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Á�:�©ïÄ
Ã<f¨�1ì(unmanned aerial vehicle, UAV)�^��l��¯K.�é3�1ì^��l
��3�XÚ�.Ø(½5Ú	.6Ä,JÑ
�«Äuo�ê�^��l���{,ÄuUAV�^�Ø��.©
O�OXÚ�*ÿìÚ��ì. Äk,±o�ê�^�ëêïáXÚ���5Ø��.;3dÄ:�þ,�O�«
��5Z6*ÿì(nonlinear disturbance observer, NDOB)^±3��OØ��.¥�EÜ6Ä,¿3��Ñ\à?
1�A�Ö�.,�ÏL�O��52Âýÿ��Æ�	½Ø�XÚ,¢y^��l. ��Äuª�nØ©Û
�
�5Z6*ÿì�6Ä³�5U.�ý�¢�(JL²�©JÑ��{3XÚ�3EÜ6Ä��¹eU¦XÚ^
�k���lÏ"�.
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Nonlinear disturbance rejection control of
unmanned aerial vehicle attitude

HUANG Ting-guo, WANG Lu, SU Jian-bo†
(Department of Automation, Shanghai Jiao Tong University;

Key Laboratory of System Control and Information Processing, Ministry of Education, Shanghai 200240, China)

Abstract: In this paper, the attitude tracking control problem of the unmanned aerial vehicle (UAV) is investigated.
To deal with the model uncertainty and external disturbance, we propose an attitude tracking control method by which
the controller and observer is designed respectively, based on the attitude error model, Firstly, according to the attitude
dynamics of the servo system with quaternion as attitude parameters, the nonlinear error model is built. After that, the
nonlinear disturbance observer (NDOB) is employed to online estimate the unknown compound disturbance and make
compensation to the control input. Then, a nonlinear generalized predictive controller is designed to stabilize the error
system and realize the attitude tracking. Finally, the performance of NDOB is analyzed by using the theory of frequency
domain. The simulation and experiment results suggest that in the case of compound disturbance, the proposed method
guarantees the system attitude to accurately track the desired value.

Key words: UAV; attitude tracking control; quaternion; nonlinear generalized predictive controller; nonlinear distur-
bance observer

1 ÚÚÚóóó(Introduction)
Cc5,�XÃ<f¨�1ì (unmanned aerial

vehicles, UAV)3�^�¬^�½|A^cµ�5�
2,,ÙïÄ�¤�Cc5��+��9:¯K.Ù
¥^���´UAV�X�A^�Ä:,Ù��Æ��
O(JéUAVÙ¦���) ���!gÌ�1�K
��'­�.,
, UAV´�«(��~E,���
é�,ÙXÚäkõCþ!��5!rÍÜ�A:,ù

A:�Ù��ì��O�5é��(J,,	Ã<
ÅXÚ�3��.Ø(½5Ú	.��6Ä,���

��5
é��]Ô.�éUAV��¯K,IS	Æ
ö?1
�þ�ïÄ[1–6]. ~^��{´ÏL{zX
Ú�.�n�Ãã?1�O�[1–3],¿�vk�ÄX
Ú��.Ø(½5Ú6Ä¯K.¢Ã�´,ù�¢S
�¹J±¬Ü  3¢SA^¥éJ��Ï"�J.

é�õê¢S��XÚ5`,6Ä��´K�X
Ú5U�­�Ï���.��XÚ�6Ä³�ïÄd
5®È,®kïÄöJÑ
õ«�{¿��
éÐ�
���J[7–10]. ¸®�JÑ�g|6��Eâ´�«
Äu*ÜG�*ÿì�#.¢^Eâ,ØLg|6�
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�I�À��ëêLõ,éJ�ÑÙëê�½�
{[11–12]. �éù«¯K,p�rJÑ
�«�5g|
6���{,~�
��ëê�À��ê,Bu*ÿ
ì��O�A^[13]. Z6*ÿì(disturbance obser-
ver, DOB)ÏÙ�O{üÚ3)ûXÚ�3�.Ø(
½5Ú	Ü��6Ä�¹e��¯K�p�53ó

�+�¥��2��A^. ¢S���XÚ,éJ�
�ÙO(�êÆ�.,ù�´®k�k?���{J
±é�ÙA^��Ï. DOBØI�ïáO(�XÚê
Æ�.,§òXÚ��.Ø�!ëê�Ä9	Ü6Ä
��¤��Ñ\à6Ä,?
Ú\�A�Ö�. DOB
®3¢Só�XÚ¥��
éõ�A^¤J[14–15],,

