
1 32ò1 9Ï
2015c 9�

� � n Ø � A ^
Control Theory & Applications

Vol. 32 No. 9
Sep. 2015

GGG???ggg|||666������ììì333ppp���ªªªVVV^̂̂ÊÊÊ���,,,ÅÅÅ

���111^̂̂���������¥¥¥���AAA^̂̂

DOI: 10.7641/CTA.2015.50239

�Or†, o À, �Í� , �²U, 4§&, ���
(Hm�ÆO�Å���ó§Æ�gÄzX,U9 300071)

Á�:�©òg|6��A^u�,Å�1^���¥,�ép�ªV^Ê�,Å��1^���¯K,�OG
?g|6��ì,¿?1
ëê�½,��
`û��ý(J.?3¢SC�þ,NÁÑ
-<÷¿��1^�¢
���(J.é'u�5�g.N!ì(linear quadratic regulator, LQR)���{,©¥¤�O�G?g|6��ì
w,äk�\°O���°Ý,U�\÷v¯�5��¦,¿��äk°�5!|Z65U±9é��5rÍÜX
Ú�)ÍUå.
'�c: g|6��ì;G?��;*ÜG�*ÿì;p�ª�,Å;^���

¥ã©aÒ: TP273 ©zI£è: A

Attitude control of tandem rotor helicopter based on
cascade active disturbance rejection control

CHEN Zeng-qiang†, LI Yi, YUAN Zhu-zhi , SUN Ming-wei, LIU Zhong-xin, SUN Qing-lin
(Department of Automation, College of Computer and Control Engineering, Nankai University, Tianjin 300071, China)

Abstract: Active disturbance rejection control (ADRC) technique is applied to control the attitudes of a kind of heli-
copter. In order to guarantee the attitudes of a tandem rotor helicopter as we desired, a series of cascade ADRC controllers
are designed. After adjusting the parameters, we obtain the numerical simulation results based on ADRC strategy which
shows a better performance than linear quadratic regulator (LQR) method. Furthermore, real-time control experiments are
carried out. Satisfactory experimental results indicate that the cascade ADRC is better than LQR scheme not only in meet-
ing the control accuracy requirement but also in achieving rapid and effective response for the nonlinear coupled systems.
In addition, the ADRC controller has strong robustness and insensitivity to perturbations.

Key words: active disturbance rejection control (ADRC); cascade control; extended state observer; tandem rotor heli-
copter; attitude control

1 ÚÚÚóóó(Introduction)
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Ý±9·A�¸Cz�Uå��¦�5�p. ²
;PID��ìduÙØ�6u��é��°(êÆ�
.�A:,3��ó§¢�¥��
2��A^. �
´, PID��ì3¡é�k�õSÜÚ	ÜØ(½Ï
����é��,":ÒÅìw³
Ñ5. 20V80
c�,·IÍ¶Æö¸®�[1–2]ïÄ
JÑ
/g|

6��Eâ0(active disturbance rejection control
technique, ADRC).g|6��Eâ[3–4]�²�),Ò
¤�ïÄ��5XÚ�k�óä,¿3NõnØïÄ,
Á�Úó§¢S¥��
×��í2A^.
g|6��Eâ´�«Ø�6uXÚ�.�#.

��Eâ,§U
¢��O¿Ö�XÚ3ó��É�
��«	6±9XÚg�Ånû½�S6�oÚ6

Ä�^,(ÜAÏ���5G�Ø��"Å�,Ò�
±��`û���¬�. g|6��Eâäk�N
�!�A�Ý¯!��°Ýp!|Z6Uår9´u

êiz�A:.

�,ÅäkR�åá!�¥]Ê±9ÅÄ(¹�

A:,ù¦�Ù3Ô]$Ñ!�d!��!|Í��¡
��
2��A^. ü^Ê�,ÅduÙ(�{ü,
´uöp�É�I�à. ©z[5]ÏL×ªE£ïá

ü^Ê�,Å�^�ÄåÆ�.,?�éT�.�
O
äk ²�äc"�w�°���ì,��
�
Ð�¢����J.©z[6]Kæ^g·A�Ú��

ÂvFÏ: 2015−03−27;¹^FÏ: 2015−07−21.
†Ï&�ö. E-mail: chenzq@nankai.edu.cn; Tel.: +86 22-23508547.
I[g,�ÆÄ7�8(61174094, 61273138),U9½g,�ÆÄ7�8(14JCYBJC18700, 13JCYBJC17400)]Ï.
Supported by National Natural Science Foundation of China (61174094, 61273138) and Natural Science Foundation of Tianjin (14JCYBJC18700,
13JCYBJC17400).



