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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 ÚÚÚóóó(Introduction)
3:Àã,p�(��1ìäkêâêCz��

�ÚL1��A:,�1ìG�¬u)ì��Cz,
�%$ÄÚ7%$Äþ¥yÑ¯�C!��5!rÍ

ÜÚØ(½5�A:[1]. DÚ��1ì��Ú��X
ÚÌ�´Äuó§²�½ÛÉ�ÄnØé��Ú�

�fXÚ?1©l�O,,�ò§��Ü3�å,¿
�ª�y��Ú��fXÚ�5U.duDÚ©l�
O�{vk|^fXÚ�m�ÍÜ&E,ÏdÄu©
l�O�{�p�(��1ì����XÚ3:À

ãéJ÷v5U�¦. 
�Nz����XÚ�±¿
©|^fXÚ�m�ÍÜ&E5Uõ��XÚ�5

U.

�@31983c,dWilliams�<[2]�éÔâ��

JÑ
�����XÚ?1�Nz�O�g´. 8c,
©z[3]¥æ^��Nz�.Ì�©��é ��.
ÚÀ���.,,�Äuùüa�.�O���{.
Menon, Ohlmeyer[4–5]ÚVaddi�<[6]!Xin�<[7]©O
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4�XÚ�­½5. Yuri�<[8]�é:�ìæ^ì?
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�{�O
�Nz����Æ. ShimaÚIdanÑ´b
�À��Jlì�Ý�Y�´~���¹e���

�Nz�����.. Tournes�<[11]æ^f�m­

½�{é"��ÚgÄf¨¤?1
�Nz�O.
Hughes�<[12]Äu�"�5zÚ�5�`���{

¢y
²¡S���:��.��Nz����Æ

�O,¿��ÑT�{�·^uíÄ­½Úäk�½
8I�:���. û²ó�<[13]æ^w����{�

O
�«g·A��5��Æ,3:�²¡S¢y

ká��å�Ï���ôÂ�½8I��Nz��

��Æ�O,�ý(J�y
T�{�k�5. �X,
û²ó�<[14–15]q�éÏ���ôÂ£Ä8I,Äu
g·A¬Ä�¡���{�O
3Ï���Nz��
��Æ,¿ÄuLyapunovnØy²
4�XÚ�­½
5,��ÏL6gdÝ�ê��ýL²¦^T���
{Ø=�±�y���:�°Ý,�U�y��4�
XÚ�°�­½5.

®k©zmÐ��Nz�����{ïÄ��©

mÐ�ïÄÌ�k±e4:«O:

1) ®k©z�ïÄé��õ´êâê�u1��
1ì. 
�©ïÄé���Ýé¯,±�u3Ma�Ý
�1.

2) ®k©z¤ïÄ��1ì�"ã�1ålÚ
�má,�1ì�8I:�Ð©ål���kZ�þ
?,�1�m��k�¦þ?. 
�©ïÄé�¤3
�:Àã�8I:�Ð©ålkzZ�þ?,�1�
m�kz¦þ?;

3) ®k©z�ïÄé��õæ^ýw=�(skid-
to-turn, STT)���ª. 
�©ïÄé��I�L1
é�,Iæ^��=�(bank-to-turn, BTT)��;

4) ®k©z3ïá�1ì�8I��é$Ä�
§�,�Ñ�1ì�Ý���\�ÝK�.
�©�
Ä
�1ì�Ý���\�Ýé�é$Ä�K�.

�©�ép�(��1ìJÑ
�«�á��å

��þÍÜ�����Nz�.,¿�éT���.,
Äu�ü���O
g·A¬Ä�¡�ü���{.
ÏLé���{�­½5©Û�Ñ
À���ÇÚ

ýw��Âñ5. ��ÏL�ý�y
�Nz���
{�k�5.

2 ���...ííí���(Model derivation)
3ïá¡�����1ìG��§�,Äue¡

�b�^�µ

1) ��Ä�1ì�N�)�íÄå,
òû �
�K���Ø(½5;

2) p�(��1ì3:Àãæ�BTT���ª,
Ïd,3��:ÀL§¥,ý�åA��";

3) �Ñ/¥g=K�.

