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Aircraft lateral linear parameter varying
model predictive control with time varying weight

ZHU Qi-dan, WANG Li-peng†, ZHANG Zhi, WEN Zi-xia
(College of Automatic, Harbin Engineering University, Harbin Heilongjiang 150001, China)

Abstract: The concept and calculation method of arresting risk function are provided for the carrier aircraft hanging
and arresting stage. Time-varying weight matrix of states and controlling inputs can be acquired by means of off-line
calculation. The varied relation-ship between different states could be adjusted by employing time-varying states weight
matrix in real time. At the same time, the controlling peak of aileron and rudder can be adjusted by varying controlling
inputs weight matrix to avoid inputs saturation in real time. Therefore, the efficiency and safety of aircraft automatic landing
could be improved. Time-varying system output constraint function is established to increase the feasibility of controller in
the aircraft initial leading stage. Carrier aircraft lateral landing model is set up based on state deviations. For many states
of the aircraft could not be measured directly, an off-line states observer is designed to estimate the real states of aircraft.
Optimal solutions are solved by linear matrix inequalities. The simulation results verify the feasibility of the algorithm in
the aircraft automatic landing three-dimensional simulation platform.

Key words: automatic landing; lateral control; linear parameter-varying; model predictive control; linear matrix in-
equalities

1 ÚÚÚóóó(Introduction)
é1ÅXé{:���¦î� %åØ�u

4.6 m, Ê� �Ø�u3◦[1]. �Lù��I,Ê1{
:XÚÚé1Å�U¬Ñy¯�. Ïd3é1Åîý
���¥,I�éÊ,Ú^�?1°(��.

IS	�éõÆö¿vkòé1Å�Ú�L§Ú

{:L§(Üå5,Ù¥©z[2]ïá
{:XÚ��
.;©z[3]ïá
{:-¢�ÅÄ�.;©z[4]ïá


{:XÚ�k���.;Ú��ã�ïÄ[5]´é
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nÜ�{¢yé1ÅXé�îý���,�ù«îý
���==´^���,¿ØU¢yÊ,�l��.
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��ãòé¥ ��������,3!¢{:�
ãò^���������,ù��±��þã8�.
Ó��©�O�?éål�'��CÑÑ�å,5;
��{Ø�)y�.,	,3¢S�¹¥,é1Å��
õêG��´ØU��ÿþ�,ùÒ��ýÿ��G
��"A^É�.�©ïáG�*ÿì��5Ý
Ø
�ª(linear matrix inequalities, LMI)/ª,±d¢�
�Oé1Å��cG�.

2 ééé111ÅÅÅîîîýýý���ÄÄÄåååÆÆÆ���...(Aircraft lateral
dynamic model)
�©±F/A–18��·é1Å�ïÄé�[6–7],b

��Å3p�þ´�²�. 3�/�IX¥,é1Å
îý�ÄåÆ�§Xe:



ẏ = v,

v̇ = (T cos θ sinψ −D sinβ + Y cosβ)/m,

ϕ̇ = p + (q sinϕ + r cosϕ) tan θ,

ψ̇ = (q sinϕ + r cosϕ)/ cos θ,

ṗ = Izzl + Ixzn− {Ixz(Iyy − Ixx − Izz)p+
[I2

xz + Izz(Izz − Iyy)]r}q/(IxxIzz − I2
xz),

ṙ = Ixzl + Ixxn− {Ixz(Iyy − Ixx − Izz)r+
[I2

xz + Ixx(Ixx − Iyy)]p}q/(IxxIzz − I2
xz),

(1)

Ù¥: y�îý� £; v�îý��Ý; β�ýw�; ϕ

�E=�; ψ� Ê�; p�E=��Ý; r� Ê��

Ý; Ixx, IyyÚIzz©O�E=¶!:�¶Ú Ê¶�=

Ä.þ; Ixz�'uy¶�.5È; D�{å; Y�ýå;
l�E=åÝ; n� ÊåÝ.

é1Åîý�Éå±9åÝXe¤«:



D = q̄SCD(α, β, δstab),
Y = q̄SCY(α, β, δail, δrud),
l = q̄SbCl(α, β, δail, δrud, p, r, V ),
n = q̄SbCn(α, β, δail, δrud, p, r, V ),

(2)

Ù¥: δail�BÊû �; δrud���ûû �; δstab�

Y²�Êû �. dué1Åp�®�²,Ïdδstab

©ª�±�²�,d�é1Åîý�ÄåÆ�.�Ñ
\þ�BÊÚ��û; α�ô�,ª¥Ù¦ëê¹Â�
�ë�©z[8],d?Ø�Kã.

