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AOM: acoustic optical modulator
BS: beam splitter

VCO: voltage controlled oscillator
AD: analog to digital converter
DA: digital to analog converter
DSP: digital signal processing

PD: photodetector
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Fig. 1 Experimental setup for laser power stabilization
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uk)=uk —1)+Kp e [ek)—ek —1) ]+
Kiseth)+ Ky [e(k)—2e(k—1)+ek—2)],
(D
ok RGN B w (R A b G A 1 fi
LR K K K 23 3108 PID Y He ) 3 500, 3L
BRI BB e (k) =5 (k) —y (k) AL HEF
WL R y (B SEE B s (B TES b WG4 2%
. MO, w (B b — WA B 1 i
R uk—D UL Mt =K IR2ZE{H e (k) e (b —
De(k—2) 3L E., PID 52 b A9 5 2 R 5
Kp KKy WIEFEE TG, 2R K o K, W2
SHARGHRG ; W K, o k2 5802w b
WA G ARSI R, HIk £S5 0 PID 7 2
Xk = A SHEAT A IF H Y R G Ak 3R 5E AR 4R
W, S8R T HB R . A SCEL S PID 1 3L a1
SUA T R0 B 4 ) 2% AR R N TR) R A0 PR BT
() e (k) B HASALR de (k) /de SEHFHXT K (K| K
SRR kN TR N = B Ak € S
RO Bk 7 il 4 B ZA S = A, 1 et

e (k)M de (k) /de AT AL L S8 Jim HR 3 A5 48 AL U1
2 Ko KK JT0 R AR o B 0 X = &
BB B AT AL . AR SORH =B S8 JE BR
Rooh 28 g AT BB AL L AR BT 3 R

(NB NM NS zO PS PM PB
<]
(5]
&b
)
=]
£ 05}
[}
3
]
[
=
s —1 0 1 2 3

Universe

&3 s BE AL
Fig. 3 Membership degree function

ﬁ%?qﬁ e(k)\de(k)/dt\KP\Kl\Kl) %B%Ej‘
R B RG Y HAL T & REER . NBOFRGR) |

0101003-2



FRIEX

E48% £ 1H/2021 £ 1 B/ FEHL

NM (i) (NS 55) . Z0 (%) \PS(IES)) \PM(IE
) PBUE ) Fm B R Ir bR . Fl0 e (&) B 5T
F9e I T X N B E Y — 1.3, B 3 AL R
NM.NS7E—1. 3 /b A RHF il TASCRH =ML
J& B R, T L AT LUAR 45 5 3 IR e (k) AEF NM
IR 0. 3,40 F NS K 0. 7,

— e B e (B) (de (B /de BERIAL S T 4 ) 4%
B R G0 AL T DUFOIR 25 00 BE 232, P AR 5 50K R 00 45 3]
Ko KKy JIOAT ISR B . 28 1 S AR 4 52 Br I 3

g5 JL B 5 B BRI . B R K PID 1 = A R AR
WAL A SCR A E O R Al
K:EP@)-ZM (2)

{P K 8 PID 242, WAERIFHPRE; PO N
ARG T Z, R, EHBEEAR . R Ko K,
Ky, WS B3 3 SR 5 52 B 9 119 D0 1 B4 3 )
7 TAES AL ) i it S8 K B 2 13X
AR A e 2 th B PID 246 s v i S5

F 1 K KKy BRI

Table 1 Fuzzy rules of Ky, K, and K,
de (k) /dt
e(k)
NB NM NS 70 PS PM PB

NB PB/NB/PS PB/NB/ZO  PM/NB/ZO PM/NM/ZO PS/NM/PS PS/Z0O/PB 70/7Z0/PB
NM PB/NB/NS PB/NB/NS PM/NM/NS PM/NM/NS PS/NS/Z0O Z0/7Z0O/NS 70/7Z0/PM
NS PM/NM/NB PM/NM/NB PM/NS/NM  PS/NS/NS 70/70/70 PS/PS/PS NM/PS/PM
70 PM/NM/NB PS/NS/NM  PS/NS/NM  ZO/ZO/NS NS/PS/Z0O NM/PS/PS NM/PM/PM
PS PS/NS/NB  PS/NS/NM  ZO/ZO/NS NS/PS/NS NS/PS/Z0  NM/PM/PS NM/PM/PS
PM Z0/ZO/NM  ZO/ZO/NS NS/PS/NS  NM/PM/NS NM/PM/ZO NM/PB/PS NB/PB/PS
PB Z0/Z0/PS NS/Z0/Z0 NS/PS/Z0 NM/PM/ZO NM/PB/ZO  NB/PB/PB NM/PB/PB