2.1 ���111ìììíííÄÄÄ���...(Aerodynamic model of the
vehicle)
3���§¥,I�òíÄåÚíÄåÝ?1{

z?n. �â���¦nØ,ò{åD!,åL!ý�

åN!E=åÝMx! ÊåÝMyÚ:�åÝMz[

Ü�



D0 = QS(CD0 + CMa
D Ma + CH

DH + Cα
Dα+

Cβ
Dβ + Cδx

D δx + C
δy
D δy + Cδz

D δz),
L0 = QS(CL0 + CMa

L Ma + CH
L H + Cα

Lα+
Cβ

Lβ+Cδx
L δx + C

δy
L δy + Cδz

L δz),
N0 = QS(CN0 + CMa

N Ma + CH
NH + Cα

Nα+
Cβ

Nβ + Cδx
N δx + C

δy
N δy + Cδz

N δz),
Mx0 = QSl̄(CMx0 + CMa

Mx
Ma + CH

Mx
H+

Cα
Mx

α + Cβ
Mx

β + Cδx
Mx

δx+
C

δy
Mx

δy + Cδz
Mx

δz),
My0 = QSl̄(CMy0 + CMa

My
Ma + CH

My
H+

Cα
My

α + Cβ
My

β+

Cδx
My

δx + C
δy
My

δy + Cδz
My

δz),

Mz0 = QSl̄(CMz0 + CMa
Mz

Ma + CH
Mz

H+
Cα

Mz
α + Cβ

Mz
β + Cδx

Mz
δx+

C
δy
Mz

δy + Cδz
Mz

δz),
(1)

ª¥: Ma��1ì�éu/¡�êâê; H��1ì

ål/¡�pÝ; Q�ÄØ, SÚl̄©O��1ì�ë

�¡ÈÚ¶�ë��Ý; α�ô�; β�ýw�; δi(i =
x, y, z)©O�E=! ÊÚ:�û �; Ci0(i = D,

L,N,Mx,My,Mz)©O�{å!,å!ý�å!E=
åÝ!:�åÝÚ ÊåÝXê�~ê�; CMa

i (i =
D, L, N, Mx, My,Mz)©O�{å!,å!ý�å!E
=åÝ!:�åÝÚ ÊåÝXêéêâê�Xê

�; CH
i (i = D, L, N, Mx, My,Mz)©O�{å!,

å!ý�å!E=åÝ!:�åÝÚ ÊåÝXêé

pÝ�Xê�; Cα
i (i=D,L, N, Mx,My, Mz)©O�

{å!,å!ý�å!E=åÝ!:�åÝÚ ÊåÝ

Xêéô��Xê�; Cβ
i (i = D, L,N,Mx,My,

Mz)©O�{å!,å!ý�å!E=åÝ!:�åÝ
Ú ÊåÝXêéýw��Xê�; Cδi

Mi
(i=x, y, z)

©O�E=! ÊÚ:�åÝXêéE=! ÊÚ:

�û ��Xê.

du[Ü���åÚåÝ�Ù¢S��m�3 

�,=¢S�åÚåÝL�ª�



D = D0 + ∆D1,

L = L0 + ∆L1,

N = N0 + ∆N1,

Mx = Mx0 + ∆Mx1 ,

My = My0 + ∆My1 ,

Mz = Mz0 + ∆Mz1 ,

(2)
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ª¥:  �∆D1,∆L1,∆N1,∆Mx1 ,∆My1Ú∆Mz1�±

��Ø(½��k.�.2g,b�û éíÄå�
K��g�Ï�,K




D = qS(CD0 + CMa
D Ma + CH

DH+
Cα

Dα + Cβ
Dβ) + ∆D1 + ∆D2,

L = qS(CL0 + CMa
L Ma + CH

L H+
Cα

Lα + Cβ
Lβ) + ∆L1 + ∆L2,

N = qS(CN0 + CMa
N Ma + CH

NH+
Cα

Nα + Cβ
Nβ) + ∆N1 + ∆N2,

(3)

