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Nonlinear-disturbance-observer-based sliding mode backstepping
control of hypersonic vehicles

BU Xiang-wei†, WU Xiao-yan, CHEN Yong-xing, BAI Rui-yang
(Air and Missile Defense College, Air Force Engineering University, Xi’an Shaanxi 710051, China)

Abstract: A nonlinear-disturbance-observer-based sliding mode backstepping controller is designed for flexible hyper-
sonic vehicles with the characters of nonlinearity, strong couplings and parameter uncertainties. The vehicle curve-fitted
model is decomposed as velocity subsystem and altitude-related subsystem, and is expressed as strict feedback form. The
actual control laws and virtual control laws are designed based on the design procedures of sliding mode control and back-
stepping control, respectively. Low-pass first order filter is introduced to obtain the derivatives of virtual control laws,
which avoids the explosion of differentiation terms in the traditional backstepping control. A new nonlinear disturbance
observer designed based on improved sliding mode differentiator is introduced to estimate and compensate the model un-
certainties. Simulation results demonstrate the effectiveness of this controller in tracking velocity and altitude commands
in the presence of model uncertainty and aeroelasticity.

Key words: hypersonic vehicles; sliding mode backstepping control; low-pass first order filter; improved sliding mode
differentiator; nonlinear disturbance observer

1 ÚÚÚóóó(Introduction)
p�(��1ì��´�±áíªuÄÅ�Äå,
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¢y3�C�m±�u5êâ�Ý�1��a�
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�1G�[2–6];�3�½§Ýþü$
��ì�OJ
Ý,�´Ù��üÑ�ó§��5�J�y. �ép
�(��1ì�5N�.,©z[2]�Ä�.Ø(½5
Ú	Ü6Ä,�O
�«g·Aw���ì,�´,v
k�Ä�5G�éfNG��K�.©z[11]Äu
T–S�
XÚ�O
�«ÑÑ�"��ì,�Ó��
Ñ
�5G�éfNG��K�.©z[12–13]æ^�
ü�{�O��ì,ÏL3����¥O\ÛÊ =
�,4Ð/³�
�1ì�5�Ä,�´�{�3L
ëêz�¯K.

�©òïÄ�3�.ëê�ÄÚ	.6Ä��p

�(��1ì�5N�.w��ü��¯K,3�y
fNG�½�lë�Ñ\�Ó�,k�³��1ì
�5�Ä.Äuw�Ú�ü�{�O��ì,)û

üX�ü��°�5Ør�¯K.ÏLÚ\1�$Ï
ÈÅì,;�
DÚ�ü���/�©�)ä0̄ K.
ÄuU?w��©ì�O
�«#.��5Z6*

ÿì(nonlinear disturbance observer, NDO),^±°(
�OÚÖ��.Ø(½�,�±k�Jp�36Ä�
üXw��ü�����°Ý.��,ÏL¢~�ý
é¤�O��ì�k�5?1�y.

2 ppp���(((������111ììì$$$ÄÄÄÆÆÆ���...(The motion
model of hypersonic vehicle)
p�(��1ì��XÚ�Ì�?Ö´|^-

�–�í'ΦÚ,üû �δe,3p�²¡S¢y�1
ì�ÝVÚpÝhéë�Ñ\yref = [Vref href ]�
½�l. Ï^�p�(��1ì�5N�.�±£ã
�[12–14]





V̇ =
T cos α−D

m
− g1 sin γ,

ḣ = V sin γ,

γ̇ =
L + T sinα

mV
− g2 cos γ

V
,

α̇ = Q− γ̇,

Q̇ =
M

Iyy

,

η̈i = −2ζiωiη̇i − ω2
i ηi + Ni, i = 1, 2, 3,

(1)

ª¥: T , L, DÚM©OL«�1ì¤Éíå!,

å!{åÚ:�åÝ; mÚIyy©OL«�1ì��þ

Ú=Ä.þ;fNG��)�1�ÝV ,�1pÝ
h,���γ,ô�αÚ:���ÝQ;�5G��η =
[η1 η̇1 η2 η̇2 η3 η̇3]T, ζi(i = 1, 2, 3)Úωi(i = 1, 2,

3)©OL«c3��5G��{ZÚg,�Äª
Ç, Ni(i = 1, 2, 3)L«¤É2Â�5å; g1 = µ/
(RE + h)2Úg2 = [µ− V 2(RE + h)]/(RE + h)2©O
L«å/¡pÝ�h?�å\�Ý9Ù?��,

REÚµ©OL«/¥�»9ÙÚå~ê.

