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Auto Disturbance Controller of Non-affine

Nonlinear Pure Feedback Systems
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Abstract In this paper, a novel control approach based on

the combination of back-stepping design and auto disturbance

rejection is presented for a class of non-affine nonlinear pure

feedback systems with modeling uncertainties and external dis-

turbances. During every step of back-stepping, the auto distur-

bance rejection control is adopted, meanwhile, a differentiator

and an extended state observer (ESO) are respectively used to

estimate the virtual control of the derivative and the unknown

part of the system. It is different from other existing meth-

ods, which employed approximation theory to directly construct

the controller for the non-affine nonlinear systems. The design

procedure of this proposed scheme is not complicated, and the

input to state stability (ISS) analysis shows that the system

states can asymptotically converge to an arbitrarily small region

of the equilibrium point. Several simulation examples illustrate

the effectiveness of the proposed design.
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���X�"��5XÚ, 3�ü�O�z�ÚÑi\g|6�O, JÑ
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�ý�y.

1 ¯K£ãÚO�
1.1 ���.XÚ�©�Ä����.X�"��5XÚ/ªXe:



























ẋ1(t) = f1(x1, x2)

ẋ2(t) = f2(x̄xx2, x3)
...

ẋn(t) = fn(x̄xxn, u)

(1)ª¥, x̄xxi = [x1 x2 · · · xi], i = 2, · · · , n, xxx =

[x1 x2 · · · xn]T ∈ R
n ǑXÚG�; u ∈ R ǑXÚ�Ñ\; fi(∗), i = 1, 2, · · · , n Ǒ��1w¼ê.��XÚ�O�8�´3XÚ�3Ø(½5��¹e,(½1w��¼ê u(xxx), 3�y4�XÚ¤k&Ò��Û�ª��k.�Ó�, ²ï: x0 ´ìC½�. 3dØ��XÚ�²ï:Ǒ�:, = x0 = 0, Ó�k fi(0) = 0, i =

1, 2, · · · , n.b� 1. �3��;8 Ω ∈ R
n, �� xxx = x̄xxn ∈ Ω.b� 2. �3 gi(x̄xxi, xi+1) = ∂fi(x̄xxi, xi+1)/∂xi+1 6= 0,�xi 6= 0, i = 1, · · · , n−1�,� gi(x̄xxi, xi+1), i = 1, · · · , n−1´��¼ê. Ø���5, ��3��~ê giu > gi0 > 0, �� 0 < gi0 < gi(∗) ≤ giu < ∞, x̄n ∈ Ω.b� 3. Ø�ª ∂f(x̄xxn, u)/∂u > 0, (x̄xxn, u) ∈ Ω × R ¤á. b� 4. XÚ¤kG��ÿ.5 1. b� 2 L² �ê gi(x̄ i, xi+1) Ǒî��¼ê½öî�K¼ê[7]; b� 2 Úb� 3 �y
XÚ (1) ���5;b� 4 ´Ú\*�G�*ÿì�J.

1.2 *�G�*ÿì3��5��¥, é����5?n��{kg·A ²�ä%C!g·A�
%C±9Äu�©ì½*�*ÿì�%C. ü«�{�U3,�;8S±?¿°Ý%C?¿��ëY¼ê, ¿��OL§E,. Äu�©ì½*�*ÿì%C��{Ø=�±��/%CXÚ¥Ø(½�, ¿�U
�OÑXÚ¥���G�, �Uk�/³�XÚ¥�6Ä.�©æ^��5ëY*�G�*ÿì5�OXÚ¥����. ~X: b�XÚ
ż = H (t) + BU (2)ª¥, H (t) ´���, U ´fXÚ�Ñ\, XÚ�G� z �

ÿ, K�±òXÚ�G�?1*�¤e¡�XÚ:

ż = z0 + BU

ż0 = G (t) (3)ª¥, G (t) ´���, ¿�´���H (t) ��ê, K�±�ï*�G�*ÿìXe:

E1 = Z1 − z

Ż1 = Z2 − β01fc1 (E1) + BU

Ż2 = −β02fc2 (E1) (4)ª¥, E1 ´ ESO ��OØ�, Z1!Z2 ´*ÿì�ÑÑ,

β01 > 0 Ú β02 > 0 ´*ÿìO�, ëê¼ê fci (·) Ǒ·��E���5¼ê, ÷v efci (e) > 0, ∀e 6= 0, fci (0) = 0. *ÿìO� β01 Ú β02 Úëê¼ê fci (·) �À��±ë�©z
[24−25]. �©À�ëê¼ê fci (·) /ªXe:

fc1 (E1) = E1

fc2 = |E1|
α1sgn (E1) (5)Ù¥, 0 ≤ α1 ≤ 1.½n 1

[24]
. �ÄXÚ (2) Ú*�*ÿì (4), K�3*ÿO� β01 Ú β02, α1 ∈ (0, 1), ��G� Z1!Z2 ©OÂñ�¢SG� z, H (t) �,�;8S. Ǒ
Jp*�G�*ÿì�

(4) ��O°Ý, Ò�*�e¡�Ø�ª
1

4
β2

01 > β02 > |G (t)| (6)y².T½n��[y²�©z [24]. �

1.3 �l�©ì�l�©ì´�évkêÆL�ª�&Ò�OJÑ5�. e&ÒéJd�.�EÑÑ, KØU^êÆ�{����. lk
ÆöQ²�E
*ÿì5�O&Ò��ê, �´ù«�{äkér��å^�. �5, Æö�JÑ
�l�©ìé&Ò��ê?1�O, �O�K´: ��&Ò��ê, Ó��©ìéu?Ûpª&ÒØ¯a. �©ì¥I�5¿�¯K´: Q��þO(��, q�é&Ò�ÿþØ�ÚÑ\D(äk°�5. Levant[26] JÑ
�«Äuw�Eâ���5�©ì, |^w��n��&Ò�ê, ¿k�/³�
&Ò�OÑÑ¥�D(, �´Tw��©ìI�¯k��Ñ\&Ò�ê�þ., �©�J[��&Ò�ê�þ.´���. �©ÀJ
d����XÚ�)Ñ��©ì[25] ,Ù/ªXe:

{

υ̇1 = υ2

υ̇2 = −λ2sgn (υ1 − r (t)) |υ1 − r (t)|α − λυ2

(7)ª¥, r (t) ´®��&Ò, υ1!υ2 ´�©ì�G�Cþ, α Ú
λ ´��O�ëê, ��Ù÷v±eØ�ª:

0 < α < 1, λ > 0 (8)K υ2 ÒU�l ṙ (t), Ó� υ1 �±�l r (t). ù«�l�©ìëê�À�ë�
©z [25] ¥1 2.3 !SN.
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2 �ü���O3?1�ü�O, kÚ\g|6Vg. �ÄXe�CXÚ:

ẏ = f (y,w (t)) + b (t)u (9)Ù¥, f!w!b ǑØ(½¼ê, b2 > b (t) > b1 > 0, � b (t) Cz��S�,�¥m�, Kª (9) �±U�¤
ẏ = f (y, w (t)) + (b (t) − b0) u + b0u (10)�±ò (b (t) − b0) u ��#�6Ä�, ½Â a (t, u) =

f (y,w (t)) + (b (t) − b0)u, ǑXÚ (10) �ï*�G�*ÿì (4), Ù¥ Z2 → a (t, u), K��OXe��ì5	½XÚ (10):

u (t) = −
Z2

b0
− ky (11)ª¥, k > 0 Ǒ��O�~ê.Ún 1

[18]
. �é�CXÚ (9), �� b2 > b (t) > b1 >

0, K�±ÏLǑ§�ï�� ESO, 3 b (t) Cz��S�,�¥m� b0 �O��ì (11) �XÚ (9) ìC	½.5 2. 3ÀJ b0 �, �(� b0 �ÎÒ� b (t) ��.