3�N�IXe,í6�ÝL«Xe:


Va.xb

Va.yb

Va.zb


 = Lbg




Vk.xg − Vw.xg

Vk.yg − Vw.yg

Vk.zg − Vw.zg


 , (3)

Ù¥: [Va.xb Va.yb Va.zb ]TL«�N�IXeí6�
Ý; [Vw.xg Vw.yg Vw.zg ]TÚ[Vk.xg Vk.yg Vk.zg ]T©OL
«�/�IXeº�Úé1Å�Ý; LbgL«d�/

�IX��N�IX�C�Ý
,äN/ªë�©z
[8]. ÏdαÚβ�deªO�:





α = arctan(Va.zb/Va.xb),

β = arcsin(Va.yb/
√

V 2
a.xb + V 2

a.yb + V 2
a.zb).

(4)

é1Åîý��.�G�Cþæ^G�� �/

ª,=�¢�G��Ï"G����[9–11]. �Ï"G
�xd = [yd vd ϕd ψd pd rd ]T,G� �ex�L�

ªXe:

ex =




ey

ev

eϕ

eψ

ep

er




=




y − yd

v − vd

ϕ− ϕd

ψ − ψd

p− pd

r − rd




, (5)

KXÚ�G��^x = xd + exL«. òª(1)�ª(5)
éá��é1Å#�îý�ÄåÆ�§



ėy = ev,

ėv =[T cos θ sin(eψ+ψd)−Dsinβ+Y cosβ]/m,

ėφ = (ep + pd) + [q sin(eφ + φd)+
(er + rd) cos(eφ + φd)] tan θ,

ėψ = [q sin(eφ + φd) + (er + rd)×
cos(eφ + φd)]/ cos θ,

ėp =Izzl+Ixzn−{Ixz(Iyy−Ixx−Izz)(ep+pd)+
[I2

xz+Izz(Izz−Iyy)](er+rd)}q/(IxxIzz−I2
xz),

ėr =Ixzl+Ixxn−{Ixz(Iyy−Ixx−Izz)(er+rd)+
[I2

xz+Ixx(Ixx−Iyy)](ep+pd)}q/(IxxIzz−I2
xz).

(6)

�G� ��À��{aq,XÚ�Ñ\�æ�
 �/ªeu,òª(2)–(3)(6)éá��é1ÅXéîý
��.,{�¤eª:{

ėx = f(ex, eu),
eu = [eδrud eδail ]

T.
(7)

é1ÅXéL§¥αÚβ�ÏLª(4)O�,Kª
(7)3ex = 0?²ï:lÑ�5z,Xe¤«:




ex(k + 1) = f(ex(k), eu(k)) :=
A(α(k), β(k))ex(k) + B(α(k), β(k))eu(k),
ey(k) = Cex(k).

(8)

b�[A(α, β)|B(α, β)]3���A�dl�º:

�¤�à�Ω[12–13]:

[A(α, β)|B(α, β)] ∈ Ω,

Ω := Co{[A1|B1], [A2|B2], · · · , [Al|Bl]}, (9)

ª¥CoL«à�.

3 ºººxxx���������ÀÀÀ���(Choice of risk weight)
é1Å{:L§Ñy��x�¹k3«:
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1) -¢ä���é1ÅÃ{^|Ê�3`�þ;

2) {:XÚÌ�ØhØåL���XÚ�(;

3) é1ÅE=L���ÅÊEÂ`�.

�©½Âé1Å{:ºx: dué1ÅXé!¢
�{:XÚ,
G��I�I½{:å¦�Å^�

��Ñy�ºx. ÏdK�é1Å�{:ºxCþ
kXeA�:

a: é1Å\�Ý;

ϕ: é1ÅE=�;

TArrestL: �-¢Üå;

TArrestR: m-¢Üå;

PMEC: {:XÚÌ�ØhØr.