ò�.(1)¥�T , L, D, MÚNi(i = 1, 2, 3)[Ü
¤Xe/ª[12–13]:




T ≈ qS(CT,Φ(α)Φ + CT(α) + Cη
Tη),

L ≈ qS(Cα
Lα + Cδe

L δe + C0
L + Cη

Lη),

D≈ qS(Cα2

D α2+Cα
Dα+C

δ2
e

D δ2
e +Cδe

D δe+C0
D+

Cη
Dη),

M ≈ zTT +qSc̄(Cα2

M α2+Cα
Mα+Cδe

Mδe+C0
M+

Cη
Mη),

Ni ≈ qS(Nα2

i α2 + Nα
i α + N δe

i δe + N 0
i + N η

i ),

i = 1, 2, 3,

Cη
j = [Cη1

j 0 Cη2
j 0 Cη3

j 0], j = T,M, L,D,

N η
i = [Nη1

i 0 Nη2
i 0 Nη3

i 0], i = 1, 2, 3,

CT,Φ (α) = CΦα3

T α3 + CΦα2

T α2 + CΦα
T α + CΦ

T ,

CT (α) = C3
Tα3 + C2

Tα2 + C1
Tα + C0

T,

(2)

ª¥: q = ρV 2/2��1ì¤ÉÄØ, ρ�pÝh?��

í�Ý; c̄ÚS©O��1ì²þíÄu�Úë�¡

È.ª(1)Úª(2)¥�1ìAÛëêÚíÄëê�©
z[12].

555 1 Ú©z[7–10]æ^�fN�.�',�©æ^�

�5N�.�UO(/£ã�1ìý¢�1G�[12–13]. ©

z[2, 11]æ^��5N�.¿vk�Ä�5G�éfNG�

�K�,�©¤æ^�.�íÄå[Üúª¥¿©�Ä
�

5G��K�[12–13],Ïd��JÝ��.

dª(1)Úª(2)´�,�1ìfNG�Ú�5G�
ÏLíÄåT , L, DÚM�¤î�ÍÜ�A.XJ
�5G�³��JØÐ,ò¬éfNG�����)
��K�.Ïd,��XÚ�?ÖØ
�yfNG�
½�lë�Ñ\±	,�7L(��5G�´�ª
Âñ�. dª(1)¥��5G��§Úª(2)¥�2Â
�5åNi[Ü/ª��,���yαÚδev
²w,
B�k�³�ÅN�5�Ä.Ó�,�Ä��5G
�η´Ã{ÿþ�,e�




∆η
V =

qS[(Cη
T cos α−Cη

D)η−C
δ2
e

D δ2
e− Cδe

D δe]
m

,

∆η
γ =

qS[(Cη
L+Cη

T sin α)η+Cδe
L δe]

mV
,

∆η
α = −qS[(Cη

L+Cη
T sinα)η+Cδe

L δe]
mV

,

∆η
Q =

qS(zTCη
T+c̄Cη

M)η
Iyy

,

(3)



1 11Ï Ô���: Äu��5Z6*ÿì�p�(��1ìw��ü�� 1475

K�.(1)�±=z�Xeî��"/ª



V̇ = gVΦ + fV + ∆η
V,

ḣ ≈ V γ,

γ̇ = gγα + fγ + ∆η
γ ,

α̇ = gαQ + fα + ∆η
α,

Q̇ = gQδe + fQ + ∆η
Q.

(4)

ù�,�.(4)Ø=·Ü�ü��ì�O,��±Ú
\NDOé∆η

V, ∆η
γ , ∆η

αÚ∆η
Q?1°(!²w�O,l

)û
�5G�ηØ�ÿþé��ì�O�5�J

K.

2ö,�Ä��1ìÅ��5�Ä¬��ô�Ú
,üû ��Ä,?ÚåT , L, DÚM�Ä;�Ä
T , L, DÚM�ëê[ÜØ�©O�εi(i = T, L,D,

M),KV , α, γ, QfXÚÏÅN�5�ÄÚëê[Ü

Ú\�Ø��±L«�



∆V =
εT(T +∆T ) cos(α+∆α)

m
− εD(D+∆D)

m
,

∆γ =
εT(T +∆T ) sin(α+∆α)

mV
+

εL(L + ∆L)
mV

,

∆α =−∆γ ,

∆Q =
zTεT(T +∆T )+εM(M+∆M)

Iyy

,

(5)

ª¥: ∆α�ô��Äþ, ∆T , ∆L, ∆DÚ∆M©O

�T , L, DÚM��Äþ.