3 BEMFIIT

B4 25 T DR v 0 R A K], AR S0k
B DSPLAD. DA, 2 % i R .68 R 1y 85 4350 R
TMS320F28335,LTC2367-18, AD5781.L.T6657-5,
Hr,PD INPUT 4 &5 20 % G LS LR, TO
AOM ¥ 23] AOM 3K 30 (1) 98 i o . ' 48 L s
e it — AR IR P AR 5 i A BRI A . Z 5 PR
RIS HEA AD e . HAR BB 4 T B AN
oS TMS320F28335 MY il GPIOS8 & 1% — 4~ 1=
ik wh 3 ik LTC2367-18 By CNV 4 4, JF 13 55 4 . 78 1

WiiE] BUSY i 239 s, Y5 3 50 BUS 23 A 38 i
B H S o DR P 3  AG T GPTOS7 A H, F 45 200 7 o 2
HSERL, Z J5 Fl LTC2367-18 1 SDO i K s 4. 45
At 4y DSP A — 0 S B, B 2 0 O 5
Pepa il g DL & PID Ab 35 i 25 538 i SPISIMO 3 [
f&45 DA S F el id AD5781 B9 OUT i 242 i
F, R Bt 2 i 8 21 AOM K B 1) 37 1 3
AICRHMS % B R LT6657-5, Ho
FRUERI 5 V L EAE N AD 5 (LTC2367-18) ff 3
WERL TR . 1 DA S A (ADS7T8SDFEIEN B % i)k,
Wk — AR R MR —5 V IfiE# E REFNS

PD input IN CNV GPIO58
A I
% IN- . BUSY GPIO57 2
I 3 4
L 8 SDO SPISOMI &
& S
— (42
SCLK SPICLK
s N REF <
= =
% + SPISIMO
=
A A REFPs  SCLK GPIO23
£ spI
0
= 2
+ IREFNS ~ SYNC
—0
= outr to AOM

P4 Tl AR E R 1 s 1]

Fig. 4 Sketch of laser power stabilization circuit

0101003-3



FRIEX

#4855 £ 1 H/2021 £ 1 B/ EEH,

i L, G0 4 fron . 2% R RS E T 2 B R T
RBEEME, NI FEMN XKL B mDO(TO
AOM) B H EF8 0 P (LS50 25 - 5 401343

4 LEER 5 b

BOL R EMHRIEBRE R 3.5 V. -/ 5 Al
AL 4E PID 5808 PID 52 BLEOE &% 20 358 € 19 58
a5 R, B e PD R N I 1 R 5 BR
SRS PRI R PR 3 e M N 3 R R T LA B R
6 NP BB BT 5 B I ], = O R Y
PID il fih &, 7] LLFE Y BOGAR 2 R AR BEE s Bt i
MR i 2 /N ) 3IR 3 ol TR 9 Y SN 280 R Y
4.7 ms JRHOLR DR IBRBIRRE . AN PID /Y
P 2 TR R GE AL RS SE I R PID #Y
=AZH AT LR ARG E i R P AR AR T
HNFR % P 5 3RS BT s BB I 46 B2 1. 8 ms,

—— typical PID
fuzzy PID
ar ' 1.8 f%”?L i,
S
= " Rl
) '
g
)
s
a
- z
i 4.7ms
-1 L L L L
0 2 4 6 8 10

Time /ms

B 5 B i R AR AT
Fig. 5 Stabilization process of feedback loop

ROt g8 T - 1 R BS Z 5 3 i

SN FRBEE RS . B 6 Ry BRI IO AR X i 3 Mg
PR D) 33 B BB s 2RI B i S 4 43 33l R TE W)

~— unstabilized
—— stabilized
- DA output

|
[=2)
S

|
®©
[=]

-100

~120 Py, '

-140

Relative intensity noise /(dBc-Hz™")

