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Abstract: Shape memory alloy (SMA), one of smart materials, has the characteristics of large power-to-weight ratio,
light weight, and no noise, etc. Due to the miniaturization and light weight, SMA is often used as the material of smart
actuators. However, the nonlinearity, multi-value properties, i.e., hysteresis, of SMA material, will seriously affect the
precise control of the output force. To this end, this paper proposes an adaptive control method, in which the hysteresis,
the uncertain dynamics and external disturbance are treated as the total disturbance of the system, to achieve the precise
control of SMA output force. Firstly, the finger experiment setup actuated by SMA was constructed and the mechanism
model was established. Then the extended state observer was used to estimate both the states and the total disturbance of the
system in real time. Finally, the adaptive controller was designed based on the mechanism model. The tracking experiment
of the step signal and the sinusoidal signal were demonstrated, meanwhile, the load disturbance rejection experiment was
also implemented. The experimental results show that the adaptive disturbance compensation control method does not
require accurate system modeling, and the controller parameters adjustment is convenient. More interestingly, The proposed
algorithm not only ensures the system stability and tracking accuracy but also guarantees the robustness.
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1 ÚÚÚóóó

/GPÁÜ7(shape memory alloy, SMA)´�U
á�¥��«,äkõÇ/þ'�,°Ä>´{ü,°
Ä>Ø$,8°Ä-DÄu���`:,®²2�A^
3ð�!��!�)!Ê�!Åì<�+�[1−2].
SMA�Ì�A5´/GPÁA5.¤¢/GPÁA5
´�SMAp§\9�,�K��U
¡EÐ©/G
Úº�. SMAdü«ØÓ��N�|¤,=$§G�
�ê¼N�Úp§G��c¼N�.SMA�/GPÁ
�´duê¼NÚc¼N�m��p=C¢y�. ,
,ü«��¬N�m��p=���
SMA���
5!´¢A5.Ó�,K�SMAÄ�A5�Ï��
õ,§Ý!ê¼NNÈ¹þJ±ÿþ,¦�°(ï�Ã
{¢y,l�°(���54��]Ô.

8c,'uSMA���Ì�8¥3 ���.Nõ
Æöæ^ÄuSMA°ÄìXÚ´¢_�.�c"-�
"·Ü���{:´¢_�.�uc�Ï�,Ö�´¢
éXÚ�K�;�"���Ø�.Ø�,JpXÚ��
l°Ý[3−4].�ïá´¢_�.ØÓ,NõÆö
òSMA�´¢��XÚ�ï�Ä�,æ^°����
{?1?n,~XwÄ�.��[5]!�U��[6]!�

Úg·A��[7]!�"�5z��[8]�.

SMA°ÄC��	.�L§¥ÑÑå��å�û
½5�^.,,8c'uSMAÑÑå���©z�é
��.Grant[9]�é�|Å��SMA°Äì,�Ñ
´
¢�K�,@�XÚÑÑå�-y>6´�5'X,æ
^�?U>ì���{¢y
SMA°Äì�å�
�.�´,3&Ò�l¥k4����3.Teh Y
HÚFeatherstone R[10]�éü�SMA,|^�&Òª�
¼ê�E
SMA°ÄìXÚ���D4¼ê,|^T
D4¼ê(½
PID���{�OÃëê,;�
4
����3,¢y
�l&Ò�¯�Âñ,�y
�l
°Ý.�´Teh Y HÚFeatherstone RéSMA|�?1

�å,��
'!�=Ä.Tai N T�[11]3SMA��
°Ä�Å�þæ^�.ýÿ��¢y
ÑÑå�

�.�,=¶�±¢ygd=Ä,�´�.ýÿ��ì
�OE,,XÚ�¢�5J±�y.Oliveira S
D�[12]3Ó��Å�þ,���
���{¢y
 
�!å���.�´3å��¥E,�3ËÄ,�l°
Ý��. Pai A�[13]æ^����üÑ¢yYbÑÑ

å��.YbÄk3 ����ªeó�, ���ì
d_�.��ìÚNPID��ìüÜ©|¤.�åØ�
½ö§ÝØ��u�½K��,���å���ª.æ
^w�C(����{¢yYbå��.Mirzakhani
F�[14]é�gdÝ[<Ã��kÑÑå�O
_�.

�PID�(Ü���ì,¢�(JL²�é�lØ�
�11%,���Nþ�35%.

ó§¢SA^���ìAT�O{ü!Në�

B.,,8c¿vk�«���ÃãQU(��{{
ü!�BqU
�yå���°Ý.��þã¯KÑ
y�Ì��Ï´vk�«1�k��ÃãU
O

(!¢�/¼�XÚ��ï�Ä�A5.½ö=B¼
�
XÚ��ï�Ä�A5,�¿vkéÙ?1k�
Ö�.XJU
ÝºSMA�.Ø�éXÚÑÑ�A�
K�&E,@oÒ�±)ûþã¯K.g|6��Eâ
´�«�éØ(½XÚ�g·A���{,Äkd¸
®�[15]�ÇJÑ,{I�pÅ=�Æp�r[16]�Ç?

