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Integrated guidance and control with
terminal angular constraint for hypersonic vehicles

ZHAO Tun®, WANG Peng, LIU Lu-hua, WU Jie
(College of Aerospace Science and Engineering, National University of Defense Technology, Changsha Hunan 410073, China)

Abstract: Considering the strong coupling between the centroid motion and the attitude motion for hypersonic vehicles
in dive phase, we propose a novel integrated guidance and control (IGC) with terminal angular constraint approach based
on the complete model. In designing the control law, we build the complete coupling model by combining together the
line-of-sight (LOS) equations describing the relative motion between the vehicle and the target, and the attitude motion
equations. Furthermore, a corresponding IGC law is developed by using the adaptive block dynamic surface backstepping
control method which takes the synergism between the guidance subsystem and the control subsystem into consideration to
improve the accuracy and robustness. With the developed IGC law, all the signals of the closed-loop system of the vehicle
are guaranteed to be uniformly ultimately bounded, and the bounds of the LOS rates can be made arbitrarily small. Finally,
simulation results demonstrate the feasibility of the novel IGC approach.

Key words: hypersonic vehicles; integrated guidance and control; adaptive block dynamic surface backstepping control;

uniformly ultimately bounded

1 5]E (Introduction)

FEF R B, M A AT 2 A DS a
KA R RE T, AT 8RS S R AR ZLU 1,
BB FIGEE I RO BRI AR | JEL . SR
B AT E SR . AR TS SRR
G BRI T TRLR AT 5 oh B 6t i A
SFRGTH BRI, REK e EEE I,
BAKAEH SR FRAEM MR, BT LS B
WHEBEHERATREZ FMMREEE R, FET4
B BET IR I B R T AT AR S T R S AR
BOAR A M AR BRI — b S R g LT
ARAFREZ FFIEE S BRSEEANRE T
HE.

Weke H 1 2014—10—28; SH H#A: 2015-03-30.

T{EYE2 . E-mail: aero.zhaotun @foxmail.com; Tel.: +86 13975878221.

T FLE19834F, HWilliamsZ A2VEF X ik AR 5 34
T IS 5EEREHT A R, B,
SCHR 317 R F (0 — AR AR AR 2 3= B2 03 Sk A A A AR
FIRL LR AR AR 5 2 T IX PR A R 1 v ) 7 V.
Menon, Ohlmeyer!*>! f1Vaddi%s A1 Xin%E A1y 51
K H RS A KRiccati F FEFO-D I LR T — 4k
I HE. X PP T TR B S K Riccati T 12,
XA RAR KIITHE &, 3 HIX BRI B AR ARIIE
MR RS RIRREME. Yuri®e A BVEF o £48 3% % F wiidk
Serg R iE s TE A T E RS AR
4. Shima% A\ PVERxf U — /N4 S\ 38 R 28 A
RSB T — A h Sl B85,
TdanZ A\ UOVEFst LA S 3R 2 3R PO I 2 2 T A



926 B OE s N H %32 %
TEBET T — 4 H S P61 Shimaflldan®B 2 2.1 K47 2% S 3l B B (Aerodynamic model of the

TAIER 5 18 BRI P ) e A R W E I DL R R 3 1)
— KA I EIBE AL Tournes2s N SE 4% [A) £
SE JTVENT AR T B 3 BT T — it
Hughes® N\ U2EE T S gk AL AN Z M S A4 11 7 vk
SEPR TSP P ) R AR Y 1) — A ) T A e
wit, HF H¥s iz r REH TR e R T
HARIEEAR 0. IR N PR A B §l ik
T — P B 1E N AR M I, R Y SEEL T
B ALK I T IS R € AR — 46
PR BT, B R TR Ra . B5E,
IR NS S - S 3 v, 2
B & MRS AR T 7 vt T 31 I8 ) — A4 5
i, FFE T LyapunovERiSIE R T R RS ARE
P, B eI 6 B A I BUE 07 23R B4 A s 7
EART DARAIE S 3 E2 R i, i e PRAIE 534 P 2R
REMERETRE .