b (t) − b0 ��, K Z2 �OÑ¢��^þ a (t, u) ��J��, b0u �g|6�JǑ��. TÚn��[y²�©z
[18−19].5¿� f (y, w (t)) + b (t) u ´�«AÏ����/ª,Ø�PǑ G (y, w (t) , u), d� b (t) = ∂G/∂u, � a (t, u) =

G (y, w (t) , u) − b0u, l�±?�Ú�Ñe¡�(Ø. �Äe����XÚ:

ẋ = f (x, u) (12)Ù¥, x ∈ Ω ⊂ R, Ω Ǒ;8, f Ǒ1wëYØ(½¼ê, �
∂f/∂u 6= 0 Ú x �ÿ, Ø���5, b� ∂f/∂u > 0, �â¡�©Û, K (12) �±U�¤:

ẋ = f (x, u) − c0u + c0u (13)ª¥, c0 Ǒ��O�ëê, ÙÎÒ� ∂f/∂u ��. ½Â#�Ø(½�, F (x, u) = f (x, u) − c0u ǑXÚ (13) �ï*�G�*ÿì. Ù¥*�G�*ÿìG� z2 → F (x, u), K�OXe��ì5	½XÚ (12):

u (t) =
1

c0
(−z2 − kx) (14)ª¥, k > 0 Ǒ��O�~ê.Ún 2. �éXÚ (12), ÏLǑ§�ï�� ESO, �±�O��ì (14) �XÚ (12) ìC	½.y². òª (14) �\ª (13) k

ẋ = F (x, u) − z2 − kx (15)ØJuy, XJ g = F (x, u) − z2 = 0 ½k., XÚ (15) ¬ìCÂñ��:½�:��S. z2 �¤±U
é�/�l¢��^þ F (x, u) ����Ï´: ��XÚ÷v�*ÿ5,�oØ+ F (x, u) ´�o/ª, ��§3å�^, �oÙ�^7½¬�N3XÚ�ÑÑþ, Òk�UlXÚÑÑ&E¥JõÑÙ�^þ (�©z [24] 1 200 �). òª (14) �\ g �

L�ª¥, �� g = f
(

x,− z2

c0
− kx

c0

)

+ kx, du f ´;8 ΩS�1wëY�¼ê, � ∂f/∂u 6= 0, ÏddÛ¹ê½n�±�Ñ�3 z2 �� g = 0, =�3��Æ (14) �±ìC	½XÚ (12). �dÚn 2!b� 2 Úb� 3, �±òª (1) �¤


























ẋ1 = F1(x1, x3) + c2x2

ẋ2 = F2(x̄xx2, x3) + c3x3

...

ẋn = Fn(x̄xxn, u) + cn+1u

(16)Ù¥, ci+1 > 0, i = 1, · · · , n Ǒ��O�ëê, �b� 2 Úb� 3 ¥� gi (·) , i = 1, · · · , n, gn (·) = ∂f

∂u
(·) ÓÎÒ, Ǒ
U��ï� ESO �p°Ý��O���, ÀJ ci+1 ∈

(gi0, giu) , i = 1, · · · , n, 3�O¥Ǒ�ÀJ ci+1 ∈ (0,∞), ¼ê Fi (·) ��, ½ÂXe:

Fi(x̄xxi, xi+1) = fi(x̄xxi, xi+1) − ci+1xi+1, 1 ≤ i ≤ n − 1

Fn(x̄xxn, u) = fi(x̄xxn, u) − cn+1u (17)|^�üEâéXÚ (16) ?1��ì�O:Ú½ 1. �ÄfXÚ x1, ½ÂCþ e1 = x1, éÙ���
ė1 = F1 (x1, x2) + c2x2 (18)du F1 (·) ��, 3b� 4 ¤á�^�e, �ǑXÚ (18) �ï ESO.

