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enhanced particle swarm optimization

Chen Chi'*,Li Wei'”, Liang Jiaying'>, Wang Zhigang'

(1. School of Astronautics, Northwestern Polytechnical University, Xi'an 710072, China; 2. Shanxi Key Laboratory of Aerospace
Vehicle Design, Xi'an 710072, China; 3. Shanxi Fanhang Intelligent Equipment Technology Co., Lid., Xi'an 710119, China)

Abstract: As one of the key actuators in acquisition, tracking and pointing ( ATP) systems, the fast steering mirror ( FSM) has
controller parameters that directly affect its dynamic response performance and tracking accuracy. To address the problems that fuzzy PID
controller parameters are high-dimensional and strongly coupled, that manual tuning is difficult to balance rapidity and stability, and that
practical hardware factors such as drive amplitude limitations, measurement noise, and vibration of flexible mechanisms further increase
the difficulty of parameter tuning, this paper proposes a fuzzy PID parameter optimization method for fast steering mirror based on a
multi-strategy enhanced particle swarm optimization algorithm ( MEPSO). First, three strategies, namely optimized Latin hypercube
sampling ( OLHS ), population dynamic intervention, and parameter adaptation, are introduced to improve the particle swarm
optimization algorithm (PSO), thereby enhancing the initial population coverage, suppressing population diversity degradation during
iteration, and balancing global exploration and local exploitation. Second, a composite cost function including rise time, settling time,
overshoot, integral of time multiplied by absolute error, steady-state error, and engineering penalty terms is constructed to guide the
algorithm toward control parameters satisfying drive amplitude limitations and response stability constraints. Then, benchmark function

tests are conducted to verify the global optimization capability of the proposed algorithm. Multi-model simulations and FSM step response
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simulations are performed to evaluate the control performance of the parameter optimization method, and dSPACE hardware-in-the-loop

(HIL) experiments are further carried out to verify its engineering feasibility. The dSPACE experimental results show that, under a 0. 1°

step command, compared with the fuzzy PID controller parameters optimized by the conventional PSO algorithm, the proposed algorithm

reduces the overshoot by approximately 80. 9% , shortens the settling time by approximately 31.3% , and further decreases the steady-

state average deviation. The results indicate that the proposed method can improve the response smoothness, tracking accuracy, and

engineering applicability of the FSM system.

Keywords : fast steering mirror; fuzzy PID control; parameter optimization; multi-strategy enhanced particle swarm optimization
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Shekel 4 [0,10] -10.536 ARAEsR 2 Wl B pR 4
Dixon-Price 3 [-10,10] 0 HeUH GRS AL
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Table 4 Statistical results of benchmark functions
PR PSO AWPSO CPSO GA GWO WOA MEPSO

e 19. 787 10. 804 17.717 11.276 7.623 8.126 7. 040
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brifEZE 24.923 16.353 21. 099 11. 305 0.799 1.256 0.711

SEHE 19. 705 20. 192 19. 705 13. 143 5.421 7.301 4.878
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FRiEE 8. 141 9.983 10. 351 5.502 2.391 4.436 2.444

FH{H 0.435 0.219 0. 430 0.794 0. 156 0.187 0.135
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FrifE2E 0.176 0.143 0.169 0.250 0. 107 0.301 0. 060
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Fig.5 Response curves of multi-model simulations
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Table S Multi-model simulation performance comparison

) PSO-FPID MEPSO-FPID
Ei=tan FPIDM™  FPID!®) GA-PSO-FPID!?!
SCHk[ 147 SCiEk[25]  Scmk[26]  SCmk[14]  SCER[25]  SCk[26]
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Fig. 6  Step responses under different cost functions
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Table 6 Response performance under different cost functions

- PSO
PERER AR

ITAE 24

T A/ ms 1.8 7.4

HEE/ % 35.5 1.5

I 5 6]/ ms 12.9 10.2
ITAE/(°-s) 2.3x107° 2.7x107°
RV ZE/(°) 37.7x1077 7.5%1077
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Fig. 7 Iterative convergence curves of the cost function
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Table 7 Step response performance comparison

7t Y
. X I/ ) ITAE/ AT .
Bk WHEY Al . R
% (°-s) 22/ (°)
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GA 1.5 56.9 18.2 3.1x107° 28.8x1077 2603
GWO 6.0 0.9 84 1.9x10°® 7.5x1077 307
WOA 5.7 2.4 7.9 2.1x10° 10.0x1077 313
MEPSO 4.3 0.9 6.1 1.5x10°° 4.2x1077 305
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Fig. 9 Hardware-in-the-loop experimental system



57

Wi Bt S 5T 20 SRS SRR RS VR A DU S SR PID 27 355

Sy G TR AR 2 4 P TR PR 20 R 2%
R AT 2 B, S8R 4% L FPID , PSO-FPID
F1I MEPSO-FPID 3% 3 F A3 M il a8 247 %0 th . o,
FPID {03 T 2 50 8 45 5, PSO-FPID AR AL 48 PSO
LGSR, MEPSO-FPID A T 55 iE A< 3C £ 56 W& 14 58 5 7
FESEBRAF- A R

SR £ 48 984k B, dSPACE 9 4 i R KE B % ok
10 kHz, FH T {4 52 G 45 55 B0 e i B A7 AN W] 22
WS P v A0 M o038 2 U A A, M P A e
B3 ORI AT il 18, 5 | A P R ML %) v A B IR, B
WA NGRS, FEUAR RS, & RGN, A
S BT 3 g 4 A e S 0. 009, DA O -
S EAEE IERN

PRI, 7 B8 AR S 30 i S BT I B o S T Al o3 34 2
LAME K, < 0.009 1ERIELFIMAE SR a5, L
BRI SE25 ], PSO 5 MEPSO 7EAH [F) 2 o 45 14 °F 433
PAT T, R S HOC N A AR LA, 25 183y AT
SN RARGZ AR RS B2 5, S L0k
DA ZR G800 AT R BEAF7E 52 IR 5 , 80 LA 249 o S A fid
Syt AEL£109% PHEAT /)N 1 R A | 358 B e B BR e
I e A I — L S B S0 S8, 1R B UE
SRR 4 R T ) R B I, AN AR PSO 5 MEPSO
FEAARI A H A T ARAFPI AR SR X L SE Rl 251 il 2%
2R SN 8 iR,

®8 WHUENRIRERLSHE

Table 8 Final parameters for hardware-in-the-loop

experiments

240 FPID PSO-FPID MEPSO-FPID
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Table 9 Experimental response performance comparison
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