555 2 �ÄT , L, DÚM�ëê[ÜØ��±0.3,¿ò

�5�ÄÚå�T , L, DÚM�ÄU���?n,K�±��

O�Ñ∆V, ∆γ , ∆αÚ∆Q���,3�ý�B�±���é

�¥\\�A����CZ65�[�.�Ø(½5.

3 ������ììì���OOO(Controller design)
3.1 ���ÝÝÝ������ììì���OOO(Velocity controller design)
Äuw��Og�§½Âw�¡SV = V − Vref ,

òª(4)¥VfXÚz�

ṠV = gVΦ + fV + dV − V̇ref , (6)

ª¥dV = ∆V + ∆η
V. ò¢S��þΦ�O�

Φ = g−1
V (−kV,1SV − kV,2

w t

0
SVdτ − fV − d̂V −

δV arctanSV + V̇ref), (7)

ª¥: kV,1, kV,2���O�ê; δV > 0, d̂V©O�Ø

(½�dV�þ.Ú�O�; arctan(·)�w����.

555 3 arctan(·)����/ªw����,T���

äkaq�Ú¼ê�A5,�'�Ú¼ê�\²w,�±�y

w���Æ�²w!ëY��,Ïäk�Ð�Ë��f�

J.

3.2 pppÝÝÝ������ììì���OOO(Altitude controller design)
Äuw�Ú�ü�Og�,Äk½Âw�¡{

Sh = h− href , Sγ = γ − γcmd,

Sα = α− αcmd, SQ = Q−Qcmd.

(8)

òª(4)¥�h, γ, αÚQfXÚz�Xe/ª:



Ṡh = V γ − ḣref ,

Ṡγ = gγα + fγ + dγ − γ̇cmd,

Ṡα = gαQ + fα + dα − α̇cmd,

ṠQ = gQδe + fQ + dQ − Q̇cmd,

(9)

ª¥: dγ = ∆γ + ∆η
γ = −dα, dQ = ∆Q + ∆η

Q. òJ
[��þγ̄, ᾱÚQ̄±9¢S��þδe©O�O�



γ̄ =V −1(−kh,1Sh − kh,2

w t

0
Shdτ + ḣref),

ᾱ =g−1
γ

(−kγ,1Sγ − kγ,2

w t

0
Sγdτ − fγ−

d̂γ − δγ arctanSγ + γ̇cmd),

Q̄ =g−1
α (−kα,1Sα − kα,2

w t

0
Sαdτ − fα−

d̂α − δα arctanSα + α̇cmd),

δe =g−1
Q (−kQ,1SQ − kQ,2

w t

0
SQdτ − fQ−

d̂Q − δQ arctanSQ + Q̇cmd),
(10)

ª¥: ki,1, ki,2(i = h, γ, α, Q)���O�ê; δi >0 ,
d̂i(i = γ, α, Q)©O�di(i = γ, α, Q)�þ.Ú�O
�.

�
{zJ[��þ¦�$�,�OXe1�$Ï
ÈÅì:




γ̇cmd =
γ̄−γcmd

τ1

, γ̄(0)=γcmd(0),

α̇cmd =
ᾱ−αcmd

τ2

, ᾱ(0)=αcmd(0),

Q̇cmd =
Q̄−Qcmd

τ3

, Q̄(0)=Qcmd(0),

(11)

ª¥: τ1, τ2, τ3���O~ê; γcmd, αcmdÚQcmd©

O�γ̄, ᾱÚQ̄��O�.

3.3 ������555ZZZ666***ÿÿÿììì���OOO(NDO design)
Levant[15–17]JÑ�p�w��©ìäkÃXëê

�½(J!�©ìÑÑ�3Ë��Øv,©z[18]Ï
LÚ\TerminaláÚf¼êk�;�
ÑÑË�,l
JÑ
�«U?w��©ì. �©òÄuU?w�
�©ì�O�«#.NDO.éuXe��XÚ:

ẋ = f + gu + d, (12)
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ª¥: x�G�þ, u���þ, d�XÚØ(½�, f ,
g®�. òNDO�O�Xe/ª:





˙̂x = f + gu + ν,

ν = −λ0|x̂− x| 12 sgn(x̂− x) + d̂,

˙̂
d = −λ1|d̂− ν| q

p sgn(d̂− ν),

(13)

ª¥: x̂, d̂©O�xÚd��O�; q, p�TerminaláÚ
f�Oëê.