ª¥∆D2, ∆L2, ∆N2´dû �Úå�Ø(½��k

.�.�{z,åL�,-

CL = CL0 + CMa
L Ma + CH

L H + Cβ
Lβ,

∆L = ∆L1 + ∆L2,
(4)

K,å�±L«�

L = qSCL + qSCα
Lα + ∆L. (5)

2.2 777���%%%$$$ÄÄÄ���§§§(Motion equations of around
centroid)

�1ì7�%$Ä�.�±deªL«:


α̇

γ̇V

β̇


=



− secβ cos γV

tanβ cos γV

− sin γV


 θ̇ +




secβ cos θ sin γV

− sin θ − tanβ cos θ sin γV

− cos θ cos γV


 σ̇ +



− cosα tanβ sinα tanβ 1
cosα sec β − sinα secβ 0

sinα cosα 0







ωx

ωy

ωz


 ,

(6)

ª¥: γV��ý�; θ��Ý��; σ�Ê, Ê�;
ωi(i = x, y, z)©O�E=! ÊÚ:���Ý.du




θ̇ =
aθ

v
,

σ̇ = − aσ

v cos θ
,

(7)

aV, aθÚaσ©O��1ì\�Ý3��ÝX3�¶�
�©þ




aV = gHx − D

m
,

aθ = gHy +
1
m

(L cos γV −N sin γV),

aσ = gHz +
1
m

(L sin γV + N cos γV),

(8)

ª¥gHx, gHyÚgHz�­å\�Ý3��ÝX¥�©

þ:





gHx = − µ

R3
[xcos θcos σ + (y + Re)sin θ]+

µzcos θsin σ

R3
,

gHy = − µ

R3
[−xsin θcos σ + (y + Re)cos θ]−

µzsin θsin σ

R3
,

gHz = − µ

R3
(xsin σ + zcos σ),

ª¥: µ�/¥Úå~ê; R��1ì�éu/%�å

l; Re�/¥�»; x, yÚz©O��1ì�éuu�

:� �3u��IX¥�©þ.

òý�å�K���Ø(½��k.�,Kª(8)
�±{z�




aV = gHx − D

m
,

aθ = gHy +
1
m

L cos γV + ∆θ,

aσ = gHz +
1
m

L sin γV + ∆σ,

(9)

ª¥∆θÚ∆σ�ý�åÚå�Ø(½��k.Iþ¼

ê.

�X�Ä,å�Ì�K�Ï�,òª(5)�\ª(9),
�±��




aV = gHx − D

m
,

aθ = gHy +
1
m

qSCL cos γV+

1
m

qSCα
Lα cos γV + ∆′

θ,

aσ = gHz +
1
m

qSCL sin γV+

1
m

qSCα
Lα sin γV + ∆′

σ,

(10)

ª¥∆′
θÚ∆′

σ��¹∆θ,∆σÚ∆L�Ø(½��k.

Iþ¼ê.

òª(10)�\ª(7),�2�\(6)�±��


α̇

γ̇V

β̇


 =

gHy

v



− secβ cos γV

tanβ cos γV

− sin γV


 +

gHz

v




− secβ sin γV

tan θ + tanβ sin γV

cos γV


 +

qS(CL+Cα
Lα)

mv




− secβ

tan θ sin γV+tanβ

0


+



− cosα tanβ sinα tanβ 1
cosα sec β − sinα sec β 0

sinα cosα 0







ωx

ωy

ωz


 +
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

∆α̇

∆γ̇V

∆β̇


 , (11)

ª¥∆α̇,∆γ̇VÚ∆β̇��¹∆′
θÚ∆′

σ�Ø(½��k

.Iþ¼ê.

-

x′1 = [α γV β]T, x2 = [ωx ωy ωz]T,

ª(11)�±��

ẋ′1 = f ′1(x
′
1) + g′1(x

′
1)x2 + ∆x′1 . (12)

e¡í�¡����7�%ÄåÆG��§. �
1ì7�%ÄåÆ�§�




ω̇x =
(Iy − Iz)ωyωz

Ix

+ Mx,

ω̇y =
(Iz − Ix)ωxωz

Iy

+ My,

ω̇z =
(Ix − Iy)ωxωy

Iz

+ Mz.

