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Abstract: An improved control variable parameterization (CVP) optimization method combining with the inequality
path constraints smoothing handling and the nonuniform Gauss discrete time grid is proposed for the hypersonic vehicle
(HV) reentry trajectory planning with heating rate constraint. Firstly, the HV reentry trajectory planning optimization
problem is established by analyzing the HV dynamic equations and constraint limitations. Next, a smoothing function
is employed to handle inequality path constraints and an extra state parameter is introduced to transform them into state
equations. Accordingly, a non-uniform Gauss discrete time grid strategy is proposed under the CVP approach frame to
improve the angle of attack control precision and the HV reentry downrange. Finally, the simulation tests are carried out
on a common aero vehicle to verify the performance of the proposed method and then to analyze the impact of different
heating rate constraints on maximal reentry downrange. Test results reveal that the maximal reentry downrange of the
proposed method increases by 320.1 km (4.1% improvement) compared with the uniform time grid discretization CVP-S—
P method, showing the effectiveness of the improvement. Meanwhile, numerical tests show that the influence of maximal
heating rate reduction to downrange is limited, and the results reveal that when heating rate constraint decreases by 15%,
maximal downrange only reduces 3.16%, indicating the theoretical value of the proposed method in HV thermal protection
system design.
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4% 28 L HA61 SRTM, HVAE FE N BUMOIE # KATIE 75
EHEANKRAZ, AT HEJE = (S > 5),
BEEE S BN #G™= A 1 A R0 P30 . ) S5 3L RIE
AL R TR 2 KBS [ 7R 1000°C BA B SX 45 HY
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A TT AL R M DA BRI TR 28 58 1 W v 3 FEE AT A
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ez ) v R A, A P AT ) AT AR SR A, 2T
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h(ty) = hig, V(ts) = Viy, v(ts) = i, (12)
2.2 B LAk ) AR AY

G, B XA RS R E N (t) =
[h(t) V(t) ~(t) r(0)]*, #=hlREAu(t) =, WHV
F s sy 7 FE AT LA R s B B

$(7f) = f($(t)7u(t)a t)’ (13)

KA R x R x R™ERTH A € RIRES I H

x € RPAHEHI Eu € R™FIHEL M REL, nflm 55

RaIRAS ) B A ] A I 4E . 455 0(11)-(12),
RAIHIE A RS R RN

m(to) = Xy, (14)

[, 256018 F B 12 20 R K B AR 21 3(8)-(10)
Hl— BN

Gla(t), u(t),t) < 0. (16)
PEf I AR N
Umnin < U(t) < Umax- (17)

FERV AL (R LA b, 3 42 (R 4 BT
FBR, G TR L A R R D2, KR 1
B3 PR H AR SR A0R AT Bolzal 3 H A
B A7 4 7%, UL 2 (8301 (Mayer 7 20) F B 43 T
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Ao FRBEEEEHISEL A0, EHS BOE =R
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2R S BB G FeAL 9 S NLP a)

min J; =
N te
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PTnia(ts), (3D
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z(to) = o,
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AN, T 2 RN, SR 2 0m 4 R
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min J,; =

N ot

Po(x(t), 1) + >
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Hen,, (1= 1,2, 3) NIET RE, HSHEUEEREF ]
2 DL SCHR [25). B, [RE(P )M N R NLP ).

Bl 2 (P2) 4 EiEsENAS R 3) MRSV
A (14), AR BEAN f i I sk [ — 1, 1) et il 1)
B2 o, [ HFRRE(32) &K,

it B G, RRRP2)% T iR P1)H)
WSCSRCPE T DL S B2 AR, RS TR ATPR, HAE B AR
AILAZ B SR [29,31].

EE2 CHu 2EEHIRRIR, Bik(er,
) 2 E(P2) B AR &, Horp o %A &M R
AR 8, MN — oo I, B

3.3 e S GausstE il M ESHALA T P R
T FIRAEY S Gauss ][] RS2 61 7] = S Uk,

28 A T VR (FRIFR U CVP-G 7 1%) I SE L A,
HEERAEIE R, Fob BRI T.

HVEVE R S HA L LR
{ f
| mmen || ek
! !
| wesmmeneenes | | wemesw |
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B 1 FETARS ) Gauss 2 [ B S AU AL SR ]
Fig. 1 Flow chart of non-uniform Gauss control variable
parameterization optimization approach

BT WANEBEAEN, VRIS, ty
BEE DAL I R SR A L, S 7 RESR ARG JEE, R A
AHRIETT R T p, AL e, Zom RS20 R AR TT &
Homi, (1 = 1,2, 3), IEVIEME 0, 75578 T i 1
Umax:

HER2 RADCHE T RBUE A PR R LR,

F$B3  HHNIKLegendreZ Wiz, 52| NAE
P ST ] XA
FSE4 FHAES S Gauss 8] A AT R)

EZHUL, K P B B INLP ) (3 1);

PI]S ARSI R EBUCEE, 152 H AR
(32);

