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Design of the lateral adaptive nonlinear guidance law for unpowered
unmanned aerial vehicle gliding

HUANG De-gang1†, ZHANG Wei-guo1, ZHANG Xiu-lin2

(1. School of Automation, Northwestern Polytechnical University, Xi’an Shaanxi 710129, China;
2. Shenyang Aircraft Design Institute, Shenyang Liaoning 110035, China)

Abstract: Unmanned aerial vehicle (UAV) is regarded as a glider when it loses its power. Because the phugoid mode
plays a major role, it makes the regulating time to the steady state become longer. That will cause the obvious influence
between the longitudinal and lateral guidance. The more important is that UAV without power is more sensitive to the wind.
This paper presents a method of the lateral adaptive nonlinear guidance to track a given falling spiral. First the guidance
law is obtained by the geometric relationship. Then the guidance law is transformed to a two-order viscous system with
damp and oscillation, while the characteristic of this system is related to the system’s natural frequency. The authors design
an adaptive scheme for the guidance laws in order to improve the convergence time of the system and its anti-wind ability.
Finally the presented method is used to track the falling spiral when the UAV loses the thrust. The simulation results show
that, compared with other non-adaptive method, the proposed method improves the tracking accuracy of the system, no
matter whatever there is the constant wind disturbance or not.
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1 ÚÚÚóóó(Introduction)
3�1L§¥,ÃØ´k<�Å�´Ã<ÅÑ¬

���æ,~Xöp¡kk!Daì��!uÄÅÊ�
��. öp¡kk�,�±æ^���Eâ,ÏL�
1ì�ÄåÆ'Xéz�öp¡����-?1
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5yXÚ�æ^Dubins´»5y�{,Dubins´»
d��Ú�l|¤,��©Ì�ïÄÃ<ÅÃÄå�
¹e�lÚ�eüL§�î���¯K,��ew�
��¯K3�©¥Ø�Ny.

¤¢��,Ò´3�½Ü·�´»��,�ÅUì
,«5ÆÂñ��½´»�L§[7]. Ê,:�l´�
«~5�´»�l�{,T�{3�½�´»þÀ�
�X�Ê,:,�1ì3ù
Ê,:þ�L,ù�Ò
�±Cq�l�^�½�´»[8]. ,,Ê,:�l
�{==´�«Cq,�X�l�Ç�O\,ù
«CqØ�¬ÅìO�,,	3�½´»��¹e,
Ê,:ØU
��1ì���XÚJø´»Ç�

��&E,��D(ÚØ(½5�3�,ù«m�
�{�U¬���Å �þ�Ø�O�. ShehabÚ
RodriguesïÄ
�«ÄuLyapunov©ã����Æ
�´»�l�{[9]; R. Ghabcheloo�ïÄ
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�{Ñ´ò
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�lÏ"´»�,ù
�{��l�JØn�[11]. �
þ|��{´,	�«´»�l�{. �þ|´»�
l�{3Ï"´»±��ï���Ú�Å�Ï"´
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õ5gÑÊ�����{�U?,ù´du3���
ïÄ�A^+�¥,���{��¤Ù,���°
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3��XÚ¥�)
��ò�,¬é�Å�ÃÄåS
�Xº�5Ø|�K�.l����Ýù,�
4�
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¬á�K��î�����l°Ý,lü$
��
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g·A��5���{,¿òT�{^uÃ<ÅÃÄ
åÚ�ew���L§,�ý(JL²,©O3kÃ
~�º6Ä��¹e,�'ukÄå����{[13],
�©JÑ��{þJp
XÚ��l°Ý.
duuÄÅ�æÚUí/³´Ê�¯��Ì�Ï

�[15],�©ïÄ�cJb��uÄÅ���æ,öp
¡ =�~,3dÄ:þ�OÃÄåw����Æ.
�©�µe�;12!�Ñî��l��5���{
í�;13!�Ñ��Æ�½5y²;14!�Ñg
·A�{;15!�ÑÄuSimulink������X
Ú��ý¢�(J;16!é�©�o(.