(13)

òª(1)�\ª(2),�ò���åÝ�\ª(13)�±
��




ω̇x

ω̇y

ω̇z


 =




(Iy − Iz)ωyωz

Ix

(Iz − Ix)ωxωz

Iy

(Ix − Iy)ωxωy

Iz




+ QSl̄




CMx0 + CMa
Mx

Ma + CH
Mx

H + Cα
Mx

α + Cβ
Mx

β

Ix

CMy0 + CMa
My

Ma + CH
My

H + Cα
My

α + Cβ
My

β

Iy

CMz0 + CMa
Mz

Ma + CH
Mz

H + Cα
Mz

α + Cβ
Mz

β

Iz




+

QSl̄




Cδx
Mx

Ix

C
δy
Mx

Ix

Cδz
Mx

Ix

Cδx
My

Iy

C
δy
My

Iy

Cδz
My

Iy

Cδx
Mz

Iz

C
δy
Mz

Iz

Cδz
Mz

Iz







δx

δy

δz


 +




∆ωx

∆ωy

∆ωz


 , (14)

ª¥: Ii(i=x, y, z)©O��1ì�éN�IX3
¶�=Ä.þ; ∆ωx , ∆ωyÚ∆ωz��¹∆Mx1 ,

∆My1Ú∆Mz1�Ø(½��k.Iþ¼ê.

y3-u = [δx δy δz]T,Kª(14)�±U��

ẋ2 = f2 (x2) + g2(t)u + ∆x2 . (15)

2.3 ���111ììì���888III���ééé$$$ÄÄÄ���§§§(Relative motion
equations between the vehicle and the target)

Xã1¤«,±8I�UÀ�IX(north-radius-
east, NRE)�ë�XO��1ì�À��. À��
IX(line-of-sight, LOS)��:�½38I:, OSx

¶d8I:���1ì�%, OSz¶38I:Y²

¡S, OSy¶�OSx¶!OSz¶�¤mÃ�IX. λD

ÚλT©O�À���ÚÀ� �, ηD��Ý���

À��m�Y�, γD��1ì3:À²¡S�� 

�. �1ìÚ8I��é$Ä�±L«�



r̈ = rλ̇2
D + rλ̇2

T cos2 λD + ar,

λ̈D =
−2ṙλ̇D

r
− λ̇2

T sinλD cosλD +
aλD

r
,

λ̈T =
−2ṙλ̇T

r
+ 2λ̇Dλ̇T tanλD − aλT

r cosλD
,

(16)

ª¥: r��1ì�éu8I:�ål, ar, aλD
Ú

aλT
©O��1ì�éu/¡�\�Ý¥þ3À�

�IX3�¶��©þ.

ã 1 �UÀ�IXÚÀ��IX«¿ã
Fig. 1 The NRE coordinate system and the LOS coordinate

system

3��Æ�O¥,��ÀJÀ���Ç���
þ,�Ù����"�,=�@��1ì�ª��
�8I:. Ïd,�±��ÄÀ��$Ä�§




λ̈D =
−2ṙλ̇D

r
− λ̇2

T sinλD cosλD +
aλD

r
,

λ̈T =
−2ṙλ̇T

r
+ 2λ̇Dλ̇T tanλD − aλT

r cosλD
.