E1 = Z1,1 − e1

Ż1,1 = Z1,2 − β01fc1,1 (E1) + c2x2

Ż1,2 = −β02fc1,2 (E1) (19)�OJ[�� x2d Xeª
x2d = −

Z1,2

c2
−

k1

c2
e1 (20)ª¥, k1 > 0, À� Lyapunov ¼êǑ

V1 =
1

2
e2
1 (21)½ÂCþ e2 = x2 − x2d, (Üª (20) �J[��þ, éª (21) �©��

V̇1 = e1(F1 + c2x2) =

e1(F1 + c2(e2 + x2d)) =

e1(F1 + c2x2d) + c2e1e2 =

− k1e
2
1 + e1(F1 − Z1,2) + c2e1e2 (22)XJ e2 = 0, ò F1 −Z1,2 ÀǑXÚ�Z6Ñ\, Kª (22) �±�¤

V̇1 ≤ −k1e
2
1 + |e1| |F1 − Z1,2| (23)�âÑ\G�½½n�±wÑ, � e2 = 0 �, XÚ (18) ´Ñ\G�½�, =¿�X�� F1 − Z1,2 k., K e1 Òk.. Ú½ 2. éCþ e2 ?1�©, �

ė2 = F2 + c3x3 − ẋ2d (24)
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Z1,2 pg�ê, Ǒ
;�ù�y�, �©�O�l�©ì5�O ẋ2d.
{

υ̇1,1 = υ1,2

υ̇1,2 = −λ2sgn (υ1,1 − x2d) |υ1,1 − x2d|
α − λυ1,2

(25)duª (24) ¥ F2 ��, Ó�À ẋ2d Ǒ�.�Ö��, 3b� 4 ¤á^�e, �Ǒª (24) �ï ESO.

E2 = Z2,1 − e2

Ż2,1 = Z2,2 − β01fc2,1 (E2) + c3x3 − υ1,2

Ż2,2 = −β02fc2,2 (E2) (26)ª¥, υ1,2 Ǒ�©ì (25)�G� (=&Ò x2d �ê��O�),�OJ[�� x3d Xeª
x3d = −

1

c3
(k2e2 + c1e1 + Z2,2 − υ1,2) (27)ª¥, k2 > 0 , À� Lyapunov ¼êǑ
V2 = V1 +

1

2
e2
2 (28)½ÂCþ e3 = x3 − x3d, (Üª (27) �J[��þ, éª (28) �©��

V̇2 = −k1e
2
1 + e1 (F1 − Z1,2) + c2e1e2 + e2ė2 =

− k1e
2
1 + e1 (F1 − Z1,2) − k2e

2
2+

e2 (F2 − Z2,2) + e2 (υ1,2 − ẋ2d) + c3e2e3 =

−
2
∑

i=1

kie
2
i +

2
∑

i=1

ei (Fi − Zi,2)+

e2 (υ1,2 − ẋ2d) + c3e2e3 (29)XJ e3 = 0, -
ē2 =

[

e1

e2

]d�ò
[

F1 − Z1,2

(F2 − Z2,2) + (υ1,2 − ẋ2d)

]ÀǑXÚ�Z6Ñ\, Kª (29) �±�¤
V̇2 ≤ −ēT

2

[

k1

k2

]

ē2+

‖ē2‖

∥

∥

∥

∥

∥

F1 − Z1,2

F2 − Z2,2 + υ1,2 − ẋ2d

∥

∥

∥

∥

∥

(30)�â ISS (Input to state stability) ½n�±wÑ, � e3 = 0�, XÚ (24) Ñ\G�´½�, =¿�X��
[

F1 − Z1,2

(F2 − Z2,2) + (υ1,2 − ẋ2d)

]k., K
ē2 =

[

e1

e2

]

Òk..Ú½ iii. é ei = xi − xid ?1�©, �
ėi = Fi + ci+1xi+1 − ẋid (31)Ón, �±�E�l�©ì�O&Ò ẋid �Xe











υ̇i−1,1 = υi−1,2

υ̇i−1,2 = −λ2sgn (υi−1,1 − xid) |υi−1,1 − xid|
α

−λυi−1,2

(32)duª (31) ¥ Fi ��, Ó�À ẋid Ǒ�.�Ö��, 3b�
4 ¤á�^�e, �±Ǒª (31) �ï ESO.

