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Trajectory optimization of glide guidance projectile based on PSO-
hpRPM hybrid algorithm

GUAN Jun"?', YE Shuang-hui', YI Wen-jun®

(1. School of Automation, Jiangsu University of Science and Technology, Zhenjiang 212100, China; 2. National
Key Laboratory of Transient Physics, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: Aiming at the problems of the low trajectory optimization efficiency and unsatisfactory optimization effect
of glide guided projectile under complex and multi-constraint conditions such as high dynamic environment and strong
state coupling, a trajectory optimization method of glide guided projectile based on particle swarm optimization-hp
adaptive Radau pseudospectral method(PSO-hpRPM) algorithm is proposed. This method combines the strong global
search ability of the PSO algorithm and the excellent local optimization ability of the hpRPM algorithm to solve the
trajectory optimization problem of glide-guided projectiles under complex and multi-constraint conditions. Firstly, the
constraints and objective functions of glide-guided projectile dynamics model and trajectory optimization problem are
established. Then, hpRPM, PSO and PSO-hpRPM methods are used to optimize glide trajectory, and the three methods
are compared. Finaly, to further validate the superiority of the proposed algorithm, we integrate the grey wolf
optimization(GWO) algorithm, the whale optimization algorithm(WOA), with the hpRPM algorithm, respectively. We
then conduct simulations to compare the performance of these three hybrid optimization algorithms: PSO-hpRPM,
GWO-hpRPM, and WOA-hpRPM. The results show that the optimized PSO-hpRPM algorithm has a maximum glide
range of 70170.75 m and an average iterative convergence of 6.6 steps under complex and multi-constraint conditions.
The comprehensive performance is better than other algorithms and the optimization effect is good.

Keywords: trajectory optimization; PSO; hpRPM; heuristic algorithm; glide guided projectile; mixed

optimization algorithm

Wris BEA: 2024-09-09; FF HHA: 2024-12-31.

EE&WmB: EXARBEESTUE (62203191); FERIINGERTRIF AR SIREE ST H (2023JCIQII0357); {LI54E =i
SFRIERERY: (HAARE) B _EIH (22KIB590001); B AR fisidn = AEa:T H (2022JCIQLO06105).

RIERE: EAE

Bl A= £ . E-mail: jguan@just.edu.cn.


https://doi.org/10.13195/j.kzyjc.2024.1090
mailto:jguan@just.edu.cn

1734 = # 5 & K F40%
0 8] = HERZSEL bicn
T ) S 3 B R A I A R E A R R 1 SR

DR B o 0 AL SRR, DRI, i M T AL A2 W P ) 5
AR R TE R A AR R BT
B ARV R AR bR LA B R . BE AR Ak ) A
i b ARAEN 2 2 AR TR A A, (1S
JRE At BB AR AR B B P 1 A 2 M A A v A

SR TE B0 A 100 L ) g VR 43 A TR A AN L
vk, el e T s B WD 4 d KRB, g 3T
e A 170 850 A, Sy ey 25 0 AL 1) 8, — MR P o
SRR, %7 AR AR R AR P A R A T LA
— BRI, (B, (B AT SRR R 4 2 LR HIE ik
N R e B, B R A T BT N
IO 12 55 7 Vo0t 28 il A B AR S A B AT B A
Ak, TR e 4 Ry A AR LR PE R RI 1) (NLP),
PR AR LR MR 7 SR M, s — okl
B FARR T () #2956 5 Se R, AE AR R A %52
FE. PR — Rl LI BT, TR 2 R0
W B R3] T i SR B, DR — b
TR B R J5 1, BT B SR AR BB H AR R BB
5, SRR R SZHIGRAE R MK, 5 PN SR B e
il ARk, N T TORIX B, B2 ESINT R
e 2B SR SR AR 0 )4k 17 B Pefiacoba 251 i
T AR EE (GA) KL BELAG (PSO) Al A48 &R
(PS) = FAS [F] IARAL 7 VSR AR LA N AL R S
B2 Xiao 25 2 11 7 TACO-DWA [t % 15 31 %) 52
1, SRR T R RE (ACO) AN O i
(DWA) R SLBLZ HARBLE AL, Wu 2P 52 1 7 %
HE RSB (ICSO) K fif v Bk KA 2 S FEH 1
BIE AL 1] . J0 )8 R VR ST A T A
G R, HA R E i N, FE, &
AL SRR 5 A (1 R B2 e n AR A, kT
AL (PSO) 1FE N —Fhot Ja Ak A%, DA fi 5
AT MR, A R AR Tz m
PSO K T4 R &, REW 7R KR =5 [ N 1 &R 78
TE s LM%, 10 hp H & M Radau Py itk (hp-RPM) N
E J LA 7 TH 35 A th €8, Ry il o 7 Ak 2R B A
2 ) ) LT R 0 AL TOR i e R 3 B R i

BEXE A A AR 2 MR S E AL 0] B, A SR HY PSO-
hpRPM VB & LA, Z 554 PSO By K1 4
JRARZRRE 15 hpRPM HLi%k H 8 1) J=) 30 A 1k RE 71 AH
gh4, B R A PSO BEAR AL ST hpRPM 5% (1)
BARBILERAS, SR J5 K H hpRPM Sk AT Pk 5
Ak, 55 3R — IR 4A B AR AR 4 F T I s AR

