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Time Cooperative Reentry Guidance for Hypersonic Vehicle based on
DDPG-LQR
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(1. School of Electrical Engineering and Automation, Tianjin University of Technology, Tianjin, 300384;
2. Tianjin Key Laboratory of Control Theory and Application for Complex Systems, Tianjin, 300384)

Abstract: Aiming at the characteristics of multiple hypersonic vehicles cooperative combat, a time cooperative reentry guidance
scheme based on deep deterministic policy gradient and linear quadratic regulator (DDPG-LQR) is proposed. Firstly, the sequential
convex programming method is used to generate the time cooperative reentry trajectory satisfying multiple constraints and its
corresponding steady-state control quantity. The Radau pseudospectral method is used to discretize the motion equations to improve
the discretization accuracy of trajectory optimization. Secondly, the linear quadratic regulator (LQR) is used to track the time
cooperative reentry trajectory. In order to improve the cooperative guidance accuracy and guidance effect, the deep deterministic
policy gradient (DDPG) is used to optimize the weight matrix coefficients of the LQR online. In the DDPG algorithm, the optimization
performance of the algorithm is improved by introducing an appropriate reward function. The simulation results show that the
cooperative guidance scheme proposed has better cooperative guidance effect and guidance accuracy than the traditional LQR
controller in the case of initial state error and uncertainty.

Keywords: multiple hypersonic vehicles; cooperative guidance; sequential convex programming; deep deterministic policy

gradient; linear quadratic regulator

0 31 & RSB, A R B & MURIHT o BOR B SR BER B

b ) F R RGN A W R B AR E, B B TR FEEAR SRR, H AT
AN RATRMVEARE SRR SRS T, DI, N THE BIRRDEA TR IR S ARFRPUL R ER ] 555
R AR ST AR, AR TR ESS  BRIER S kg “’ﬂ%iﬁfﬁ*ﬁﬂﬁﬁﬁﬁﬁﬁfﬁﬂ%
Sl TENAMEFRT R T W T el AR Y B AR T &R, a4
A IEBA TH BN S, BT E KT s R A A 5 BEE 2 0 IR A E (19 22 5K 8 B 4% 1) A2

Wk H 9 2024-05-14; 1208 H 1 2024-08-21
BETH: EXRERPFERES (No.62203331) s RHEHE T K24 78 AE U E £ 7 5 e 5 H (ZDXM2202, YBXM2204)



58 T 5 R 2 BB ROBSED

2025 4F

&2 AR RRPUZE R ER ) 5 A2 R FH AL AL D7 2 A i 2
ZRA R KA N bR FRPUE, AR EE I R 2 R %
PREFARFRPULE, DLk S BR%AT PUZE 5 bRk LI () i
72 o ARRRPUZE FRER ) S E B RN B R BT AR
SEE, TER R ATAES T BA R T S,
REfE R AT AR AR e p 4l B . P [ A AL, 1)
MW, R o A O R A B [ EUE ™. Yu
S OVER T NIRRT B, SR T — R B P R
IRATTIE, 1R — i B A0l £ 5 4 S50 SO B
A, 55 B Be Ak B 48 4 S BN (] #3 [7] » - Zhang
S DT LA AR T B0 v A AT A AR S TR 3 [R]
L, SRR AR SR SR e 45, gk sk
I EAT I TR . B fa, K ph 2 X 28 I 2545 3 1 B [F)4T
I TR E AP AL 1) R 2 R 26 A, R AL,
SR A SN ) P [ P NI