2 îîî���������555������ÆÆÆ������OOO(Design of the
lateral nonlinear guidance law)
Xã1¤«,��Å�l�^�½�´»�,I

�3T´»þÀ���ë�:Pref ,,��Të�:
��»�R��l�C, L1��Å�c ��ë�:

�m�ål, η��Å�c �Úë�:�m���

���V�Y�,T�Ý^uO�I��)�î�\
�Ýascmd ,=

ascmd =
2V 2

L1

sin η. (1)

ã 1 AÛ��Ü6

Fig. 1 The geometry guidance logic

ã2��l���AÛÜ6,�âAÛ'X��

α1 = arctan(
x0 − xE

y0 − yN

), (2)

α2 = arctan
VE

VN

, (3)

Ù¥VNÚVE´��V3x− y²¡�©�Ý.

η2 =
1
2

π− |α1| − |α2| , (4)

α̇ = V sin η2, (5)
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η3^ª(6)�O

sin η3 ≈ L1

2R
, (6)

lk

c ≡ cos η3 ≈
√

1− (
L1

2R
)
2

. (7)

ã 2 �lAÛ��Ü6

Fig. 2 The arc geometric guidance logic

�Å�c ��Ï";,�ål�

d = r −R, (8)

ª¥: r��Å�Ï"�l�%�ål,®���l�
l��%,�Å�c� ��´®��,l�±
O���r��, R´Ï"�l��l�». q�

η1 =
d

L1

cos η3, (9)

l��

η = η1 + η2 + η3, (10)

b�

η1 ≈ 0, η2 ≈ 0, |η3| À 0, (11)

Kk

ascmd =
2V 2

L1

sin η=
2V 2

L1

sin(η1+η2+η3)=

2V 2

L1

(
sin(η1+η2) cos η3+

cos(η1+η2) sin η3

)
. (12)

òª(5)−(7),ª(9)�\ª(12)�î�\�Ý�-�

ascmd =
2V 2

L1

sin η=
2V 2c2

L2
1

d+
2V c

L1

ḋ+
V 2

R
. (13)

���î�\�Ý�-&Ò��,I�òÙ=��Ï
"�E=��-,�
O�{z,�ïÄ¥b��1
ì�±v
�,å5²ïå,=�3���φ. ù�
k 




L cos φ = W = mg,

L sin φ = mascmd ,

φcmd = arctan
ascmd

g
,

(14)

Ù¥: W��Åþ, m��Å�þ, g�å\�Ý,
L�,å, ascmd �\�Ý�-&Ò.3¢S�A^¥,
�ÅÃÄåw��ØU�Ñå,�´�±�±±!
�R��Ýḣeü,3½ü¯K¥,ù´���k��
�.

3 îîî���������ÆÆÆ���½½½555yyy²²²(The stability
proof of the lateral guidance law)
dª(13)�
2V 2c2

L2
1

d +
2V c

L1

ḋ + (
V 2

R
− ascmd) = 0, (15)

q�

d̈ ≈ V 2

R
− ascmd , (16)

dª(15)Úª(16)���
2V 2c2

L2
1

d +
2V c

L1

ḋ + d̈ = 0. (17)

´�ª(17)´��Ê5{Z�ÄXÚ,=

d̈ + 2ζωnḋ + ω2
nd = 0, (18)

Ù¥ζ =
√

2/2, ωn =
√

2V c/L1.

-X =

[
ḋ

d

]
,KXÚ(18)=z�

Ẋ = AX, A =

[
−M−1D −M−1K

I 0

]
, (19)

Ù¥M = 1, D = 2ζωn, K = ω2
n. ��=�XÚ(19)

ìC½�,XÚ(18)ìC½.

ÚÚÚnnn 1 �A, E, Fþ�n�¢�
, C ∈ Rm×n,
�

1) A = EF ;

2) FT + F = −CTC;

3) E > 0;

4) (A,C)U*;

KXÚẊ = AXìC½.

yyy �âLyapunov½nÚÚn1^�4)��,é�
��é¡�½Ý
P÷veãLyapunovÝ
�§

ATP + PA = −CTC. (20)

�âÚn1^�3),À�P = E−1. 2|^^�2)Ú3)
��

ATP + PA = FT + F = −CTC, (21)

=P = E−1�¤Ï�÷vLyapunovÝ
�§(20)�
é¡�½Ý
,d�XÚẊ = AXìC½.

