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Active disturbance rejection control for gun control system of
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Abstract: In this paper, a complete mathematical model for unmanned turret system is built based on robotic analysis
technique, which takes the nonlinear coupling between azimuth and elevation into consideration. In addition, it provides
correction of angles of the azimuth and elevation by using three-axis stabilization principle because of angular displace-
ments measured by gyroscope mechanism in inertia space. And, to achieve high tracking precision and stabilization of gun
control system which contains nonlinearity and uncertainty in the situation of parameters perturbation and uncertain exter-
nal disturbances, a decoupling active disturbance rejection control scheme is proposed. The inner parameters uncertainty,
the external disturbances and the coupled effect of the system are estimated as the total disturbances by using extended
state observer and compensated during each sampling period. Simulation results show strong robustness and effectiveness
of this control algorithm which can reject uncertain nonlinear factors of the system in comparison to the PID control.
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1 ÚÚÚóóó(Introduction)
Ã<�©–»�ÉìXÚ´y�C`ÉìXÚu

Ð����[1]. §ÏL�N��©(� �)!»�
��©(p$�)�m��é^=,D�»å��m�
éë�ÄO¡��( �,=¤O¯K;½¦Ù��
»��-$Ä,=�l¯K[2]. ��XÚ´»�XÚ
��|¤Ü©,§Ø=U3�½�°Ý��S½
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3� Úp$ü���þ,ØUp�þ/?\°Ý�
��k0.1 ∼ 0.3 mrad��Â�«�,»���ÂÒ
Ã{�¤. �d,Jp»�XÚ�½°ÝÚ�l°
Ýc��.¤±��XÚ��O7L�ÄØ(½5
ÄåÏ��K�. Gu�[3]JÑ
�âÅ�:�ï��

{éÉì��XÚïá
êÆ�..

éuaqXÚ�.���¯K, Tao�[4]�O
�

`��5�"�5z�)Í�{. ©z[5]JÑ
në

\Å�:�°�õÑ\–õÑÑªàw����{.
©z[6]JÑ
f5Å�:��ÛÉªàw����

ÂvFÏ: 2013−09−25;¹^FÏ: 2014−06−23.
†Ï&�ö. E-mail: xia yuanqing@bit.edu.cn; Tel.: +86 010-68914350.
Ä7�8: I[:Ä:ïÄuÐOy(/9730Oy)]Ï�8(2012CB720000);I[g,�ÆÄ7]Ï�8(61225015);��ÜÆ¬:Ä7]Ï

�8(20111101110012); CASTM#Ä7]Ï�8(CAST201210);I[g,�ÆÄ7M#ïÄ+N]Ï�8(61321002).



1 11Ï �Y�: Ã<�©��XÚg|6�� 1581

{. �
~fw����Ë�y�, Tian�[2]JÑ


Ã<�©XÚ(unmanned turret system, UTS) ²w
����{. ,, ²�ä�ÆSL§ò´
XÚ
G��Âñ. ,	,yk�ïÄ�õ´ò�©Ú�N
À��ÍÜXÚ,é�©XÚüÕæ^�©¥�IX
ïá�.. C`�ý3E,Ô|þ?1ÅÄÚÔÌ,
�NÚSC3�©þ�*¤XÚÚ»�¬Ø�;�

/Ñy�Ä,ùòé±"��N�²��ÉìXÚ*
¤Ú�Â�)Ø|K�[7].

3�©¥,Äk$^n¶½�n,3ykÃ<�
©(�Ä:þ¢yn¶½,=dúÚÅ�ÿÑ7n
¶�� £,²�IC�ò�¤�©Ú»��=�?
1?�. ,�,�Op5U���ì,5Jp"�31
?m�Â�·¥Ç[8].

éu��XÚ¥���{,"�»�XÚ;[±
é�3©z[9]¥JÑ,UE��XÚ�êiª��X
Ú´��XÚ#�O½EâUE�Ì�Ñu:. ¿
ÄgJÑòy��k?���{g|6��(active
disturbance rejection control, ADRC)�êi��Eâ
A^u��XÚ¥,5JpXÚ½°Ý./�dg
�,�©òADRCA^uÃ<�©XÚ�)Í��.