TE P S M) AT O E R W] 2 4 DN B
ETRB BB Bk BT B WAL #E S BoR
B T s ETRBe DU 0 B )T 46,
BB RLRCKI 2S5 BhEBE: KT AR ZhHLE K
I 2015, ELAEMEMAR, KA A S LN Z8 1k,
B _ETHB R EiHUE IR AR R, AR FEAR M 4k 2k
BT E TR AT SE TR B I E T
Ja, WREEIT I I aaTE M, B R ALRE H AR A,

y
yZe R
\
WARE A=
/
b Bhie
bt
o X
= RAHLEAKR AL, AN A1,
ARt
1 B SR SRR

1.1 W SAEsE) 7 R
e KT B E i 2 o P S R 30 7 SR B TE T 1)
28 3771, WA F AR T B B e K A B O £
L, PEASBNTE F7, HI S5 8 0 8 LI R T, ek 2%
U BETHE, SEL PR R ORI 5 T
SHBEEE FR B T R I N
:X: Cra+C0 o
X Cpo(1+ kpa?) + Cpso(1 + kr6?)
For: XORY 43 50l g i A1) 5 A 306 AT I AR 2 2
FIBE S AT 77, o BUF, SR, Cpo i E TH
0 FHE 1 23, C) NTH )1 ZEFH, O T )
RECFH kr k2 5 9 METH 75 5 BH 70 2R B0R0 B 44
75 3 BH 7 SR A B0 0 ] 3 S o P B — B
[F1) B398 A2 3 RE T8 S5 A, DO 0 ARG A A6 2 T =X
Yoo(Xp — Xg) =Y°6(Xe — Xz).  (2)
KH: X AEHIREE LR, X AP AR RO
fiE, X NaErEOME. KX () BIF, 15205
SRR T BU S AR R A DR R, 40T BT
Q Ys(Xe — Xn) CLs(Xe — Xg)
5TV —Xa) | (X —Xg)
B 3) RN (), HxF (1) KRS, e A2 T
I, FHBH b KBk

K




55 ¥ E %: ) F PSO-hpRPM S ik 69 7 3] - Jo 78 78 38 440 1735
i Croo+ Come ) Sy HI SR B K F R NV A, e = 0K H AR T FR AL
PEONC (X y — X@) e 3) ALY b P L TR — M R B AL 34

$5 2% (@) FON (3), T 45 B0 7 BEL He 5t KB 350 £ 28 1k
WA

QJ Cpo + Chso )
o C”(XF—XG) 2’
ksCpo + krC L

BY DO T D(SO(C’L(;(XG—XR))

N TS A, SRS IR B 1 AR
R G 1) FEUATE FE, 4% B8 e KT BEL B T 7 P ) 5
SN B 1 AR U0 PR

mv == _qSCDo(l + kBOC2)_
qSCprso(1+ kr(a+6)*)—
mgsind + F,,
muvf = ¢SCha + qSC (o + &) — mg cos b,
T =wvcosb,
Yy =wvsin,
m = —Mmg,
5= Cpo + Cpso
a Cls(Xe — Xz) ’
kBCdo(m) + krChpso
oo Cs(Xg — XR)<5
C,(Xr—XQ) "~

(6)

Horbe o I EE, O NBRIEUA, o\ yornl e A
B GBI C(FRIE, 0 = 5o WELIE, SR
FETH AR, moR SR AL &, g A IR EE, F, o8 K i
RENHLT-I5HE DT, m KT BIHE R ShHL AR 24 i 24
HOE 2.
1.2 ZAR%MH

TE ] T J B R G4 1) @, B AR
WL A )R R R LR AR AR ER
FSAY S S0

1) W F LI 1 T2 R BE R KM A AT
L)W, — MBI OL T S 09 [20°, 65°1; MIARTHE ., 4]
AR R ARRR— ORI [ B AR, AR AT v(t,)
= v, m(ty) = mo, x(ty) = 0m, y(t,) = 0m, 20° <
O(ty) < 65°. Hrf: to AWILER %, vos mo 3 3l Y]
A AHTGE 00 5, o~ yo 3 ) RS R R B A
T, 0(to) 5 AL S 3L

2) L. L LR — ORI A VE AT
ZI0, N T iR 2 R RUR, BORVE IR L TSR,
AR EAM No(ty) = vy, O, <O(t;) <Oy,

111111

AR B ANEHE, 0,5, = —90° b,y = —60°43 3

RUKESF TR KRB HL AR (8] & B %E 24 )i & #E Bk
e A SR AR B AT A KRB R AR
B AR, P98 S AET M B TAE, 2 fiEd FR 20 i it
B EABAE LB =0, =0°, F, =
ON, m.=0kg/s; BI#EE: F,=1700N, a=0°, §=
0°, ty — ti, = t., 55 < t;, < 105, m. =0.666kg/s;
WHIB: F,=0N, m,=0kg/s. Hr: ¢, 05 K4
IR, ¢, RUKI AR RR R AR &, ¢, = Ts N K )
PLTAER K.

4) | 2. 25 R TE ) AR E M, R B
FIE— VM (o] < ey = 10°.

