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The optimal trajectory control model of
the aircraft maneuver and its operation characteristics
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Abstract: To improve the control ability in aircraft maneuvers and reduce the flight risk from the view of operation
pilots, we propose an optimal trajectory control model of the maneuver by taking the control rate of change as the optimiza-
tion parameter. The maneuver is divided into connected trajectory segments. If the division is reasonable, all trajectory
segments will have identical control rates of change. The control rate of change not only provides the control input of the
maneuver, but also reflects the required pilot’s control speed for the maneuver. A niching steady-state genetic algorithm
(niching SSGA) is adopted to solve the optimal control model problem to obtain the optimal control sequences of the ma-
neuver. The control inputs of the maneuver corresponding to the optimal control sequences drive the aircraft to complete
the optimal maneuver. The optimal maneuver control model is used to analyze the characteristic vertical and lateral ma-
neuvers, i.e., the loop and the barrel roll. The optimal control sequences of the maneuvers are obtained respectively and the
operation characteristics of maneuvers are analyzed.
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1 5|5 (Introduction)
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Frazzoli% N\ W4 ¥ 5 22 WL sl Bhads kil 4 b TP s
Jr Bt (trim primitive) X HL8N#LIZE F Bt (maneuver primi-
tive), MLBNHZE Fr BOB L B0 BOHIZ, 6 TIXHF
v AR ER tH T LT L3N B 3 HL(maneuver auto-
maton) (IS BN FIKIMESE, t R B DU Fas i) in) i 4
e Ky S MB35 (PSR A ) . SCHR [STPKETR A5 53
ERT A EEWEsh IR 5 205k, Wi B
J7¥%(inverse simulation). i1 B2 KGN 11 2% R G Av
EH [Py R e N, BIRT DURAR RAT B2 i 1) 1) 1
FE, SRR, T AT A A A R

Bk (61U 127 1A% T VG [ B FH S AT T 404, O
BN T BT LSTalom B LB (1 .

XTI ) B8 24N 7 T DRUELBN BN VEEE il
TR e Ak 5 EHe k. T 1) o) AT AR
(1 Jeremy H. Gillula® NTVHEAT TERNIIST, 32 HF]
FH AT i 4 (reachable set) [ 5 ¥ R AIE DY g 3 6 N H T+
BULB B R 22 2k, B LBh B VRl R Ak 42
5 0 8 1 18 2%, #) B Hamilton-Jacobifii i34 43 77 F,
AT IR PR T 1A T SR A, SR A4l RO Bhah it
PR IR 22 LB 7 91 S BB G LB P 1, AT S
BT ISR ) 22 Atk S .

A b7V B SR LB AR A 25z i, 7t
FOLFEP R T S ERERE I e A A Rk, H
XA N G ENTCVE R A IR i AR A A, AN
I UL, IR I B s A5 B AR AN TIUE
H bR B EAT T4 A 0 428 ) e 470 D A2 A DG (1) 1)
AL TR, RAGAT 2 BN 51 BLAT 48 S OMERIPLS) 31
ARG T 51 e AR SCHFFU AL

A ICUAS 2R AR BN B AT Gt @ de i
IR ReLBh SRR 7 A AR AR R B2 1y B,
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I R DS FEE, RO A 45 Fpashil AR 2R
F B RS AR 2 B 57 56 B bR HENLSh sh VE Rl 72 Hh i £
IO, 0B 5L el MR HERIA LB EE H AT §R =
O e A A AR AS ] N AR B AR A T AR S
(niching steady-state genetic algorithm, niching SSGA)
WEATSRAR, IF LI R G m HLBh B A = S [ AL
BNENVERRER AT TN %, 13 B PEANE i I L i
BAESFH, I 2T 008 T 23 AR )
VERERE A 253k 53 R HR VR AL
2 PLsh3h{E(Aircraft maneuver)
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—E MRS BRI AEAT LB, HLBhshiE %
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RIS, Ffids o HLah s E vl LAy A # e 1 N IIALS)

EE - IKPII A M HLBh B R K I B s AR B, HY
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IR DIRE S HAE O A PR UEIRS S B 4
K, B8 B MRHENLB) B 1E.