T A LT 2 s BRI T O i A G
Fio Vepa '™ EFXF AR A8 (O FLA BRER R, Bk T —
P s At PR ER AR A, I R AR A S B R B A
9 B 1 e it 4 AR SR BR BRI R A8 B 2 HE . Ou
& BN IRER RGP ARAE AR EE, KR RR
208 S RS IE S I 5 45 T i S A B A A
G, BT —MEEMNPUERESFTRE. BE
S5 U B AR R DU S SE BRI FbR R ERLIZE (1)
ZEId K, H LQR #4 il &5 Fr e 44 i) i 3 B () 4 o
P 7 —FEL NSRBI R ] 5 10
AR 0 mT A A R A R ) B ) PN S
HEAT TIRABEI, I8 IR FH O i v AR Bl I el ) 3
WA R T SRR . XuE MY R_E TS
AN TR (0 B [R5 00 58 207 VA AT RAPRGE
K 18-S, Hwies FER. HAl, smiye
B 7TZIN A, FTRAE RS RS 28 S8 1]
BATEHERR, BAEREMIIEE . Zhao % " K
F DDPG 53200} DU Jig 3 6 A WL E Hrafidz il 317 2
BothAb, ZBEVEAE R B B i) 28 4 RS LA
SO TR AR R LidE " B x4 2 S 81
AR, FEH T Rt i DDPG SR 2k 18 B 4 i) o
ZH, R G ARG .

BEXE BRI, AT T Bl TR R SRS
B FEFI M IR AL 5 4% (Deep Deterministic Policy
Gradient-Linear Quadratic Regulator, DDPG-LQR) [1]
%t e 7E O AT A I A [E) N R R 3 T R
TG, EALZ R E T A A, R
Radau 4 1% v #1741 ™ AR 46 77 7% (Radau Sequential

Convex Programming, RSCP) A& i iJ [a] P [7] 7§ N\
o )5, FIRHZ&ME U 4% (Linear Quadratic
Regulator, LQR) Lk B iE 4 il 4% 28 B e S 1o 4 il
&, IS G PRI B 2 1 i 5 S B [R)
PREEW T . BT, T 3R P R ] SR R R ] 5 R
R, KN DDPG HikAE L AL 11T 2 > LQR ik iR
R ) A LIRS A E R A 42 B R AE B R L. &)
Pi B2 RIE T AT 7 R B0 850k

1 [C)RE A
1.1 BAEFERE

e BR R R BRIk, ZEHhER B FE R,
AR 8] A AR 5 16 22 e Pl K AT 38 — H P E R

BEETTIEN
7= V;siny,

0, = V,cosy,siny,/r,cos ¢,
¢.i =V, cosy,; cos y,r;
V,=-D, - siny,/r?

9,=L,cosa,/V, = cosy,/riV,+ V,cosy/r,

QY

W, = L;sing,/V,cosy, + V,cosy,siny, tang,/r;
A AR AERE A RATAS: O TSR B
IR, TENESEH KRR, 067307
GIERALL: v RATS I AT, HILENNS
BNV = [gRy: y AN w AU s o S
Wi, L D4 B9 T 4L B ALk
RikAH

L, =RypV.* A, ,CL,/2m,

D;=Ryp VA . Cp,/2m,
A p ARAEE: my A o0 58 AT 4% 5T 2 AR
MEZH WA C, C 7 HINTH I RBONE ) R 5
1.2 BALR

X T A AT S BT BG S R 2

T2 R S AT RARUE AT SRS E AT, AR P2y
R T EAFERARL R UL R LA & R 3
290, o, SRR ER AR 2 TR 32 S HE BRI O
BN g R #n, Fikx N

0= kyp (VW)™ < Op

0= pVV) 12 < G 3

n=JL+D} <n,
Kb N5 TR MR R B R VA
Fi N ATAS R L. 9 7 s # o 1) el 2l
ARSI FEMN A A 6 M PO IR T B2 ) e .

2



55110 kil KAF T DDPG-LQR Yl A (AT i 18] 3 3] 5\ il 5 59
AN 3 AT AN 3 ToE R 3 A2 R 20 A fy =t = =t = t 6)
o-i.min < O-i < O-i,mamé-i,mm < é-i < d‘i,max (4) :_EQI:F‘ tty\j—ljj‘la—ﬁfff Hﬂ“ I“ﬂ °
JIAh, TRATER IR A RS L R
xi(to_,.) = X1 x,.(tﬁ,.) =Xy (5 2 DDPG-LQR Tj]‘lﬁﬁ)\iﬂﬂﬂﬁﬁ%ﬁiu\—ef