2 nnn¶¶¶½½½¯̄̄KKK(Problem of three-axis stabili-
zation)
�Ä�Ô�31¨�,�Ä33��I¶þþk©

þ,�)7�Nî¶!p¶ÚR�¶��Ä.XJ��
XÚ��ë���©Ú�N,Ø´.5�m,ù�
ÒÃ{¢y»�¶�3.5�m�½,�ÒØU�
¤C`�ýÅÄ^�e�¤O��l�Â.�Xy�
Ô��ÅÄ5U�ÌJp,¢yn¶�½´JpÔ
�3p�ÅÄ1¨¥�Â·¥Ç�cJ�æ.

�éù�¯K,�|^SC3�NS�d/²¤
Ú²LY²½���¤|¤�úÚÅ�,ò§�	
�¶��Np¶²1,ÿ�¤I�IXe�Ô�^�
 �.2ÏL3�¶�� £�IC�,¿²»�O�
ÅO�éÃ<�©�p$�Ú� ���?1?�,
¢yn¶½,�Ñ
duæ^�©¥�IXÃ{
¢y»�¶�3.5�m½�"�.ù�ØØ�N
No��Ú=Ä,Ñ�ÏL�©�=Ä� �Ú»�
:���Cz,¦»����5�½��.¢S�¹
¥,��N�:�ÌÝ���,»��½���N
�Y��L»����:���,ù���XÚ��
1ü�¬4£±;�»�Ú�NZ�,d�»�Ú�
Né��N,Ã{¢y�Â?Ö[7].

2.1 ���IIICCC���úúúªªª(Coordinate transformation formu-
las)
�IX3.5�m¥�^=Xã1¤«,k(½�

IX,�

1) �IXX0Y0Z0d��¤(½,��¤�=f
¶�?uY²¡S?¿��(ØOÛ��A),��N
�ÑÑDaì" ¦OX0�±�"�p¶Ð© �

��;

2) ��¤�	�=/²¤�S��IX
�X1Y1Z1,Ù¥Z1�Z0¶Ü;

3) X2Y2Z2�/²¤	��IX,Ù¥Y2�Y1¶

Ü;

4) X3Y3Z3��N�IX,Ù¥X3�X2¶Ü.

2(½7�¶�=�,=� £. �7Z0¶�=

��γ,7Y1¶�=��α,7X2¶�=��β. |^
úÚÅ�¶þ�&ÒDaìÿ��>&Ò,Ò�¼�
�>&Ò¤'~�3�� £�¢S=�.

��»�3�N?uY²��© ��¤O8I,
d�Ù� �� £�ϕ,p$�� £�θ,»��
��OP0. b½�Nk7OZ0¶^��=Lγ�,ù�
»���OP1;�X7OY1¶^��=Lα�,»��
Ò��OP2;�N27OX2¶^��=Lβ�,��
»���OP3. ù��©¶� �3OZ3.

555 1 þã^=�IX�gS,¿Ø´�½�. Uþã

{üL§^=´UúÚÅ��¯a¶5(½�. ¢Sþé

uα, β, γ3�ëê�±k6«ØÓgS�^=�{,�±y²

Ù(JÑ´���.

,�,O�I7OZ3¶=Lõ�� ?��∆ϕ¦

»�����OP ′,2=Lõ�p$?��∆θ¦»

�£��Ð���OP0. �©´Uã1�gS5í�
∆ϕ, ∆θÚα, β, γ�m�'X.

ã 1 �IX�^=

Fig. 1 Coordinate frame rotation

3¥¡n�/Z0P0Z2¥,®�Ẑ0P0 = π/2− θ,
Ẑ0Z2 = α, ∠Z2Z0P0 = π− (ϕ+ γ). ,�Ẑ2P0 = η,
∠Z0Z2P0 = µ,|^¥¡n�/úª,�¦�Ẑ2P0�

L�ª�

cos η=cos α · sin θ−sinα · cos θ · cos(ϕ+γ).