5) BRAR L. N T IR T AR A R AR AT
b B 2 i ae 71, 5OE B R B B E
Guin = 10000 Pa. [FJ I, 5 78 3] 3 {4 25 4] i 52 ) R
i, WE & KL TN, =29, BIELARA

qS .
q 2 Qm'm’ |ny| < nymax' /ﬂ\: EP: ny - mig(CDO Sl Oé+

C; cos ).
1.3 BizE

AR SCRIE FE IR T PRI R ) 5 ML — b LU o 3#
FUSRE $R R AT RSy H R AR R RE 5 24, AR
Tl A To s, H R E RSO R K R, T SE
DU RS AT AL 5. SRR T b e 5 % A A
i SRR R BE AR AR 2 —, 7RI R L R L
TR AR R U A SO 2 H A
FHHETE A BT, B — S A Rz U7 SR SR AR
N F G B AR BR R IE, D )5 SR R ) 42
RGBT SRR IE . R, A SO BUR AR i
KON H AR B HOT i s A0 58 38 AR ) /AT 7T, H A R
s pros:

minJ = —x,;, (7)

Hrfa,, At W 2R

£ L Pk, SIE A R R B R AE [to, ¢
IS IR) P, AR 2 EIR 2 AR A IE DL, ML SR A B
PRI A B o BT O(to) KK A, 545 H A ek %K
(7) '/

2 HEER#E
2.1 hpRPM fRALE B

hpRPM B A RCRE & tHHEE/AN. AN D. 6
il A5 20 A A 2 24 B e R 05, SR SRR 1K
) A8 3 7 R AU hpRPM AR AL B B 1k
Sy AR ] RS B AT 1 385 3 2 9 3 4



1736 = % 5

*x R £40%

HRAk 5] B B HA L

hp & R RS B SR — R AIAC A F B i Ak
FIPR A AR B R ) A 6, R B SRR S R
7 Lagrange Jfi{H 2 Tl T DL F2 R A AR B AN 42 1 AR
O 2 AR T, AR A IR AR E T I 1) (1) 5 45
o3 20 SR B O AR IR, 19 31 B BURPIR S T 2
H bR B3 20 2% A, 30K i SR AR Ak 1] R 4L
DN ARZE MR )
212 HEMNES

1) hp 387 5 vk ).

WERBREe, HAEBRXEERRKIRZEe:
> e, MHHTIX AR5y, BiZ X H AN RIS AN IR S &
IEAME X* () BTl 2 c* (1) A~

2.1.1

o
kb = ‘X 7l . (8)

[1 4+ X*(7)?] 2]
T Copae MG T RAZIX 8] P 5 a5 26 85 KB T

BHE, Sl N AE By, 58 X FHESE s, 71 <
T JUHE 0T IXC 18] A 475 (8 22 TR T B 250 6 s > s
T2 BAZ IX TR R 3 SR, Wi X ) 58T R 7

2) BN A T

s < T, WG INEE KA X TH] 4 () 2 0BT
, HE AW Pros:

N, = Nyo + ceil(Ig(e®™) —1g(ey)) + Aa. (9)
Horft: Ny N XA 2 BTG B B, ceil (1) A A
BT — A BRI E FAR, A AR X A A i E
REHBRK KT 0 BIBECHEEL Hr, > ro. WAL
55 kAN XA, 58T G D N

ny, = ceil(Bylg(e™ /e,)),

X HL B, s il [X 7] [ b 52 14 K 1 4
2.2 hpRPM RALEIES B

hpRPM LA LI B4R s,

step 1: HILEAL A% X [A].

step 2: F|H Radau O 3 244 s Mo 4 1) ) R 25 K
1k, #4469 NLP.

step 3: A A X 1) A5 A [ 5 B o (R 30 4B 22
T, {# i SNOPT >Kfi# NLP.

step 4: kN XE R < e, MREEHAT T —
ANX[A]; A, $1AT step 5.

step 5: A A kAN IX A, > 1o, WIARHE L (10) 5
W A% 40K D9 my A T DT 5 0, AR 4 5K (9) IEL A
kAN XA 1) 22 BB A N,

step 6: 1F A% 2 0 B 52 BRI, iR [ & step 3,
FRE TN — AR, BERW R DR Ee.

(10)

2.3 PSO fRULEWE
PSO FLVF I R AU S BERF S 14T g, P AR
SN EPSEEs S S R e S UR NN TR PN
{10 fige 72 ) o bR g A BT Bl A . 5 HoAth 5 k=X
FIEAM L, PSO ik HA S8/, 4k 5. 5 9l
st U 7 TR A T, g p g
S RPIUEAIY BORIA, B o B T B
2.3.1 YIIRMBr B
5 B br 2 8] (Dim4E) BE AL~ 42 T B npop
WL 2H BB — NP, TUZ AR AT 78 Anpop x Dim
gepya i, iR RN N
X, =(%i1, Tigy -y Tipim)» ©=1,2, ..., npop. (11)
Bk H bR 18] i) _F N2 5 H [UpB, LoB] %R,
W e, IRTAE A A7 B m] gt == 2
x;; = rand, X (UpB — LoB) + LoB,
7=1,2,...,Dim, (12)
Hrrand, WIRM X E [0, 1] _E3557 53 A (I BEAHLAL.
232 A EMEBEERT
FERR UGEARH, R B BRI B B 400 A
IR BT BT, BAASIE LT B

v, = w X v; + ¢; X rand, X (pbest, — x;)+

¢, X rand, X (gbest — x;), (13)
wmax - wmin
W = Wy — K X (7), (14)
maxIt

Hrp: v, RN BSEEE, ¢, AR 1
BHTALE, ¢y e N R F, maxTt N B KBk
#, rand, N AR A X TE] [0, 1] & 350 5] 53 A5 1 BE #1244,
pbest, 55 i AMRL T [ AR, gbest %N FhEE 11 i
e, w NIBVERLE, w,, IPIEEE ERE, w,,, %
AR B e K I PEAL . B W B e = ¢, = 2,
Whaxe = 0.9, Wy = 0.4.
3 T PSO-hpRPM B AR 1L BIEE M3