Pt 1, 23 BN EEAS RAT AR IR 46 AT I 1) A0 2]
by SN S R Ay 1 i TS I /0 1 7 N ER= VANl o
BB AR AT A5 R 23 I (8] 29 Ry

2.1 ET RSCPHIBTE) R AT
DDPG-LQR - ] i [7] 75 N\ ] 5 (19 B2 AAHE 22 4 ] 1
Fias

. DDPG-LQRIHfil P |
‘ AR ER S
= [Ty SR i
PR LQR# il 1 —>
o] & i
DDPG
......................................... IRZEHUN B T
FEFRSCPIH i) B
R ABLEAL e
FLRGE
E1 EF DDPG-LQR BB E BN G SEE R IESE
Fig.1 The overall framework of time cooperative reentry guidance based on DDPG-LQR
TEFE N RAIR T oy 7 T RB AN T SR rtany
15 4 T80 0P AT S8 BB AL B e R S, LA siny/ cosg
e T = At = 1= R Rt B VA == VN P cosy
W AR AT SRR, T R A4 ok e o)
)=

it AT I8, — R A S B 18] [ 5 PR B2 IC AL 1)
SR, FESRARZ A AT S AL AT I, H AR
PR B BB E D B/ AT I T8 B K AT I T,
BUn] R 2% HORMEAERE RO . N, O 7 5 SR A
ZA TR AL AT E, K AT s ig sl i i
(1 B A2 B AR N LR iy s, RN R AR RO
AR, R I 18] [ %€ ) 30328 8 AL 19 8 46 22 Dy
O\ TS A [ 58 AP 00 ) AL, SEBILE H AR R i
RATHS AL AIAI RS f ORI AR 55 = 0, RIm{HRIE
B

s = arccos(sin Py sing, + cos ¢, cos ¢, cos(@; - 00)> D

K 6, ¢ RN B AR SIS FERIAFE; 0, 9]
AN B ASE; ¢ NVIMENI BT . BTk, K
PR R, WY R 5 1iE 8057 7 R 145 6 477 5t
BN

x=F(x)+B(x)u (8)
X x WP EBEBORSEZE, x=
[ry 0, ¢, V, y, w, o, 1] u NEEHIEE, u=6 RE
FERE F (o) M HIRERE B (x) 70501

rLcosa/V?cosy — 1/r*V + 1
rLsina/V? cos’y + sin y tan ¢
0
r/Vcosy

B(x)=[0,0,0,0,0,0/Vcosy.0]" (10)
TE A B0 SRR o K AR o 2 R AT 2R A
1, ARG A ERMEA S5 1 ol REUE AR SR A o o B 7S
AT AR NS RAG o) L, JEZR LR R AR
BT TR R AR AR L. ok, RARYRE
TF 77 V4638 B 25 T RRAE 528 008 x b B AL -
= A(x)x + B(x)u + C(x)
(e = (1D
C(x')=F(x") - A(x")x* - B(x")u*
[, BEARL RN 5 R IE N

(k17K Q gk & Lk 0
Q)+ = (remrt) 4 22 (Ve ) < Oy

- ad 0
q(rk,V]”)+faz(rxfx*rk)+qu/(wa‘Vk)$qmax (12)
on . on 1
n(rk’Vk) * ar (rX:x”ﬁk) * W(VY:'YAVA) S Moy

N T R A 1) Y B ORS P, >R ) Radau
PV AT BB . R T2 A R, B B



60 T 5 R 2 BB ROBSED

2025 4F

SIS0 [19]. Radau (hilhE B ORI 6475
RETTFEE AL RN
EDM =%[A(xk)x +B(x)u+C(x*)+v] (13