O SCERTT R I — Ak il S48 I B 9T 5 A3
TR EEAA LT 4 mi X 51

1) AR R K Z 2SN T 1§
AT48. A SCHF AU SR AR, DLK T3Mai B
®AT.

2) CASCERITF A AT 28 R B AT EE B A
IR, ’ATES BAR U PIGG I — R A TKE
&, RATH T R A R E . A ST RN ST
P B S B AR G EE A B ToREHR, ATH
A E R,

3) A SCHER A AU 5K 2 SR F T 3 25 (skid-
to-turn, STT)¥E 77 3. T A SCHF N S (1) 7 2t 25
IRK, F5 R AR (bank-to-turn, BTT)#4Hl;

4) OFCERFER L AT RS BRI X 23 77
TR, 200 KAT 2% B 7 1) BRI 3 B R ). Th AR 305
R8T TRATAHE R 7 W) (1) I B AR IE B .

ASCE R AT AR T AR A AR
A BRI R — R, FFET s AR A,
FT R T BIE N IRSh A R IEE ST
TE 04 T T R AR R MR T AR T AR AR R A
M A st B a1l BAAE T — by
ERAE .

2 BEEIHES (Model derivation)

TE R LT [ B VAT 2PIRES R, T R
RIS

1) RER AT AR T, Tk A
AIEIRAE R AN E

2) TR AT AR v BOR BB TTHE il 7 =X,
ERlith, ZEFEAMT AR A, ) 27 LA

3) ZmgHhEk 5FER M.

vehicle)

TEFHITTRE D, T B K< 3h <8 S AT 1]
AL EE. FRYE fe /N — IR ES, ¥BH I D T+ I L i)
JIN « B 756 M.« A ft 77 FE ML FRFAD 3 M, 30
ah
Dy =QS(Cpo +CN*Ma+ CHH + Ca+

CLB+ Ci, + CY 6, + C%6,),
Ly = QS(CLO + Cll\l/[aMa + C’I_}}H + CffOH‘
CPB+C6, + CY 6, + C4,),
No = QS(Cno +C¥*Ma + CHH + Cga+
CRB+ Clb, + CY b, + C6,),
My = QSI(Chro + C*Ma+ C}, H+
Cya+ Cy B+ Ch o+
Chr 8y + C7.8.),
Myo = QSI(Chryo + Cyf*Ma + Cyy H+
i+ Chy, B+
Ci. 0x + Oy 0y + O 6,),

M,o = QSI(Ch,o + CY*Ma + Cy; H+

Chy,a+ Oy B+ O 0t
i, 0y + C31,8.),

(1)

KA Mah RATE AR THUTH K S AR4G H oA RATHe
P B ML T P 7 BE s QOB IR, SANIAy ik KAT BRI S
ZHARFH ) SEKEE, o WIBUA; AN 6;(i =
x,y, 2) 5 B B AR RE R £ Cio(i = D,
L, N, M, M, M,) 55 K887 F+ 7. Wi Ay %
JI5E A 0 AR AT R R B R B CM2 (i =
D, L, N, My, My, M,)53A87 777 w7, &
B JIHE L A 3 FERD AR AT R R EON B RO FR K
i, C}(i = D, L,N, M, M,, M,)5 5 4 B8 J7 « F+
3 i) 7 B SRR ARG T FE R AT D R SR EO
R RO Co(i=D, L, N, My, My, M,) 533 H
RELI« FEI7 ) 77« B8 95 AR 20 HE R i ) 46
R B A R B O (i = D, L, N, M,, M,
M)A R IT F+ 77 M 3 5 T35 M I %E
O AT R O 1 I RO O3 (=2, y, 2)
53 KA  ARATUFIARTACD o0 R B e« Am i R0
e B R 2L

BT HUE 15 201 1 A0 ) 5 FESERE 2 TR A AR
7=, RISERRI R RN
D = Dy + Apy,
L=Ly+ Ay,
N = Ny + An,
M, = My + A,
M, = Myo + Au,,,
M, = M,y + Ay,

