W PID 7 5 M RRE B D I T2 58 PID, Allan J7 25 04T s HoAu MRS BEFR TH 29 14. 2% |, SR &5 R 505 B 45 R A 1 5
T BRI AR, BAN, B B R R B PID M58 2 PRSI RS (2 1x107") B — & B4 HIAE 775 76 &
SRR BR (£5%107") R R Rk BE 51548 PID A2,

KR MR IIRAUE ; I EAR AL BB PID

FESES ., THT14 XERERIREE . A EXREFERSERE.; 410.55

Simulation and improvement of frequency locking for cold atomic fountain clock
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Abstract : The frequency locking of a cold atom fountain clock is achieved by synchronizing the center frequency of an externally injected
microwave signal with the atomic transition frequency, thereby obtaining a highly accurate frequency reference. In conventional systems,
the detected frequency error signal is processed by a digital PID controller to generate a correction term that adjusts the microwave center
frequency accordingly. To facilitate optimization of the fountain clock locking process, a simulation model of the frequency locking loop is
developed using Python. Two key parameters of the model are determined from experimental data. The standard deviation of the
additional Gaussian white frequency noise during locking is ¢/ /7 = 1.35 x 107" (for 7=2.4 s), and the proportional coefficient
between the measured transition probability difference and the frequency error is € =2.8. Based on this model, a fuzzy PID control
scheme is introduced into the frequency locking loop to enable dynamic tuning of the PID parameters, thereby enhancing system
robustness and disturbance rejection capability. The simulation framework is first employed to optimize and select relevant experimental
parameters, followed by short-term experimental measurements under both conventional PID and fuzzy PID control conditions. Both
simulation and experimental results show that the fuzzy PID controller provides superior short-term frequency stability compared to the
traditional PID method. Allan variance analysis indicates an improvement of approximately 14. 2% in short-term stability, and the strong

agreement between simulation and experimental results confirms the validity of the developed simulation model. Furthermore,
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independent simulations show that the fuzzy PID controller exhibits effective suppression of sudden frequency jumps (+1x10™"") while

maintaining a comparable response speed to the conventional PID under systematic frequency steps (+5x107'%).

Keywords : fountain clock; frequency locking; simulation model; fuzzy PID
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Fig.2 The interaction between atoms and microwave cavities
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