DOB��OL§�¦XÚ´��� ��5XÚ,
©z[16]�Ñ
�«�é���� �5XÚ�
DOB��O�{. ¢Sþ�õê�A^XÚÑ´��
5�,DÚ��5DOBéJA^���5XÚþ,ù
4�/��
DOB�A^��.Cc5, Chen[17]JÑ


�é��5XÚ���5Z6*ÿì(nonlinear
disturbance observer, NDOB)^5�OXÚ�Ø(½
5Ú	Ü6Ä,¿®3¢SXÚ¥��
ûÐ��
J[17–18]. �,NDOB3��5XÚ¥��
éõ�A
^¤J,,
du��5XÚ�E,5,��

NDOB�O¢y�E,5,Ù­½5©Û�����
�éÐ�)û. �õêïÄöb�XÚ�Ø(½5Ú
	Ü6Ä�Cz�~�ú¿3dÄ:þ©ÛXÚ�

­½5[18–20],ù�b�3¢SA^¥äk�½�Û�
5,XÚ�EÜ6Ä�CzÇ�ûu	Ü6ÄÚXÚ
�SÜG�,
XÚ�SÜG�Ï~´�C�. �©
ÏLÀ��«�5NDOBOÃ,¿lª�©ÛNDOB
�5�,�Ñ
XÚ¢SEÜ6Ä��O6Ä�m�
D4¼ê'X�d���ÈÅì�(Ø,¿3dÄ:
þ©ÛNDOB3UAVA^¥�­½5. l
3�yX
Ú6Ä³�5U�cJe{z
NDOB3UAVA^
¥��OL§.

�©Äk±o�ê�^�ëê,ïáXÚ�^�
Ø��.;du��52Âýÿ���{é��5X
Ú�Ø(½5Ú6Ääk�½�°�5[21],(Ü
NDOB�å¦^�±JpXÚ�|EÜ6Ä5U.�
©ÄuXÚ�^�Ø��.,Äk�éXÚ�3��
.Ø(½5Ú	.6Ä,�O
��5Z6*ÿì,
òXÚ	½¤I¡�.;ÙgÄu��52Âýÿ�
��{�OXÚ���ì,?
���ª�XÚ��
Æl
¢yéUAV^��¯�!°(�l��.

2 XXXÚÚÚ���...ÚÚÚ¯̄̄KKK���ããã (System model and
problem statement)
�1ì���¯KÌ��9ü��IX,1N�

IXÚ/n�IX.�1ì�^�L«kõ«�{,

Ù¥î.�{duI�)E,����§±9�3

ÛÉ:�¯K,A^É�
é����.�©±o�
ê�^�ëê,±�1ì^��.�Ä:,ïáXÚ
�^�Ø��.[22]:




˙̃q0 = −1
2
q̃qqTω̃ωω,

˙̃qqq =
1
2
(q̃0I3 + [q̃qq×])ω̃ωω,

˙̃ωωω = J−1[−(ω̃ωω + R̃ωωωd)× J(ω̃ωω + R̃ωωωd)+

Fuuu]− (R̃ω̇ωωd − [ω̃ωω×]R̃ωωωd),

(1)

ª¥: q0Úqqq©OL«ü o�êq̄qq = [q0, qqq]�IþÚ
¥þÜ©,�÷v�å^�qqqTqqq + q2

0 = 1; ωωω ∈ R3L

«1N���Ý, ωωωdL«1N�Ï"��Ý, I3�n

�ü 
; JL«1N�=Ä.þÝ
,�n��½é
¡
; uuu = [u1 u2 u3 ]T�XÚ���þÑ\, F�

n�Ý
, FuuuL«�^3�1ìÄåÆ�.þ�=

Ý.�©�Ä÷v��°Ä^���1ì�.,d�,
Ý
F´�_�. �f[·×]L«�þ��é¡Ý
,é
uqqq = [q1 q2 q3 ]T ∈ R3,Ù�é¡Ý
�L�ª�

[qqq×] =




0 −q3 q2

q3 0 −q1

−q2 q1 0


 .