(1)
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3Ó�n�/¥q��∠Z0Z2P0�L�ª�

sinµ =
sin(ϕ + γ) · cos θ

sin η
. (2)

q3¥¡n�/Z2P0Z3¥,®�Ẑ2P3 =β, Ẑ2P0

=η, ∠Z3Z2P0=π/2−µ. ,	,�Ẑ3P0 =λ, ∠Z2Z3P0

= ω,��Ẑ3P0�L�ª�

cos λ=cos β · cos η+sin β · sin η · sinµ. (3)

q��∠Z2Z3P0�L�ª�

sinω =
sin(

π
2

+ µ) · sin η

sinλ
. (4)

��,�â¤¦��λ9ωB��Ñ

∆θ = Ẑ3P3 − Ẑ3P0 =
π
2
− θ − λ, (5)

∆ϕ=∠Z2Z3P3−∠Z2Z3P0 =
π
2

+ϕ−ω. (6)

ª(1)−(6)Ò´¤�¦��IC�úª,L«3�½Ã
<�©XÚ�� �Úp$���ϕ, θ�, α, β, γ

é∆θÚ∆ϕ�'X.

�½ëêϕ, θ´d¤¤O�8Iû½�,=�â
8I�� ,ål±9�é$Ä��Ý!º�!º
�!íØ!í§�êâ,ÏL»�O�Å�ÑϕÚθ. 
ÿþëêα, β, γK´dúÚÅ�¢ÿ���33�¶
��N l{Ä��Ý.òù5�ëê�åÑ\�O
�ÅXÚ,ÒU�Ñ∆θÚ∆ϕ. ,�éúÚÅ�ÿ�
�»�3.5�m� �,©OU∆ϕ?��©,=?
�»��� �,U∆θ?�»��p$�,¿òü�
� £�"���ì,��ë�Ñ\. 3n¶½�
�¹e,e¡AÜ©Ò´éÃ<�©XÚïá�.,
�O��ì.

3 UTS���ÄÄÄ������...(Dynamic modeling of the
UTS)
�Ä�é��XÚï�Ú���E,5,3¢y

n¶½�,Ô�1¨3Ø²�´¡?1�Â�,»
��½���²L?��,U¢yé8I��lÚ�
Â.¤±3ùÜ©�IéUTSïáêÆ�.,{ø

�Ãé�N�~²f¨�b�^�.��âÅ�:
XÚ�ï�L§,(Ü�©–»�ÔnXÚ�(�A
5Ú$ÄA�,éUTSïá
�.. Äu©z[4], UTS
�{z(�«¿ãXã2¤«.

©z[3]�âDÚ�Åì<©ÛEâ,í�Ñ

UTS�ÄåÆ�.. UTS´mó�Å�(�,�)3�
ë\Å�: �©!�+!�N.�N��©!�©��
+�m�$ÄB´�^=�. �
{zåÆ©Û,�
+�À���Ð�£Ä�$ÄB,¤±���åÆ�
.k3�$ÄB,U
�l.�m�IX¥?¿3�

�8I;,. ,,²L$ÄÆ©ÛTXÚ,uy¢S
�kü�$ÄB,=�+´�½�Ý�ë\. Ïd,ù
a�.aqu2ë\Å�:XÚ.

�Ä�UTSkü�$ÄB,U|^.�KF�§
ïá���Ä��.. g,/,r�©À�ë\1(i
= 1),r�+À�ë\2(i = 2). ½Â�©�éu�N
�� �Ú�+�éu�©�� ��q=(q1, q2)T

∈ R2,�A���Ý�q̇ = (q̇1, q̇2)T ∈ R2. e©¥
qr1, qr2©O�²»�O�Å?��Ï"��©�é

u�N�ë�Ñ\� �!Ï"��+�éu�©�

ë�Ñ\� �,=qr1 =ϕ+∆ϕ, qr2 =θ + ∆θ. �¢
y�Ò´G�Cþq1, q2U¯�°(/��qr1, qr2.