Ei = Zi,1 − ei

Żi,1 = Zi,2 − β01fci,1 (Ei) + ci+1xi+1 − υi−1,2

Żi,2 = −β02fci,2 (Ei) (33)ª¥, υi−1,2 Ǒ�©ì (32) �G� (=&Ò xid �ê��O�), �OJ[�� x(i+1)d Xeª
x(i+1)d = −

1

ci+1
(kiei + ciei−1 + Zi,2 − υi−1,2) (34)ª¥, ki > 0 , À� Lyapunov ¼êǑ
Vi = Vi−1 +

1

2
e2

i (35)½ÂCþ ei+1 = xi+1 − x(i+1)d, (Üª (34) �J[��þ, éª (35) �©��
V̇i = −

i−1
∑

j=1

kje
2
j +

i−1
∑

j=1

ej (Fj − Zj,2)+

i−2
∑

j=1

ej+1

(

υj,2 − ẋ(j+1)d

)

+ ciei−1ei + eiėi =

−
i
∑

j=1

kje
2
j +

i
∑

j=1

ej (Fj − Zj,2)+

i−1
∑

j=1

ej+1

(

υj,2 − ẋ(j+1)d

)

+ ci+1eiei+1 (36)Ón, XJ ei+1 = 0 �, XÚ (31) Ñ\G�´½�, ��
Fj − Zj,2, j = 1, · · · , i, υj,2 − ẋ(j+1)d, j = 1, · · · , i − 1 k.,K ej , j = 1, · · · , i Òk..Ú½ nnn. é en = xn − xnd ?1�©, �

ėn = Fn + cn+1u − ẋnd (37)Ón, �±�E�l�©ì�O&Ò ẋnd �Xe










υ̇n−1,1 = υn−1,2

υ̇n−1,2 = −λ2sgn (υn−1,1 − xnd) |υn−1,1 − xnd|
α−

λυn−1,2

(38)duª (37) ¥ Fn ��, Ó�, À ẋnd Ǒ�.�Ö��, 3b� 4 ¤á�^�e, �±Ǒª (37) �ï ESO.

En = Zn,1 − en

Żn,1 = Zn,2 − β01fcn,1 (En) + cn+1u − υn−1,2

Żn,2 = −β02fcn,2 (En) (39)
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u = −

1

cn+1
(knen + cnen−1 + Zn,2 − υn−1,2) (40)À� Lyapunov ¼êXe

Vn = Vn−1 +
1

2
e2

n (41)(Üª (40) ���Æ, éª (41) �©��
V̇n = −

n−1
∑

j=1

kje
2
j +

n−1
∑

j=1

ej (Fj − Zj,2)+

n−2
∑

j=1

ej+1

(

υj,2 − ẋ(j+1)d

)

+ cnen−1en + enėn =

−

n
∑

j=1

kje
2
j +

n
∑

j=1

ej (Fj − Zj,2)+

n−1
∑

j=1

ej+1

(

υj,2 − ẋ(j+1)d

)

(42)Ón, XÚ (37) Ñ\G�´½�, �� Fj − Zj,2, j =

1, · · · , n, υj,2 − ẋ(j+1)d, j = 1, · · · , n − 1 k., K ej , j =

1, · · · , n Òk..½n 2. XÚ (1) 3÷vb� 1∼ 4 �Je, �±ÏL�OJ[�� (20)!(27)!(34) Ú�� (40) ìC½��:�,�í8S, Ó�, T4�XÚ¤k&ÒÑ¬ìCÂñ��:,�+�.y². À� Lyapunov ¼ê Vn = 1
2