(17)
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3 ���NNNzzz������������ÆÆÆ���OOO(IGC law design)
3.1 ¡¡¡���������������NNNzzz���������������...(Control-

oriented IGC model)
�1ì\�Ý¥þ3À��IXSy¶ÚSz¶�

©þ�{
aλD

= SH2,1aV + SH2,2aθ + SH2,3aσ,

aλT
= SH3,1aV + SH3,2aθ + SH3,3aσ,

(18)

ª¥: SHi,j , i, j = 1, 2, 3©O���ÝX�À�X
�=�Ý
SH¥���, iL«1, jL«�. òª
(10)�\ª(18),�2�\ª(17)�±��¡��
��À��$Ä�§



λ̈D =
−2ṙλ̇D

r
− λ̇2

T sinλD cosλD+

1
r
(SH2,1aV + SH2,2gHy + SH2,3gHz)+

QSCα
L

mr
(SH2,2α cos γV + SH2,3α sin γV)+

QSCL

mr
(SH2,2 cos γV + SH2,3 sin γV) + ∆λ̈D

,

λ̈T =
−2ṙλ̇T

r
+ 2λ̇Dλ̇T tanλD−

1
r cosλD

(SH3,1aV + SH3,2gHy + SH3,3gHz)−
QSCα

L

mr cosλD
(SH3,2α cos γV + SH3,3α sin γV)−

QSCL

mr cosλD
(SH3,2 cos γV+SH3,3 sin γV)+∆λ̈T

,

(19)

ª¥∆λ̈D
Ú∆λ̈T

��¹∆′
θÚ∆′

σ�Ø(½��k.

Iþ¼ê.
�ïá�á��å��1ì�%$Ä�§,ò

�/�Ý��?1�å. �âã1¤«,éu�1ì
Ú/¡�½8I
óÙ�é$Ä'X�±L«�{

ṙ = −v cos ηD,

rλ̇D = v sin ηD.
(20)

3�1"àb��/�Ý���γDF,�1ìÀ�
�CzÇ�",=

rλ̇D = v sin ηD = v sin(λD + γDF) = 0. (21)

qÏ�

|λD + γDF| < π

2
,

dd��

λD + γDF = 0. (22)

ù�Ò�±é�/�Ý��,=á�?1�å.

- 



xF = λD + γDF,

x0 = [λ̇D λ̇T]T = [x01 x02]T,

x∗1 = [α cos γV α sin γV]T
(23)

KU�ª(19)�±���á��å��%G��§{
ẋF = x01,

ẋ0 = f0(x0) + g0(t)x∗1 + ∆x0 .
(24)

lª(24)Úª(11)�G�þ��,�ò�%$Ä�
§Ú7�%$Ä�§éXå5ïá�Nz����

�§,I�é7�%$Ä�§?1G�C�.=­#
À�7�%$ÄG�Cþ�

x1 = [α cos γV α sin γV β]T, (25)

��38ÜΩ0 :={(α, β, γV)|α 6=0}S, Φ : x′1→x1

����©Ó�[16]. Kª(12)L«�7�%$ÄG
��§�±C��

ẋ1 = f1 (x1) + g1(x1)x2 + ∆x1 , (26)

ª¥

f1(x1) =




cos γVf ′1(1, 1)− α sin γVf ′1(2, 1)
sin γVf ′1(1, 1) + α cos γVf ′1(2, 1)

f ′1(3, 1)


 ,

g1(x1)¥����±L«�

g1(1, 1) = − cosα(tanβ cos γV + α sec β sin γV),

g1(1, 2) = sinα(tanβ cos γV + α secβ sin γV),

g1(1, 3) = cos γV,

g1(2, 1) = cosα(α secβ cos γV − tan β sin γV),

g1(2, 2) = − sinα(α sec β cos γV − tanβ sin γV),

g1(2, 3) = sin γV,

g1(3, 1) = sinα,

g1(3, 2) = cosα,

g1(3, 3) = 0.

nþ¤ã,éáª(24)!ª(26)Úª(15)���
Nz�����.