B

B UK ) SO R B B
AL VLS 5 00 0 A KR £, RS AL 2 B0k SR MR B
e i e, 3R B A 9 B0 #0E . PSO-hpRPM TR & 11
WHEIETE Ml & 7 PSO B30 K (14 R 19 & R
A1 hpRPM 535k () J i AR AL BE 70, FAR P R I0F.

1) PSO )4 Jm 8 = e k.

O 27 R PSO EIEML S, K8t A
U7 B S R RS B, T 7 s K I D, PR AR BREN
JR I ARAR RS, TR m A A I 2R
WES R, A BT R B 4 SR il 5 SR,



%54

& F %: A F PSO-hpRPM % 69 78 #1145 Jo 5% 7838 4L 1737

@ BEAAE BILZ MY R AR TR
B HIES A -GN, 2R B4 HAdR 1,
51 T BN FEAR ) % XA R X RS B 3L LD
PR BRI A Jm) f A0 3R P48 R A

2) hpRPM ] JR AR A AR

@ 1K P SR R AT o T 7 P ) S M B
HTE, T AE R X 45 A X Bl 77 A R AT kG R E
I, JE I U R DA B 2 ek i 22 T R
K, 75 TE AR AR ZU B L) HR A A R I R X 4, e
0% RS T b R STE ) AR, AR S s P e

@ A A ER LY G AT TR F ) 3 M 50 T I 2
Bimahds RS &S 2 8 2 A U, Reeh
R K 22 29 HROSRAF AN N B A B A A B A . i i AE
Pt s B0 29 SRR AT BUE AL 3, R A S
R BERLTE R 8 i A A R A IR SK.

3) PSO-hpRPM Hikfl A .

ER e, PSO Bk RIE R &R &R
(AR, FET il P 8 2 K s () Hp PR sl e o7 31 mp
REAFTE 4 R e A0 A %) X 338, L3k B s N S 3 e A A
hpRPM SHER H R A e 70, 1E38 78 S A X
TN HEAT KRG ARARAL, T DR TR T L S P R AR AR
A I B R A SR, AR T B 2% 22 24 TR )
I, S22 5 s A R, ST AR S R A
[F) 1 AR S AN 55 K TR R A5 BE AL I TR e

I Ah, 12 B SR FH OB AR AL SR . AR BR SR
PSO Sy AR AL 1 A5 KB Z1, 9 A IR R AL S AR W)

GAE; PR A hpRPM S35 SR fife et s il e, de ¢
FE T & T AT 2 SR AT T SR AT S R B 7 1) T P R
Jr #2 t hpRPM LR E L E N s = [v,0, 2,9,
FEHIAE B N u = o. PSO-hpRPM BE AL U1K 2 fir
7.

| [FFELT Eipbest Hlghestiy L ikt
S B A | [ ERe BEEE AR |
LT e R NP |
o TS, B Hipbest, Al gbesti ST T p T
e S BOS < PN L T
=N RS maxir BT
(S S | Iy T
,,,,,, ftigbestfly 05 s, w0
PSO 4h¥£ hpRPM A 34

&2 PSO-hpRPM 312
PSO #h#h: PSO FEH AT Ia L HIRL A B X =
[0, t., ) N2 N hpRPM % Hdr: 6,= [0y, 0.,
R 0011P01)]T; tig = [tigla tng) ccey tiguPop]T*Eﬁ hpRPM
SRV (B )3 B A T, BB 4 SR B A6 B gbest I

J 0 B AL B pbest, = [0y, tig:] (1=1,2, ..., nPop).
SRJG, MRS 0 (13) A (15) B kL 7 i3 B o AL B
x, SERR— UOEAR, EE TR E E £ h > maxlt.
5, 15 PSO Sk i i 4 JR) B pe A7 B AN S e 36 7
JEAH, 153 A AR IAR1E.

hpRPM 4 3h: i i IR A& i s, P il 48w DL
LY R AF, iR PSO iy N\ HI R4k S 50 W) B 1E
X = [0y, t;,] LS HADAS S WTAGME, SRR B AL 3% ]
R FHOTE B BE AR T, B PR A7 R i A it B B ()
ANAE, B E SRR J IR [R5 PSO B2