∑n

i=1 e2
i , d¡�ü�OL§�±wÑ, éÙ�©���ª (42). ª¥,

Fi − Zi,2, i = 1, · · · , n ´*�*ÿì�Ø�, ��À�Ü·�ëê β01!β02 Ú��5¼ê fci (·)[24], ÒU�*ÿì�Ø�¿©��.
(

υi,2 − ẋ(i+1)d

)

, i = 1, · · · , n − 1 ´�l�©ì�Ø�, Ǒ�±ÏL�Oëê�§¿©��[25] . Ø�-
ESO Ú�l�©ì�oØ�Ǒ

ε = sup

(

n
∑

j=1

|Fj − Zj,2| +

n−1
∑

j=1

∣

∣υj,2 − ẋ(j+1)d

∣

∣

)

(43)Kª (42) �±�¤
V̇n ≤ −

n
∑

j=1

(kj − 1) e2
j +

1

2
ε2 ≤

− 2 × min
1≤j≤n

(kj − 1) Vn +
1

2
ε2 (44)��3�O ESO Ú�l�©ì�, ëêÀ�T�, �

kj > 1, 1 ≤ j ≤ n, ÒU�ª (1) ìC½��:í8S.dª (43) Úª (44) ��, Vn → ε2/4 × min1≤j≤n (kj − 1),`²Tí8�����l�©ì�ëê!ESO �ëê±9
kj �À�k'. ?�Ú©Û��: �l�©ì�ëê÷vª (8) � ESO �ëê÷vª (6) �, kj ��, KTí8��. �Tí8v
��, Ø�� e1 → 0, K x1 → 0, qd x1 �fXÚ9 F1 3;8S� (b� 2) üN5, �±íÑ x2 → 0. �gaí�±� xi → 0, i = 3, · · · , n, ?�Ú�� Fi → 0, i = 1, · · · , n Ú xjd → 0, j = 2, · · · , n, =
Zi,2 → 0, i = 1, · · · , n Ú υj,1 → 0, j = 1, · · · , n − 1. �

5 3. ��	Ü6Äk., �©ǑU½k	Ü6Ä������5XÚ.

3 �ý¢~Ǒ
y²�©�{�k�5, ·�lõ�©z¥À�

5 ��ýé�.  4 �´�����5XÚ�	½, Ù¥ 3�´vk�Ä	Ü6Ä,� 1��Ä
	Ü6Ä;�� 1�´�����5XÚ��l. l�ýé�5`, ¢~ 1 Ú¢~ 2´î��"Ñ\���XÚ, ¢~ 3 Ú¢~ 5 ´���X�"XÚ, Ù¥, î��"Ñ\���XÚ´���X�"XÚ¥�AÏ�¹. ESO Ú�l�©ìëêÀ�Ǒ: λ = 100,

α = 0.5, β01 = 100, β02 = 1500, α1 = 0.25, ci = 1.�ý¢~1
[3, 8−9]

:

ẋ1 = x2

ẋ2 = x2
1 + 0.15u3 + 0.1

(

1 + x2
2

)

u + sin (0.1u)K F1 = 0, F2 = x2
1 + 0.15u3 + 0.1

(

1 + x2
2

)

