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Fig. 1 Structure block diagram of servo control system
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Fig. 2 Schematic diagram of four-quadrant tracking principle. (a) Schematic diagram of four-quadrant; (b) nine positions where actual

light spots may exist

AR 2(b) B/ B9 02 B 56 28, XY 3l 7 1) ) il 40
73] R 5 A7 R AL R AV B ML 45 3R, T D7 1] AR R AR
AL e, B J5 I ARSRIEH o SE PR BEAL T A [l 7 #
I 0 8 B9 R /N DL K RH IO HE BIL B A R SR g dn k1
IR
3.2 ETERERRS =% A9 A AL AN IEEE = H K R

TE AR 4% i o AR R, T B IS B E 1Y
BB H AR A R BRI b R R AL o e 5 Rk
PABSE Tt v AL Jon s o 3k 2 i £ o A0 R AL A 3 O A
B 3 A7 ) B i 2 AT B TR 0 D 4 ) 0 A R

i 2 45 Ak N S R R s R Ik T Bk s
S S T R 1) w0 BN B AR S
O 28 5 5 1 JF 76 AL I B H bR A7 B Z /1A 2l 3h
I L, X T 7K TR JE 2R 2 A 38 A5 Y 06 BE 4 4K BR B 1
T LHEMLIETT S BT E SR Ay e R B — R
T B £ i BR R G g 0 B HL B I e
Bk

XTI R XT e A — G5 2 (0), B
By BN T o Bl s, TP IR T e BRER 2 (1), 1M
WA 5 2o =20 VLT ¥ 45 1R ER G o0 4 1Y B8 1

0206007-2



®E51%E F2H8/2024 1 B/ E#N:

F 1 SEPRICREAL T [A) 07 i A B Ak 1) /I LA KSOAR R R AL Y
P ] A
Table 1 Miss distance of the actual spot at different positions

and the control strategy of corresponding motor

Spot position T'he séze of Azimuth Pitch motor
miss distance  motor status status
1 <20, y=>0 Positive Negative
2 =0, y>0 Stationary Negative
3 x>0, y>0 Negative Negative
4 <0, y=0 Positive Stationary
5 r=y=0 Stationary Stationary
6 x>0, y=0 Negative Stationary
7 <20, y<<0 Positive Positive
8 =0, y<<0 Stationary Positive
9 x>0, y<<0 Negative Positive
2
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Table 2 Direction, speed, and gear position of the motors in different miss distances

Running speed /

Miss distance Motor Tracking aera (romin-") Motor direction
. . Azimuth High-speed coarse tracking area 50 Negative
(612 pixel, —440 pixel) ) . ) »
Pitch High-speed coarse tracking area 50 Positive
) ) Azimuth Variable speed area 12.5 Negative
(420 pixel, —310 pixel) ) ) i N
Pitch High-speed coarse tracking area 50 Positive
. . Azimuth Low-speed precision tracking area 7.14 Negative
(284 pixel, —202 pixel) ) ) N
Pitch Variable speed area 12.5 Positive
) ) Azimuth Low-speed precision tracking area 7.14 Negative
(56 pixel, —41 pixel) . o ) B
Pitch Low-speed precision tracking area 7.14 Positive
] ) Azimuth Stationary 0 Stationary
(0 pixel, 0 pixel) ) i )
Pitch Stationary 0 Stationary
N Y e === pitch motor 25 b DO BEAE AN R B, FRBIL 2 1 N
- : i NESON \ R P =] NSV e
N N\ vasidhlerspond are ——SmILIIENOE VB A S TR N L TR B FRL AL DR T A R B AT A
\ N N = = 5
30F/ \ speed flutter e, RV AL PG A 8 B R S 2 DN IR R )
' e — N g TaralA
ol L B R (H S A TT 2, 0 1 Al R 45 1 R B8 S B RO A

—
(=)
™

high-speed coarse
tracking area

S FL ML R S ) T AT
4.2 ZERNK

& A 8 r s i 2 5 I 4 . R A 450 nm
low-speed precision tracking area OGRS &SGR 5 8 FH IR I T i AR LT
BEH A BR 2 &) 4 7 19 TH-M900HDRCXIG-GZLT —