ẋ0 = f0(x0) + g0(t)x∗1 + ∆x0 ,

ẋ1 = f1(x1) + g1(x1)x2 + ∆x1 ,

ẋ2 = f2(x2) + g2(t)u + ∆x2 ,

y = x0,

(27)

ª¥: ∆x0 , ∆x1Ú∆x2�Ø(½��k.¼ê�þ,
Ù¥: ∆x0Ú∆x1����Ø(½Ï�, ∆x2���

Ø(½Ï�.��3�|��~êe0, e1Úe2¦�

‖∆xi‖ 6 ei, i = 0, 1, 2 (28)

¤á. 3�©¥¤J9��ê,éuÝ

ó´
Frobenius�ê,éu�þ
ó´Euclidean�ê.
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3ª(27)¤ïá��Nz�����.p,7�
%$Äé�%$Ä�Ì�ÍÜK��ª(19)¥�¹
ô�Ú�ý���;
�%$Äé7�%$Ä�Ì
�ÍÜK��ª(6)¥�¹θ̇Úσ̇��.
éug1(x1)��

det(g1(x1)) = α secβ, (29)

Ïd,�3��~êαmin < αmax <
π

2
±9βmax <

π

2
¦�éu?¿�γV ∈ R,�(α, β)38Ü

Ω1 := {(α, β)|αmin 6 α 6 αmax, |β| 6 βmax}
(30)

S���,��g1(x1)´�_�. �Ω1�R2¥�k

.48,=Ω1���;8.
�âª(25)Úª(30),�ÑXeb�:
bbb��� 1 �1ì3��É��1L§¥, (α, β)

o38ÜΩ1¥��.
�±wÑ,XÚ(27)÷v¬î��"/ª,Ïd

�±Äu¬�ü�{5�OXÚ���ì. �DÚ
�¬�ü���{¬�5�ê)ä¯K,¤±�!
òÄug·A¬Ä�¡�ü�{5�O�Nz��

��ì[14].

3.2 ���NNNzzz���������������{{{(IGC method)
3�©�¡�SN¥,�{zå�,òf·(·)Ú

g·(·)©OP�f·Úg·.
y3,�O���{¦�XÚ(27)4�­½,¿

�ÑÑ¦�UªCu". Äug·A¬Ä�¡��
�Æ�OL§Xe:
ÚÚÚ½½½ 1 ½ÂÄ�¡

s0 = [λ̇D + kF
v

r
xF λ̇T]T, (31)

ª¥kF��Ø��Xê,Ù��û½
Ä�¡¥á
�Ø����­. Uì�êªCÆ�OÄ�¡�C
zÇ

ṡ0 =



−vk01

r
s01 − ε1

r
sat(s01, d1)

−vk02

r
s02 − ε2

r
sat(s02, d2)


 , (32)

ª¥: k01Úk02���OÃ~ê; ε1Úε2��Ú¼ê

�OÃ; sat(s, d)��Ú¼êÙ½Â�

sat(s, d) =





1, s > d,
s

d
, |s| 6 d,

−1, s < −d,

d1Úd2�>.�þÝ.

æ^ª(33)ªCÆ�8�´,��1ìål8I
��=r���,ªCÆ��Ç¬Cú,(��1Ð

©�ã�L1Ø�L�;
��1ì�C8I:
=r���,ªCÆ��Ç¬O\l
¦�À���
CzÇλ̇DØ�uuÑ,Jp·¥°Ý;ÀJ�¹¼
ê�OÎÒ¼ê�±k�/�ØJ[��þË�.

éª(32)¦�,�(Üª(33)�±��11�J
[��Ñ\x1v:

x1v = g−1
0 {



−vk01

r
s01 − ε1

r
sat(s01, d1)

−vk02

r
s02 − ε2

r
sat(s02, d2)


−


kF

v

r
x01 + kF

v̇r − ṙv

r2
xF

0


− f0}. (33)

T��Ñ\x1vU�ys0Âñ�0NC,���S.

ÚÚÚ½½½ 2 ½ÂÄ�¡

s1 = x1 − x1d. (34)

és1¦���

ṡ1 = ẋ1 − ẋ1d = f1 + g1x2 + ∆x1 − ẋ1d. (35)

3�O12�J[��þ�,Ú\g·AÖ��é
Ø(½�∆x1�þ.e1?1�O:

˙̂e1 = υ1(sT
1 s1 − µ1ê1), ê1(0) = 0, (36)

ª¥υ1�µ1©O��u"�~ê. �O12�J[
��Ñ\�

x2v = −g−1
1 (f1 + ê1s1 + k1s1 − ẋ1d), (37)