-160

1 10 100 1000 10000 10000
Frequency /Hz

6 BRI BOGAR X B B S B T 38k o
Fig. 6 Power spectral density of relative intensity noise

of laser outside the lock loop

SRR E R D) R A2 B SO 1 X i B e 7 i =
A ZCh DA i [ R s A RE G 5 BE R RS L A
K6 1l LLE H, AE 1 Hz &b 306 A0 X 5 5 e A A
—88 dBc/Hz JEfK #] — 110 dBc/Hz, 7£ 10 Hz Ak M
—93 dBe/Hz JEK#| — 110 dBe/Hz, fE 1~40 Hz
0 L A B A X T A AR A T AD i
B I AT v B TR RE DL KO A 5 AR L, TR R
FE TG WO6 B AH XE SR OBE MRS A X, {H AR N T
—110 dBc/Hz, liff /R S50 2K . (HA57E B W& , DSP
B AT — W58 B WY PR A Gk T AR B Y I R 2 R
300 s, BV DA B H R BT 5 292 3. 3 kHz, i 1M 3
STy 2R E WO A AE X 5 BE R S AE 3. 3 kHz i
WL —A KA., ME 6 80T LLE I, K sk
£ 10 kHz MR H N AL T L6502 2 R, vl B
PRI 2% ot i DL & DA G i BRI 2 D) R AR E
K

MB35 ok L WO T R B AR e P T DL aE )
DU 3R B S DI 26 A8 AL R AR AR L 8 7 45 ) T I R E
IS IR AN BG83 h ST R A IE ML, & X
Ty 2 AH X R AR

AP

S=—oy, (3
P

Ko AP IR P IR E, NE T
AT LLE Y, TR A E O 28 D) R R () S, If
LA B 1] P B B AR K s & T R A8 JR L Ok Tl
RIEARFEEALE 5. 745 mW, HAI X R M 0. 29 %0
#FE0.035%.,

5.80 —— unstabilized
579t —— stabilized

578
5.77r
5.76
5.75
5.74
5.73r
5721
5.71r
5.70

Power /mW

0 60 120 180
Time /min

B 7 BObThAR 3 h WAy E{L

Fig. 7 Variation of laser power over three hours

5 4Eip

AR SR T A SUH A R O] 2 1 T 30k
e e . 1t R AOM A R iR 2428 380 1Y

0101003-4



FRIEX

s, ML MBOL T R e, 5&50
PID #H b o i AR5 i) 22 5, B 34 5 A B 5 308
FE I3 AR R OR 23 B R T S SO R L R B R e
P s BTN 4.7 ms 4758 2 1.8 ms, WRFEE
S« PO AR GF i 3 W ) ) 3 R A AR 5 40 A5
P TR K A 1 Hz A BRAC T 22 dBL I HAETR
B () 450 23 3 [ P, B AIK T — 110 dBe/Hz, BE 7% 1 /&
SCUR BRI A R R L ORI R AE 3 h N
YRR XS SR AN 0. 29 20 B 8 0. 03506, TE FAE %
T a5 488K, % ) R B R X TR RS A
TR SO, BRAn R T 0 R B AR A A A
N R S LT L A T B R AR R T LS el
AR FESE S5 MO B T — e S g R 7 2
WO RN E T A .

[1]

(2]

[3]

(4]

(5]

7]

(8]

& & X #
Marino A M, Stroud] R. Deterministic
communications using two-mode squeezed states[ EB/
OL]. (2006-05-26) [ 2020-07-28 .
org/abs/quant-ph/0605229.
Wang X M, Li L, Meng Y L, et al. New method for

secure

https://arxiv.

cold atom number stabilization in integrating sphere
cold atom clock [J]. Acta Optica Sinica, 2017, 37
(8): 0802001.

FEHM, FHk, R, 5. PR E PR E T
A€ R Tk (1], Jt2E S, 2017, 37(8):
0802001.

Cheng H D, Zhang W Z, Ma H Y, et al. Laser cooling
of rubidium atoms from background vapor in diffuse
light[J] . Physical Review A, 2009, 79(2): 023407.
Li Q X, Yan S H, Wang E L, et al. High-precision
and fast-response laser power stabilization system for
cold atom experiments [ J]. AIP Advances, 2018, 8
(9): 095221.

YuM Y, Cheng HD, Meng Y L, et al. An integrated
laser system for the cold atom clock [J]. Review of
Scientific Instruments, 2019, 90(5): 053203.