Rotational speed /(r-min")
Abd L
_- s O o

50

) : . - S0 ARMUIREE B LA KOF Oy 1 AT 3607 BR AR IR I

Acquisition time /s IRl R —45°~90°, Al S B 0.01~45 (°) /s AY 28 14 e

P75 B 7 3L R A0 el L 2 ol 2 AR . B R G2020-GS-TRY WA L 4 R

Fig. 7 Rotational speed curves of azimuth and pitch motors in CMOS AL, FH T 58 )% K 7 38 1Bl PN 38 = 6 38 19 3 4
the simulation test P

‘ CMOS camera

laser diode@450 nm
detector

servo turntable

DC stabilized power supply

P8 7 N PERE T G S g e
Fig. 8 Indoor performance test experimental device
P9 2 S e Iy 4 AR TR 5 6 B ARG BERAR BT FEAREOK .
UERO R LR 70 5 O A N G K VA 2 D DIVA: U I R VAN PLIEL 9 (g) ~ (h) kb #9516 B S 491, 552 36 3o e v Oz
A A0 J5E 40 6 265 X (L Bl D' B 41l 2R e 1) A2 Ak A il £ A AR A B AL B4 e S e AR it R AN 1 12 Fr s o e T 3R W],
EI10 1L s o sl 25 R R R G|V fEd s HLJSSE G e R R B Xl 208 3 DX, IR SH0HG R 2 IXC
W58 R H ARG BE R SRS B ER , O LA MLER R RS B O B, AR R S AR 2 1B AT, SR TR ST R SE M R AT
0.08 mrad , if 01 A ML BR B720KG BE Oy 0.27 mrad , W 2 BRER 1k, ADREAR R GENHTTOK T BLOEsh A fE

0206007-6



ESTH F2H/2024 1 B/ E#N:

(D

(©)

¢ | (b)
target spot target spot
camera center ¢
points the spot

camera center
miss distance |points the spot

camera center

camera center miss distance miss distance miss distance

camera 01 camera 01 camera 01 camera 01
(©)] ® (g L (h)
camera center camera center
target spot
camera center 4

points the spot

camera center ¢
o : : points the spot : . y
tar get spot miss distance miss distance miss distance
= miss distance

camera 01 camera 01 camera 01 e

camera 01

P9 IR 7 B AR SEBE AT S A HLEC S 1 o ()~ (D) A7 B (o)~ (D A B s () ~(D AT W (9~ (A T
Fig. 9 Comparison of the camera’s field-of-view before and after the target spot acquisition in different directions. (a)-(b) Upper right

field-of-view; (c)-(d) upper left field-of-view; (e)—(f) lower left field-of-view; (g)-(h) lower right field-of-view

PY -

g 1200 =g« trial 1_target spot 20 =i pitch motor
& —eo = trial 2_target spot =@ azimuth motor
§ \ = A= trial 3_target spot 15 . 003

g 1000 “\ . v trial 4_target spot variable speed area E - ng I

17} — Y

% 800 . 5 2 10 F »

4 a\ Eg 0 e j; -o0.02f (I

£ ""i.\ Egoz = = oosp) ! |
=] W\ g o b 90 95100105110 115 120
E 600 \ \ % £ $ Acquisition time /s
= v A £ 3 . =9 -
8 ) L | e % 0

3 = \ z g

5 400 . \\,‘ £ g

= « \ Acquisition time /s <

< A B -

£ 200 | AN g

&

=

o)

2

<

v %«» N W e 10k low-speed precision
ok Qe l—{-&m -y - tracking area
1 L 1 L Tl --r--1
2 0 2 4 6 8 10 12 14 16 -15 L L L . . L
0 2 4 6 8 10 12