ã 2 UTS�(�«¿ã

Fig. 2 The structural view of the UTS

UTSoÄUKÒUL«�[10]

K =
1
2
q̇TWq̇, (7)

ª¥: W´UTS�o.5Ý
,�n× n�½é¡Ý


; W�L�ªXe:

W =
2∑

i=1

JT
i UiJi, (8)

ª¥: Ji´UTS�1i�fä�'Ý
,äNO��{
ë�©z[11]; Ui½Â�

Ui =

[
miI miC

T
i

miCi Γi

]
, i = 1, 2, (9)

ª¥: mi�Lë\i��þ; Ci´ë\i��%¥þ'

u1i��IX���¦È�f,�3× 3��é¡Ý

[11]; I´3× 3�ü 
; Γi´ë\i'ui�IX�

.5Üþ,L«�3× 3�é¡Ý
:

Γi =




γxxi γxyi γxzi

γyxi γyyi γyzi

γzxi γzyi γzzi


 , i = 1, 2, (10)

ª¥z��L«ë\i'u(½¶�g.5åÝ½�

p.5åÝ,'X:

γxxi =
w

mi

x2dm, γxyi = γyxi =
w

mi

xydm.
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?�Ú½Â��2× 2�pÝ


Wd = (I ⊗ q̇T)
∂W

∂q
=




q̇T ∂W

∂q1

q̇T ∂W

∂q2


 , (11)

ª¥⊗��ÛS�È�f. d©z[11]��, WT
d q̇ =

Ẇ q̇, UTS�Ä��§L«�

Wq̈ + (WT
d −

1
2
Wd)q̇ = τ + τg, (12)

ª¥: τ ∈ R2�XÚ2ÂåÝ�þ; τg ∈ R2�XÚ

å�2Âå�þ. -N = (WT
d −Wd /2)q̇�XÚ'

uq, q̇���5ÍÜ�; u = τ + τg = (uz, ue)T�X
ÚÑ\�2Âå,3UTS¥, uz�L� �Ñ\�2

Âå, ue�Lp$�Ñ\�2Âå.

b�UTSkØ(½5,=

W = W0 + ∆W,

N = N0 + ∆N,

ª¥: W0, N0´�O�; ∆W , ∆N´Ø(½�.@o
Ä��§(12)Lã�e�/ª:

W0q̈ + N0 = u + ρ (13)

Ù¥Ø(½�ρ = (ρ1, ρ2)T÷v

ρ = −∆Wq̈ −∆N. (14)

�Ä�	Ü6Äd = (d1, d2)T,ª(13)L«�

W0q̈ + N0 = u + ρ + d. (15)

-W0 =

[
a11(q) a12(q)
a21(q) a22(q)

]
, N0 =

[
c1(q, q̇)
c2(q, q̇)

]
,

sin qi = si, cos qi = ci(i = 1, 2).

�âþãªf, UTS�ÄåÆ�.ïáXe:
[

a11(q) a12(q)
a21(q) a22(q)

][
q̈1

q̈2

]
+

[
c1(q, q̇)
c2(q, q̇)

]
=

[
uz

ue

]
+

[
d1

d2

]
+

[
ρ1

ρ2

]
, (16)

ª¥:

a11(q) = γyy1 + γxx2s
2
2 − 2γzx2c2s2 + γzz2c

2
2,

a12(q) = a21(q) = γyz2c2 − γxy2s2,

a22(q) = γyy2,

c1(q, q̇) = wd1q̇1q̇2 + wd2q̇
2
2,

c2(q, q̇) = −1
2
(wd1q̇

2
1 + wd2q̇1q̇2) +

1
2
wd2q̇

2
2,

wd1 = 2s2c2(γxx2 − γzz2) + 2(s2
2 − c2

2)γxz2,

wd2 = −γxy2c2 − γyz2s2.

4 ÄÄÄuuuADRC������������YYY (Control scheme
based on ADRC)

4.1 ���   ���ÚÚÚppp$$$������)))ÍÍÍ(Decoupling between
the azimuth and elevation)

ÏL©ÛUTSÄåÆ�.,��§´��õÑ
\–õÑÑXÚ.©z[12]rXÚ��þ�	��.Ü
©f = (f1, f2)T��/Ä�ÍÜ0Ü©;,	rU =

B (q, q̇, t) u=

[
b11 b12

b21 b22

][
uz

ue

]
��/·�ÍÜ0Ü

©.