½½½nnn 1 ��ÄåÆXÚ(18)ìC½�¿©^
�´

M > 0, DT + D > 0, K > 0. (22)
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yyy éuXÚ(19)k

A=EF, E =

[
−M−1 0

0 K−1

]
, F =

[
−D −M

K 0

]
.

(23)

d^�(22)�E > 0,��3n��_Ý
T ,¦�

DT + D = TTT. (24)

XJ-

C =
[
T 0

]
, (25)

Kk

FT + F = −CTC. (26)

léuXÚ(19)ó,Ún1¥�^�1)−3)þ¤á,
�
`²XÚ(19)�ìC½5,�Iy²Ún1¥�
^�4)¤á=�.
-

[
sI −A

C

]
=




sI −A M−1K

I sI

T 0


 , (27)

duÝ
T��_,K

rank

[
sI −A

C

]
=rank




sI −A M−1K

I sI

T 0


 =

rank




0 M−1K

0 sI

I 0


 . (28)

2dM−1K�_��

rank

[
sI −A

C

]
= rank




0 I

0 sI

0 0


 , (29)

�d�5XÚ�PBH�â�, (A,C)U*,½ny..

òM , D, K���\½n^�,éN´uyT�
�XÚ÷v^�(22),lXÚ(19)ìC½,½=X
Ú(18)ìC½.

4 îîî���������ÆÆÆ���ggg···AAA���{{{(The adaptive
method of the lateral guidance law)
d0 < ζ < 1�,T��XÚ(17)äkj{ZA5,

dP~Xêúª

σ = ζωn, (30)

�,�ζ�½�,ÀJÜ·�g,ªÇωn,�±UõT
��Æ�P~�m. F"Ã<Å�â��½´»�å
lgÄN�ëêL15\�Âñ�Ý,Ó�ä�|
º
6Ä�Uå,dª(15)��,�N�ëêL1Ò�±N

���Æ�g,ªÇ,�Ò�±N�î�\�Ý��
�P~�Ç,�
éëêL1?1`z,�©�O
X

eg·A�{.

b�ålëêL1÷veª

L1 = KPd + KDḋ + KId4t, (31)

Ù¥: 4t��mm�, KP, KDÚKI�g·AN�ë

ê,�
¦�ª(18)�Ï)

d(t) =e−ζωnt
(
d0 cos

√
1− ζ2ωnt+

ḋ0 + ζωnd0√
1− ζ2

sin
√

1− ζ2ωnt
)
, (32)

¯�Âñ�",Ù¥d0Úḋ0©O�dÚḋ�Ð�,�O
Xã3¤«�g·A(�.

ã 3 g·A(�ã

Fig. 3 The adaptive structure diagram

(�ã¥�ÆS{Kæ^U?�kiÒHebbÆS
�{,ù�`zëêL1�S��{Xe

[16–17]:

L1(k) = L1(k − 1) + K
3∑

i=1

wi(k)xi(k), (33a)

wi(k) =
wj(k)

3∑
j=1

|wj(k)|
, (33b)

w1(k) = w1(k − 1) +

ηIe(k)L1(k)(2e(k)− e(k − 1)), (33c)

w2(k) = w2(k − 1) +

ηPe(k)L1(k)(2e(k)− e(k − 1)), (33d)

w3(k) = w3(k − 1) +

ηDe(k)L1(k)(2e(k)− e(k − 1)), (33e)

Ù¥: ηI, ηP, ηD©O�È©!'~!�©�ÆS�Ç,
K� ²��'~Xê, K > 0, w� ²��ë��

�, e�Ï"Ñ\Ú¢SÑÑ�m�Ø�.

5 êêêiii���ýýý(Digital simulation)
�©æ^MATLAB2010ae�Simulink�¸5é

Ã<ÅÃÄåewL§?1�ý. �â�²(J�Ñ
Ï"�l�Ú^�;,,,�|^�����XÚ�
y�©JÑ�g·A��Æ�k�5,Ó�æ^��
½´»�²þ £ål��ïþT�����XÚ

�5U�I,T5U�I/ªXe

MSE =

√
1
n

n∑
k=1

(d− dcmd)2, (34)

Ù¥d− dcmd��Å��½´»� £ål.
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�©�ý�m�½�300 s,Ð© ��½�x =
0 m, y = 2000 m, z = 3000 m,�Ý�38 m/s, 3�Ú
^��lã)Xã4¤«,7ÚÚ^¢�´�½�Ï
"´»,ÉÚÚ^J��¢S�1�´».