Acquisition time /s S
Acquisition time /s

P12 A s o A 100 i LA 3 5 7 1l 2

P10 AN T) 57 B 't B A9 5 (7 T8 460k 248 X (L i D' X 4l 2 I ] 722
PR i 25

Fig. 10 Absolute value of the azimuth miss distance of the spot Fig. 12 Speed mutation curve% of azimuth and pitch motors in
at different positions changes with the spot acquisition ndoor test
time 4.3 KT ESEE T IR ER BR SR I8

PN A 13 T 7R B9 7K R O 6 B 3R BR S 5
HH 450 nm FOLIRE T — " 4efil ke &5 Ll
281 m ROK MY 2 I8 AR I 72 i R 42, Z A B CMOS A
BLE W o 78 K AR v I 3 A 40 3 3 A5 K R BRI, AR

-« trial 1_target spot
-=@ = trial 2_target spot
\I. - A= trial 3_target spot
O o~ + v trial 4_target spot

800 - me

2 wof - i 2 £ A 5 S E 17 7156 L4 0 400 1t
E ol T k24 L1 KA -0 30 1 199 28 Al P 14 T
£ S U 2 S AW B 3 T L R G T A 8 s DI K A
ol SEBE 2K A 4 5 5 P WA 3 R0 6 4 50 7
E JETEZ K R BT S B0 AL T 325 i ik
: RGCATAE 9 s PO 5E I H AR ICHTO 5 5 BB , 20
2T S 0 S0 TS A L 5B 23, KA it B

Tz 4 6 s w0 wz (BREERGO BB 0.6 mrad i UL )5 L

B G 2 mrad , DR 22 B0 I AT P 4 R (E G 2

Acquisition time /s

L TL A [l 57 5 ' RE A A0 A 3 4k 208 00 {0 Bt 't B 47 20 i (1] A2
P i £

Fig. 11 Absolute value of the pitch miss distance of the spot at

different positions changes with the spot acquisition

time

PREK

BOCIRE A 7 — e & b S R G HEH br
JCBEJ , P il e 55328 Bl , B AUL S PRfE R BR BT K R 1 A Y
iz 8, W R SR IR ERAOR . SCR SRR, R YR
BRI T 9920 JEBERS Bldk KL A2 KV 7 A 18 (°) /s

0206007-7



(@) 900
w0
£ 80
gﬁ 700
% g 600
triall <5 500
22 400
'a -
2 300
2
= 200
n
2 100
0
®) 1200
2
E 1000
2
ET 800
trial 2 Se 600
(5}
=8
TE 400
oo
3
§ 200
<
0
© 1200
2
E 1000
=]
5 T 800
<]
B
. J&
trial 3 5 g 600
(<5}
25
N —
SZ 400
5
3 200
<
0
& 14

CMOS camera

e

tank

servo turntable

®E51%E F2H8/2024 1 B/ E#N:

laser diode@450 nm

laser beam

13 7K R WO G BE 3R B 5 56 4

(d)

—a— water tank without disturbance
~a- water tank with disturbance

S o
T

|
!
Do o
T

miss distance /pixel
|
5=

Absolute value of azimuth
S
T

6_7 8 9 101112 13 14

m

4 6 8 10 12 14
Acquisition time /s

(®

—a - water tank without disturbance
—m- water tank with disturbance

15

2 : ’| ‘rl i \v‘.n
A ’WM'