�©ïá{:ºx¼êJRiskæ^Xe/ª:

JRisk = Ka| a

amax

|2 + KT1|TArrestL

Tmax

|2 +

KT2|TArrestR

Tmax

|2 + KP| PMEC

PMEC max

|2 +

Kϕ| ϕ

ϕmax

|2, (10)

Ù¥: amax, Tmax, PMEC maxÚϕmax©OL«�{:

ºxCþ�#N���(�!m-¢Üå#N���
��); Ka, KT1, KT2, KPÚKϕ©OL«�ºxCþ

���,ÙÔn¿Â�:3é1Å{:L§¥,ºxC
þé{:ºx�K�§Ý.�©ò{:ºx���.
½�0 ∼ 1,Ïdùpòºx����0 ∼ 0.25¦{
:ºx8�z. du3{:L§¥,-¢ä�±9Å
ÊEÂ`�¬E¤Å¤<��î�J,�IéKT1,
KT2ÚKϕ��À��é��,éKaÚKP��À��

é��. ºxCþ������,�©¥�����
�é1ÅG� �þ�����,½=: 35U�I
EÄ`zL§¥éTG� ����åÝ���.

{:L§´é1ÅXéL§����ã,Ïd{
:ºx¼êÉé1Å�îý�G� �þ��K�,
�´§��m´�«�~E,���5'X,6Ã{
¦^°(�)Û.êÆL�ª5L«. �©æ^{:
k��l�O���{¦){:ºx�é1ÅG�

 �þ�ê�'X.

k��l�O��{Xe: ?Àé1Å6�G� 
�þ¥�5�,¿ò§�Ñ���IO�0,,�ò�
{�1�G� �þl0ÅìO\��� ��,d�
ÏLk���ý3�:�mæ^õ�ª��¼�1^
é1Å{:ºx�,�ìd�{�¼�Ù{5^{
:ºx�,Xã1–6¤«. ºx��1L«{:ºx
CþÑ��#N���,áu�.G�,ù´�©�
x�,A;�T�¹u),¤±3l�O�¥,ò{:
ºx¼ê�¸���Ñ�u1. ÏL±þ�{,�±ï
áå{:ºx¼ê�é1ÅG� ��ê�'X,|
^{:ºx¼ê5�¤é1ÅºxG���Ý
Q:

Q =




Qey

Qev

Qeϕ

Qeψ

Qep

Qer




, (11)

Ù¥: Qey, Qev, Qeϕ, Qeψ, QepÚQer©OL«�G�

 ����. QÝ
�Ôn¿Â´é1Å�G� �

3ýÿ��5U�I¥�ÀÝ,����¿�X3
�`z5U�IL§¥TG� ���ØåÝ��.

ã 1 é¥ ��ýºx�

Fig. 1 Off-center distance risk curve

ã 2 ý��Ý �ºx�

Fig. 2 Lateral velocity deviation risk curve

ã 3 E= �ºx�

Fig. 3 Roll angle deviation risk curve
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ã 4  Ê �ºx�

Fig. 4 Yaw angle deviation risk curve

ã 5 E=�Ý �ºx�

Fig. 5 Roll rate deviation risk curve

ã 6  Ê�Ý �ºx�

Fig. 6 Yaw rate deviation risk curve

�O\�{�Âñ�Ý,�©Uìé1Å?éå
lïáQ���XêÝ
KM(exdis):

KM(exdis) =


key(exdis)
kev(exdis)

keϕ(exdis)
keψ(exdis)

I

I




.

(12)

Ù¥: exdisL«é1ÅXé�?éål, key(exdis),
kev(exdis), keϕ(exdis), keψ(exdis)©OL«�Qey, Qev,

QeϕÚQeψ'u?éålexdis���. KM(exdis)Ý

¢y±eü�8�: �3é1Å?éål���,Ï
LO�QeyÚQev���5¯��Øé¥ �,�°
éé1Å^���å;�3é1ÅXé"à,ÏLO
�QeϕÚQeψ���5O\éé1Å^����.
KM(exdis)�O��nXã7¤«. ã7¥: DinL«é

1Å?\ew���?éål, key(exdis), kev(exdis),
keϕ(exdis)Úkeψ(exdis)�ª³�sigmoid¼ê�aq,
�key(exdis)Ú kev(exdis)����½� [Mn1,Mx1],
keϕ(exdis)Úkeψ(exdis)����½�[Mn2,Mx2],c
©¥®ò{:ºx¼ê?18�z?n,¿�â�ý
NÁ²�,½ÂMx1 =3.0, Mx2 =2.0, Mn1�C0,
Mn2�C 1. �Xé1Å�?éål�~�,
KM(exdis)Ý
¢yÄ�N��G� ���Ø�Ý,
¿¦XÚ�¦)�ÝO\. òª(11)–(12)éá,¼�
ýÿ��5U�I¥�G����Ý
Q(exdis):