4 BEMHE

N T WAIE AR Y PSO-hpRPM JE & LAk B AE
1) S L L BT A A ) R R PRI, X B AT T A
[FIPRA SR, H2h AR DRSS . B %k, B4R hpRPM
SRR PSO B3 43 il xo i #1580 30 AT i P B
TEHRAL, FHEOTZE R T H AT, SR8, K PSO-hpRPM
SRV T ) 5 M B R AT O SRR LE AL, IR AR A 2
5 PSO Bi%EF1 hpRPM Bk Ak 25 S 47 4 LU A
T, Ba, N T BB IAE PSO HIE/E AT A
AR AR R, 43 BN g A A B (WOA) FIK
TRARALFL IR (GWO) 1E N hpRPM (1] #h IR 4k 5 s,
RN 3 VR A AL eSS SR AT X L A,
RATHL SEIR S5 R
4.1 BAZi hpRPM Al PSO E:3E L
4.1.1 B4 hpRPM Hi%:

PLI S ooz i &, 25T hpRPM ¥ i REGE (15
PERETRAR (7) AR IR, 05 AT B L) B S
gk 1 s, fdE ek 2 ok,

Rl BHEIEHS NS Y

e HE 24 e
#iEd/mm 130 FHETH RS /dm? 1.327
A m kg 5247 | fEEESHEAIRE k. 70

FHAEKEEL/m 1438 | BRI R ko 70

KAWL F, N 1700

®2 HERHFREH

WK ST 2 5 HifH
KIS 60, /deg 20°,65°]
RIBAFE v,/ (m/s) 800
W AT B 20 /m 0
AR 4, /m 0

4.1.2 PSO H#:
WE PSO BIE IR T30 10, e KIEA P 2
8, BARAE] NS4 A 10, 65°] [5,20°],



1738 #= % 5 Xk K #40%
FAESHANS 6 1#% 705 hpRPM — L 800
#ER (7) (ELRY B3N AE T35, R s 600 ‘/‘
1000(max(0, v, — Uy s max )+ é 400
max (0, Vi — Vis)) + max(0,0,; — 0,5 )+ = 200l \‘(/\\\\
max (0, 0, win — 0is) + [Yir]), (16)
M| PSO Bk e &M REFRAR W1 R Frw: % 100 200 300 400
J = min(—z,; + 1000(max(0,v,; — v, )+ ‘s
max((O, v:f min—vtfg + m(ax(()fﬁtf ifﬁtflax)—i— (2) HEHE
maX(O thmm - th) + ‘ytf|)) (17) |8 x
B (17) AT, 25 30073 s R 29 3, TS 87 7t = O = 10
{746 22 TN, 22020 T R AT AT AR, 3
4.1.3 XFHsEL 5 |
%F PSO HIEREAT 20 (RN SERS, EH 20 K58 iy . . .
56 v . FE AR A /N B — IR SE IR AR A B AR, SR A 0 100~ 200 300 400
RLSE R AN 3 FT7R. PSO SL3% 15 hpRPM S13%: s
OB 2R P 4 %, R A7 B R 2 (&) AR
PSO hpRPM
-2.15 A PSOE#ERr=57.59s
= 220 hpRPM JE#% 5ir=60.29 s
. E5 PSO x5 hpRPM EERRAFIISHIT 2
%( ol %3 H40 PSO 1 hpRPM EAM AR
2307 23R PSO hpRPM R FEL R
72350 s m T 30 St fi1/deg 64.961 55.211 [20°, 65°]
S VR KT 9.5248 10 [5,10]
g HFE/m 76293.925 68124.96 >0
El3 PSO &k 20 7 SLIRsER I o o
4 r
5l 0-13:__Uf %4 H4PSO M hpRPM HERA T B LM
£ 0.08} WAL E PSO hpRPM STy e 208
5 2 0.03 = = ) 166.166 210 > 210
= | 0, /deg -20.902 —60.004 [—60°, —90°]
k;_‘—-, e x”/m 76293.92 68124.96 >0
00 100 200 300 400 yoy/m 0 0 0
t/s T IELH i 2
(a) ZhHEizk
Wi 5 Frow, A4 FansR 3 pow, RS A A
B UERCECEEEELETEE W 4 fos.
- /\\/-\.\,_\_ 1P 3 AT AN, 7E 20 dRSESGH, B 6 IR SEIR I &5
2 /] SIAR, 3 LJE (T = —23403.3788. 1 4 7T L:
or PR P LR 380 A v 1) I B 20 T, PSO BV R A2 %
4 . BRARFRIENEL R,
0 : is : ! ZEE T 4 AT S BTN, PSO BVETE 239 s
(b) A ~ 80.9 s i [ B & 29 W BB B, AH L) B S
SO hpRPM NREESS, [FI, 50 AT m R, REED, §
--------- Quia =101 ==mmmmee 1y, =2 Fsh Bl 2 Jk /. B S(b) WL AP RETE 2L B

&4 PSO E:5 hpRPM EEHIIR R AR

PR, VR R ERARSFAE 1 Ik, RIS AL/ BT



%54 & F % X F PSO-hpRPM H ik 498 714 § 1o 7% 5218 HAk 1739

[ B2 (s L S E A AE, BRI ORFEL BRI

PR RAT RS, DASEI I R B T A kAT 4.2 PSO-hpRPM IB&EZFEMRAL
Hi%¢ 3 0] %0, PSO Sy AI hpRPM Ry /2 12 7E PSO-hpRPM Ji & 42035 S v, R - HUR iR K