2




%7

RS R LR R PR AT AL 4l 927

= %Am, Ap, Ana, AMX” AMY17F”AleﬁI LA
VE AN E R ENA I FHIR, RO AE R <30 71 1
M IRE N R, W
D =¢S(Cpo+ CY*Ma + CEH+
Caa+ CPB) + Apy + Apy,
L =qS(Cro+CM*Ma+ CPFH+
Cea+ CPB) + Ay + A,
N = ¢S(Cno + C¥*Ma + CHH+
Cga+ CLB) + Any + Axo,
KA Apy, Aro, Anai BRI R R AT 2 REH
TR AR 2k, 4
Cp = Cro+ CM*Ma+ CHH + CP 3,
Ap = Apy + Apg,
WA AR AR A
L =qSCL 4+ ¢SCla+ Ay. 5)

3)

4

2.2 %02 Bl J7 F(Motion equations of around
centroid)
YATERGE LB B AL W] DL T SRR
o' [ — sec 0 cos v
W=
15} — sinyy

tan G cos vy 0 +

sec 0 cos 0 sin vy
—sinf — tan Bcos@sinyy | 0+

— cos 0 cos vy

——cosatanﬁ sinatan 8 1| wy
cosasecS —sinasecB0||wy |,

sin «r COS & 0f]w,y,

(6)
T A AT A5 04 3 BE AT 15 o A R 328 s T A 5
wi(i = x,y, 2) 7R AEREE  AmTRMB D AR, T

ho o
.Y a, (N
7T T cosh’

ay, ag A aq 733 KAT 4% 1I3dE BEAE 438 B 28 34 1]
&

D

ay = 8Hx — —
m
1 .

ap = guy + E(Lcosv\; — Nsinvyy),
1 )

Oy = 8H; + E(Lsm%/ + N cosy),

®)
I Ghrse, Sry M gr, A E T INTE BEAE -8 2 (1 73

=

SHx = —%[zcos fcoso + (y + R.)sin ]+
pzcos fsin o
- R?

gHy = —%[—xsin Ocos o + (y + R.)cos 0]—
pzsin fsin o

R3 ’

gH, = —%(msina + zcos o),

A pHIERT | T HHG R AT S AR T 1O BE
B RONHIIREAR; @, y 2535000 AT BARS T R4
RIBLBEAE RS AR R P 2 B

RO 1 7 (R M4 o ANe R R A S, TISK(8)
AT LA D

ay = 8Hx — —,
m

1
Gp = guy + EL cosyy + Ay, &)

1
Gy = gus + —Lsinyw + A,
m

T A RLA , A 15 75 1S AR AN RE R E0AT b B
HEH BT EZEMR R, X G)RAK©9),
LR 3] D

ay = gHx — —,
m
1
a9 = guy + EQSCL cosyy+
1
—qSClacosvyy + 4y, (10)
m

1 .
Uy = 8H, + EqSCL sin v+

%qSC’fa sinyy + AL,
A AGA, T Ag, A FAL FIAHE R FHT T
PrE R

FRAORAKRD RGN (6) AT LR 2

Q& — sec 3 cos v
. _ gHy
v | = —= | tanfBcosy | +
. v .
8 —sinyy
[ —sec 0 sin vy
g;lz tan @ 4 tan Gsinyy | +
COS Yv
—sec 3
S(CL+Cy
w tanfsinyy+tang | +
mu 0

—cosatanf sinatan8 1| |wy
cosasec3 —sinasec0

sin « cos & 0 Wy



928 woEE e 5 N H FRE
A, TS R EHIN SRS 2R E TR, T’
FAV I (11)  ATHEEFOsN I HRER
Aﬁ Oy = (IY — Iz)wywz + M,,
A, A, FILA 885 ALY 08B 5 R AT LT
PR R Wy = M + M, (13)
Z b
T =lo BN @ = [we wy W], W, = (I_?)wwy + M,
AADAUEY $5 RN Q)5 JE K13 3110 J7 A AR SR (13)7T B)
&) = fi(z}) + g\ (x})x2 + Ay (12) 83|
(L L)y ] [ Caso + CN*Ma+ Cly H+C§ a+Cyy 8]
) I Ik
Wx Ma H «@ 15}
by | = (I, — Ix)wxw, L QST Cmyo + CyfMa+ Cy H+ Oy a+Cy n
Wy fy Iy
(Ix = Iy)wxwy Cityo + CMMa + CHy H +C§ o+ CF, 3
L I, i i I ]
Kerle e
Lo Lo Lo | B
B Ox Oy Oy X Wx
Tl e Y v I P R D (14)
Iy Iy Iy 5, A,
(Sx 6}’ 62 ’
CMZ CMZ CMZ
I, I, I, |