�§(16)ÒU{z�



q̈1 = f1 (q1, q̇1, q2, q̇2, t)+b11uz+b12ue,

q̈2 = f2 (q1, q̇1, q2, q̇2, t)+b21uz+b22ue,

y1 = q1,

y2 = q2,

(17)

Ù¥:

f1(·) = − 1
det(W )

[(−a12b21q̇1 +

(a22b12 − a12b22)q̇2)−
(a22ρ1 − a12ρ2)− (a22d1 − a12d2)],

f2(·) = − 1
det(W )

[(a11b21q̇1 +

(−a21b12 + a11b22)q̇2)−
(−a21ρ1 + a11ρ2)− (−a21d1 + a11d2)],

b11 =
a22

det(W )
,

b12 = − a12

det(W )
,

b21 = − a21

det(W )
,

b22 =
a11

det(W )
.

Ú\J[��þ: U1 =b11uz+b12ueÚU2 =b21uz

+ b22ue,�§(17)C�



q̈1 = f1 (q1, q̇1, q2, q̇2, t) + U1,

q̈2 = f2 (q1, q̇1, q2, q̇2, t) + U2,

y1 = q1,

y2 = q2,

(18)

=1iÏ�þ�Ñ\�Ui,ÙÑÑ�yi = qi. ù�z
��Ï��J[��þUi���ÑÑyi = qi�m´

üÑ\–üÑÑ'X.Ïd,ù�üÑ\–üÑÑXÚ
���)Í�ü�Õá�üÑ\–üÑÑXÚ.ª
(18)¥�f1(·), f2(·)�À�z�Ï���go6Ä,
d*ÜG�*ÿì(extended state observer, ESO)�O
Ñ5.

ù�,� �Úp$��m�ÍÜÜ©ÒU��
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Ø.¢S���þdeªO���:

u =

[
uz

ue

]
=

[
b11 b12

b21 b22

]−1

U = B−1U. (19)

UTS�)ÍL§Xã3¤«.

ã 3 UTS�)Í(�

Fig. 3 Decoupling structure of the UTS

�
��J[��þU1ÚU2,ü�ADRC��ì
�i\�z�Ï�¥. ADRC��[�ª3eÜ©0
�.

4.2 ���UTS���OOO���ADRC(The ADRC design for
the UTS)
du�ü�fXÚ(� �Úp$�)�O�

ADRC��ì�{�Ó,�i = 1��� ��O
ADRC,�i = 2��p$��OADRC.

1) �©�lì(tracking differentiator, TD).



fh = fhan (vi1(k)− qri(k), vi2(k), r0i, h0) ,

vi1(k + 1) = vi1(k) + h · vi2(k),
vi2(k + 1) = vi2(k) + h · fh,

(20)

ª¥: qri(k)��AfXÚ�Ï"Ñ\&Ò; vi1(k)�
�AfXÚ��l&Ò; vi2(k)�Ñ\&Ò��©;
h�æ�Ú�; k�1kgæ���; r0i��ÝÏf,
h0�°ÝÏf. fhan(x1, x2, r0, h0)½Â�[13]





d = r0h
2
0, a0 = h0x2, y = x1 + a0,

a1 =
√

d(d + 8 |y|),
a2 = a0 +

(a1 − d)sgn y

2
,

sy =
sgn(y + d)− sgn(y − d)

2
,

a = (a0 + y − a2)sy + a2,

sa =
sgn(a + d)− sgn(a− d)

2
,

fhan = −r0(
a

d
− sgn a)sa − r0sgn a.

(21)

�©�lì��^: 1)��D(ÈÅì,À½¯
�Ïf�,U
{�D(&Ò; 2) TDkûÐ�ªÇÈ
Åì�AA5;��, TD����^�U´§U

¼�äkûÐ&D'�D(&Ò��©.

2) ESO.