3 L33 1E B A AT 2k 4 il B Y (The optimal
trajectory control model)
3.1 KHLEB) 7 #E(The equation of motion)
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ENENERIEAN G, BEECLF IR AT D3 B i el e 4t
AR AN, AR I O 2 2R, RIR &
P IR 1R 325 01 e RN B B, AT
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3.2 B33 AF B A i 2 45 1 A A (The optimal
trajectory control model of the maneuver)
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PR, AL A G)Frn:

J=min(w S WRX) + (1-w) 'S F), ()
i=1 =1

@) nR R BB B E B A B, mA& R
BOL, wFoRBCE R A, i b 4w > 0.5, RIS
’fﬁ)ﬁﬁiﬂ*xﬂﬁ#f(%&E‘Jﬁtﬁ'ﬁé&%%?miﬂﬁﬁjﬂi%ﬂ
FRINHIER, W ROR S KB R RGE, H. ZlVVi =
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H AT H b 7 (0 2200, 5 PEReFabr ek £ A
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PN I3 73 I EA T i W)
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PR, R EUE X
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K@ wi, BRI A KB r DS HBE,
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Fy 38R 5 4 1Ay B3 5 AN iy Bedz il
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5RO %31 4%
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REEREL F R
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B X, F AU Py Bt 20 1AR 25 1) B,
X p NG P Bt 2 RAS ) 5, 60k — MU
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3.3 )7 3F 3 1 B AR A 4% ] A5 B (The optimal
trajectory control model of the loop maneuver)
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Hr sk AR, WA S EON IS 8RR f, |, 2 HUE
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20 0T AR DA B S (R AR R A 24 AR S X T 1
MR R LR B0 OB DRSS R 3T T H
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K1 a4 SR AL R AT #40

Table 1 The state constraint and the penalty function at the key points of loop maneuver

R A FHERASSHL i R 4K
0, 4.5 < nz < 5.5,
4.5 —ny
15 —n. . Memin < ny < 4.5,
KHERI2 (30° < v <40°) 45<n, <55 p,, = ‘ g“;‘“
' ng — 5.
27, 5.0 < Ny < Nzmax,
Nzmax — 9.D )
1 Nz < Nzmax B Ny > Nzmin -
0, v > 650,
650 —
v > 650 km/h Doy = ﬁ Umin <V < 650,
— Umin
1, VU < Umin-
0: Ny = 4,
. 4 —ny
K RI3 (’7 = 900) ng 24 P32 = 4A—n Nzmin < Nz < 4,
Zmin
1, Nz < Nymin-
0, 10° < a < 12°,
- 12°
a712°’ 12° < a0 < Omax,
10° <a< 12° P33 = Oéma())( B
’ 10° — « °
10° o Qmin < a < 107,
min
1, > amax B a < Omin-

FUWT 2 F SR Fr Be ERPIRS S B ik
Sy, HIWsAEHh
Hor RO S A BT P BLeis 1 (0 i 328 16T A,
s A N B2 A, (7 R S
SEN0.1°. BRI, b s iR vl i
o

min (w

n m—1

WiPi(X) + (1 = w)2] Fn, ),

7=1
st X = 9(Xj1—1,ng51-1, At),

.
Il
—

Nygjt = Ngjt—1 + fanAt’
Vi = Ve — vl <9,
(11)

Forp: n = 68 - ity EHEAT RS HI T 64 S8 1,
m=36K /R~36 ML R BT H AP KO A=
0.05s, g(-) & TH LIS R NI RSB TRE. T
SFEIE AU IR A SR 3620 i1k Fed R hrik 21 i
PRI B A 721,
3.4 W 3 1 B AR i 2 #5 1l B5E &Y (The optimal
trajectory control model of the barrel roll)