ª¥: k1 = diag{k11, k12, k13}�OÃ.Ý
�;�
3)ÛO�ẋ1d�Úå��©�¿,�±Ú\��
ÈÅì5O�ẋ1d

[14].

dux1v��¹7�%G��cü�ëê,y3
�O�x1dÚẋ1dI�òÙ*Ð,q�âb�3��
�1L§¥ýw�é�,KJ[ýw�Ñ\�±�
�0,=x1v�±*Ð�

x∗1v = [x1v 0]T. (38)

�â��ÈÅì

τ1ẋ1d + x1d = x∗1v, x1d(0) = x∗1v(0) (39)

O�Ñẋ1d. ª¥τ1 = diag{τ11, τ12}�ÈÅì��
m~ê. y3òẋ1d�\ª(38)Ò�±���ys1Â

ñ�"NC�,���S�J[��Ñ\x2v.

ÚÚÚ½½½ 3 ½ÂÄ�¡

s2 = x2 − x2d. (40)

és2¦���

ṡ2 = ẋ2 − ẋ2d = f2 + g2u + ∆x2 − ẋ2d. (41)

æ��Ú½2¥�Ó��{5�O��Ñ\u. Ó�
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/,Ú\g·AÖ��éØ(½�∆x2�þ.e2?

1�O

˙̂e2 = υ2(sT
2 s2 − µ2ê2), ê2(0) = 0, (42)

ª¥υ2�µ2©O��u"�~ê. �O��Ñ\�

u = −g−1
2 (f2 + ê2s2 + k2s2 − ẋ2d), (43)

ª¥: k2 = diag{k21, k22, k23}�OÃÝ
; ẋ2d�

d��ÈÅì

τ2ẋ2d + x2d = x2v, x2d(0) = x2v(0) (44)

O���. ª¥, τ2 = diag{τ21, τ22, τ23}�ÈÅì
��m~ê.

y3�Äª(27)�¤�4�XÚ,3÷vb�^
�e,eÀ���Æ�ª(44),g·AÆ÷vª(37)
Úª(43). Kéuk.�Ð©^�,4�XÚ�¤k
&Òþ��.¾k.�ÀJ·���Oëê�±¦

�s0Ús1��ª.?¿�
[15].

nþ¤ã,�Nz����Æ�O�



s0 = [x01 + kF
v

r
xF x02]T,

x1v = g−1
0 {



−vk01

r
s01 − ε1

r
sat (s01, d1)

−vk02

r
s02 − ε2

r
sat (s02, d2)


−


kF

v

r
x01 + kF

v̇r − ṙv

r2
xF

0


− f0},

x∗1v=[x1v t]T,

τ1ẋ1d + x1d = x∗1v, x1d(0) = x∗1v(0),
s1 = x1 − x1d,

x2v = −g−1
1 (f1 + ê1s1 + k1s1 − ẋ1d),

τ2ẋ2d + x2d = x2v, x2d(0) = x2v(0)
s2 = x2 − x2d,

u = −g−1
2 (f2 + ê2s2 + k2s2 − ẋ2d),

(45)

4 ���ýýý©©©ÛÛÛ(Simulation analysis)
��1ìÚ8I�Ð©G�XL1¤«,��ì

ëêXL2¤«,�1ìá��å�–70◦,á��å
��u3Ma.

L1¥: ϕ0Úλ0�u�:�²�Ý, ϕTÚλT©

O�8I:�²�Ý.3�ýL§¥,���û 
Ñy�Ú,éJ[Ñ\x1v = [x1v1 x1v2]T?1�
�.d�©Ó���J[Ñ\�J[ô�α#!J[

�ý�γ#
V�m�3±e'X:




γ#
V = arctan

x1v2

x1v1
,

α# =
x1v1

cos γ#
V

,
(46)

=�±�A/éα#Úγ#
V?1��,äN�{�{

α̇# = 3 (◦)/s,
γ̇#

V = 15 (◦)/s.
(47)

Ó�,�1ì�û 3¢S�1¥��?1��



−20◦ 6 δx 6 20◦,
−20◦ 6 δy 6 20◦,
−30◦ 6 δz 6 10◦.