Wang Y N, Meng Y L., Wan ] Y, et al. Reaching a
few 10 " long-term stability of integrating sphere
cold atom clock[]].Chinese Optics Letters, 2018, 16
(7): 070201.

Wang X W, Xiang J F, Peng X K, et al. Lightsource
of rubidium cold atomic clock based on fiber laser
amplification and frequency doubling[J]. Acta Optica
Sinica, 2019, 39(9): 0914002.

EHC, WEE, 2, . TR OGO
W Ve JE T OB IR [T]. S 2% 4k, 2019, 39(9):
0914002.

Qiu Y, Zhang F Y, Hu T T, et al. Effect of laser

power on microstructure and hardness of Ti40 flame-

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

0101003-5

F48% £ 1H1/2021 £ 1 A/REHN
retardant titanium alloy deposited by laser cladding on
TC4 surface[J]. Chinese Journal of Lasers, 2019, 46
(11): 1102011.
bR, BRRBE, WARBRE, . WOLYIRXS TC4 RHIE
B Ti0 PR & S 8 T BB iy 52w (1. vh B
S, 2019, 46(11): 1102011.

Tricot F, Phung D H,
stabilization of a diode laser with an acousto-optic
modulator [EB/OL]. (2018-10-23) [2020-07-28].
https://arxiv.org/abs/1808.09777.

Kim D I, Rhee H G, Song ] B, et al. Laser output

Lours M, et al. Power

power stabilization for direct laser writing system by
using an acousto-optic modulator [J]. Review of
Scientific Instruments, 2007, 78(10): 103110.

Dai J K, Jiang H M, Zhong Q R, et al. LD
temperature control system based on self-tuning fuzzy
PID algorithm [ J]. Infrared and Laser Engineering,
2014, 43(10): 3287-3291.

HRHT, FMY, Bharid, S LT A ERE PID
B IDREERNAS ], ash 56T 7,
2014, 43(10): 3287-3291.

Ruan J, Zou Y, Zhu H H, et al. Application of fuzzy
control method for temperature control of molten salt
system [J]. Nuclear Power Engineering, 2018, 39
(1): 106-111.

BTUL, 4845, AKiEfe, & BHERTERERGRE
P RAT D). s TAR, 2018, 39(1): 106-111.
Soyguder S, Karakose M, Alli H. Design and simulation
of self-tuning PID-type fuzzy adaptive control for an
expert HVAC system []J]. Expert Systems with
Applications, 2009, 36(3): 4566-4573.

Ren Y J, Zhao X, Guo S Y, et al. Path planning
control of automated guided vehicle based on
workshop measurement positioning system and fuzzy
control [ J]. 2019, 39 (3):
0312003.

RS, B, B, 5. 2T wMPS RO
B AGV BRI RIT] . Je4, 2019, 39(3):
0312003.

Acta Optica Sinica,

Jiang L, Leng X F, Luo X H, et al. Quadrotor control
based on fuzzy-single neuron PID controller [J].
Computer Simulation, 2019, 36(10): 39-43.

Bk, BT, BNE, G BT S 25T PID
e S R AE S (0] AL R, 2019, 36(10):
39-43.

Mo X F, Li S. Design and implementation of
incremental PID controller based on genetic algorithm
optimization [J]. Modern Information Technology,
2020(3): 73-75, 80.

LI, BV BT R E R R 2 R PID %
Ml it 5] HAE BB, 2020(3): 73-



HRILX S4s % % 1 H/2021 £ 1 A/REEN

75, 80. 2008: 48-51.
[17] Shi X M, Hao Z Q. Fuzzy control and MATLAB AR, M. B R & H MATLAB {f &
simulation[M]. Beijing: Tsinghua University Press, [M]. dbst: Rk, 2008: 48-51.