Q(exdis) = KM(exdis)Q (13)

�Q(exdis)�À��ªaq,����Ý
R(exdis)X
eª¤«:

R(exdis) =

[
Rail(exdis)

Rrud(exdis)

]
, (14)

Ù¥Rail(exdis)ÚRrud(exdis)©OL«'u��þeu

¥�BÊ!��ûÑ\��,���À��nÓã7,
ÏdQ(exdis)ÚR(exdis)Ñ´üN4~���Ý
.

ã 7 KM(exdis)O��nã

Fig. 7 KM(exdis)calculation principle diagram

4 ÄÄÄuuuGGG���***ÿÿÿììì���CCCºººxxx������LPV������
(Varying risk weight LPV based on state ob-
server)
�©�OG�*ÿì/ªXe:

ê(k + 1) =

A(α(k), β(k))ê(k) + B(α(k), β(k))×
eu(k) + Lp(ey(k)− Cê(k)), (15)

Ù¥: ê(k + 1)L«k + 1���G� �*ÿ�, Lp

L«G�*ÿìOÃ.�©¥ò¦^é1ÅG� �
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*ÿ�ê(k)5�O¢SG� �ex(k). Ïddª(8)
��eª:

ê(k + 1 + i|k)= A(α(k), β(k))ê(k + i|k) +

B(α(k), β(k))eu(k + i|k). (16)

½½½nnn 1(G�*ÿì�O) XJG�*ÿì÷v

e¡LMI,KÙ´½�,¿U�y*ÿ�Âñ�¢
S�. [

ρ2Pe−Lp ∗
PeAj − YeC Pe

]
> 0, j = 1, 2, · · ·, l, (17)

Ù¥: Pe��½é¡
, Ye = PeLp, ρL«*ÿìò

´Ç./∗0L«Ý
¥é¡ ��=�,�©¥þæ
^ù«L«�ª. duT½ny²�N´,d?�Ñ
Ùy²L§.

�
ü$ýÿ���{��Å5,¿�O\XÚ
�O��Ý,�©ò5U�IJ∞0 (k)©�üÜ©[14]:

J∞0 (k) = J1
0 (k) + J∞1 (k), (18)

J1
0 (k) = ê(k|k)TQ(exdis(k))ê(k|k) +

eu(k|k)TR(exdis(k))eu(k|k),

J∞1 (k) =
∞∑

i=1

ê(k + i|k)TQ(exdis(k))ê(k + i|k) +

eu(k + i|k)TQ(exdis(k))eu(k + i|k).

�©�XeoäÊìÅ¼ê:

V (ê(k + i|k)) =

ê(k + i|k)TP (k)ê(k + i|k), i > 1, (19)

¿�Xeb�:

V (ê(k + 1 + i|k))− V (ê(k + i|k)) <

−[ê(k + i|k)TQ(exdis(k))ê(k + i|k) +

eu(k + i|k)TR(exdis(k))eu(k + i|k)], i > 1.

(20)

òØ�ª(20)�!mü>li = 1�i = ∞\Ú�
J∞1 (k) < V (ê(k + 1|k)) =

ê(k + 1|k)TP (k)ê(k + 1|k). (21)

�J∞0 (k)�þ��γ(k),òª(18)Úª(21)éá�e
ª:

J∞0 (k)< ê(k|k)TQ(exdis(k))ê(k|k) +

eu(k|k)TR(exdis(k))eu(k|k) +

ê(k + 1|k)TP (k)ê(k + 1|k) < γ(k). (22)

½½½nnn 2 (5U�I) �ÃÑ\ÑÑ�åXÚ(8)�
�"��Æ�eu(k + i|k) = F (k)ê(k + i|k), i > 1,
ÏL¦)e¡LMIs,�¦5U�IJ∞0 (k)��z:

min
γ,u(k|k),Q̄(k),Y (k)

γ(k)x, (23)