VR S — R A (R RN 1) BB B AR, JLROR &
B AE WL k2 b B, Bkl Tkl
IR Ja 7 I, AR 5 5 R AN W IR A A
PRESRZATHTE A, MRS 5 Sk ERE2 A A, 2
T3 B RIEE T H A

HRRBIERL R, 250 03 75 EEA KT ) B v 7
AN, 3 AT FARAT F19 SR B #a pBEAT R 23, ARG
K2R

VR B A 1 58 BCR R T AR 3 AN B B
EINHBOUARR S ERIBEARY B, I BOAS 1R
i RUTUR 2 8 2GR, AE B R 12 ik B i 2K
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Table 2 The key points of the barrel roll maneuver

PS;I i PSS I (DAY
1 N =0° 5 ¢ = 180°
2 9 = 12° 6 ¢ = 270°
3 ¢ = 30° 7 ¢ = 360°
4 é = 90°

R 3 AR RALERE L) R AT B4

Table 3 The state constraint and the penalty function at the key points of the barrel roll maneuver

0, 2 < ny < 2.5,
2 —
5 nz. s Nymin < Nz < 2,
KHEAS2 (0 =12°) 2<ny <25 p,, = Mzmin
Nng — 2.5
m7 2.5 < Nng < Nzmax,
1, Nz 2 Nzmax B ny < Nymin-
0, 3 < ng <4,
3 —
3 nZ. , NMgmin < Nz < 3,
3 < Ny < 4 p3,1 — ;lemln
" z 1’ 4 < nz < Nzmax,
zmax —
)’\’E&"53(¢ _ 300) 1, Nz 2 Nzmax EE Nz < Nymin-
0, 20° < o < 25°,
20° — o
300 g Ymin < ¥ < 20°,
20° <9 <25° p, = ~ Umin
: 9 — 25 .
W, 25° <9 < ﬁmax,
max —
17 ¥ 2> Umax EJ?A ¥ < ﬂmin~

R BT 2 N ) S5 R0 1) AL BN R R, DRt
e A ¥ 1 I B, S TR I AR o, o IV [ A ol AR AL
N BN [, PORFE AR LR, 5, H
i f,,, AEF TR SE M A R, i £, WAE T
TG BE, 5572 F S i 4 A R () A Y A
F: fo, i € [=1,1.5], j = 1,2, -+, 37, iR i fy i JZ
AR IEE R f, 5 € [-5°,5°], 4 =2,--+,37.

WA 25 s 53 (R 2256, RVR IR AE E NP B AT
AR ) BARA R fr,, 5 AETR BB B, IR H9 €
[0°,360°], LABE10°3 5 Xl o — Ao Be, BB B
HATAARI fr, 3 % fuo - PG, AR SDAE TT LAKI 23K
3TANTE ) B, Ferh R B iR 36 M9 B