Self-Adaptive Laser Power Stabilization System Based on Fuzzy Control

Ouyang Xinchuan'’, Yang Bowen"?, Wan Jinyin', Xiao Ling', Cheng Huadong"*"
' Key Laboratory of Quantum Optics, Shanghai Institute of Optics and Fine Mechanics, Chinese
Academy of Sciences, Shanghai 201800, China ;

* Center of Materials Science and Optoelectronics Engineering, University of Chinese
Academy of Sciences, Beijing 100049, China

Abstract

Objective Laser are used in many research fields such as quantum communication, atom cooling, atom clock, and
materials processing. The power stability of laser is very important, especially in the field of quantum precision
measurements where it directly affects the experimental measurement accuracy. For the atom clock, the power
stability of the laser affects its stability and accuracy. Therefore, it is necessary to make the active laser power
stabilization system. As a general control method, the fuzzy proportional-integral-differential (PID) control has been
widely used in the closed-loop control systems, such as temperature control, path planning, flight attitude
adjustment, etc. A recent study investigates the laser power stabilization with the analog circuit PID, but in which
the values of PID parameters need to be readjusted if it is used in different environments and the stabilized value of
laser power cannot be changed during the experiments. In order to solve these problems, the fuzzy PID control
scheme is proposed. We hope that our solution can reduce the stable time of the feedback loop, improve the relative
intensity noise, and achieve long-term stabilization of laser power.

Methods There are two types of feedback loop for the laser power stabilization, one is feedback to the laser current
(internal loop), and the other is feedback to an acoustic optical modulator (AOM) (external loop). Generally, the
external lock loop is used because the internal loop will disturb the laser current and thus the frequency. In this
paper, an embedded system of laser power stabilization based on fuzzy control is investigated. The lock loop is
realized by feedback to an AOM. After passing through AOM, the laser generates diffractive light. By adjusting the
diaphragm only + 1 order diffraction light is allowed to pass through. After passing through the beam splitter, it is
divided into two beams. One beam is detected by the photodetector, the other beam is used for experiments. The
digital control circuit consists of an analog-to-digital (AD) converter, a digital-to-analog (DA) converter, and a
digital signal processing chip. First of all, the laser power is detected by photodetector. Then the voltage signal is
converted to a digital signal by an AD conversion. The error signal is obtained by comparing with the standard set
voltage. After that the error signal and its rate of change as well as the three parameters of PID are fuzzy, and the
fuzzy algorithm controller performs the calculations. The results of the parameters of PID are clarified. Finally, the
amplitude modulation voltage of AOM is output through DA after the PID operation. The key to the performance of
the laser power stabilization is setting the fuzzy rules. Table 1 shows the fuzzy rules adjusted according to the actual
situation.

Results and Discussions The set voltage of laser power is 3.5 V. It is defined that the loop stable time is the one
required for the photodetector voltage that increases from 0 V to 3.5 V. The stable time of laser power after fuzzy
control can be obtained by monitoring the voltage of the photodetector in the feedback loop. Compared to traditional
PID, the stable time is reduced from 4.7 ms to 1.8 ms due to the absence of overshoot (Fig. 5). The relative
intensity noise of the laser power can be measured by placing the photodetector outside the loop (the beam for
physical experiments). The results show that the power spectral density of relative intensity noise of the laser is
depressed from — 88 dBc/Hz to — 110 dBc/Hz at 1 Hz and from — 93 dBc/Hz to — 110 dBc/Hz at 10 Hz, and is lower
than — 110 dBc/Hz over a wide frequency range, meanwhile the relative intensity noise of DA output voltage is lower
than that of the laser (Fig. 6), meeting the experimental requirements. In addition, the relative fluctuation of the
laser power is measured over three hours and improved from 0.29% to 0.035% after power stabilization (Fig. 7).
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Here, the relative fluctuation of the laser power is the ratio of the laser power fluctuation to the average.

Conclusions In this paper, a fuzzy control is applied to laser power stabilization using an embedded technique. The
amplitude modulation voltage of the AOM is used to change the diffraction efficiency of the laser and thus achieve the
laser power stabilization. Compared with traditional PID, after adding the fuzzy control, the feedback loop will not
oscillate due to overshoot, and the stable time of the feedback loop is reduced from 4.7 ms to 1.8 ms. After power
stabilization, the power spectral density of laser relative intensity noise is greatly improved in the low-frequency
part, which is suppressed by 22 dB at 1 Hz, and is lower than — 110 dBc/Hz over a wide frequency range. The time
domain test results show that the relative fluctuation of the laser power improves from 0.29% to 0.035% within
3 h. In the field of quantum precision measurement, the power stabilization technique is important for improving the
measurement accuracy, such as improving the stability of atom clock and the accuracy of interferometer
measurements, and because the power stabilization technique can change the stabilized laser power in real time, it is
suitable for some experimental procedures that need to change the laser power in specific situations.

Key words lasers; power stabilization; fuzzy control; self-adaptive
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