½ÂØ�e1 = x̂− x, e2 = d̂− d,òª(13)=z
�XeØ�XÚ:

{
ė1 = −λ0|e1| 12 sgn e1 + e2,

ė2 = −λ1|e2 − ė1|
q
p sgn(e2 − ė1)− ḋ.

(14)

�â©z[18]¥�½n1,N´��Xe½n.

½½½nnn 1 Ø�XÚ(14)´k��m½�,ed

�¯CZ6,Ø�e1, e2ò3k��mÂñ��¹�

:�4¥S,ÂñL§��P~,ÀJÜ·�ëêλ0,
λ1,�¦4¥�»v
�;ed�úCZ6,Cqḋ =
0,Ø�e1, e2ò3k��mÂñ��:.

555 4 �©NDO��Oëê�½5K�©z[18]�U

?w��©ì�Ó.duU?w��©ìäk�Ð��Ë�

J,Ïd,�©�NDO�±¢yé6Ä�²wÃË�O.

æ^NDO(13)�±¢yé�.Ø(½�dV, dγ ,
dαÚdQ�k��O.





˙̂
V = fV + gVΦ + ν1,

ν1 =−λV0|V̂ −V | 12 sgn(V̂ −V )+d̂V,

˙̂
dV =−λV1|d̂V−ν1|

qV
pV sgn(d̂V−ν1),

(15)





˙̂γ = fγ + gγα + ν2,

ν2 = −λγ0|γ̂ − γ| 12 sgn(γ̂ − γ) + d̂γ ,

˙̂
dγ = −λγ1|d̂γ − ν2|

qγ
pγ sgn(d̂γ − ν2),

(16)





˙̂α = fα + gαQ + ν3,

ν3 = −λα0|α̂− α| 12 sgn(α̂− α) + d̂α,

˙̂
dα = −λα1|d̂α − ν3|

qα
pα sgn(d̂α − ν3),

(17)





˙̂
Q = fQ + gQδe + ν4,

ν4 =−λQ0|Q̂−Q| 12 sgn(Q̂−Q)+d̂Q,

˙̂
dQ =−λQ1|d̂Q−ν4|

qQ
pQ sgn(d̂Q−ν4),

(18)

ª(15)−(18)¥: V̂ , γ̂, α̂ÚQ̂©O�V , γ, αÚQ��

O�; λi0, λi1(i = V, γ, α,Q)���O~ê.

3.4 ½½½555©©©ÛÛÛ(Stability analysis)
½Â$ÏÈÅì�OØ�





y1 = γcmd − γ̄,

y2 = αcmd − ᾱ,

y3 = Qcmd − Q̄,

(19)

¦�¿(Üª(11)�

ẏ1 =−y1

τ1

− ˙̄γ, ẏ2 =−y2

τ2

− ˙̄α, ẏ3 =−y3

τ3

− ˙̄Q.

(20)

´�| − ˙̄γ|, | − ˙̄α|Ú| − ˙̄Q|k.,þ.©O��B1, B2

ÚB3.

½ÂØ(½��OØ�{
d̃V = d̂V − dV, d̃γ = d̂γ − dγ ,

d̃α = d̂α − dα, d̃Q = d̂Q − dQ.
(21)

À�Lyapunov¼ê

W = WV + Wh + Wγ + Wα + WQ, (22)

ª¥:

WV =
S2

V

2
+

kV,2

2
(
w t

0
SVdτ)2 +

d̃2
V

2
,

Wh =
S2

h

2V̄ 2
+

kh,2

2V̄ 2
(
w t

0
Shdτ)2 +

y2
1

2
,

Wγ =
S2

γ

2
+

kγ,2

2
(
w t

0
Sγdτ)2 +

d̃2
γ

2
+

y2
2

2
,

Wα =
S2

α

2
+

kα,2

2
(
w t

0
Sαdτ)2 +

d̃2
α

2
+

y2
3

2
,

WQ =
S2

Q

2
+

kQ,2

2
(
w t

0
SQdτ)2 +

d̃2
Q

2
,

Ù¥V̄ > V . ÷Wi(i = V, h, γ, α, Q)¦�m�1��
ê,¿(Üª(6)−(10)Úª(19)−(20)�




ẆV 6−kV,1S
2
V−d̃VSV+d̃V

˙̃
dV,

Ẇh 6− kh,1S
2
h

V̄ 2
− y2

1

τ1

+B1y1+
V SγSh

V̄ 2
+

V y1Sh

V̄ 2
,

Ẇγ 6−kγ,1S
2
γ−

y2
2

τ2

+gγSαSγ +gγy2Sγ+

B2y2 −d̃γSγ + d̃γ
˙̃
dγ ,

Ẇα 6−kα,1S
2
α−

y2
3

τ3

+gαSQSα+gαy3Sα+

B3y3 − d̃αSα + d̃α
˙̃
dα,

ẆQ 6−kQ,1S
2
Q − d̃QSQ + d̃Q

˙̃
dQ.

(23)

�Γi =−d̃iSi+d̃i
˙̃
di(i = V, γ, α,Q),Kd½n1�Γi

k.�Âñ,�|Γi|�þ.�Γ̄i. éuª(23)k

V SγSh

V̄ 2
6

S2
h + V 2S2

γ

2V̄ 2
,

V y1Sh

V̄ 2
6 S2

h + V 2y2
1

2V̄ 2
,

B1y1 6 B2
1y

2
1+1
2

, gγSαSγ 6 |gγ |
2

(S2
α + S2

γ),
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gγy2Sγ 6 |gγ |
2

(y2
2+S2

γ), B2y2 6 B2
2y

2
2 + 1
2

,

gαSQSα 6 |gα|
2

(S2
Q+S2

α), B3y3 6 B2
3y

2
3 + 1
2

,

gαy3Sα 6 |gα|
2

(y2
3 + S2

α),

Kª(22)�z�

Ẇ6−kV,1S
2
V+

S2
h

V̄ 2
(−kh,1+1)+(−kγ,1+|gγ |+

1)S2
γ + (−kα,1 + |gα|+ |gγ |

2
)S2

α+
(−kQ,1+

|gα|
2

)
S2

Q+(− 1
τ1

+
B2

1

2
+0.5)y2

1+

(− 1
τ2

+
B2

2

2
+
|gγ |
2

)y2
2+(− 1

τ3

+
B2

3

2
+

|gα|
2

)y2
3 + 1.5 + Γ̄V + Γ̄γ + Γ̄α + Γ̄Q, (24)

e�

kV,1 > r, kh,1 > 1 + r,

kγ,1 > |gγ |+ 0.5 + r, kα,1 > |gα|+ |gγ |
2

+ r,

kQ,1 > |gα|
2

+ r,
1
τ1

> B2
1

2
+ 0.5 + r,

1
τ2

> B2
2

2
+
|gγ |
2

+ r,
1
τ3

> B2
3

2
+
|gα|
2

+ r,

Kª(24)�±z�

Ẇ 6−2rW +1.5+Γ̄V+Γ̄γ +Γ̄α+Γ̄Q, (25)

�r > (1.5+Γ̄V+Γ̄γ+Γ̄α+Γ̄Q)/(2W ),KẆ (t) 6 0,
)ª(25)��




W (t)6 Γ

2r
+(W (0)− Γ

2r
)e−2rt,

Γ = 1.5 + Γ̄V + Γ̄γ + Γ̄α + Γ̄Q.
(26)

w,W (t)��Û��k.,qẆ 6 0,Kw�¡SV,
Sh´ìC���.

4 ���ýýý���yyy(Simulation validation)
�
�y��üÑ�k�5,ép�(��1ì

�.(1)?14�XÚ�ý. Ð©�Ý�V = 2331.7
m/s,Ð©pÝ�h = 26212.8 m. �Ä;.�ÑÊ�
1,�ý��±�1ÄØq = 90148 PaØC,¦�Ý
��∆V = 351.6 m/s,pÝ��∆h = 1828.8 m. �
Ä��ÝÚpÝ��Ì���,�;�Ñy��Ñ\
���¯K,pÝë�Ñ\d{Z�0.95,g,ªÇ
�0.03 rad/s�2�ë��.�Ñ.�ýæ^½Ú�
�4�Runge-Kuta{ê�¦),Ú�À�0.01 s. ��
ìëê��kV,1 = 1, kV,2 = 0.5, kh,1 = 1.5, kh,2 =
0.5, kγ,1 = 1, kγ,2 = 0.3, kα,1 = 1.2, kα,2 = 0.5,

kQ,1 = 1.2, kQ,2 = 0.5.ÈÅìëêÑ��τ1 = τ2 =
τ3 = 0.1. NDOëê��λi0 = λi1 = 100, qi = 5, pi

= 7(i = V, γ, α,Q).�
�y��ì�°�5,3t

> 300 s�©O�XÚ(1)\\Xe�C6Ä∆V =
0.61 sin(0.01πt) m/s, ∆Q = 1.72 sin(0.01πt) (◦)/s.