K D ARSI HE R v AMEDT, FHRRMEL
PEAGIT BT R IR 22 . AEPURRABY B, 8 SCH BRiR
R AR v i AU HAR s R 22, O T 3R m A
SUE FE IF HARAMED L T%, £ HRREH 5N IE
M AR 0T, RIE N
T=p[(0,=0.)+ (8, = ¢) [ +po|r, = r| = wlv ], (14D
Arh p Mlp, NIENIAT R E: w NI TT IR 1t
Gb, ARICRHESIEAK AR BAR, IE R I 18] $3 [F]
NP R . 5 R VU B A% P 22 5K 4]
WA, KWL N RSCP HLyk i SE R, 24
SR AifR 45 S 2 BT 08 R SIOR AES, BEE A IEARSS
W, AR A
FE A AT AR N R B, RATER AR T
T IFARES, AT IR R EA R, AT
PRAIE R 8] B3 5] R0 250, 20U SE 2 KAT B8 v AT 1)
AT EVE . Bk, R RSCP AR E it H i
A TRAT AR A W1 H bR s K AT I A R0 e A 6AT
], R A RATEE ] (U=-7) BB K AT R[]
U=t fEAHERE, WEBRSHAERE/EN
LRSI 5, HRBITA TSR IHE
H AR s nT AT AL RATIS (YGRS bR ©ATAE S5 75
SRR R AT 8]
2.2 LQR#EIRER T
9T 3RAT T P R R R T R, AR PR BRI
HFIAT, EIRLA o MBI o N R B,
B RAT AR 3 TR R TARPR P AT 2t Al, Pr
BENFRZE T FEN
% = A'(s")ox + B'(s")ou (15>
y=C'(s")ox (16>
X REEIRZE ox=[0r, 60, 56, oV, &, ouls K
TR = ou =[da, do]";s A'(s) NRGUIRSHE; B(s)
NEEHIFERE ;s o (s) N AR R . B B R AR ] R St
M) IR APERE SR bR A
./:A%Ji[éxTde4*5uTR5u]ds’ an

X REEFFE 0 = diag(0,. 0.0 050 01 05 Of)s
P H AU E A B R = diag (R], R}). B P 550 £
SRR B 5 Mo 0 320 R A P MR R AR . FEAR SR
LQR #% il #5 ¥ 1T 7@ % R H “Bryson's Rule” 777K

WEBCERE R, SRZ 5 IR A B CE R R %
s ) H B R AT A AN R AT S R oA e
EE, LRRENRITESAETE R A A E M. E&H
B AR, X LR R AT BEFEL “Bryson's Rule” % &
(1) A0 L O o 45 ) 8 T V208 B i RS . TR
I, ARCHEH —F DDPG BiATE AL @ FEFE AT R A
FERIALE R4, DORTSF AR A EAE R, 4
1) 2% 1) PR B R R FNRS 2 . DDPG B3k (0 i it B 7E
2374 H . W A2 B /NPE BB AR I S IR ) = kU
wrr

ou=-K(s)dx (18)
b B K () =-R'B"P; Hpil iR
fRERRAE T REIRTS, W R R

P=A"P-PA'-Q+PBR'B"'P (19
DRI, BG0 B s il & S PR 4 ) A8 Ry
u'=u,+du (20)

LA u NPUBRAL B ) 2 1 & .
23 RERESMEEE T

DDPG By A — Fi T A B34 22 30 4 3 ] ] 7 1)
%o A LUK DDPG X LQR 2 1) i (1) B 55 40 B £ 4
ARG FEBAE S /R AT RS 2 . X AN FEmT DAR
NS, 4, P, oy, R), HHsIPIRETIR], 4 WATET
&), POAREEBEER, » NITIE T, RN
o sRAE 2] H ) i R R A S IR 2 (R R SR
RS, KRR 6, KB W

G,=iyiri’,0<y<l QD

AL STHESR I 2 . FEREANI IS, S
PRI T S RTIR S s, (R BT, MO B AR 00K = $AT 3
fEa. LB REARIFREI O, 8 F— A,
AR, SRS - BN B 6, WS
PR KA 2205 G

r Bl ; 7,
¥
BHEM g
afka,
HAKIEG,

2 RILFSIHER
Fig.2 Reinforcement learning framework
A L S 97 Sk Gk A =P S S PO E
HIRCRA IR fEARR T, 2ty



E

kil KAF T DDPG-LQR Yl A (AT i 18] 3 3] 5\ il 5 61

10, |dr|<300m,|060]< 0.02°,|¢] < 0.02°,] 5] < 5s
R =1-50,|6r| > 2000m,|660 | > 2°,|6¢| > 2°,|6¢| > 50s  (22)

-2, HAth
XA Jor| N FERZELRE ;s 00| L FE R 2 44Xt
B |0 L BE R ZE LA s | or| oI [H] 158 22 26 0 H
FEBCTE RN T3R5 58 i (1) BN 5K P2 AL/ )
[E I A 22, A 51 AN FZAG A AT O # DA SR AT
TR R RN BN AT IR R AN e MR R 2 5 X
SRR ES B S S HREEMZEE R, @M F 5
DDPG IR ih AU s aAk 2 2 R Bl AR o, G
LQR #4517 0 AT R PIRLEFE FE R0 [FII 9 1 ARAIE
L BB P O 1, R R I R O B Y AR
T%.