éu?Ûü��þxxx,yyy ∈ R3, xxx× yyy = [xxx×]yyy.

o�ê�¦{$�⊗�ë�[23]:

q̄qq1 ⊗ q̄qq2 =

[
q01q02 − qqq1

Tqqq2

q01qqq2 + q02qqq1 + [qqq1×]qqq2

]
.

éuo�êq̄qq½Âo�ê�_q̄qq−1 = [q0,−qqq],¿
�kq̄qq ⊗ q̄qq−1 = q̄qq−1 ⊗ q̄qq = (1, 0, 0, 0). d1N�IX
�Ï"^��o�êØ�Ú��Ý�Ø��[23]

{
˜̄qqq = q̄qq ⊗ q̄qq−1

d ,

ω̃ωω = ωωω − R̃ωωωd,
(2)

Ù¥R̃ = RRT
dL«^�Ø�Ý
. ^�Ý
R ∈

SO(3)´��n���
,ÙL�ª�

R = I3 − 2q0[qqq×] + [qqq×]2.

�ÄXÚ�3SÜØ(½5Ú	.6Ä���1

ì�Ø��.. b�Ý
F�I¡��F0,ÙØ��
∆F = F − F0. =Ä.þÝ
J�I¡��J0,ÙØ
��∆J = J − J0. �òXÚ�Ø��.U��

˙̃ωωω = J−1
0 F0uuu + J−1

0 L(ω̃ωω + R̃ωωωd)J∗0 +

J−1
0 F0(ddd + fff) + (R̃ω̇ωωd − [ω̃ωω×]R̃ωωωd), (3)

Ù¥

L(ω̃ωω + R̃ωωωd)J∗0 = (ω̃ωω + R̃ωωωd)× J0(ω̃ωω + R̃ωωωd).

�©�±@�	Ü6Äddd�êk.�þ(.�d̄. fff´
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XÚ�SÜØ(½5,�±L«�Xe/ª:

fff = −[δ ˙̃ωωω + L(ω̃ωω + R̃ωωωd)δ∗ +

δ(R̃ω̇ωωd − [ω̃ωω×]R̃ωωωd)], (4)

Ù¥δ , (FF0)−1(F0∆J −∆FJ0).

d^�Ý
���5Úþ©¥��'½Â��,
��=�q̃qq = (0, 0, 0)�÷vqqq = qqqd,¿�kR̃ = I3.
dω̃ωω�½Â��,��=�R̃ = I3Úω̃ωω = (0, 0, 0)�
kωωω = ωωωd. XÚ���8IC��O��ì¦Ø�X
Ú­½�²ï:(q̃qq = (0, 0, 0), ω̃ωω = (0, 0, 0)). ùL²
	½^�Ø�XÚ��lXÚÏ"^�´���.

3 ������XXXÚÚÚ���OOO(Control system design)
3.1 ������888III(Control objective)
�ÄXÚ��.Ø(½5Ú	Ü��6Ä,|^

NDOBéXÚEÜ6Ä?13��O,l
ò�1ì
^�Ø��.Ö��I¡�.. ?
,Äu��52
Âýÿ�{�O��ì	½^�Ø�XÚ,±¢y�
1ìéÏ"^��¯�!°(�l. Äu�1ì^�
Ø��.���XÚ�(�µãXeã1¤«.

ã 1 ��XÚµã

Fig. 1 Framework of the control system

3.2 NDOB���OOO(Design of NDOB)
XÚ�EÜ6ÄØ=¬K�XÚ���5U,$

��U��XÚ�uÑ.ùpXÚ�EÜ6Äd
NDOB?1*ÿ,¿3��Ñ\à¦^6Ä�O?1
Ö�.½ÂXÚ�EÜ6Ä�

d′(t) = ddd + fff. (5)

½ÂFFF�ª(3)¥���5Ü©,¿P

FFF = J−1
0 L(ω̃ωω + R̃ωωωd)J∗0 + (R̃ω̇ωωd − [ω̃ωω×]R̃ωωωd). (6)

�âª(3)(5)–(6)��XÚØ��.:

˙̃ωωω = FFF + J−1
0 F0(uuu + ddd′), (7)

�âª(7)¥¤L«�XÚØ��.,Ïd,��OX
e�NDOB:{

d̂dd = zzz + ppp(ω̃ωω),

żzz = −l(ω̃ωω)zzz − l(ω̃ωω)(ppp(ω̃ωω) + FFF + J−1
0 F0uuu),

(8)