1220 � � n Ø � A ^ 1 32ò

{éü^Ê�,Å�^�ÚpÝ?1
�ý��.

�ü^Ê��÷�,Å�',p�ªV^Ê�,
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^�����ýïÄ.ìÀ�Æ��75�<æ^

�
g�½PID[10]����{?1
^����¢

���.�®nó�Æ�zUù!�æ²Ú�®Ê�
ÊU�Æ�47n�Ç¦^
Äu��5Z6*ÿ
ì�w��ü��ì[11]éngdÝp�ª�,Å�

:�Ï�?1
�ý��.8c�'����{��
)ýÿ��[12]!ÑÑ�"��[13–14]�. ���Ñ�
´,þã��ì�Ñ´ÄuéXÚ�.äk�p@�
Ý��¹e�Oïá�,3¢S�,ÅXÚ¥,
^���òÉ�ÿþØ�!Å���!	.Z6��

«Ø(½Ï��K�,��ì�5U  ¬��ò�,
J±÷v¢�����¦.

�©(Ü²;g|6���G?��Eâ,Äu
J[��þ,�O
é�.�6§Ý$�G?g|6
��ì,5)ûp�ªV^Ê�,�Å^���¥�
õCþ!j°Ä,rÍÜ���¯K,²L��ì�O
�ëêNÁ,�ª��
`û�¢����J.

2 ggg|||666������ììì���ÄÄÄ������nnn (The principle of
ADRC controller)
g|6��ìd�l�©ì(tracking differentia-

tor, TD)!*ÜG�*ÿì(extended state observer,
ESO)Ú��5G�Ø��"Æ(nonlinear state error
feedback, NLSEF) 3Ü©|¤. Xã1¤«,J�µ¥
�Ü©=�g|6��ì.

ã 1 g|6��ì|¤

Fig. 1 Block diagram of ADRC

2.1 ���lll���©©©ììì(Tracking differentiator)
�l�©ì��^´�XÚ�Ñ\SüLÞL§,

=��1w�Ñ\&Ò±9Ñ\&Ò��©&Ò.±
��XÚ�~,�«k��ëY/ª��5�l�©
ì�{Xe:{

v̇1 = v2,

v̇2 = −1.76Rv2 −R2(v1 − v),
(1)

Ù¥: v�Ñ\&Ò, R�û½�l¯ú�ëê.

æ^þã�©ì,K�¢yv1 → v, v2 → v̇. ¿
�,XJv´�kD(�&Ò,�©ì�Ó�¢yÈÅ.

2.2 ***ÜÜÜGGG���***ÿÿÿììì(Extended state observer)
*ÜG�*ÿì�±�OÑXÚ�G�Úo6Ä.

Ù¥,o6Ä´�XÚg��.�Ø(½5(S6)Ú
XÚ�	Ü6Ä(	6)�nÜ�^. òESO�OÑ5
�o6ÄþÖ����ì¥�,Ò�±¦�5���
5XÚ=C��5�È©ìGé.��XÚ.þãÄ
��OÖ�oÚ6Ä�Eâ,Ò´g|6��Eâ�
�Ø%Eâ.

�«ëY/ª�ESO�{Xe:



ż1 = z2 − β01fal(e, a1, δ),

ż2 = z3 − β02fal(e, a2, δ),
...

żn = zn+1 − β0nfal(e, an, δ) + b0u(t),

żn+1 = −β0(n+1)fal(e, an+1, δ),

(2)

Ù¥: β01 ∼ β0(n+1), a1 ∼ an+1þ��Nëê, 2δ�

�5ã�«m�Ý, fal(·)¼ê�

fal(e, a, δ) =




|e|asgn e, |e| > δ,

e

δ1−a
, |e| 6 δ.

(3)

2.3 ������555GGG���ØØØ������"""ÆÆÆ(Nonlinear state error
feedback)
��5G�Ø��"Æ´ÏL��5¼ê,òTD

�)��l&Ò9Ù�©&Ò�ESO�OÑ�XÚ
�G�?1·�|Ü,±B��XÚ�ª���þ.
±��XÚ�~,XÚ�G�Ø�´�e1 = v1 − z1,
e2 = v2 − z2. ���Ø��"��þu0,�±æ^X
eúª:

u0 = β1fal(e1, a1, δ) + β2fal(e2, a2, δ), (4)

Ù¥β1, β2��Nëê.