u + sin (0.1u) −

u. w,, �:´XÚ�²ï:, ��©�Ǒ x1 (0) = −1,

x2 (0) = 2. Ǒ
`²�©�{éëê�ÀJäk�½�°�5, 3T�ý¢~¥, ©OÀJ ci = 1 Ú ci = 2 ?1é'.�ý(J�ã 1∼ ã 4. ã 1 ´G� -�m�, Ù¥, :�Ú¢�L« ci = 1 ��G�, J�Ú:J�L« ci = 2 ��G�, lã 1 �±wÑ, � ci ÀJ 1 ½ 2 �, �©�O���ìþ�±�G�¯�/Âñ��:. ã 2 ´�O���ìÚJ[��ì, �y
½n 2 ��(5, =��&ÒÂñ��:,���S. lã 2 �±wÑ, ��ìÚJ[��ì3
ci ÀJ 1 ½ 2 ��OØ�. ã 3 ´ü�*�G�*ÿì�G�9ü�����5��mǑA�. lã 3 �±wÑ, *�G�*ÿì�G��±é�/�O����5. ã 4 ´�©ì�G�ÚJ[����mǑA�, ã¥�±wÑ, �©�O��©ì�l�Jé�. lã 1∼ 4 �±wÑ, �Ø ciÀJ 1 ½ 2, �©��O�YÑ´k��, ùL²T�O�Yéëê ci �À�äk���°�5, Ïd3e¡ 4 ��ý¢~¥ÀJ ci = 1.

ã 1 G��
Fig. 1 Time response of states�ý¢~2
[7]

:

ẋ1 = x2

ẋ2 = x1x
2
2 + x2e

−1−x2

1 − x1x2+
(

2 + 0.3 sin x2
2

)

u + cos(0.1u)K F1 = 0, F2 = x1x
2
2 + x2e

−1−x2

1 − x1x2 + (2 + 0.3

sin x2
2)u + cos(0.1u).
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ã 2 ��ÚJ[���
Fig. 2 Time response of control and virtual control

ã 3 ESO �G�Ú����5��mǑA�
Fig. 3 Time response of ESO states and unknown nonlinearw,�:´XÚ�²ï:, ��©�Ǒ x1 (0) = −1,

x2 (0) = 2, ÀJ ci = 1. �ý(J�ã 5∼ 8. ã 5 ´G� -�m�, �±wÑ�©�O����G�¯�/Âñ��:. ã 6 ´�O���ìÚJ[��ì, �XG�Âñ��:NC, §�ǑÂñ��:NC. ã 7 ´ 2 �*�G�*ÿì�G�Ú 2 �����5��mǑA�, lã�±wÑ, *�G�*ÿì�G��±é�/�O����5.ã 8 ´�©ì�G�ÚJ[����mǑA�.

ã 4 TD �G� υ1,1 ÚJ[�� x2d ��mǑA�
Fig. 4 Time response of υ1,1 in TD and virtual control x2d

ã 5 G��
Fig. 5 Time response of states

ã 6 ��ÚJ[���
Fig. 6 Time response of control and virtual control

ã 7 ESO �G�Ú����5��mǑA�
Fig. 7 Time response of ESO states and unknown nonlinear�ý¢~3

[16]
:

ẋ1 = x1e
−0.5x1 +

(

1 + e−0.1x2

1

)

x2+

0.5 sin (x2) cos (t)

ẋ2 = x2
1 + 0.15u3 + 0.1

(

1 + x2
2

)

u+

sin (0.1u) + 0.5 sin (10t)w,�:´XÚ�²ï:, ��©�Ǒ x1 (0) = −1,
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x2 (0) = 2, ÀJ ci = 1. �ý(J�ã 9∼12. ã 9 ´G� -�m�, �±wÑ, �©�O����G�¯�/Âñ��:. ã 10 ´�O���ìÚJ[��ì, �XG�Âñ��:NC, §�ǑÂñ��:NC. ã 11 ´ 2 �*�G�*ÿì�G�9 2 �����5��mǑA�, lã 11�±wÑ, *�G�*ÿì�G��±é�/�O����5. ã 12 ´�©ì�G�ÚJ[����mǑA�.