2 10
15

Absolute value of azimuth
miss distance /pixel

8 9 10 11 12 13

1 | IR [ — —— L

4 6 8 10 12 14 16
Acquisition time /s

®

-—a - water tank without disturbance
o water tank with disturbance

o o

miss distance /pixel

Absolute value of azimuth

" Ol I VI ol
QS 9 10111213 14 15

Acquisition time /s
r=———-=-

4 6 8 10 12 14 16
Acquisition time /s

Absolute value of pitch miss
distance /pixel distance /pixel

Absolute value of pitch miss

Absolute value of pitch miss
distance /pixel

Fig. 13  Underwater laser spot acquisition and tracking experimental device

400 |
350 |

= = DN DN W

o o o

S O O o o o o
T T T T T T T

|
o)l
S

—a-— water tank without disturbance
—a== Water tank with disturbance
15

|
_ 1 -
S oo wm S

Absolute value of pitch
miss distance /pixel

L L L
9 10 11 12
Acquisition time /s

-15

600

2 4 6 8 10 12
Acquisition time /s

Do

(=3

(=]
T

—

(=3

(=
T

(=]
T

-100 L

—m- water tank without disturbance
- water tank with disturbance

Absolute value of pitch
miss distance /pixel

2 4 6 8 10 12
Acquisition time /s

700 |

Al
(==
S O
T T

300
200
100

-100

-a - water tank without disturbance
- water tank with disturbance

g

—
>

!
=

|

—

S
T

Absolute value of pitch
miss distance /pixel
=3

|
—
o

" L " "
l 12 13 14 15
Acquisition time /s

2 4 6 8 10 12 14 16
Acquisition time /s

PR Tt e Sl BT Je F AR 6B T5 A0 DR AT B 4 A2 A 2% o (a) ~ (o) T7 A2 BT 4k 5 (d) ~ CO IR AP0 5

Fig. 14 Curve of target spot azimuth/pitch miss distance before and after disturbance of water tank. (a)-(c) Azimuth miss distance;

(d)—(f) pitch miss diatance

0206007-8




R

H AR B 7 0] AN 12 (7) /s i), n] DL o £ 1 42 il
T A2 BRER , 7 U BR B 23 2R UL

5

I

AR SO KT TE 20t B A AR P g H ARG BEA A

PR ) IR 4 ) R GEREAT TR . AR T A AT 2k

W PER s & SR AE S8 APT R GE, A BT AT
KT L0t AR RGN BOHR KR . Bboh,
HEAT 15 LR IE 3 N I L R K T SO O B 3R R
B LI, S 45 SR W P B T A AR I 4 ) AR T AT DA
AEVERETRAREESR O 5 SLTT /K T 4ot sh Al R oA
WFFEBEE T AEAl . (6T — LR WT 5T b, 283 J00RE 8 £ A5
B T 2k 2 AR SCA) Al A i) 28 48 R LB 8 B A K
N IRLOGEA AT AR, W g AT A P —
A A P B A N BT RGN AT SRR AR E

(1]

(3]

[4]

(5]

(6]

(7]

& X W
d SHT . AL O F Pl AR S BR R ORI (D] KA AR
4, 2014.
Meng L. X. Research on acquisition and tracking technology in
airborne laser communication[D]. Changchun: Jilin University, 2014.
AR, BB, PR . TR A S Bl DK R OGE {5 R B A TR E
SR (. o O, 2022, 49(17): 1706004,
ShiJ, Huang A P, Tao L. W. Deep learning aided channel estimation
and signal detection for underwater optical communication[J].
Chinese Journal of Lasers, 2022, 49(17): 1706004.
fERE i, TE5EH, (e, &5 5 T80 5 5 Ab BLAY i R BU% K
TG AR A MHLBE SIS ] EEOE, 2022, 49(4): 0406005,
Ren TR, YuX N, Tong SF, etal. Design and evaluation of high-
sensitivity underwater optical communication transceiver based on
digital signal processing[J]. Chinese Journal of Lasers, 2022, 49
(4): 0406005.
ERJL, %, REE . KT LSRR R ]. 85
A, 2014, 47(6): 589-594.
Wang Y F, Zhou M, Song Z H. Development of underwater
wireless communication technology[J]. Communications
Technology, 2014, 47(6): 589-594.
Williams A J, Laycock L. L, Griffith M S, et al. Acquisition and
tracking for underwater optical communications[J]. Proceedings of
SPIE, 2017, 10437: 1043707.
Huang X, Yang F, Hybrid LD and LED-based
underwater optical communication: state-of-the-art, opportunities,
challenges, and trends[J]. Chinese Optics Letters, 2019, 17(10):
100002.
Ln J] M, Du Z H, Yu C Y,

Song .

et al. Machine-vision-based

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

®E51%E F2H8/2024 1 B/ E#N:

acquisition, pointing, and tracking system for underwater wireless
optical communications[J]. Chinese Optics Letters, 2021, 19(5):
050604.