XÚ�ª���þudo6Ä�O�z3�Ö�5

û½:

u = u0 − z3

b0

, (5)

Ù¥�Nëêb0´û½Ö�rf�/Ö�Ïf0.
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3 GGG???ggg|||666^̂̂���������ììì������OOO(Cascade
ADRC controller design)
�é\<�Quanserúi)��p�ª�,Å¢

�C�,Xã2¤«,(Ü²;g|6��EâÚG?
��Eâ,5ïÄÙ^����¯K.

ã 2 p�ªV^Ê�,�Å¢�²�

Fig. 2 Tandem rotor helicopter plant

3.1 ppp���ªªªVVV^̂̂ÊÊÊ���,,,ÅÅÅXXXÚÚÚ������...(Tandem
rotor helicopter model)
ngdÝ�,ÅXÚ[15–17]�(�«¿ã,Xã3

¤«.

ã 3 ngdÝ�,ÅXÚ�(�«¿ã

Fig. 3 Free-body diagram of 3-DOF helicopter

XÚ�5z��G��m�§[18–20]�
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0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1
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0 0 0 0 0 0
0 τ1 0 0 0 0
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ρ̇

λ̇




+




0 0
0 0
0 0
τ2 τ2

τ3 −τ3

0 0




[
vf

vb

]
,

(6a)





τ1 = − (LwMw − 2LaMf)g
MwL2

w + 2MfL2
h + 2MfL2

a

,

τ2 =
LaKf

2MfL2
a + MwL2

w

,

τ3 =
1
2

Kf

MfLh

,

(6b)

Ù¥: ε����, ρ�:��, λ�1§�, vfÚvb©O

���c!�ü�^Ê=��>Ø.Ù{XÚëêX
L1¤«.

L 1 XÚëê
Table 1 Parameters of the tandem rotor helicopter

ÎÒ ¹Â �� ü 

Lw 1§¶���ål 0.470 m

La 1§¶��,ÅN�ål 0.660 m

Lh :�¶�^Ê�ål 0.178 m

Mw ���þ 1.87 kg

Mf c^ÊÜ©�o�þ 0.575 kg

Mb �^ÊÜ©�o�þ 0.575 kg

Mh �,ÅN�o�þ 1.15 kg

Kf Ú^÷íåXê 0.1188 N/V

g å\�Ý~ê 9.81 m/s2

3.2 ADRC^̂̂���������ììì(ADRC attitude controller)
òngdÝp�ª�,Å©���!:�Ú1§

n�Ï�,K^���[21–23]µãXã4¤«.

J�G��§ª(6)¥�Ø%&E,��

ε̈ = U1, (7a)

ρ̈ = U2, (7b)

λ̈ = τ1ρ, (7c)

Ù¥��^Ê=��>Ø�J[��þ�m�=�,
Xª(8)¤«:[

U1

U2

]
=

[
τ2 τ2

τ3 −τ3

][
vf

vb

]
. (8)

éª(7a)(=��Ï�)A^��;.��ADRC��
ì,J[��þ�U1,K�±¦���ε���½�.
ª(7b)�ª(7c)w,�±w�¤���j°ÄXÚ,
,�2A^G?ADRC5éÙ?1��.?�Ú,ª
(7)�±U��

ε̈ = U1, (9a)

λ̇1 = λ2, (9b)

λ̇2 = τ1ρ1, (9c)

ρ̇1 = ρ2, (9d)

ρ̇2 = U2. (9e)

ª(9b)−(9e)�±w�´j°ÄXÚ���fXÚ.é
uª(9b)��fXÚ,Ø�@�λ1�G�þ, λ2��
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�þ. �±A^����ADRC1��ìéTfXÚ
\±��,¦�λ1�l��½�,�A/, λ2Ò¬k

�^��þ;,,d;,��±�@�´ª(9c)�
�fXÚ��½�,±daí. ��,éuª(9e)�
�fXÚ,A^����ADRC4��ì,J[��þ
�U2,Ò�±¦TfXÚ�G�þρ2�lþª(9d)f
XÚ�Ñ��½�.Uìþãg´�OG?ADRC1−