ESOÄkdHan[14]JÑ,^u3��Oo�Ä�,
�)SÜ���5Ä�Ú	Ü�6Ä.ùp,�ü�
fXÚ�O
ü�n��ESO:





ei(k)=zi1(k)− yi(k),
fei =fal(ei, 0.5, h),
fei1 =fal(ei, 0.25, h),
zi1(k+1)=zi1(k) + h(zi2(k)− βi1ei(k)),
zi2(k+1)=zi2(k)+h(zi3(k)−βi2fei+Ui(k)),
zi3(k+1)=zi3(k) + h(−βi3fei1),

(22)

ª¥: ei(k)�Ø�&Ò; zi1, zi2´éG�qi, q̇i��O;
zi3´éo6Äfi (q1, q̇1, q2, q̇2, t)�¢��O; βi1,
βi2Úβi3��N!�ESOëê,ÏLÀJÜ·�ëê,
ESO�½5ÒU���y[15]; fal(e, α, δ)´��
5¼ê½Â�

fal(e, α, δ) =

{ |e|α sgn e, |e| > δ,
e

δ1−α
, |e| 6 δ.

(23)

éuESO��O,��æ^�5*ÜG�*ÿì
(linear extended state observer, LESO),$^p�rJ
Ñ��°VgBU�½ÑLESO�ëê,�´·��
��5¼ê��Ç'�5¼êp�õ,Ïd�©æ^
��5*ÜG�*ÿì.

3) ��5G�Ø��"��Ç(nonlinear state
error feedback, NLSEF).

�
��J[��þ5?1Ö�, NLSEFªf:



ei1(k)=vi1(k)− zi1(k),
ei2(k)=vi2(k)− zi2(k),
Ui(k)=−fhan(ei1, ciei2, ri, hi)−zi3(k),

(24)

ª¥: ci�{ZÏf, hi�ÈÅÏf, ciÚhiUéÐ/

³��©&Ò¥�D(��,�;�pª��y�;
��5¼êfhan(x1, x2, r0, h0)Úfal(e, α, δ)®3ª
(21),ª(23)¥�Ñ½Â.

�
�/�/`², ADRC���Y�µãXã
4¤«.

ã 4 ADRCµã

Fig. 4 The diagram of ADRC

4.3 ������ÑÑÑ\\\uz, ue(Control inputs uz and ue)
�âª(18),ÒU��J[��Ñ\Ui,,�,�

�Ñ\uz, ueU
O���



uz =
b22U1 − b12U2

b11b22 − b12b21

,

ue =
b11U2 − b21U2

b11b22 − b12b21

,

(25)
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þª¥I�5¿�´��yB (q, q̇, t)��_5,=
b11b22 − b12b21 6= 0. Ý
B (q, q̇, t)3XÚ$1L§
¥]m/ÑyØ�_�ÛÉ�/�,eØÑy3æ�
��,ÃK�;eÑy3æ���,�±3Ý
B(q,
q̇, t)NCé���_Ý
5Cq=�.

,�©¥

W0 =

[
a11 (q) a12 (q)
a21 (q) a22 (q)

]
=B−1,

Ý
1�ª

det (B) = det (W0) =

a11 (q) a22 (q)− a12(q)a21 (q) =

γyy1γyy2 +
(
γxx2γyy2 − γ2

xy2

)
s2
2 +

2 (γxy2γyz2 − γyy2γzx2) c2s2 +(
γyy2γzz2 − γ2

yz2

)
c2
2.

dã5��,3æ���þ,Ý
B (q, q̇, t)�1�ª
ÑØ�0,�det (B) À 0,=�y
TÝ
��_5.

ã 5 Ý
B�1�ª

Fig. 5 Determinant of the matrix B

b�Ý
Br(t)�Ý
B(t)�ý�,,duXÚ
SÜëê�Ä,½öXÚ3$1L§¥]m/ÑyØ
�_�ÛÉy�,3Ý
Br(t)NC���_�Cq
Ý
B(t),Ù¥Br(t) = B(t) + ∆B(t).