ã 4 �����XÚ�n��lÚ�ã
Fig. 4 The three dimensional tracking helix chart of the

guidance and control system

5.1 ÃÃÃ~~~���ººº666ÄÄÄ���ýýý(((JJJ(The simulation results
without constant wind turbulence)
�g·AÚg·A��Æ��l(J9Ù�A�

�lØ�(J©OXã5−8¤«. ¢�(JL²,Ã
<ÅÃÄåw���±�l�l;,,�lØ�Åì
Âñ,duÃÄå�¹e,�±Ï���1�ÝåÌ
��^,�1�Ý�UCI�|^åN�Ê,�
5¢y,ùÒ¦��ÅÃÄåG�e,�lØ��Â
ñ�Ø9kÄå�¹e�lØ��Âñ�Ý,ù´�
ÅÃÄåw�¥Õk�A:,�´�O��Æ�I�
)û�¯K.

|^�©�½�5U�I�±O�~5��Æ�

l�²þ ��MSE = 7.2103 m,g·A��Æ�
l�²þ ��MSE = 6.5691 m,l¢�êâ(J
�±uy�©JÑ��{3î���°Ýþk�½

§Ý�Jp.

ã 5 î��g·A��Æ�l�l�
Fig. 5 The arc tracking graph of lateral non-adaptive guidance

law

ã 6 î��g·A��Æ�lØ�
Fig. 6 The tracking error of the non-adaptive lateral guidance

law

ã 7 î�g·A��Æ�l�l�

Fig. 7 The arc tracking graph of lateral adaptive guidance law

ã 8 î�g·A��Æ�lØ�

Fig. 8 The tracking error of the adaptive lateral guidance law

5.2 ���333~~~���ººº666ÄÄÄ������ýýý(((JJJ(The simulation
results with constant wind turbulence)
�
`²�©JÑ��{ä��½�|Z6Uå,

�©�½3 m/s�~�º6Ä,éu�.Ã<Å�ÃÄ
åw�L§5`,¢S¥�º�´?¿�,Ã�´º
���,XÚ��l ���,K��ªÃÄåXº
�¤õAÇ[4]. �3~�º6Ä��¹e,�A��
g·A��ÆÚg·A��Æ��lØ�©OX

ã9Úã10¤«.

|^�½�5U�I�±O�~5��Æ�l�

²þ ��MSE = 11.7592 m,g·A��Æ�l�
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²þ ��MSE = 9.1828 m,l¢��êâ(J�
±uy�©JÑ�g·A�{ä��½�-|~�

º6Ä�Uå,3·��º¹e,�©��{�±J
p�ÅÃÄåS�Xº�¤õAÇ.

ã 9 �g·A��Æ��lØ�

Fig. 9 The tracking error of the non-adaptive lateral guidance

law

ã 10 g·A��Æ��lØ�

Fig. 10 The tracking error of the adaptive lateral guidance law

6 (((ØØØ(Conclusions)
3�1L§Ï�æâ,��íå�,Ã<Å�U

�w�?1ÃÄå�|Xº,d��Å��±ÏCþ
åÌ��^,ù¦�XÚÂñ�½G���m��
�ú,�
Jp��XÚ�Âñ�ÇÚ�l°Ý,±
9¦��XÚä�-|~�º6Ä�Uå,�©�é
w��ã�Ú�ewL§JÑ
�«g·A��5

î����{,¿Ó�g·A���{?1
é',
l¢�(J��,kÃ~�º6Ä��¹e,�©J
Ñ��{3�l°Ýþþpu�g·A���{,
��©�O�g·A�{�±3�N���XÚg

,ªÇ,;�
<óN�ëê�¤�L§. ,	,T�
{ä�Ï^5,Ø��±A^uÃ<Å�ÃÄåw�
��L§,k<�Å�½ü���XÚ��±æ^ù
«�{.
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