TR e BUSARZIOR, PSO SHARUMFRIZ. M e M4 5 4 89 10 A0 8. ML HEAT 35 sk,
& 4 ] AL hpRPM BRI R 2 20, PSO BEAR  4g e sz 10 38 137 BE e 4 FE) 6 97 ors. bl I 6 W) WL, 465
e L AT AVN. FAMOR AT PSO FLERMEFIEI 6 sty i) 38 7 B AR A, RALSE SR 5 Fre

AT AT — S kB, R A i 2 R T AT LA

TEANE: 1) PSO 835 = i : PSO 72 4b B & 4% o

20y i SN 5 0 24 24 TR % Pt 2 SR e 2 = o2y

TR, PSO AT JoHE 3 5 B PR AT AT A, 2) (A1 & 1014

R S SO R RTINS A B S, E 2 7016}

FEAR LI, V5 48 LR AR LT, WX By T B A

I 7 R 0, 765 0 B0 S0 e M L 7 A 98 22 2 i O 20 30 40

B T PSO BLVEH B4 58 L0 4 AF F 5 i HRAL S

i, RT3 2 T 243 23R R AF PSO HLA 5 [El6 PSO-hpRPM i& i [ fE

(194 JRA 2R A A7, ELR, 76 T X 2% % 20 58 1) e %5  PSO-hpRPM EEfiirLEE

TELI A Gk, i Pl Re it i 5, R 8UE R 4% 51 4a/deg I )5 HH#2/m

R PSO-hpRPM 64.68597 10 70170.7536
M ik 25 BT Y hpRPM 4% PSO Bk i LRI [20°, 65°] [5,10] >0

SRSRAARAT B I 5 KON R ST, L 196 2 T A 20 R 5%
5 T PSO ik BARLAL 5 2 1 R i S FE A, (2
&R BETE AT AL LV R 2. R, ASOR hpRPM B

JIT 2 th PSO-hpRPM i & 5592 AR 25 28 1 28 i
EWNER 6 Frox, Hie LA L A2 i AR B 2R 7

2.5 PSO Bk AHE &, 1/ 1 7 PSO-hpRPM YR & 11 Pz
(5%, 7850 R R4 AR 25 — 7 TR PSO S5 6 PSO-hpRPM HAIRSTRER
WAM AR RN RN RMM; 5 7H KSR oy ol zym _ yylm

H A hpRPM 5355 5 B AT A6 BE 70 K B s A2 DT A 44 P 210 ~60.003 701707536 0

o S , — Kim )R > 210 —60°, —90° >0 0
oSt T SR T A 2 4 T A ) B A it [ ]
4 2 10
53 i} nea=2” 10
B ) o 5t
=) ~ o
z < O0f 3
s 1. ¢,,=10° 1t 0y
e m e e -2 L . -5 L .
0 100 200 300 0 100 200 300 0 100 200 300
t/s t/'s t/'s
(a) BhERMZE (b) ERILE 2R (c) WA

&7 PSO-hpRPM E L RARIMITHITEAR

3¢ 6 A 7 FT RN, PSO-hpRPM i 2 2856 240 4y hpRPM 5035 5 3 FINR & SLIE IO G0 T 45 B 3 7.
T PR 24 SRR B R 40K S A S ~ [ 10 F.

VB A YA T L

4.3 PSO-hpRPM /E =] ﬁ/f—'zjﬁ'f@,@ =] ﬁfiﬁt{ﬁ *£7 Bk hpRPM 53 ﬂli’%;ﬁﬂ’qﬁﬁ_\irﬁﬁ
AT 33— 56 PSO-hpRPM VR &1L AL 7L ) ERE

S 3t v , W T WOA-hpRPM i GWO-hpRPM H i M N1 SEAYE

1. B WOA HiEM GWO Hi% 4 HI1E N hpRPM ) hpRPM 68124963  —68124.963 ~68124.963

AR A UL K Ta]. SIS, WOA-hpRPM PSO-hpRPM  —70170.7536  —701153182  —70163.45988
FIl GWO-hpRPM %433 1 T KR Ao 3% 1 U B WOA-hpRPM  —70162.719  —70148.5636  —70161.87166
PSO-hpRPM L3 (B, JSrHEAT 35 Yol B GWO-hpRPM  ~70170.7536  ~70115.3063  ~70169.16930




1740 = % 5 X K £40%
=8 B4 hpRPM 53 MRS MUEEAMHER BEB R H LS FEY N 70 170.753 6 m, WOA-
. it plt hpRPM 53 (1) e A 5 A2 70 162.719 m; 3 PR &
it fis/deg KIS #f#/m AL By AT 3RS T (1) SR . PSO-hpRPM YR A 1L 4L
BPKPM 23209 10 08 124903 BLEAR A 5 PR T hpRPM 232 3 2 PR A -
PSO-hpRPM 64.686 10 70170.7536

Wourr  ees  ows  ns PO hpRPM RARSLAE LA R, 7T
GWO-hpRPM 64.686 10 70170.753 6 e RN R B LAE; T PSO REMS IR B & mfE 4
36 (pbest) FEEA AR fe (1 2256 (gbest) A B3 &R Ty
7005 o PSO-npREM i, TF A3 o 4 - #4552 AL LB, 473 PSO
ER| o oiReM RS IR S 32 A2 1), SRR R AL BT 00
ﬁ fifg, M1 A hpRPM &4t S AL W] 4A 8, 45 Bh I 5 47 Hb

Q -7.015} Tt JR s e, 1hl 4R s L g ISk
’ HHEE 8 A, 3 FRA L EE ML R E T
7020 AR, 3 S DR T £ i R A B e,
AR T BLARAC ST AR AN S K TE], R A 2 ()R B, PSO.