�5O(�XÚÒC�[
q̈1

q̈2

]
=(

[
f1

f2

]
+∆B(t)

[
uz

ue

]
)+B(t)

[
uz

ue

]
,

r∆B(t)

[
uz

ue

]
Ü©��o6Ä5?n,ù��Ny


g|6��Eâ¤äk�ØI�°(�XÚÄ�

�.�A:. �´¸®�P��JÑBr(t), B(t)�m
�Ø�ØU��,�éØ���30%±e,g|6�
�ì´U��Ð�.

5 ���ýýý(Simulations)
5.1 ADRCëëëêêê���½½½(Parameters tuning of ADRC)
�
�yUTS�ADRC)Í�Y�5U,e¡�


�X���ý. ÄuMATLABïá
XÚ�Ä��
.Ú��ì. g|6��EâA^�TXÚ¥,ëê

N�´���~'��¯K,Ù¥�k15�ëêI�
�½,þ�±ÏL�ý5�½.

ADRC��ìëê(½��â9²�Xe: h�æ

��m�',�â®ï��aqÉìXÚ�êâ]�
�,æ^1 ms�æ�9?n±Ï�÷v���¦,Ï
d�h = 0.001; r01, r02�âI��)��l&Ò?

1N�.

2N!*ÜG�*ÿì¥�ëêβ11, β12, β13,
β21, β22, β23,Ù¥β13, β23��'�,Ù���,KX
Ú�¢���,�´β13, β23L�K¬Úå��,Ïd
3N!�L§¥,kN!β13, β23,��ESO��l�
J�Ð�,2�°[N!β11, β12, β21, β22,±ØäJ
,ESO�5U.N���â´*ÿ���&Ò¦�U
Ey��O�&Ò,ù�ÒU|^*ÿ&Òk�/Ö
�o6Ä.

,	h1, h2�°ÝÏf,Ù���,��°Ý�p,
�´L�¬ÚåË�y�,�ý¢�¥ò���h1

= h2 = 3h; c1, c2�}ÁØÓ�ê�,ÏL�ý(J
5�½,g|6��ìéùü�ëê��¦Øp,�
éØ�330%SØ¬K����J; r1, r2�â�ª�

;,�l�J?1�½.

�ª�½�ADRC�ýëêXe:

h = 0.001, r01 = 2, β11 = 600,

β12 = 900, β13 = 60000, c1 = 0.3,

h1 = 0.003, r1 = 100, r02 = 2,

β21 = 200, β22 = 600, β23 = 30000,

c2 = 0.3, h2 = 0.003, r2 = 25.

5.2 ���ýýý(((JJJ999©©©ÛÛÛ(Simulation results and analy-
sis)
e��XÚëê[2]:

γyy1 = 2547 kg·m2, γxx2 = 5400 kg·m2,

γyy2 = 5343 kg·m2, γzz2 = 224 kg·m2,

γxy2 = −2.8 kg·m2, γyz2 = 13.7 kg·m2,

γxz2 = 0.8 kg·m2, d1 = 0.6 m, d3 = 6.285 m.

Ï~´¡Ø²Ý´�Å�,�^�ýïá´Ìã,
3�©�ý¥�ÑdÚ½,b½�©–»��Ï";
,´²L»�O�Å?���� �.

b½8I3»�?Ö�mS÷�/;,±!

�ω = π/6ÅÄ,K¤O8I��©–»��Ï";
,Xe:

qr1 =arctan
d3−R(1−cos ωt) cos ξ

(R sinωt)
,

qr2 =arctan

√
d2

3−(d1+R(1−cos ωt) sin ξ)2

d1 + R(1− cos ωt) sin ξ
−1,

ª¥: R = 0.8 m����;,; ξ = arccos(R /d3)
����;,�Y²¡Y�.
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UTS�¢SÐ©G�:

q1(0) = 1.5 rad, q2(0) = 0.5 rad,

q̇1(0) = 0 rad·s−1, q̇2(0) = 0 rad·s−1.

b½éÅÄ8I��lÚ¤O�,�¹3�©–»
�ÄåXÚ¥�SÜëê�ÄØ(½5�dXe'

uXÚG��¼ê�Ä5£ã,=k

ρ(t) =

[
100
100

]
+ 300q(t) +

[
500
500

]
q̇T(t)q̇(t).