TR E R LA T ] LR TR A

n m—1 m—1

min w) Wi P;(X)+(1—w)( F, i+ Zvaj)a
=1 Jj=1 Jj=2

st Xji= 9(Xj1—1,n454—1, At),

Qmin € O < Qpax,
Vmin < ij,t < Vmax,
hmin < hj,t < hma)n

<n,<

Nzmin X Nz X Mzmax;
Nyjt = Ngjt—1 + [n, ;AL
Gt = Guji—1 + (wji + fu ;AL)AL,
Yjo=[0j¢ —djf| <6, j =1,
Vig= @5 — ¢pl <6, 5 =2,--,37,
(12)
PERefR bR s B = 7, BRI TFEZIATIRS
JIWT IR S8 55, m = 37, RoNIR s VE 3T AL
R B Fy, i X F, 5 IR SRR S EAH SR Fr B
I B3R S TR A IR A R 2 H A H — Ak
MR, ARG R HRESA RG]
A1, AW AN B ERIRES S EC I 19,
A] Fsin 1 =sin y cos a+cos vy sin o cos pf |, FiJ Wt
AR v B2 ERPIRES S E A ¢, DT H AP KA A
0.05 s. RN EBACHTZARE Y A 5k 37 A e ik
BARER S 36 M IR S AR P 4.
TN, SIAEAL S BEHLAR =4 () 4 B #A K,
R R AT L AR F R 45 3, iR % M A2 i)
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% = p+ gtandsin ¢ + r tan ¥ cos ¢,
Hrbp, q, ror M HUR G SRS MR Sey il
A £ 388 52 B 8 2 I i T AR S 2. X LA SO AN R
Al T 713 52 1 5 0, PTG TR e RN P LAY
I, BB 2550 ] LU B H SRR e M AN 0°, AT
A ORI AR K 2 5 1 SIS, FERBIR AT, ¢
FEO° ~ 180° Z[AIARAK, 1ESZAE M I, AR A IE, P
PR AT 2 (LT IR B2 A1 b K, Ja - BLofE180° ~
360°Z [MAZAK, TESZAE N B, A F 9 ok B, BT LA
FEIRIRE A S VR B i 19K R, AESh VR LA o
AR AL A £ LA A AR AR L, DB AT
HTATHRAE.

3.5 Kf#J71%(Solving algorithm)

A I ) SR A 5 A T SCHR 131 B2 LR 1)
niching SSGA, ZH LN T AL P N AL R H AL
DTS N 63 2R A, BRI EEBROE
364z, K364 HAMA P, MR, Hetik
KPENTIAL, S 3TAR R AR A 751, 3641
RONR I LA 51, i Ty 2R ] 34l
it 5, BENLAE20 M, Il RS B RE
MR AATE WA )R /NI 8 20 MR B e PR R
2, IR PR 2 4 TAAMA, JREEITAE X
AR, R BN AR A8 MR HEAT B A8 3 B
JERETFAANACR I L SEAS 21T 4850 P 1) i
DN LA, FFAESE TR D TE L S SR TE L
RS G, AN de KR Tt e B N Jm S e AL, A 17
PREFMRE Y 2 B, SR 3 48 AU i (nearest
neighbor replacement crowding, NNRC)!'41, F] 7 4%
A ATIRE 55 12 AR B Bl R 5SS A P ol
WSS g /N AR
4 H.3h 3 1E B D EF P 2 1 (The analysis of

operation characteristics of the maneuver)
4.1  Jr-EEERY R 53 BT (The analysis of ope-

ration characteristics of the loop maneuver)

Jr b SR 58 i B AN TR, 23 A
Sy b R A 2k AR SCARRE T A 2y
WO G, Al N ESERS A AL S E X 2 S fE
DAL 428 TR R BEA T SR A5 21 B It i B AR AL 6
A, TR B ER RN B AR 2 B 53 52
PRAR2, DR, T LUE PR 23 B 2 Bk 53 58 b v T 2
SRR RE P RO L, D4 25 5 03 5E bR s 1 32
PESCRE. 3 B E R U B A 5 51 S NS IV
W HAR L 2 an T B s,

H1 & 1(b) AT A S HEA 2 B VR 30 AR fh id

T3 Aa B B SN BLo® < v < 40°, X —1d
FEA R HGRGER K, B Ay = 4000 i ok F)3AN ot
P AE; S92 Brd0° < v < 180° , iZid fiid
BB, H 2y = 180° Wik ik 2 fe /ME; 253
AN B, FFER e T ) JE B I BL180° <y <
320°, X — ik sk BOBR W OK, B2y = 32000
IR B 5 2 B s A, 55 Bod 4 o 2
THTE B S4B B, S E S B, i A i 2
DT/, HRIARN AR L.
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Fig. 1 The load factor and the changing rate of

the load factor of the loop maneuver
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ZARAE R 2 200 Bl R, RV 1B BN AL T
Vi, AR B R AR~ A B 2 5 2 3 B B AR,
7E190° < v < 210°WY, f,,, #EAT0, I I 25 B 51 {R
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Fig. 2 The parameters of the loop maneuver
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Fig. 3 The comparison of simulation data and actual data
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Fig. 4 The load factor and the changing rate of

the load factor of barrel roll
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Fig. 5 The parameters of the barrel roll
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