555 5 �âª(5),�Ä��ÝV��?u�����,

Ïd,íÄëê�Äé∆γÚ∆α�K�é�, ∆γÚ∆α���

�,�ý¥�∆γ = 0, ∆α = 0.

�ý(JXã1−6¤«. Ù¥,ã1−4¥�eI
/10Ú/20©OL«\\NDOÚvkNDO.

ã 1 �Ý�lÚ�lØ�

Fig. 1 Velocity tracking and tracking error

ã 2 pÝ�lÚ�lØ�

Fig. 2 Altitude tracking and tracking error

(a) ����l9�lØ�
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(b) ô��l9�lØ�

(c) :���Ý�l9�lØ�

ã 3 ���!ô�Ú:���Ý�A
Fig. 3 The responses of flight-path angle, angle of attack and

pitch rate

ã 4 ��Ñ\

Fig. 4 The control inputs

(a) \NDO��5G��A

(b) ÃNDO��5G��A

ã 5 �5G��A

Fig. 5 The responses of flexible states

ã 6 NDO*ÿ�J

Fig. 6 The estimate performance of NDO

�ý(J¿©L²,�vkNDO�,¤�O�w
��ü��ìEäk�r�°�5,��ìU
�Ñ
�.Ø(½��K�,��
�Ð��ÝÚpÝ�l
�J,pÝÚ�Ý�lØ�©ª�±3é����S.
¤�O����/ªw����¢y
��Ñ\�

²wëY��,�5G����
k�³�,U
�
¯ªu½. �´,�\\	Ü�C6Ä�,üXw�
�ü������JC�,�ÝÚpÝ�l°ÝÑk
ü$,���!ô�Ú:���Ý�^����l°
Ý�keü. �\\NDO�,dã6��, NDO¢y

é�.Ø(½�Ú	Ü6Ä�²w�,¿3��
Æ¥?1Ö�,Ï��
�Ð����J.dã
1−3¥t = 300− 400 sùã�m�ý(J��,\\
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NDO�,�±¼��p��Ý!pÝÚ^���l°
Ý.dã4−5��,\\NDO�,�¼�
�Ð/�5
G�³��J,�5G��ÄÌ�C�,�U3�á
��mSªu½. Ïd,�ý(J¿©y²
�©
��üÑÚNDO��15Úk�5.

5 (((ØØØ(Conclusion)
�é�3íÄëê�Ä�p�(��1ì�5N

�.,�O
�«w��ü��ì. æ^w�üÑ�
O��Æ,)û
üX�ü��°�5Ør�¯K.
æ^1�$ÏÈÅì{z�ü��¥J[��þ¦�
$�.ÄuU?w��©ì�O
�«#.NDO,�
±é�.Ø(½�?1²w�OÚÖ�,Ø=)û

�5G�Ã{ÿþ�JK,��±?�ÚJp��
°Ý.�ý(JL²,��ìé�1ì�íÄëê�
ÄÚíÄ�5K�äk�r�°�5,�U¢yéÐ
��ÝÚpÝ�l�J.

ëëë���©©©zzz(References):

[1] HANK J M, MURPHY J S, MUTZMAN R C. The X-51A scramjet
engine flight demonstration program [C] //Proceedings of 15th AIAA
International Space Planes and Hypersonic System and Technologies
Conference. Reston, VA, USA: AIAA, 2008: 1 – 13.

[2] HU X X, WU L G, HU C H, et al. Adaptive sliding mode tracking
control for a flexible air-breathing hypersonic vehicle [J]. Journal of
the Franklin Institute, 2012, 349(2): 559 – 577.

[3] HU X X, GAO H J, KARIMI H R, et al. Fuzzy reliable tracking con-
trol for flexible air-breathing hypersonic vehicles [J]. International
Journal of Fuzzy Systems, 2011, 13(4): 323 – 334.