1 ∗ ∗ ∗
T (k) Q̄(k) ∗ ∗

Q(exdis(k))0.5ê(k|k) 0 γ(k)I ∗
R(exdis(k))0.5eu(k|k) 0 0 γ(k)I


 > 0,

(24)


Q̄(k) ∗ ∗ ∗
AjQ̄(k) + BjY (k) Q̄(k) ∗ ∗
Q(exdis(k))0.5Q̄(k) 0 γ(k)I ∗
R(exdis(k))0.5Y (k) 0 0 γ(k)I


>0, (25)

Ù¥: Y (k) = F (k)Q̄(k), Q̄(k)��½é¡
,

T (k) = Aj ê(k|k) + Bjeu(k|k) + Lp(ey(k)−
Cê(k|k)), j = 1, 2, · · · , l.

yyy òª(15)�\ª(21)�

ê(k|k)TQ(exdis(k))ê(k|k) +

eu(k|k)TR(exdis(k))eu(k|k) +

T (k)TP (k)T (k) < γ(k). (26)

-P (k) = γ(k)Q̄(k)−1,dSchurÖÚn�òª
(26)=z�ª(24)/ª. ò�"��ÆÚª(16)�\�
ª(20),$^SchurÖÚn,��ª(25),�u�©�Ì
k�,äN=zLMIs�L§d?Ø�Kã.

éuÑ\�å,I�÷vXeLMIs[14]:

|uj(k|k)| 6 uj,max, (27)[
U Y (k)
∗ Q̄(k)

]
> 0, Ujj < u2

j,max, (28)

Ù¥j = 1, 2.

�
O\�{¦)�Ý±9XÚ�)5,�©æ
^CÑÑ�å�üÑ,ÏL?éål�~�5Øäî
�ÑÑ�å,ÑÑ�åey max/ªXe:

ey max(k) = ey0 + exdis(k)kf , (29)

Ù¥: ey0L«é1Å{:L§¥�G� ����

�, kf�~�Ý
,^±��ÑÑ�å�?éål�
Cz�Ý.

½½½nnn 3 (�CÑÑ�å) ÷vª(29)�XÚ(8),
�ÏL¦)e¡LMIs,¦ÑÑG��uÑÑ�å:[

I ∗
M (ey0 + exdis(k)kf)2I

]
> 0, (30)

[
Q̄(k) ∗

C(AjQ̄(k)+BjY (k)) (ey0+exdis(k)kf)2I

]
> 0,

(31)

Ù¥

M = C(A(α(k), β(k))ex(k|k) +

B(α(k), β(k))eu(k|k)), j = 1, 2, · · · , l.
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yyy òXÚ(8)�ÑÑ©�üÜ©:

1) �c�e���ÑÑ,=Y1 = ey(k + 1|k);

2) �5Ù¦¤k��ÑÑ,=

Y ∞
2 = {ey(k + i|k), i > 2}.

òY1 = ey(k + 1|k),ª(8)(29)éá�

‖C(A(α(k), β(k))ex(k|k))+

B(A(α(k), β(k))eu(k|k))‖2
2 6

(ey0 + exdis(k)kf)2. (32)

�âSchurÖÚn,þª�=z�ª(30).

max
i>1

‖ey(k + 1 + i)‖2 =

max
i>1

‖C[A(α(k), β(k))+

B(α(k), β(k))F (k)]ex(k + i|k)‖2 =

max
z∈Z

‖C[A(α(k), β(k))+

B(α(k), β(k))F (k)]ê(k + i|k)‖2 =

σ̄{C[A(α(k), β(k)) +

B(α(k), β(k))F (k)]Q̄(k)0.5}, i > 1, (33)

ª¥: Z = {zTPz 6 γ}�é1Åîý���XÚ�
��ØCý�, σ̄���ÛÉ�.òª(29)�\ª(33)
¥,¿�âSchurÖÚn��ª(31).

½½½nnn 4 (ì?½5½n) ÷v½n2!ª(27)–
(29)�XÚ(8)´ì?½4�XÚ.

yyy �XÚ3�c��k�3�1). ê(k+1|k),
eu(k + 1|k)ÚP (k)´k+1���1), ê(k+1|k+1),
eu(k + 1|k + 1)ÚP (k + 1)´k+1���`),Kk
eª¤á:

ê(k+1|k+1)TQ(exdis(k+1))ê(k+1|k+1) +

eu(k+1|k+1)TR(exdis(k+1))eu(k+1|k+1) +

ê(k + 2|k + 1)TP (k + 1)ê(k + 2|k + 1) 6
ê(k + 1|k)TQ(exdis(k + 1))ê(k + 1|k) +

eu(k + 1|k)TR(exdis(k + 1))eu(k + 1|k) +

ê(k + 2|k)TP (k)ê(k + 2|k).