,	,»��Â��� Úp$¶°Ä�5�	
Ü6Ä�Ø(½5,dXe�XÚG��',��k
P~A5��u&Ò£ã,=k[2]

d(t) =

[
1500
2000

]
e−2t sin 6t + 500e−2tq(t).

ã6−7L²ESOU
k�/�OÑ��XÚ� 
�Úp$��o6Ä,¿?1Ö�.

ã 6 éo6Äf1��O

Fig. 6 Estimate of the total disturbance f1

ã 7 éo6Äf2��O

Fig. 7 Estimate of the total disturbance f2

�
�ADRC���J?1é',TXÚÓ�æ
^ü�PID��ìéü�Ï�©O?1��.ã8−9
w«
æ^ü«ØÓ��ìéXÚ?1���,»�
� �Úp$�é8I��l�J.l�ý(Jw,
æ^ADRC��ì?1)Í��,äk����N,
¿�U�¯!�O(/�lþë�;,.

,	, dã10−11�±�\�*/wÑ,æ^

ADRC��ì�Âñ�Ý�¯,�Ø���. �´
ADRC�ëê�½¬��E,.

ã 8 � � �;,�l

Fig. 8 Trajectory tracking of the azimuth position

ã 9 p$� �;,�l

Fig. 9 Trajectory tracking of the elevation position

ã 10 � ��lØ�

Fig. 10 The tracking errors of the azimuth

ã 11 p$��lØ�

Fig. 11 The tracking errors of the elevation

du»�3�ÂL§¥¬É���ÀÂå�]�

6Ä,�ý¢�¥33.0 ∼ 3.1 s�m\\
��6Ä,
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3ØN�ëê��¹e,lã12−13�±wÑ,$^
ADRC��ì�°�5���`uPID��ì. XÚ
3É�6Ä��¹e,U¯�Âñ�½G�.

ã 12 Y²�É�6Ä��;,�l
Fig. 12 Trajectory tracking of the azimuth position

under disturbance

ã 13 p$�É�6Ä��;,�l
Fig. 13 Trajectory tracking of the elevation position

under disturbance

�Ä�ï��ØO(5½XÚëêu)�Ä,ò
Ý
B��~�30%,3ØN�ëê��¹e,5é'
ü«���{����J.dã14−15�±�Ù/w
Ñ, PID¬Ñy���ÅÄ,ADRCA�ØÉK�.
ù��y
g|6��EâØ�6uXÚ°(�ê

Æ�.,=IXÚ�þ&E,¿äk�A¯!�N�!
°�5r�A:.

ã 14 ~�B�¹e�Y²�;,�l

Fig. 14 Trajectory tracking of the azimuth position

when B decreased

�ý(JL²,��uPID��ó,A^uÃ<
�©�g|6��ì,U¦»�XÚ�k�/u��

^,��»�3E,Ô|^�e,¯�°(/¤O8
I.¿�éXÚSÜ�Ø(½5Ú	Ü6Ääk�r
�°�5. T��ì·^uù«I�p°ÝÚ¯�5
�ÉìXÚ.�õ�'ug|6A^�(J�©z
[16].

ã 15 ~�B�¹e�p$�;,�l

Fig. 15 Trajectory tracking of the elevation position

when B decreased

6 (((ØØØ(Conclusions)

�©$^
n¶½�n,¿�âDÚ�Åì<
©ÛEâ,ïá
UTS�ÄåÆ�.,JÑ
�«Ä
uADRC�UTS��XÚ����{. XÚ� �Ú
p$��m�ÍÜ�!SÜëê�ÄÚ	Ü6Ä�Ø

(½5U
dü�¿1�ADRC��ì�O¿Ö�.
Ïd,ØI���UTS�.�°(&E.¿�¢y

»�¶�3.5�IX¥�½. õg�ý�y
¤
�O���ìäkéÐ�·A5Ú°�5. e�Úó
�ò'5�E,�ÅÄ�Â^�.
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