PR R E L BT R

L= 3(0Gsa0) - 3)

vo=r+90(s, (s, \[0)]0%)
A 0O NI AL ;s 00 O B AR VA N 45 B
w(s, |0 NFEEE s 00N BARHAT MR E . di it f
A BB, R AR . B RREE, AT
ZEHIBUE R S8 . SRR W R -
V,J ~ %ZV[,Q(S,(JWQ)‘ vy Vot (5107) .

XA O NPATHENE. N T IREEERR M,
FINT BARVER 2% F0 B ARBAT I ZE, 53 50 5 PE A I
L8 FFHAT IR 25 E AT AR [F] R IR 28 S5 0 o B R 28 BU{E B
st

(23)

24)

{09<—r09+(1—r)99 (25)

0" — 10"+ (1 - 7)0"
A ONESI R AT NG FIIEAN 9 4% 30 BR L
WE Atanh, BIXCHNIEY) R, BN BE5EZ #H 4 T
WHEHN256 1.

3 HEHRE
ARSI 3 A R P AT AR AT N B A
PRERH ST .. B CATEREA AN NS32
B, RAT 2R B m=104 305 kg, $FMAES KM 4 =
391.22 m?, WHEE HFRSMASAE N (151°, 41°),
HEHbREE 35 kme FHARIPE S R BRI N
C, =-0.041065 + 0.016292a + 0.000260240*
C,, = 0.080505 — 0.03026C, + 0.86495C?

3.1 ET RSCP a1 EBNFTL L
ATTEE 3A AT SR LR YN 7 450 m/s,

(26)

WG = FE YR 100 kmo AR (8] B3 7] SRS, 4 B[R] )
AR E N1 616 s. KAT a5 H ARG FLAT U 5% 4 U
L1~ 1 I MATLAB 2022b, Intel Core i5
AEERES . SRF CVX T EA M MOSEK R fia%, FIH IR
AXHE N SRR AR . &3 AT 4 JyFE T RSCP Bk (it
)b R PN A . 3 WA, 34 KAT 8
TEARFIMAIGERAS TR HOE I T B bR o, 2 %
SE MR GRS AR LR . e 4 T %0, il £
TE RV E M2 AR Bl N AR Ak, I B2 P R AT [
2o [RI, B ILAL T B S B £ A B D P [
Hil P B it T S E A .

®1 HTEMHHENGERG

Tab.l Initial conditions of trajectory optimization simulation

BAf e
AT Z35 4 L A
g1 68 18 51
52 73 12 50
453 81 3 48

100
g - - Eﬁiﬁ%l
) 12
E 50 ........... ‘&4 J2§r3
® Hirk %

100

0 Q
0 20 o
10 30 Zi—" 140 e
/)

3 ZHMENREIBASE T

Fig.3 Three-dimensional time-cooperative reentry reference

trajectory
20

- - = ¥ranl \
10 KFrn2

.......... ‘E;T ]: 2&13

e £5/(°)

- ==

0 200 400 600 800 1000 1200 1400 1600
i) /s

4 i fs-ESEEIE
Fig.4 Bank angle-time profile

3.2 EHTFDDPG-LQR BRI HIS

DDPG #i%3E H T vk s sh fE 2= [ it in) . 78
A T ERESS R, DDPG i@ 5 507 BRI 1
RERE AED APRESPERE RE = HIBCESE
B RBCA S E ST B (R REMRD, iR RE0R
A5 % H A 1 LQR 2 il 2% R IR 25 AN 1 46 R 3 Hi0Rn 458