[4] LI H Y, SI Y L, WU L G, et al. Guaranteed cost control with poles
assignment for a flexible air-breathing hypersonic vehicle [J]. Inter-
national Journal of Systems Science, 2011, 42(5): 863 – 876.

[5] GE D M, HUANG X L, GAO H L. Multi-loop gain-scheduling con-
trol of flexible air-breathing hypersonic vehicle [J]. International
Journal of Innovative Computing, Information and Control, 2011,
7(10): 5865 – 5880.

[6] ��,ã�),êK.C�mp�(��1ìé���Æ�]
Ô [J].��nØ�A^, 2011, 28(10): 1496 – 1505.
(HUANG Lin, DUAN Zhisheng, YANG Jianying. Challenges of con-
trol science in near space hypersonic aircrafts [J]. Control Theory &
Applications, 2011, 28(10): 1496 – 1505.)

[7] p��,�Oj,Û=,�.ÄuBackstepping�p�(��1ì�

g·A�� [J].��nØ�A^, 2008, 25(5): 805 – 810.
(GAO Daoxiang, SUN Zengqi, LUO Xiong, et al. Fuzzy adaptive
control for hypersonic vehicle via backstepping method [J]. Control
Theory & Applications, 2008, 25(5): 805 – 810.)

[8] GAO D X, WANG S X, ZHANG H J. A singularly perturbed system
approach to adaptive neural back-stepping control design of hyper-
sonic vehicles [J]. Journal of Intelligent & Robotic Systems, 2014,
73(1/4): 249 – 259.

[9] XU B, HUANG X Y, WANG D M, et al. Dynamic surface control
of constrained hypersonic flight models with parameter estimation
and actuator compensation [J]. Asian Journal of Control, 2014, 16(1):
162 – 174.

[10] XU B, WANG S X, GAO D X, et al. Command filter based robust
nonlinear control of hypersonic aircraft with magnitude constraints
on states and actuators [J]. Journal of Intelligent & Robotic Systems,
2014, 73(1/4): 233 – 247.

[11] HU X, WU L, HU C, et al. Fuzzy guaranteed cost tracking control
for a flexible air-breathing hypersonic vehicle [J]. IET Control The-
ory and Applications, 2012, 6(9): 1238 – 1249.

[12] FIORENTINI L. Nonlinear adaptive controller design for air-
breathing hypersonic vehicles [D]. Columbus: The Ohio State Uni-
versity, 2010.

[13] FIORENTINI L, SERRANI A, BOLENDOR M A, et al. Nonlin-
ear robust adaptive control of flexible air-breathing hypersonic ve-
hicles [J]. Journal of Guidance, Control, and Dynamics, 2009, 32(2):
401 – 416.

[14] BOLENDER M A, DOMAN D B. Nonlinear longitudinal dynamical
model of an air-breathing hypersonic vehicle [J]. Journal of Space-
craft and Rockets, 2007, 44(2): 374 – 387.

[15] ARIE L. High-order sliding modes, differentiation and output-
feedback control [J]. International Journal of Control, 2003,
76(9/10): 924 – 941.

[16] ARIE L. Principles of 2–sliding mode design [J]. Automatica, 2007,
43(4): 576 – 586.

[17] ARIE L. Finite differences in homogeneous discontinuous control [J].
IEEE Transactions on Automatic Control, 2007, 52(7): 1208 – 1217.

[18] Æ²,Ç��,ñ�),�.p�w��©ì�©Û�U? [J].��
�ûü, 2011, 26(8): 1136 – 1140.
(PU Ming, WU Qingxian, JIANG Changsheng, et al. Analysis and
improvement of higher-order sliding mode differentiator [J]. Control
and Decision, 2011, 26(8): 1136 – 1140.)

�ö{0:
ÔÔÔ������ (1987–),I,Æ¬ïÄ),8cïÄ���p�(��1

ìï����5��, E-mail: buxiangwei1987@126.com;

ÇÇÇ¡¡¡ÿÿÿ (1957–),å,�Ç,Æ¬)��,8cïÄ���ï��

�ýVV&A!�1ìgÄ��, E-mail: x−ywu@126.com;

���[[[,,, (1987–),I,Æ¬ïÄ),8cïÄ���ï���ý

VV&A, E-mail: yongx−c@163.com;

xxxaaa��� (1991–),I,a¬ïÄ),8cïÄ���ï���ý

VV&A, E-mail: brynuaa@163.com.