E8 3 MR AEASMMRAE KU S

-7.008
PSO-hpRPM
< —7.010¢} —+— WOA-hpRPM
S GWO-hpRPM
o —7.012¢
%( -7.014 }
o I
7.016 b f+t
-7.018 . - -
0 10 20 30 40

BT S KL
E9 3MREEEE S R LWHENEE

WOA F1 GWO ¥ 2 A R 148 2 58 77, i 2 1) X
Z R PR, FBOX LR A RS R IR Ry
RAE, B4 T T AL

&l 8 7] ,: PSO-hpRPM HIEAESE 5 USRSk, 1M
WOA-hpRPM HETES 6 ISk, GWO-hpRPM i
FEEE 7 358K, PSO-hpRPM Y $15 FiF e b, 4545 4>
HriE 9 AT 10 7 %0: WOA-hpRPM 5325 3K fift T 45 1)
TN A K, A e R I 59; GWO-hpRPM
2 AR TE R (AR T 5 T R I A, (E R UL sl ik 4
AT 1A Ke, 3 DA & T2 B FH AR 6 - 028
RIE R ; PSO-hpRPM SIE MR 1 S A K, (HAE,

iy Ot ST 0 F GWO-hpRPM, W SHC% .
ﬁ 6 a B3 9 M 11 7] %1, WOA-hpRPM F1 GWP-
% - hpRPM S5 3416 f& £ i 20 R, 58 1] A% B 2] W T A%
' , YR,
%9  WOA-hpRPM F1 GWO-hpRPM & & ik 8
‘2~®I\ ‘252\\[\ ?Sﬁ\ IRAZE  WOA-PSOhpRPM GWO-PSOhpRPM 434y o 4% 11
AN AW 0 p p.
T O V1w (05 210 210 > 210
=R e 9, /deg -60.015 —60.005 [—60°, —90°]
E10 3 WRAEE 35 R SLIR I SIRTE R S T;/m 70162.719 70170.753 6 20
Hi 2 7 AT 01: PSO-hpRPM %A1 GWO-hpRPM f;éf?; “JMM ; :E; :
4 S W - __
£ i T | P e
§ 2] = of T3
=1 -1 -1t
0 00 200 300 2o 100 200 300 0 100 200 300
t/s t/s t/s
(a) BhERhZ (b) LM E (c) sz
GWO-hpRPM - ----- WOA-hpRPM  --------- RS 1) (— P S — =10

11 WOA-hpRPM 71 GWO-hpROM E LR R RFNTHI L E LR



%54 & F % X F PSO-hpRPM H ik 498 714 § 1o 7% 5218 HAk 1741

5 & #

AR SR T ) A A SR TE AR A 1) R, R PSO
S 42 R 4% 2 A7) 5 hpRPM S35 ) e 4 5 Ry 350
AL RE SIS &, 3R T B ARA W% T 1 PSO-
hpRPM & & AL 5%, IF 5 hpRPM H %, PSO &
%+ GWO-hpRPM %772, WOA-hpRPM HyE 4T T
ELEAE 7T, 15 i R 4548 1) PSO-hpRPM VR A 1L 1k
5% 5 hpRPM 5.9, WOA-hpRPM S35 A Eb, 7E i
R LIRGEAE T, RACAT 3 1) T8 P 580 S A A e
2) PSO-hpRPM iR & Lt 5% 5 GWO-hpRPM 5 i2:
FHEE, FEW R BT A IR KA, BARMUAAR 2 1) 5 12
FEAAR R, H 2 Y SA0H FE BE P 3) K FH H 4l PSO B
EAAS BN e, BRI AR LR, (F2, KAk
W 2o 2 RN ER AR L

2z b, Frik i PSO-hpRPM TR DAL ELELE T 2
B LIRS R, At Re s I, BT 7 e 7
il SR SR A IR R R A T — T AR R T 2R,
o o Ath [7] 28 B 8 LA 1) LR 4L B R 25 AL
A B BV HIF FL R SOR T RE N FANME.

SE Ak (References)

[11 Ma S D, Yang Y X, Tong Z Y, et al. Improved
sequential convex programming based on pseudospectral
discretization for entry trajectory optimization[J].
Aerospace Science and Technology, 2024, 152: 109349.

[2] Luo Y H, Wang J Y, Jiang J, et al. Reentry trajectory
planning for hypersonic vehicles via an improved
sequential convex programming method[J]. Aerospace
Science and Technology, 2024, 149: 109130.

[31 Dai P, Feng D Z, Feng W H, et al. Entry trajectory
optimization for hypersonic vehicles based on convex
programming and neural network[J]. Aerospace Science
and Technology, 2023, 137: 108259.

[4] MaY Y, Pan B F, Hao C C, et al. Improved sequential
convex programming using modified Chebyshev-Picard
iteration for ascent trajectory optimization[J]. Aerospace
Science and Technology, 2022, 120: 107234.

[S] Chai R Q, Tsourdos A, Savvaris A, et al. High-fidelity
trajectory optimization for aeroassisted vehicles using
variable order pseudospectral method[J].
Journal of Aeronautics, 2021, 34(1): 237-251.