ã 8 TD �G� υ1,1 ÚJ[�� x2d ��mǑA�
Fig. 8 Time response of υ1,1 in TD and virtual control x2d

ã 9 G��
Fig. 9 Time response of states

ã 10 ��ÚJ[���
Fig. 10 Time response of control and virtual control�ý¢~4 :�Ääk	Ü6Ä� 3 ������5�.
ẋ1 = x2 + x1 cos x3 + p1 (t, x)

ẋ2 = x3 + x1 cos x2 + p2 (t, x)

ẋ3 = x2 cos t + 2x3 cos t + p3 (t, x)ª¥, p1 = −0.05x2x3 cos (t), p2 = 0.2 sin(2t), p3 =

0.3x3 sin (t) Ǒ	Ü6Ä.w,�:´XÚ�²ï:, ���À� x1 (0) = −1.9,

x2 (0) = 0.3, x3 (0) = 1, ÀJ ci = 1. �ý(JXã 13∼16¤«. ã 13 ´G� -�m�, �±wÑ, �©�O����G�¯�/Âñ��:. ã 14 ´�O���ìÚJ[��ì. ã 15 ´ 3 �*�G�*ÿì�G�9 3 �����

5��mǑA�, lã 15 �±wÑ, *�G�*ÿì�G��±é�/�O����5. ã 16 ´�©ì�G�ÚJ[����mǑA�.

ã 11 ESO �G�Ú����5��m�A�
Fig. 11 Time response of ESO states and unknown nonlinear

ã 12 TD �G� υ1,1 ÚJ[�� x2d ��mǑA�
Fig. 12 Time response of υ1,1 in TD and virtual control x2d�ý¢~5

[17]
:æ^�©JÑ��{ïÄ�����5XÚ��l¯K, ±�ý¢~ 3 XÚǑé�, 4XÚ�G� x1 �lë�&Ò yd = 0.5 (sin (t) + sin (0.5t)). d�, ESO ��ïI�?U¤

E1 = Z1,1 − e1 = Z1,1 − (x1 − yd)

Ż1,1 = Z1,2 − β01fc1,1 (E1) + (c2x2 − ẏd)

Ż1,2 = −β02fc1,2 (E1)�©�Ǒ x1 (0) = −1, x2 (0) = 2, ÀJ ci = 1. �ý(JXã 17∼ 20 ¤«. ã 17 ´ÑÑ�ë�ÑÑ��, �±wÑ, �©�O���ìU�ÑÑé�/�lë�ÑÑ. ã
18 ´�O���ìÚJ[��ì. ã 19 ´ü�*�G�*ÿì�G�9ü�����5��mǑA�, lã 19 �±wÑ, *�G�*ÿì�G��±é�/�O����5.ã 20 ´�©ì�G�ÚJ[����mǑA�, L²�O��©ì�l�Jé�.

4 (Ø�©(Ü�üÚg|6Eâ, ÏL3�ü�O�z�Ú¥Ú\¸®�JÑ�g|6�O, ïÄ
�����5XÚ�	½¯KÚ�l¯K. �yk©z�O�Y�g´ØÓ,�©Ø´���ïn����ì, ´kÄug|6g�òÙ=zǑ��/ª�Ø(½XÚ, ,�|^ ESO �O=zXÚ¥�Ø(½�, ��|^�ü�O
��ì, Ǒ
;��ü¥J[���ê����,¯K, Ú\
�©ì. ��O�{�A:´: é?¿÷vb�^�����XÚ, Ñ�±æ^T�O�{. �þ��ý(JL², �©JÑ��O�{´k��. �©?�ÚïÄ���´(Üg·A*ÿì,
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ã 13 G��
Fig. 13 Time response of states

ã 14 ��ÚJ[���
Fig. 14 Time response of control and virtual control

ã 15 ESO �G�Ú����5��mǑA�
Fig. 15 Time response of ESO states and unknown nonlinear

ã 16 TD �G� υi,1 ÚJ[����mǑA�
Fig. 16 Time response of υi,1 in TD and virtual control

ã 17 x1 (t) �;,ÚÙë�;, yd

Fig. 17 Trajectory of x1 (t) and reference trajectory yd

ã 18 ��ÚJ[���
Fig. 18 Time response of control and virtual control

ã 19 ESO �G�Ú����5��mǑA�
Fig. 19 Time response of ESO states and unknown nonlinear

ã 20 TD �G� υ1,1 ÚJ[����mǑA�
Fig. 20 Time response of υ1,1 in TD and virtual control
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