A, RIE G, AT U, A 2SR £ AR 0 I BB R 5
AR L] EEOE, 2014, 41(3): 0305005.

Zhao X, Song Y S, Tong S F, et al. Dynamic demonstration
experiment of acquisition, pointing and tracking system in space
laser communications[J]. Chinese Journal of Lasers, 2014, 41(3):
0305005.

FRAAE . KR JE LRl i B (AP T) R GE MBI 5 5 92 8D ). K
e REMT R, 2021

Zheng Z X. Research and implementation of underwater wireless
optical (APT) Dalian:
University of Technology, 2021.

communication system[D]. Dalian
Austin D. Generate stepper-motor speed profiles in real time[J].
Embedded Systems Programming, 2005, 18(1): 28-30, 32-35.
Siripala P T,
generating stepper motor speed profiles in real
Mechatronics, 2013, 23(5): 541-547.

Wang B J, Liu Q X, Zhou L, et al. Velocity profile algorithm
realization on FPGA for stepper motor controller[C] /2011 2nd
International Conference on Artificial Intelligence, Management
Science and Electronic Commerce (AIMSEC), August 8-10,
2011, Dengleng. New York: IEEE Press, 2011: 6072-6075.
Bl LA PO A A S [T]. S B HE L 1998, 13(1):
19-23.

Han J Q. Auto-disturbances-rejection controller and its applications
[7]. Control and Decision, 1998, 13(1): 19-23.

TRAT T, RSO, Bt T BRSO Y 20 R BB O N
MBI I] A s R S L 2022, 48(2): 88-95.

Zhang H N, Li W X, Liang X. Design of adaptive speed profile of

Sekercioglu Y A. A generalised solution for
time[J].

stepper motor based on tracking differentiator[J]. Aerospace
Control and Application, 2022, 48(2): 88-95.

AU . A PID R 2 [ BUyfa il ORI f R TR, 2002, 9
(3): 13-18.

Han J Q. From PID technique to active disturbances rejection
control technique[J]. Basic Automation, 2002, 9(3): 13-18.

XS0 . KR RO A O L BRBR R R GERETE (D] mh R iR
R, 2017.

Deng X Y. Research on photoelectric tracking control system of
underwater laser communication[D]. Harbin: Harbin Institute of
Technology, 2017.

PO, BRAm . i ooiEsh A sh il R4 im i £ g M. ALt
BB LAk AL, 20115 1-90, 261-272.

Ruan Y, Chen B S. Electric drive automatic control system:
motion control system[M]. Beijing: China Machine Press, 2011 : 1-
90, 261-272.

VAR, 2246 T LABVIEW B 1 (3 BL & H 3 15 2 7 [T
BT, 2018, 26(11): 86-90.

Tang I M, An W. Design of serial port communication program
for host computer based on LABVIEW[J]. Electronic Design
Engineering, 2018, 26(11): 86-90.

Design of an Acquisition and Tracking System for Underwater Optical
Dynamic Communication Based on Servo Control

Liu Xu, Zhong Fangru, Ma Xinning, Zhang Peng’

National and Local Joint Engineering Research Center of Space Optoelectronics Technology, Changchun

University of Science and Technology, Changchun 130022, Jilin, China

Abstract

Objective
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Laser acquisition, pointing, and tracking (APT) technology is prevalent in the realm of space optical communication,
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servicing platforms such as inter-satellites, satellite-ground, airborne, and ship-borne. By fusing coarse and fine tracking, it is
possible to achieve picometer-scale, high-probability, swift, and accurate dynamic space-optical communications. However, the
application of APT in underwater wireless optical communication remains underreported. This limited application stems from the
APT system’s intricate, precise, sizable, and costly nature, which challenges the minimalist design needs of underwater wireless
optical communication systems. Additionally, the underwater channel’s resistance, pressure, and environmental adaptability factors
compromise the servo control system’s precision and pose engineering challenges. These challenges curtail the expansion and
application of APT technology in underwater wireless optical communication. Thus, harnessing APT technology to enhance the
stability and reliability of communication links by capturing and tracking the optical axis emerges as a promising avenue in underwater
wireless optical communication’s future. Consequently, there’s a pressing need to devise a servo control system that’s both cost-
effective and straightforward, catering specifically to the dynamic underwater wireless optical communication’ s acquisition and
tracking demands.