ADRC4��ì,Ò�±��U2°Äρ2, ρ2°Äρ1, ρ1

°Äλ2, λ2°Äλ1,�ª¦�λ1Uì�½;,$1�

8�. �d,g|6^���ìO�Ñ
J[��þ
U1, U2,2dª(10)=�¼�Ñ\�>Å�ý¢��
þ. [

vf

vb

]
=

[
τ2 τ2

τ3 −τ3

]−1 [
U1

U2

]
. (10)

ã 4 ^���µã

Fig. 4 Block diagram of the controlled system

4 ���,,,ÅÅÅ���111^̂̂������������ýýý (Simulation of
attitude control for helicopter)
�!�öòæ^þãg|6��ì,3

MATLAB�Simulinke?1�,Å^���ý�
�,¿�LQR�{?1é'©Û.

XÚÐ©�x0 = [−30◦,−4◦,30◦,3(◦)/s,−6(◦)/s,
20(◦)/s],�ý�m�60 s. ��Ï���½��:Ì
��30◦,ªÇ�0.03 Hz��Å&Ò;1§Ï���
½��:Ì��90◦,ªÇ�0.03 Hz��Å&Ò;�
�Ñ\&Ò��Ì�±24V. UìÏ��O�g|
6��ì��ýëêXL2−3¤«;^����ý
(JXã5¤«: :y���½�,J��LQR�{
�ý(J,¢��ADRC�ý(J;ã6�ü«��
ì���þ�.

L 2 ��Ï�ADRC�ýëê
Table 2 Simulation parameters of the elevation

channel under the ADRC controller

TD ESO NLSEF

R = 2

b0 = 0.4, δ = 0.006

a1 = 0.75, a2 = 0.5

a3 = 0.25, β01 = 150

β02 = 7500, β03 = 125000

δ = 1

a1 = 0.5, a2 = 0.05

β1 = 200, β2 = 100

L 3 :�!1§Ï�G?ADRC�ýëê
Table 3 Simulation parameters of the pitch

and travel channel under
the ADRC controller

��ì TD ESO NLSEF

ADRC1
(λ1 ← λ2)

R = 1

b0 = 0.4, β01 = 200

δ = 5, β02 = 1300

a1 = 0.5, a2 = 0.25

β1 = 3

a1 = 0.5, δ = 5

ADRC1
(λ2 ← ρ1)

—
b0 = 0.4, β01 = 200

δ = 5, β02 = 1300

a1 = 0.5, a2 = 0.25

β1 = 3

a1 = 0.5, δ = 5

ADRC1
(ρ1 ← ρ2)

—
b0 = 0.2, β01 = 200

δ = 1, β02 = 1000

a1 = 0.5, a2 = 0.85

β1 = 20

a1 = 0.1, δ = 5

ADRC1
(ρ2 ← U2)

—
b0 = 0.2, β01 = 200

δ = 1, β02 = 1000

a1 = 0.5, a2 = 0.85

β1 = 200

a1 = 0.1, δ = 5
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ã 5 ADRC�LQR�,Å^����ý(J
Fig. 5 Simulation results of ADRC and LQR control

ã 6 ADRC�LQR�ý��Ñ\&Ò
Fig. 6 Simulation control inputs of ADRC and LQR control

dã5��,3���Ð©^�e, LQR�{�
,U
¦���!1§��¯��lþ�½�,
�´�Né�.�<s�´, LQR�{3)û:�
��ÑÐ�Z6±9�½�âC�¯Kþ,Ù��
�J¿Øn�.�ý(J¥,:��Ý$��L

±100◦,ùw,ØU�y�,Å��~²�1,
�4k�UE¤Å¤<���J.,,�©¤�
O�²;ADRC9G?ADRC·Ü��ìØ=U¦
���Ú1§�¯�/�lþ����½�,¿�
Ã�N,:��Ý©ª�±3±30◦S,ù��y

�,Å�1�S�5.

5 ���,,,ÅÅÅ���111 ^̂̂������¢¢¢��������� (Real-time
attitude control)
3�ý¢���ûÐ(J��¹e,UYæ^

þãü«��üÑ,ép�ªV^Ê�,�Å¢�
C�?1^��¢���.