Ù¥: d̂ddÚzzz©OL«*ÿìéEÜ6Ä��OÚ

NDOB�SÜG�. ppp(ω̃ωω)���O�¼ê�þ,*ÿ
ìOÃ

l(ω̃ωω) =
∂ppp(ω̃ωω)
∂ω̃ωω

(9)

�n�Ý
. ½Â*ÿì��OØ�d̃dd = ddd′ − d̂dd,�â
ª(7)–(9)Kk

˙̃
ddd = ḋ′ − ˙̂

ddd = ḋ′ − żzz − ∂ppp(ω̃ωω)
∂ω̃ωω

˙̃ωωω = −l(ω̃ωω)d̃dd + ḋ′.

(10)

3.3 ������ììì���OOO(Controller design)
�©Äu��52Âýÿ�{�OØ�XÚ��

l��ì,|^NDOB�O���XÚEÜ6Äé�
�Ñ\?1Ö�l
¼������5Æ.

ÄkÄuXÚ^�Ø��.(7)�O��52Âý
ÿ��Æ.XÚ���8I´¦Ø�XÚ­½�²ï
:, q̃qq�Ï"��(0, 0, 0). ½Ât + τ���o�êØ

��Cqýÿ��ˆ̃qqq(t+τ),KXÚ�ýÿØ�êee(t+τ)
= ˆ̃qqq(t + τ),ýÿ���T . �
~���5ýÿ�{
�O�þ,ùp|^�cÑ\����ê�E�5Ñ
Ñ�Taylor?êýÿ�.[24],¿±ýÿÑÑ�lØ�
��ê���5U�I.�Oýÿ��Æ¦5U�I

I =
1
2

w T

0
[eeeT(t + τ)eee(t + τ) + ėeeT(t + τ) ·

ėee(t + τ) + ëeeT(t + τ)ëee(t + τ)]dτ (11)

����.3�I¥,¹eee, ėeeÚëee���N
éXÚ�

l�J�`z�¦.

�âª(1)Úª(7)U�Ø�XÚ�§�

¨̃qqq = −B(q̃qq)Ḃ(q̃qq)−1 ˙̃qqq + B(q̃qq)FFF +

BJ−1
0 F0(uuu + ddd′), (12)

Ù¥B(q̃qq) =
1
2
(q̃0I3 + [q̃qq×]),ª(12)�IO���Å

�XÚ�..

A^Taylorúª, t + τ���Ø�9Ù1,���
ê�ýÿ�L«Xe:




êee(t + τ)
4∑

i=0

τ (i)

i!
q̃qq(i)(t) = H1(τ)yyy,

˙̂eee(t + τ)
4∑

i=1

τ (i−1)

(i− 1)!
q̃qq(i)(t) = H2(τ)yyy,

¨̂eee(t + τ)
4∑

i=2

τ (i−2)

(i− 2)!
q̃qq(i)(t) = H3(τ)yyy,

(13)

Ù¥:

yyy = [eeeT(t) ėeeT(t) ëeeT(t) eee(3)T(t) eee(4)T(t)]T,



H1(τ) = [I3 τI3

τ 2

2
I3

τ 3

6
I3

τ 4

24
I3],

H2(τ) = [03×3 I3 τI3

τ 2

2
I3

τ 3

6
I3],

H3(τ) = [03×3 03×3 I3 τI3

τ 2

2
I3].

(14)
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dª(13)–(14)�±��Ø�XÚ(12)�5U`z
�IL�ª(11)�L«�I = yyyTRyyy,ª¥

R =
w T

0
[HT

1 H1 + HT
2 H2 + HT

3 H3]dτ

�15× 15�~�é¡Ý
.

dª(12)���




¨̃qqq = m1(q̃qq, ˙̃qqq) + BJ−1
0 F0(uuu + ddd′),

q̃qq(3) = m2(q̃qq, ˙̃qqq) + BJ−1
0 F0(u̇uu + ḋ′) + ppp1,

q̃qq(4) = m3(q̃qq, ˙̃qqq) + BJ−1
0 F0(üuu + d̈′) + ppp2,

(15)

ª¥: 



m1(q̃qq, ˙̃qqq) = −B(q̃qq)Ḃ(q̃qq)−1 ˙̃qqq + B(q̃qq)FFF ,

m2(q̃qq, ˙̃qqq) =
∂m1(q̃qq, ˙̃qqq)