[6] WuY,DengJN,LiLL,etal. A hybrid particle swarm
optimization-Gauss pseudo method for reentry trajectory
optimization of hypersonic vehicle with navigation
information model[J]. Aerospace Science and
Technology, 2021, 118: 107046.

[71 Pefiacoba M, Sierra-Garcia J E, Santos M, et al. Path
optimization using metaheuristic techniques for a
surveillance robot[J]. Applied Sciences, 2023, 13(20):
11182.

[8] XiaoJ Z, Yu X L, Sun K K, et al. Multiobjective path
optimization of an indoor AGV based on an improved
ACO-DWAJ[J].  Mathematical = Biosciences  and
Engineering, 2022, 19(12): 12532-12557.

Chinese

917 Wu Y, Yan B, Qu X J. Improved chicken swarm

method  for  reentry  trajectory
optimization[J]. Mathematical Problems in Engineering,
2018(2): 8135274.

[10] Su Y, Dai Y, Liu Y. A hybrid hyper-heuristic whale
optimization algorithm for reusable launch vehicle
reentry trajectory optimization[J]. Aerospace Science
and Technology, 2021, 119: 107200.

[11] Yang Y, Xu H Z, Li S H, et al. Time-optimal trajectory
optimization of serial manipulator with
kinematic and dynamic limits based on improved
particle swarm optimization[J]. The International
Journal of Advanced Manufacturing Technology, 2022,
120(1): 1253-1264.

[12] Hecht G R, Botta E M. Particle swarm optimization-
based co-state initialization for low-thrust minimum-fuel
trajectory optimization[J]. Acta Astronautica, 2023, 211:
416-430.

[13] FRLLEE 1R 768, Efbdh 2T QI NZAES L Hirk
TREUALFEAL]. F2] 5 95, 2023, 38(11): 3039-3047.
(Han H G, Xu Z A, Wang J J. A (-learning-based
multi-task multi-objective particle swarm optimization
algorithm[J]. Control and Decision, 2023, 38(11): 3039-
3047.)

[14] CuiY, Fang X T, Liu G Q, et al. Trajectory optimization
of UAV based on hp-adaptive radau pseudospectral
method[J]. Journal of Industrial and Management
Optimization, 2023, 19(1): 675.

[15] Luo C X, Zhou C J, Li J, et al. Trajectory optimization
for high-speed and long-range interceptor based on
improved adaptive hp pseudospectral method[J].
International Journal of Aerospace Engineering, 2022,
2022: 7958272.

[16] Ekrem O, Aksoy B. Trajectory planning for a 6-axis
robotic
algorithm[J]. Engineering Applications of Aurtificial
Intelligence, 2023, 122: 106099.

[17] Hu X, Wu H, Sun Q L, et al. Robot time optimal
trajectory planning based on improved simplified
particle swarm optimization algorithm[J]. IEEE Access,
2023, 11: 44496-44508.

[18] Cheng H' Y, Wei W C, Huang G, et al. Ascent phase
trajectory optimization for hypersonic vehicle using hp-
adaptive pseudo-spectral method[C]. Proceedings of the
International Conference on Autonomous Unmanned
Systems. Singapore, 2023: 2413-2423.

[19] Zhao S C, Wang D. Elite-ordinary synergistic particle
swarm optimization[J]. Information Sciences, 2022, 609:
1567-1587.

EEENY

EE(1987-), B, BIZE, 1, 2R T AT
KATHER]L TEAISRIE L, B-mail: jguan@just.edu.cn;

HXUER (2001-), L, b A, R B T [N SRET 6 AT
2, E-mail: YYnov66@163.com;

3R (1970-), B, ##%, L, WA S, ZEHR
77 g AT IS CAT R S s R, E-mail:
wjy@njust.edu.cn.

optimization

robotic

arm with particle swarm optimization


https://doi.org/10.1016/j.ast.2024.109349
https://doi.org/10.1016/j.ast.2024.109130
https://doi.org/10.1016/j.ast.2024.109130
https://doi.org/10.1016/j.ast.2023.108259
https://doi.org/10.1016/j.ast.2023.108259
https://doi.org/10.1016/j.ast.2021.107234
https://doi.org/10.1016/j.ast.2021.107234
https://doi.org/10.1016/j.cja.2020.07.032
https://doi.org/10.1016/j.cja.2020.07.032
https://doi.org/10.1016/j.ast.2021.107046
https://doi.org/10.1016/j.ast.2021.107046
https://doi.org/10.3390/app132011182
https://doi.org/10.3934/mbe.2022585
https://doi.org/10.3934/mbe.2022585
https://doi.org/10.1016/j.ast.2021.107200
https://doi.org/10.1016/j.ast.2021.107200
https://doi.org/10.1016/j.actaastro.2023.06.021
https://doi.org/10.3934/jimo.2021201
https://doi.org/10.3934/jimo.2021201
https://doi.org/10.1016/j.engappai.2023.106099
https://doi.org/10.1016/j.engappai.2023.106099
https://doi.org/10.1109/ACCESS.2023.3272835
https://doi.org/10.1016/j.ins.2022.07.131
mailto:jguan@just.edu.cn
mailto:YYnov66@163.com
mailto:wjy@njust.edu.cn