62 T 5 R 2 BB ROBSED

HIA B S R 2R, T 92 B LQR 42 1) 28 ) Sz N i
2, DRUEIR AR FE [ 22 2O 428 1A 32 5 P AR 2P
AN I FE A BT AR K . AN S DDPG S PSR AL [H]
N 10 ms. [HF, 47T %iE DDPG-LQR WAl 5 77 %
FIA R, BIANVIRIRGIRZE . REhR&ERE. KK
EREREL L KITRS R ESEZNEET, HHE
548 LQR PUZs BREFFE 2837 EXF L. [RIRF, it
T2 A, B A EONIE AR B P
OB IR BRI S, 5 2 H AT O SR AR EN G LT B P [E]
HOTERERH T WEIEMIRBNRZE XD AT
BTG RN 500 m, B UG T FEE EHE 0 50 ms,
T &R% BIRE KRB AT A= 5 0
BN 5%. BB AR ZEFZM DN AT R
B BE 3D 500 m,  A)4A T FE S50 50 mis, Tt
RE BRI RB KA DL AT 88 0 4 ek
5%, 1E [P0 B A7 A 30 15 O T 1) DDPG-LQR 3 [7]
B BRI 305 LA R S FIE 6 BT

100
2 —— s
o 80
|| LA s )
Q)
0 120 g™
,9/
0 10 20 140 »ﬂg

30
/() 0

5 IF.i#sh T AY DDPG-LQR =4t B BN HITE
Fig.5 DDPG-LQR

trajectory under positive and negative disturbances

three-dimensional ~ cooperative  reentry

100
SHT
E 80k |- —-- iEm4E5)
b | 3 sh
i 60
40
L/ (km-s™)
a) Kfrl
100
—ZF
E 80|~ -~ 143
-lii:b( ................ sl
i 60
40
1 2 3 4 5 6 7
HEE/(km-s™)
b) KfrdR2

El6 DDPG-LQR tfEIBNHIZE E - E & E
Fig.6 DDPG-LQR cooperative reentry trajectory velocity-height
profile

— 2
E 80F| -~ -~ iEmdka)
ﬁ‘é 60
40
1 2 3 4 5 6 7
HFE/(km-s™)
c) Kfrdn3
ZE 6

5 AT 6 WA, AR AR AE R IR RS 5 22 AAS 1
SEERITEOL R, BB BOR ZER K. G R
IEHIAERTY, PUl R B TR B 7 R{EIE
LB A AR SR DL R, LQR 45 il 2% (14 b [F) L azs iR
PR S = 4E . R 2 AIEMIRBNE LT P R ] 5 0 &
IR R ZE . R 3 N m P G L BN [E) ] S )
KRS IRZE . R 2 MBI AR, ERHFILEII1E
MR, #5445 LQR il #8 % Lk, DDPG-LQR
N o [ o 5 S ) 1) R 2 B R v T 4% 48 LQR 45
o b, RIS B N A S RE
19k 2> 27 60%~85%; 1y JiE 1R 22 53 il 9 2> £ 70% FH
50%; PIARELBNIE LT I B F] ) S TA] R ZE I AE S s
DA o BT 1% 45 LQR 45 il #% H 8R4 3 30 B R %
AR A E B RBONIEEME, IR R %= .
7t DDPG-LQR #% ffil] #% o i i DDPG &% 5 IR & % 2
(SRR ., RS EE FE P 28 BORN 458 A F RE B AR 8
RYE LR RGURS AT R, HREUEN AR,
A 75 45 1) 2% IR 15 56 v 19 B0 PR R R R P [ o) 5
R

100

NAGE/ w2l
& 50 —;—ﬁ?%@
2 H R st %
1
0 Q)
0 120 <g\&
Yl
30 70 /

i /(°)
&7 IE.GAEIEEITAILQR =4 E B NELE

Fig.7 LQR three-dimensional cooperative reentry trajectory

under positive and negative disturbances



E

kil KAF T DDPG-LQR Yl A (AT i 18] 3 3] 5\ il 5 63

®2 ERMEBEATE UTHREZRRTIRE

Tab.2 The terminal state error of each vehicle under positive
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