∂q̃qq
˙̃qqq,

m3(q̃qq, ˙̃qqq) =
∂m2(q̃qq, ˙̃qqq)

∂q̃qq
˙̃qqq,

p1(q̃qq, ˙̃qqq, ¨̃qqq,uuu,d′) =

∂B(q̃qq)
∂q̃qq

˙̃qqqJ−1
0 F0(uuu + ddd′) +

∂m1(q̃qq, ˙̃qqq)
∂ ˙̃qqq

¨̃qqq,

p2(q̃qq, ˙̃qqq, ¨̃qqq, q̃qq(3),uuu,ddd′, u̇uu, ḋ′) =

∂m2(q̃qq, ˙̃qqq)
∂ ˙̃qqq

¨̃qqq + ṗ1(q̃qq, ˙̃qqq, ¨̃qqq,uuu,ddd′) +

∂B(q̃qq)
∂q̃qq

˙̃qqqJ−1
0 F0(u̇uu + ḋdd′).

½Âȳyy = [q̃qqT ˙̃qqqT]TÚp̄pp = [m1(q̃qq, ˙̃qqq)T m2(q̃qq, ˙̃qqq)T

m3(q̃qq, ˙̃qqq)]T,Kdª(15)�

yyy =

[
ȳyy

p̄pp

]
+

[
000

nnn(ūuu, d̄′)

]
, (16)

Ù¥:

ūuu = [uuuT u̇uuT üuuT],

d̄′ = [d′T ḋ′T d̈′T],

nnn(ūuu, d̄′) =




BJ−1
0 F0(uuu + ddd′)

ppp1 + BJ−1
0 F0(u̇uu + ḋ′)

ppp2 + BJ−1
0 F0(üuu + d̈′)


 .

òÝ
R�¤Xe/ª:

R =

[
R11 R12

RT
12 R22

]
,

Ù¥: R11 ∈ R6×6, R12 ∈ R6×9, R22 ∈ R9×9.

Kdª(16)��

∂I

∂ūuu
=

∂yyyT

∂ūuu
Ryyy =

∂nnn(ūuu, d̄′)
∂ūuu

([RT
12 R22]

[
ȳyy

p̄pp

]
+ R22nnn(ūuu, d̄′)).

qk

∂nnn(ūuu, d̄′)
∂ūuu

= diag{BJ−1
0 F0, BJ−1

0 F0, BJ−1
0 F0},

Ù¥diag{·}�fL«Ý
�é����.

dþª��
∂nnn(ūuu, d̄′)

∂ūuu
�_, R22�_,K��5U

�I���7�^��
∂I

∂ūuu
= 000,�d�

nnn(ūuu, d̄′) = −R22
−1RT

12ȳyy − p̄pp. (17)

½ÂK1�R22
−1RT

12c31c3��¤��
, K2

�R22
−1RT

12c31�3��¤��
,Kdª(17)��
¦5U�I���ýÿ��Æ�

uuu = −J−1
0 F0B(K1q̃qq + K2

˙̃qqq) + J−1
0 F0Ḃ

−1 ˙̃qqq −
d′ + F−1

0 L(ω̃ωω + R̃ωωωd)J∗0 +

F−1
0 J0(R̃ω̇ωωd − [ω̃ωω×]R̃ωωωd). (18)

duXÚ�.�Ø(½5Ú	Ü��6Ä�K�,
�O���ÆéJ¢yé^��O(¯���l,|
^NDOBéEÜ6Ä��OÖ���ì�ÑÑ��
�ª���Æ�ÑÑ�

uuu = −J−1
0 F0B(K1q̃qq + K2

˙̃qqq) +

J−1
0 F0Ḃ

−1 ˙̃qqq − d̂dd + F−1
0 L(ω̃ωω + R̃ωωωd)J∗0 +

F−1
0 J0(R̃ω̇ωωd − [ω̃ωω×]R̃ωωωd).

(19)

3.4 ­­­½½½555©©©ÛÛÛ(Stability analysis)
òXÚ�ýÿ��Æª(18)�\XÚ^�Ø��

.(12)��XÚ�4��§�

¨̃qqq + K2
˙̃qqq + K1q̃qq = 000. (20)

duK1, K2þ��½é�
,¤±éN´y²X
Ú´ì?­½�. ¢Sþ�ÄNDOB�6Ä�O��
XÚ�¢SEÜ6Ä�m�D4'X�,©z[25]®
y²ù«�¹eØ�XÚ�´­½�.