FBT6 TP K H bR TS H
RIBB LS S5

BT HEPEE B HISQPELIE K iFNLP
1]t
i R B R R AR

4 HERK

LS [EI 2 A =) 4 H 038 F 9 25 48 (common aero
vehicle, CAV)HVEL AN G52, & B H AN BHV
AR FENBUREVE AL B AR R B AT BUE R A 1 &,
PRIt ] L (P 1) HAH IR H A ek

max J; = r(ty). (33)

CAV =t 75 18 AT 3 M & IS 3 S HUE IR 1
Fiw, BOIEARAL AT BE AR AN 28 S 240 SRR WL 262, A ST )
BB A B S0 E iR B 1.6 GHz Intel Core 15-8286U
AbFE 22116 GB 2666 MHz Samsung DDR4 A A7 ]/
NHMMATLAB 2018a*F& Fi#T.
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Table 1 Aerodynamic parameters of CAV hypersonic vehicle

ZH YR EACE] ZH RN EACE]
g JIFEIES 3.986 x 101 mPs Op, ES 14 —1.51
go  HREIINEE 9.8 Cp,.,  AH 5.87
Re kA2 6371200 m Qi 1EHI 5 —0.2618 rad
m ATRNE 907.186 kg Qmax 1A ES 0.5236 rad
Sa  KATERZHEM 0.4839 m* Qmax  BAHE 8.0 x 10% W/m?
00 T2 P 1.2258 kg/m® C (55s 7.9686 x 107° J - s2/m3-®/kg?-?
B R RBUE R 1.3785 x 1074 H WA 0.5
Cr, M -0.51 M WAL 3.0 rad
Cr. A 3.44 Pnax  WKENE 50000 Pa
Cp, 8 0.29 Nmax  WAILEL 3.0

4% 2 CAV-HVHLiE kAL AL LY R
Table 2 Boundaries of CAV-HV trajectory opti-

mization
LGN STy
h(0) 80x 10°m  h(ty) 24x10*m
V() 64x103m/s V(t;) 760 m/s
~(0) —0.052 rad ~(ty)  —0.008 rad
r(0) Om r(ty) -

TECVP-G 5 ¥ #E WA ok F2 0, {# B fminconsk
fiR PRAESQPHLVE T SR ARNLP 7] B3, 404K 158 25 K5 1o v
1074, 1oy 77 RESRAFRE B2 1075, Bk I 7 4
T Rp =10, 34 L £ /A8 $1 R E00 B &2 N
01 =100, 7, =100, 1, =107C. [}, % F SCHik (25145
A S B AN, T B BT R) T SO N=30. it
Ab, N T BIEARSCHR H 7 VSR AR (A 250, iE Y Zhang
2524 Y B 22 SLCVP T v A3 558 B CVP (enhanced
CVP, ECVP) /7i%, LiuZ5 1 ) CVP-B-PHICVP-
S—PIIAAEFIFERCR A R A& N 5 A AT
D,

R3HIH T ARSI VER 45 R 5 SOk o7 vk Rk
SEIRXT . 7E R L3 800,000 W/m2 i, A SC 7%
73 £18160.0 km [ 2 [7] F A AL FE F12088.7 sf & AT B
], 5Zhang %24 H] £ LCVP 7 ¥ FIECVP )7 43R
45 5 16831.0 kmH17265.8 kit K fiii 2, Liu(25)
2 1 fICVP-B-PH1 CVP-S-PJ5 ¥%: 153 3| []7724.8 km
F17839.9 kmAft b 45 FAH Eb, A SCHICVP-G 5 V23R iR
13BN B R UFE AN R AT I (R 5045 2R T, LESCRiR [24]
(EC-VP)F1 3L ik [25]1(CVP-S—P)15 21 {11 i B2 43 T3l $2 T
894.2 km#1320.1 km, F B | BT & Hi (I E 35 S ) (] 45
MBS EOSHV LA A R,

HE—, K245 H T CVP-GHICVP-S—PJ7 V£ 7E AH
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Table 3 Test results of different CAV-HV trajec-

tory optimi

zation methods

EH%% 7i¥£ N Jmax/km tf/S ﬂ%é"]ﬁ
Zhangzstl  CVP 10 68310 17620 8.0 10°
ang=
£ ECVP 10 72658 1864.8 8.0 x 10°
Ligsist  CVP-B-P 30 77248 19958 8.0 x 10°
1U=
N CVP-S-P 30 7839.9 20266 8.0 x 10°
AL CVP-G 30 81600 20887 8.0 x 10°
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Fig. 3 Downrange curves of CVP-G and CVP-S-P
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Fig. 4 Heating rate deviation curves of CVP-G and
CVP-S-P methods (N = 30)
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Table 4 Optimization results of CVP-G method

with different heating rate constraints

MR L W/m?

HirekE/km  KATIA)/s

1 800,000 8160.0 2087.7
2 780,000 8129.1 2084.5
3 760,000 8092.6 2078.5
4 740,000 8052.6 2071.9
5 720,000 8006.5 2063.7
6 700,000 7960.0 2056.9
7 680,000 7902.5 2045.3
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Fig. 5 Trend of CVP-G optimization range variation

with different heating rate constraints
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Fig. 7 Angle of attack control curves under different
heating rate constraints (CVP-G method)
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