(34)

qÏ�Q(exdis)ÚR(exdis)�üN4~���Ý
,K
keª¤á:

ê(k + 1|k)TQ(exdis(k + 1))ê(k + 1|k) +

eu(k + 1|k)TR(exdis(k + 1))eu(k + 1|k) +

ê(k + 2|k)TP (k)ê(k + 2|k) 6
ê(k + 1|k)TQ(exdis(k))ê(k + 1|k) +

eu(k + 1|k)TR(exdis(k))eu(k + 1|k) +

ê(k + 2|k)TP (k)ê(k + 2|k). (35)

�k = 1�,ª(20)��¤Xe/ª:

ê(k + 2|k)TP (k)ê(k + 2|k) +

ê(k + 1|k)TQ(exdis(k))ê(k + 1|k) +

eu(k + 1|k)TR(exdis(k))eu(k + 1|k) <

ê(k + 1|k)TP (k)ê(k + 1|k). (36)

ª(34)–(36)éá�

ê(k+1|k+1)TQ(exdis(k+1))ê(k+1|k+1) +

eu(k+1|k+1)TR(exdis(k+1))eu(k+1|k+1) +

ê(k + 2|k + 1)TP (k + 1)ê(k + 2|k + 1) <

ê(k + 1|k)TP (k)ê(k + 1|k) <

ê(k|k)TQ(exdis(k))ê(k|k) +

eu(k|k)TR(exdis(k))eu(k|k) +

ê(k + 1|k)TP (k)ê(k + 1|k).

(37)

À�Xe/ª�oäÊìÅ¼êλ(k):

λ(k) = ê(k|k)TQ(exdis(k))ê(k|k) +

eu(k|k)TR(exdis(k))eu(k|k) +

ê(k + 1|k)TP (k)ê(k + 1|k). (38)

�âª(37)��oäÊìÅ¼ê÷veª:

λ(k + 1) < λ(k). (39)

Ïd,æ^�C���ýÿ���{,�±�yo
äÊìÅ¼êüN4~,XÚ´ì?½4�XÚ.

5 ���ýýý©©©ÛÛÛ(Simulation analysis)
�ýæ^MATLAB, VC++ 6.0ÚVega PrimeéÜ

mu�Eâ,$^MATLAB°�óä�¢�¦)��
ì,,�$^�äÏ&ux�dVC++6.0?��é1
Åîý���5ÄåÆ�.,¿$^Vega Prime^�
¢yn�Àµw«. é1ÅXé�ý²�XÚ�ã8.

ã 8 é1ÅXé�ý²�

Fig. 8 The aircraft landing simulator

3é1ÅÐ© ��Ó�¹e,g½ÂXÚÑÑ
�ÑÑ�å©O�100 m, 50 m, 20 mÚ5 m,|^é1
ÅgÄXéXÚn��ý²�?1�y,(J�L1.



1 1Ï Áàû�: é1ÅXéý£´�Cºx��Ý
�5Cëêýÿ�� 107

L 1 CÑÑ�å�ý(J
Table 1 Output constraint varying simulation result

ÑÑ

�å� / m
LMI¦)
�é°Ý

8I

¼ê�

�1)

�»

5 — Ã) —
20 6.19E− 06 114.02 1.00E + 09

50 6.79E− 06 34.51 1.00E + 09

100 6.28E− 06 21.22 1.00E + 09

lþL1¥�±wÑ,�ÑÑ�ål100 m~��
20 mL§¥,XÚ©ª�38I¼ê�,��ÑÑ�
å�5 m�,XÚÑyØ�)�¹. ÏdlL¥�±w
Ñ,æ^CÑÑ�å��{�O\XÚ�)5.

�éé1Å�XéL§��Xe�ýó¹:

1) 1éÊ�24!,�34 m/s�ýº,º�÷�/
�IXY¶��,6Ø�Ä`�î~!p~Ú,�,é
1ÅÐ© �åé�2100 m.