4 ������555ZZZ666***ÿÿÿìììªªª���©©©ÛÛÛ(Frequency
analysis of NDOB)
�5DOB®3�5XÚ¥��
¯õ�A^¤

J,�ÙÃ{·^u��5XÚ,ù��
DOB�A
^��. NDOB´�«A^3��5XÚ¥�OXÚ
�Ø(½5Ú	Ü6Ä�k��{,´DOBA^�ÿ
Ðò�.

ùpppp(ω̃ωω) = [l1ω̃1 l2ω̃2 l3ω̃3]T,Ù¥ω̃1, ω̃2, ω̃3©

O��þω̃ωω�3���.Kdª(9)��

l =




l1 0 0
0 l2 0
0 0 l3


 ,
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�\ª(10)��

d̂dd =




l1
s + l1

0 0

0
l2

s + l2
0

0 0
l3

s + l3




ddd,

Ù¥l1, l2, l3©OL«EÜ6Ä�z��©þéA�

NDOB��5OÃ.ùp�l1 = l2 = l3 = l,Kk

d̂dd =
l

s + l
ddd. (21)

dª(21)��,�©ÏL�5À�NDOB�OÃ�
òNDOB��O6ÄÚ¢SEÜ6Ä�m�D4¼
ê'X�d���ÈÅì. ùL²NDOB3��5X
Ú¥�A^3,
^�eÚDOB´���. ùp
NDOBÌ�^u�O6Ä¥�$ª©þ,épª&Ò
K\±³�.òs = jω�\��ª(21)�ª�L�ª
�

d̂dd =
l

jω + l
ddd. (22)

dþª���ªÇω = 0�,EÜ6Ä�~�6Ä,
d̂ddU�`�Oddd;�ω 6= 0�, l����,é6Ä��O
�J�Ð.�l�ØÓ��NDOB�ª�A5Xã2¤
«, NDOB1, NDOB2, NDOB3���ªÇ�g��

1 rad/s,10 rad/s, 30 rad/s. dªÇ�A­���NDOB
�OÃÀ����,Ù��ªÇ��,��O�6Ä
�ªÇ����,,
L��OÃ¬¦XÚ��°O
�,XÚ�°�5C�$���XÚ�Ø­½�XÚ
�¢y�5�½�JÝ.

ã 2 NDOB�ª��A

Fig. 2 Frequency of NDOB

5 ���ýýý���¢¢¢������yyy(Simulation and experimen-
tal verification)

5.1 ���ýýý(((JJJ���©©©ÛÛÛ(Simulation results and analy-
sis)
�
�y�©JÑ��{�k�5,�!±��

o^ÊÃ<�1ì����é�,?1�1ì^��

l��ý�¢�. �
�XÚ�.L���,�!±
o�êL«XÚ�^�. �½XÚ�Ï"^�




q1d = 0.1 sin(
π

15
t + 0.5π),

q2d = 0.1 sin(
π

15
t− 0.5π),

q3d = 0.

�ýëê�¢S¢�é�ëê�ÓXL1¤«,*
ÿìOÃ�l = 20. �ýL§¥�ö\\Xeª¤«
��u6Ä±�y�©�{�6Ä³�5U:

ddd =




0.1 sin(
π

2
t) + 0.1 sin(

π

10
t) + 0.3

0.1 sin(
π

2
t) + 0.1 cos(

π

10
t) + 0.4

0.1 sin(
π

2
t) + 0.1 sin(

π

10
t +

π

4
) + 0.3




.

L 1 �1ìëê[25]

Table 1 The parameter of UAV[25]

Cþ ëê £ã

CT 0.012 ,åXê

CQ 0.93× 10−3 =ÝXê

ρ/(kg· m−3) 1.184 �í�Ý

A/m2 0.0515 Ú^÷÷�¡È

r/m 0.128 Ú^÷�»

l/m 0.25 >Åå:

Jφ/(kg· m2) 0.014 îE¶=Ä.þ

Jθ/(kg· m2) 0.014 :�¶=Ä.þ

Jψ/(kg· m2) 0.024 Ê�¶=Ä.þ

�ý^��l�JXã3–5¤«,6Ä�O�JX
ã¤«6–8. �ýL§¥��ÝØ��CzXã9¤
«. d�ý­�ã9�±wÑ,¢S^��3m©éá
�mSk��ÅÄ,�é¯Ò��Ï"�, NDOB�
ÑÑU¯�°(��l\\�6Ä�.d�ý(J�
�,�©�{Uk�³�6Ä�XÚ5U�5�K�.