¢�C�?u·�G��,Xã2¤«,XÚ:
�Ï�!1§Ï��Ð©�þ�0◦,��Ï��
Ð©��−27.5◦,���m�80 s. ��Ï���½
��:Ì��8◦,ªÇ�0.03 Hz��Å&Ò;1§Ï
���½��:Ì��180◦,ªÇ�0.03 Hz��Å
&Ò,âC?��Ç�Ì�45◦;��Ñ\&Ò��
Ì�±24V(3¢���¥,I¦þ;�^Ê��^
=,=¦�U;���>ØÑyK�).

¢���L§¥,���lÐ©�þ,�
−15◦�,1§���½�âm©�\. ù���8
�´�
���,�Å�1§�Cz,Úåc�^
ÊC�:��Cz,>-��¡,K�¢���
��J.UìÏ��O�g|6��ì�¢���
ëêXL4−5¤«,^��¢���(JXã7¤
«: :y��LQR�{�½�,���ADRC�{
�½�,J��LQR�{¢���(J,¢��
ADRC¢���(J.ã8Úã9©O�LQRÚG?
ADRC��ì���þ�.

L 4 ��Ï�ADRC¢���ëê
Table 4 Experimental parameters of the elevation

channel under the ADRC controller

TD ESO NLSEF

R = 1

b0 = 4, δ = 0.006

a1 = 0.7, a2 = 0.1

a3 = 0.7, β01 = 75

β02 =1875, β03 =15625

δ = 0.05

a1 =0.5, a2 =0.8

β1 =50, β2 =80

L 5 :�!1§Ï�G?ADRC¢���ëê
Table 5 Experimental parameters of the pitch and

travel channel under the ADRC controller

��ì TD ESO NLSEF

ADRC1
(λ1 ← λ2)

R = 2

b0 = 0.4, β01 = 80

δ = 2, β02 = 130

a1 = 0.5, a2 = 0.85

β1 = 2

a1 = 0.4, δ = 5

ADRC1
(λ2 ← ρ1)

—
b0 = 0.4, β01 = 80

δ = 2, β02 = 130

a1 = 0.5, a2 = 0.85

β1 = 2

a1 = 0.4, δ = 5

ADRC1
(ρ1 ← ρ2)

—
b0 = 0.2, β01 = 800

δ = 2, β02 = 1000

a1 = 0.5, a2 = 0.85

β1 = 10

a1 = 0.1, δ = 5

ADRC1
(ρ2 ← U2)

—
b0 = 0.2, β01 = 800

δ = 2, β02 = 1000

a1 = 0.5, a2 = 0.85

β1 = 30

a1 = 0.1, δ = 5
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ã 7 ADRC�LQR¢����,Å^�(J

Fig. 7 Experiment results of ADRC and LQR control

ã 8 LQR¢���Ñ\&Ò

Fig. 8 Real-time control inputs of LQR control

ã 9 ADRC¢���Ñ\&Ò

Fig. 9 Real-time control inputs of ADRC control

dã7��,�,Å�^�3LQR�{��e,
1§Ï�����J�´'�`É�,�N�,�
l�Ý¯. �´¦+Xd,���AC100%���
N±9:��AC±60◦��âC,¦��1¬��
�ü$,O\
LÅ�ºx.

©¥¤�O�·Üg|6��ì�±¦�,

ÅXÚ�^��¯�/�lþ����½�,¿©
Ny
��ì�)ÍÚ½��Uå,cÙNy3
¦:���Cz½/�±3±25◦S.Ó�,3�
½�äk��âC��¹e,g|6��ì�U�
�`û����J,����1§���Nþþ
35%±S,ù`²
��ì´äk�½°�5�.

oN5`,�©�O�²;g|6��ì�G
?g|6��ì�(Ü�·Üg|6��ìép�

ªV^Ê�,Å�1^��¢���,��
-<
÷¿����J,S�½,¿�O(¯�,3é�
§Ýþ`uLQR���{.

6 (((ØØØ(Conclusions)
�©�éäkÕAÅ�(��p�ªV^Ê�

,ÅXÚ,�O
ÌN�G?g|6���·Üg
|6��ì,?1
�,�Å�^��ý��Ú¢
���,²L{´�ëê�½,=�¼�`û��
�(J.é'uLQR���{,©¥¤�O�·Ü
g|6��ì²wäk�r�|Z65U!½�

�Uå±9é��5rÍÜXÚ�)ÍUå.
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