2) é1ÅÐ© �XL2¤«.

3) G�*ÿìÐ©�XL3¤«.

L 2 �ýÐ© ��
Table 2 Simulation initial deviation

Ð© �¶¡ Ð© ��

é¥ � / m −30

ý��Ý � / (m · s−1) 10

E=� � / rad −0.5

 Ê� � / rad 0.1

E=��Ç � / (rad· s−1) 0.2

 Ê��Ç � / (rad· s−1) 0.15

L3 G�*ÿìÐ©�
Table 3 State observer initial values

Ð©*ÿ¶¡ Ð©*ÿ�

é¥ � / m −25

ý��Ý � / (m · s−1) 10

E=� � / rad −0.4

 Ê� � / rad 0.1

E=��Ç � / (rad· s−1) 0.2

 Ê��Ç � / (rad· s−1) 0.2

�é±þ�ýó¹,é1ÅgÄXéîý��ý
Xã9–19¤«. é1Åîý�;,Xã9¤«,�ý¥
3é1Ååé�1800 m?méîý�gÄXéXÚ,
8I´ew��−3.5◦�n�ew�,�¢ygÄX
é?Ö.

ýÿ��XÚ�5U�IXã10¤«,æ^�C
����üÑ±9CÑÑ�å��{�3á�mS

¢yé5U�I�`z. dué1ÅXé`��Ê1

1?���38◦Y�,¿�Xé«��3ýº,Ïd
é1ÅI�±�½�ýw�5Ö�þãK�,�ã11.

ã 9 é1Åîý�;,

Fig. 9 The lateral trajectory of aircraft

ã 10 5U�Iγ

Fig. 10 The performance of γ

ã 11 ýw�é�mCz�

Fig. 11 Slip angle vs. time curve

é1ÅÙ¦G���ã12–18,lã¥�±wÑ
XÚU
|^á�m=��ØG� �. �©�O�
G�*ÿì�G��O���ã13–18,G�*ÿ
ìU
�O(�Oé1ÅG� �. ã19£ã�´æ
^�C��Ý
Ú~��Ý
é1Å��Ñ\�,
æ^�C��Ý
��{�±²wü$XÚÑ\�

�Úy�.
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ã 12 ô�é�mCz�

Fig. 12 Angle of attack vs. time curve

ã 13  Ê�Ç �é�mCz�

Fig. 13 Yaw rate deviation vs. time curve

ã 14 E=��Ç �é�mCz�

Fig. 14 Roll rate deviation vs. time curve

ã 15  Ê� �é�mCz�

Fig. 15 Yaw angle deviation vs. time curve

ã 16 E=� �é�mCz�

Fig. 16 Roll angle deviation vs. time curve

ã 17 ý��Ý �é�mCz�

Fig. 17 Lateral velocity deviation vs. time curve

ã 18 ý� � �é�mCz�

Fig. 18 Lateral position deviation vs. time curve

ã 19 �C���~����¹eÑ\é'

Fig. 19 Difference between time varying and constant weight



1 1Ï Áàû�: é1ÅXéý£´�Cºx��Ý
�5Cëêýÿ�� 109

6 (((ØØØ(Conclusions)
ïá
ÄuG�*ÿì��C��Ý
�ýÿ�

��{,�±¢yé1Å3îý��gÄXé?Ö,
ÏL�á�N!�m=��ØXÚ�G� �,�©
�O�G�*ÿì)û
y¢¥ØU��ÿþé1

ÅG��¯K,¿���y�p°Ý.æ^�CG�
��Ú�����üÑ,±9CÑÑ�å��{,U

�yXÚ½�Ó�,O\
XÚ�¦)�ÝÚ�
)5. �Ñuéé1ÅXéXÚ½5!XÚ¦)�
Ý±9é1ÅXéé�m�¦î���Ý�Ä,�©
¿�é±þ�C��Ý
?13�O�Ú?�,ùò
¤��5I�mÐ�ïÄSN.

ëëë���©©©zzz(References):

[1] ANDERSON M R, CLARK C, DUNGAN G. Flight test maneuver
design using a skill- and rule-based pilot model [J]. Systems, Man
and Cybernetics, 1995, 49(6): 2682 – 2687.