ã 3 q1�l�J

Fig. 3 Tracking performance of q1
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ã 4 q2�l�J

Fig. 4 Tracking performance of q2

ã 5 q3�l�J

Fig. 5 Tracking performance of q3

ã 6 d1�O�J

Fig. 6 Estimation result of d1

ã 7 d2�O�J

Fig. 7 Estimation result of d2

ã 8 d3�O�J

Fig. 8 Estimation result of d3

ã 9 ��ÝØ�

Fig. 9 Error of angle velocity

5.2 ¢¢¢������yyy���©©©ÛÛÛ(Experiment verification and
analysis)
�
?�Ú�y�{�¢^5,�©3g1ï�

�o^Ê�1ì²�þ?1^��l¢�. ¢�¤^
��1ì²����XÚÌ�d�?nì!.5ÿþ

ü�(inertial measurement unit, IMU)�Ü©|¤. ¢
��,�1ìÏLÃ�DÑ�¬ò�1ì^�êâ¢
�DÑ�þ Å,ÏLþ Å§S©Ûw«^�­�
5*	¢��J.�1ì¢�²�Xeã10¤«.

ã 10 �1ì¢�²�

Fig. 10 UAV test platform

�¢�¤æ^�o^Ê�1ì�½u�¥�(�
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þ,Ù:��ÚîE��3±30◦��SCz,Ê��
Kvk?Û��.�ωT = 240 rad/s�XÚ>Å�Ð
©=�^±-��1ì­å3R���þ�K�,b
�uuu�ê���uωT,ÏLò=ÝO�Ü©3ωT?�

5z,��Ý
F�

F = diag{4CTρAr2lωT, 4CTρAr2lωT,

8CQρAr3ωT}, (23)

ª¥�Cþ�Ôn¹Â9ê��L1.

�
�y�©JÑ��{3XÚ$1L§¥�6

Ä³�5U,¢��L§¥,3�1ì�:�¶Úî
E¶�g©O\\0.04N ·m�6ÄåÝ,*	�1
ì3NDOBÚ6Ä�^e�^�Cz�¹. æ^�©
JÑ��{,*ÿìOÃ�l = 18.5,¢�L§¥^�
�l�JXã11–13¤«,ã14�^��lØ�­�,
XÚ���ÝØ�­�Xã15¤«. 3XÚ­½�\
\6Ä,dã�±wÑ\\6Ä�]m^��)�½
� �,��q×�¡E�Ï"�.�K6Ä�]m
duNDOB�ÑÑE,�3,XÚ^�3�)���
� ��q×�¡E�Ï"�.¢�(JL²,�©
JÑ��{U
k�³�XÚEÜ6ÄéXÚ�K

�,¢y
é�1ì^��¯�!°(�l.

ã 11 q1�l�J

Fig. 11 Tracking performance of q1

ã 12 q2�l�J

Fig. 12 Tracking performance of q2

ã 13 q3�l�J

Fig. 13 Tracking performance of q3

ã 14 ^��lØ�

Fig. 14 Attitude tracking error

ã 15 ��ÝØ�

Fig. 15 Error of angle velocity

6 (((ØØØ(Conclusion)
�©�éäkØ(½5Ú��	Ü6Ä��1ì

^��l¯K.Äk±o�ê�^�ëêïáXÚ�
^�Ø��.. Ùg,Äu^�Ø��.�O�A�
NDOB3��OXÚ�EÜ6Äl
òXÚÖ�¤I
¡�.,,�Äu��52Âýÿ�{�OØ�XÚ
��l��ì,l
�Ñ�ª���ÑÑ,¢yéX
Ú^��O(!̄ ��l. ��,Äuª�nØ©Û

NDOB�6Ä³�5U,�Ñ
NDOB�ò�O6
ÄÚ¢SEÜ6Ä�m�D4¼ê'X�d���
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ÈÅì�(Ø.�ý�¢�(JL²�©JÑ��{
�±k�JpXÚ�6Ä³�5Ul
¢yé�1

ì^��¯�!°(�l.
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