i Li=x,y, 2) 5 5 4 AT 28 AH X A4 AL AR 2R3

R R RS Al Au, FIAL, BB A,

Ang,, FLA N, BIANHSE RER FAr R R
WAL Y = [6x 0y 6,7, MRAHPTULEE K

&2 = fao (z2) + ga(t)u + Ag,. (15)
2.3 KITH S HAstHXTE3) 72 (Relative motion

equations between the vehicle and the target)

w17, BLEFRAER ZR A8 A% & (north-radius-
east, NRE)h 7% R 5 VAT BRI A MLk
& (line-of-sight, LOS) i J& s [ i 78 H AR 5, OSy
B H bR SR ) RAT AR L, OS, HI7E H bs mKF
MW, OS, #5055, OS, H#it A FAFRER. Ap
N 73 A AR B A AR S A F1, o A BT 1] 55
MRERZ RIS, yp A KATARAE A r-F- 1T P4 R 5 2
. RATERA HARHIAEXE S AT PAR 7R A

i =rA} + 1A% cos® Ap + ay,

. —97\ .
Ap = "D — M sin Ap cos Ap + —a’\D,
r r
. —97\ ..
AT = TAT + 2 ApAT tan A\p — D R
T COS AD

(16)

A r A RATSAN T B A5 SRS, ar, ay, F
axg ZM A TRAT B AR M T P I B SR AR AR
AR ZR 3N ] () 43

y(K) S, s
N 5 Y
N\ (k)
v O BT A (ML AHF R)
A \7
;I‘T
Wb F s
ORI KRR 2 (F)
e (ERFAFRR) 2R

Bl 1 AERARABER R AR R R
Fig. 1 The NRE coordinate system and the LOS coordinate
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|:k'F To1 + kFi ] ~ fo)
0

:CTV:[le t]Tv

TIL1d + 19 = :BTV, :L'ld(O) = ZBTV(O),
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4 fHESHr(Simulation analysis)

WRATEHR B AR RS R 1 s, 1 8%
SHINR2R, ATERE AL A-70°, I8 EHLI K
HJKF3Ma.

19 oM K HIKIE 4 B, or My
WA B bR AR, A0 B R, KB kg
H IR, BB A1y = [T1v1 2192 THEAT PR
. Ei R AT AR AN S BRI o | R
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'y# = arctan x1V2,
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cos 'y\#f ’
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A8 =15()ls.
A, RAT 2R N AESE bR RAT 24T PR
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(48)

i £ R uE2 -9,

A1 AT B B AR RS WA
Table 1 Initial states of the vehicle and the target

A 5| 28 @ | X8
Vo/(m-s™h) 2000 || wo/(°) 5 || ¢o/(°) 0

00/(°) 0 | %o/(°) 0 | X/(°) O

o0/(°) 0 |[wo/(°) 0 |e¢/(°) 1
wxo/(°)-s71) 0 x/m 0 Ar/(®) 1
wyo/((°)-s71) 0 y/m 30000
wol((®)-s7hH 0 z/m 0

K2 R BEK
Table 2 Parameters of the controller
¥ H |8 H | %

kp 0.8 k11 40 ko1 10
ko1 0.1 k12 20 ka2 20
ko2  0.08 ki3 10 ko3 60
€1 0.5 711 0.3 791 0.2
€2 0.5 712 0.3 792 0.2
dy 0.05 U1 50 723 0.2
Do 0.05 n1 0.1 Vo 5
o 0.1

v/(m-sT)

Bl 2 R S BN 2 M A B TR AR A

Fig. 2 Curves of the height, velocity and local velocity
path angle
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