[2] Ü²�,�n,ö)#.Ê�1é�Ø{:XÚ{:åï���
ý [J].�®Ê�ÊU�ÆÆ�, 2010, 36(1): 100 – 103.
(ZHANG Minghui, YUAN Li, HONG Guanxin. Aircraft carrier hy-
draulic arresting gear arresting force modeling and simulation [J].
Journal of Beijing University of Aeronautics and Astronautics, 2010,
36(1): 100 – 103.)

[3] MIKHALUK D, VOINOV I, BOROVKOV A. Finite element model-
ing of the arresting gear and simulation of the aircraft deck landing
dynamics [C] //European LS–DYNA Conference 2009. Stuttgart: DY-
NAmore GmbH, 2009, 7: 45 – 60.

[4] Ü�,ªfc,Áàû,�.é1Å{:L§ÄåÆ�ý [J].M�T
ó§�ÆÆ�, 2014, 35(5): 1 – 8.
(ZHANG Zhi, WEN Zixia, ZHU Qidan, et al. Shipboard arresting
system kinetic simulation [J]. Journal of Harbin Engineering Uni-
versity, 2014, 35(5): 1 – 8.)

[5] FIALHO I, BALAS G, PACKARD A K, et al. Gain-scheduled lateral
control of the F–14 aircraft during powered approach landin [J]. Jour-
nal of Guidance, Control, and Dynamcis, 2000, 23(3): 450 – 458.

[6] CHAKRABORTY A, SEILER P, BALAS G. Applications of linear
and nonlinear robuness analysis techniques to the F/A–18 flight con-

trol laws [C] //American Institute of Aeronautics and Astronautics.
Washington, DC: AIAA, 2009, 8: 10 – 13.

[7] CHAKRABORTY A, SEILER P, BALAS G. Susceptibility of F/A-
18 flight controllers to the falling-leaf mode: Nonlinear analysis [J].
Journal of Guidance Control and Dynamics, 2011, 34(1): 50 – 55.

[8] ��Ô.Ê�ÊUì$Ä�ï�—–�1ÄåÆ�nØÄ: [M].�
®: �®Ê�ÊU�ÆÑ��, 2003: 18 – 27.
(XIAO Yelun. Modeling the Movement of the Aircraft and Spacecraft
— the Theoretical Basis of Flight Dynamics [M]. Beijing: Beijing
University of Aeronautics and Astronautics Press, 2003: 18 – 27.)

[9] PEI X J, LIU Z Y, PEI R. Robust trajectory tracking controller design
for mobile robots with bounded input [J]. Acta Automatica Sinica,
2003, 29(6): 876 – 882.

[10] GONZALEZ R, FIACCHINI M, GUZMAN J, et al. Robust tube-
based predictive control for mobile robots in off-road conditions [J].
Robotics and Autonomous Systems, 2011, 59(10): 711 – 726.

[11] KLANCAR G, SKRJANC I. Tracking-error model-based predictive
control for mobile robots in real time [J]. Robotics and Autonomous
Systems, 2007, 55(6): 460 – 469.

[12] GONZALEZ A H, ADAM E J, MARCOVECCHIO M G, et al. Sta-
ble MPC for tracking with maximal domain of at-traction [J]. Journal
of Process Control, 2011, 21(3): 573 – 584.

[13] LIMON D, ALVARADO I, ALAMO T, et al. Robust tube-based
MPC for tracking of constrained linear systems with additive distur-
bances [J]. Journal of Process Control, 2010, 20(5): 248 – 260.

[14] LU Y H, ARKUN Y. Quasi-Min-Max MPC algorithms for LPV sys-
tems [J]. Automatica, 2000, 36(5): 527 – 540.

�ö{0:
ÁÁÁàààûûû (1963–),I,Æ¬,�Ç,Æ¬)��,Ì�ïÄ���k

?��nØ9A^, E-mail: zhuqidan@hrbeu.edu.cn;

���ááá+++ (1985–),I,Æ¬ïÄ),Ì�ïÄ���k?��nØ

9A^, E-mail: wanglipeng@hrbeu.edu.cn;

ÜÜÜ ��� (1981–),I,Æ¬,ù�,Ì�ïÄ���k?��nØ

9A^, E-mail: neverbadzz@163.com;

ªªªfffccc (1987–),I,Æ¬ïÄ),Ì�ïÄ���k?��nØ

9A^, E-mail: wenzixia@hrbeu.edu.cn.