(48)

�ý(JXã2−9¤«.

L 1 �1ìÚ8I�G�Ð�
Table 1 Initial states of the vehicle and the target

Cþ � Cþ � Cþ �

V0/(m · s−1) 2000 ϕ0/(◦) 5 φ0/(◦) 0

θ0/(◦) 0 ψ0/(◦) 0 λ0/(◦) 0

σ0/(◦) 0 γV0/(◦) 0 φT/(◦) 1

ωx0/((◦) · s−1) 0 x/m 0 λT/(◦) 1

ωy0/((◦) · s−1) 0 y/m 30000

ωz0/((◦) · s−1) 0 z/m 0

L 2 ��ìëê
Table 2 Parameters of the controller
ëê � ëê � ëê �

kF 0.8 k11 40 k21 10

k01 0.1 k12 20 k22 20

k02 0.08 k13 10 k23 60

ε1 0.5 τ11 0.3 τ21 0.2

ε2 0.5 τ12 0.3 τ22 0.2

d1 0.05 υ1 50 τ23 0.2

D2 0.05 µ1 0.1 υ2 5

µ2 0.1

ã 2 pÝ!�ÝÚ�/�Ý����mCz­�
Fig. 2 Curves of the height, velocity and local velocity

path angle
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ã 3 ô�!ýw�Ú�ý���mCz­�
Fig. 3 Curves of the attack angle, sideslip angle and

bank angle

ã 4 êâêÚÄØ��mCz­�

Fig. 4 Curves of the Mach number and dynamic pressure

ã 5 E=! ÊÚ:���Ç��mCz­�

Fig. 5 Curves of the roll, yaw and pitch rate

ã 6 û ���mCz­�

Fig. 6 Curves of the fin deflections

ã 7 �1ì��m­�

Fig. 7 The 3-D Vehicle trajectory

ã 8 �1ì �3u�X¥©þ�Cz­�
Fig. 8 Curves of the vehicle position projecting into

the launch coordinate system

dã2��,�1ìá���68.96◦. dã3��,
3�1L§¥,ô��±3��[0.59◦ 10.25◦]S,
÷vb�1,���142 s��ý�m©180◦�=.
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dã4���1ìá���4.48Ma,��ÄØ��
1420.38 kPa;dã5��,���1L§^�Ä��
±­½;dã6��,:�û �3m©�k���
Cz	,�{�1L§Ñ�±3��Ì�,
 ÊÚ
E=û �3�ý��=(å�Ñy��Cz	,
Ù{�mÑ�±3��Ì�.dã7–8��,�1ì
3��:ÀL§¥��Cz²w,�ªá:øqþ
��7.3 m. dã9��,�1ì©O3NX¶�!{
�Úî���L1�� 4.15 g, 2716 gÚ1.42 g.

ã 9 L1Cz­�

Fig. 9 Curves of the overload

d�ý(J��,p�(��1ì|^�©J
Ñ��Nz�����{,U3÷vá��å�c
Je¢yé�½8Ip°Ý�Â,¿3�1L§¥
÷v�å^�,^��±­½.

5 (((ØØØ(Conclusions)
�©í�Ñ
�«·^u�á��å�p�(

��1ì:Àã��Nz�����.,�éT�
.JÑ
g·A¬Ä�¡�ü���{. �©¤J
Ñ��Nz�����{¿©/|^�%$ÄÚ7

�%$Ä�m�ÍÜ�^,ÏdT�{UéÐ/·
^uål8I�!$ÄG�äkr��5ÚrÍÜ

�p�(��1ì:ÀãBTT��.T���{�
±k�/�ØZ6�K�.�ý(JL²,T�{
¦��1ì3÷vá��å��¹eé/¡�½8

Iäk�p�·¥°Ý,�3�1L§¥�±^�
­½. T¯K�ïÄ,éup�(��1ì3:À
ã������ïÄäk­�¿Â.
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