Methods In this study, we first considered the basic concept of space optical communication acquisition, pointing, and tracking
technology. Based on this, we proposed a set of acquisition and tracking systems grounded in servo control for underwater wireless
optical dynamic communication. Subsequently, we studied key technologies, including the servo control system architecture,
composition model, and motor control algorithm. For the servo control system we proposed, a tracking differentiator was introduced
within the active disturbance rejection control algorithm to manage the motor’s acceleration and deceleration. Furthermore, we
proposed a coarse and precise tracking strategy that utilized motor acceleration and deceleration control technology. Ultimately, we
discussed the acquisition time, tracking accuracy, and acquisition probability of the servo control system we proposed, drawing

insights from both simulations and actual indoor and underwater experiments.

Results and Discussions In the simulation experiment, the upper computer receives miss distance information and transmits it to
the lower computer via the virtual serial port, controlling the motor. The upper computer displays the motor’s working state in real-
time on the upper computer (Fig. 5) and simulates the spot capture and tracking of underwater wireless optical dynamic
communication. When the simulated spot occupies a different position, the motor adaptively accelerates and decelerates, achieving
both coarse and precision tracking. The motor operates stably before and after acceleration and deceleration, without missteps
(Table 2, Fig. 7). The feasibility of the servo control system and tracking differentiator in executing motor acceleration and
deceleration algorithm strategies is confirmed. In the indoor experiment, results indicate that the system captures and tracks the target
spot within 4 s at its fastest rate. The azimuth motor’s tracking accuracy is 0.08 mrad (Fig. 10) and that of the pitch motor’s is
0.27 mrad (Fig. 11), aligning with tracking index requirements. The speed mutation curve for the azimuth and pitch motors during the
experiment (Fig. 12) reveals that the motor navigates via high-speed coarse tracking, variable-speed, and then low-speed precision
tracking phases. The consistent operation surrounding the variable speed affirms the algorithm’s feasibility, suggesting this system’s
potential for underwater wireless optical dynamic communications. The underwater experiment reveals that the system captures the
target spot in 8 s before disturbance, which is more than the acquisition time of the indoor system. Post-disturbance, the spot
experiences interference from water body scattering and refraction, showing a dynamic state. The system completes target spot
capture and tracking within 10 s, a duration extended from its pre-disturbance counterpart. Data analysis highlights a 0.6 mrad
tracking accuracy for the servo control system before introducing disturbance to the water tank and a 2 mrad accuracy post-disturbance
(Fig. 14). Additionally, experiments demonstrate a capture probability surpassing 99% for the system. If the spot’s moving speed
falls below the specified range in both horizontal and vertical directions, then the servo control stabilizes tracking; otherwise, the

tracking fails.

Conclusions In this study, we examine an acquisition and tracking servo control system for an underwater wireless optical dynamic
communication system. We design a servo control system architecture and explore its constitute and control algorithm. We propose a
control algorithm based on a tracking differentiator to achieve motor acceleration and deceleration. Concurrently, we employ motor
acceleration and deceleration technology to implement a coarse and precise tracking strategy for the underwater wireless optical
dynamic communication optical axis. We conduct simulation verifications, indoor tests, and underwater laser spot acquisition and
tracking experiments. The underwater laser spot acquisition and tracking experiment reveals that the system’s acquisition probability
exceeds 99% , with an acquisition time of less than 10 s. The tracking accuracy, both before and after the water tank disturbance,
registers at 0.6 mrad and 2 mrad, respectively. This experiment demonstrates that the designed servo control system aligns with the
performance index requirements, setting the stage for further research into underwater wireless optical dynamic communication

technology.

Key words oceanic optics; acquisition tracking; tracking differentiator; servo control; tracking accuracy
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