1
U?. Ù¥%g�´ÌÄ�ØXÚ�Ø(½5,¦
XÚ=C�È©ìGéIO/ª.T���{ÃI°
(ï�,�I���XÚ�é�gÚ��þOÃ,�{
{ü.

�
)ûÃ��	Ü�p¥�å��¯K,¢
ySMA°ÄìÑÑå�°(��.�©�ï
SMA°
Ä�Ã�¢�C�,Ã�'!�±gd(¹=Ä.�
âSMA��CÅn,ïá
����5�..�Ä
�SMA��C´¢A5J±°(ï�,/��5g|
6��Eâg�,ò�ï�Ä�!	Ü6Ä�&E8
o�XÚo6Ä.æ^G�*ÿì¢��OXÚo6
Ä,JÑ
Äu6ÄÖ�üÑ�ÑÑåg·A���
{.�
�yG�*ÿì�5U±9�©¤J�{�
k�5,é��&ÒÚ�u&Ò?1
�l¢�.Ó�
��yXÚ�6Ä³�Uå,mÐ
K16Ä¢�.¢
�(JL²�©¤J�{�l°Ý�p,U
·AX
ÚÄ�A5�Cz,³�K1�6Ä,°�½5r.

�©�Ì�M#:o(Xe:

(1)éSMA�CÅnL§©Û,ïá
��SMAå
�.,ü$
XÚ�.�E,Ý,;�
Lõëê�E
£;

(2)JÑ
Äu6ÄÖ�üÑ�SMAÑÑåg·
A���{,Jp
XÚ�°�5;

(3)ØI��ÄSMA�õN�´¢A5,æ^c
"-�"·Ü���{,U
·A�	.�p¥K1Å
ÄéSMAÄ�A5�K�,Jp
XÚ��l5U.

�©{eSNSüXe:12!0�
Ã�¢�C
�,ïá
��SMAÑÑå�.;13!?1
��ì
�O9½5©Û;14!3Ã�¢�²�þ�y
�
©¤J�{�k�5;15!?1�©o(.
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2 ¢¢¢���CCC���999êêêÆÆÆ���...

2.1 ¢¢¢���CCC���

Xã1¤«�SMA°Ä�Ã�¢�C�.Ã�'!
æ^-°Ä�ª,Ù$ÄÚÄådSMAJø.3(�
þ,SMA�à�.åDaì�ë,,�àÏLý���
Ã��ë.�
��SMAtµ,¢�¥éSMA�\

ý;å.SMAæ^>{\9�ª,�SMA�)�°Ä
å�uÃ�'!?����5å�,Ã��;Ü7j
g,e%¿d���ÄÃ�E .�©�Ü7j
´Dynalloy,Incúi)��Flexinol wires actuator,Ù
c ¼ N � � § Ý �90oC.¢ � ¥ �SMA� »
�0.1mm,�Ý�340mm.À^�4àf�¬éÑ\!
ÑÑ&Ò?1?n,¿��4ó�Å?1Ï&.�
�
�SMAL9,��¢�¥��Ñ\>Ø��10V,æ�
ªÇ�½�200Hz.
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ã 1 SMA°Ä�Ã�¢�C�

Fig. 1 The finger experiment setup actuated by SMA

2.2 êêêÆÆÆ���...

SMA�Ån�.Ì�dnÜ©|¤,=:��'X
�.!�C�.Ú9åÆ�..

2.2.1 ������'''XXX���...

��'X�.£ã
SMA�Aåσ!ACε!§
ÝTSMAÚê¼NNÈ©êξ�m�'X

[17],oö�'
XXe:

σ̇ = ΘṪSMA + Ωξ̇ + Eε̇ (1)

ª¥:Θ�9�5�þ,TSMA�SMA§Ý;Ω��CÜ
þ;E�SMA�¼�þ.

2.2.2 ���CCC���...

�C�.£ã
SMAê¼NNÈ©êξ�§
ÝTSMA�m�'X

[18]. ξ = 1L²SMA��?u$
§ê¼N�G�,ξ = 0L²SMA��?up§c¼
N�G�,ξ ∈ (0, 1)L²SMA?uê¼N�Úc¼
N·ÜG�.SMA�´¢A5Ì�Ny3�CL§¥
ê¼N�Úc¼N���p=�.ê¼N�c¼N=
C��C�.�:

ξ(t) =
ξha

1 + exp (αT (TSMA − βT))
+ ξhb , ṪSMA ≥ 0

(2)
ª¥:ξha´SMA,§c�ξ(t);ξhb´Ö�Xê;�â�
CëY^�¼�;αT = 6.2

Af−As
,Ù¥As�Af©O´c

¼N�=C�å©Ú��§Ý;βT = As+Af

2
.

c¼N�ê¼N=C��C�.�:

ξ(t) =
1− ξca

1 + exp (αT (TSMA − βT))
+ ξcb , ṪSMA < 0

(3)
ª¥µξca´SMAü§c�ξ(t);ξcb´Ö�Xê,�â�
CëY^�¼�;αT = 6.2

Ms−Mf
,Ù¥Ms�Mf©O´

ê¼N�=C�å©Ú��§Ý;βT = Ms+Mf

2
.

d(2)Ú(3)���ξ(t)Cz�§ÝTSMACz�m

�'X:

dξ(t)

dTSMA

=

{
−αT(1−ξca)exp(αT(TSMA−βT))

[1+exp(αT(TSMA−βT))]2
, ṪSMA < 0

−αTξ
h
a exp(αT(TSMA−βT))

[1+exp(αT(TSMA−βT))]2
, ṪSMA ≥ 0

(4)

2.2.3 999åååÆÆÆ���...

�â9åÆ1�½Æ,��9åÆ�.µ

mcpṪSMA = U2/R− hcAc (TSMA − Ta) (5)

ª¥:mL«ü �ÝÜ7j�þ;cp�'9~ê;U�
�^3Ü7jüà�>Ø;R�Ü7jü �Ý>{
�;hc�9é6Xê;Ac�SMAü �ÝÑ9¡
È;Ta��¸§Ý,¢�¥�¸§ÝÃ²wCz.

�§(5)�±L«�µ

ṪSMA = Ṫ = Au+BT (6)

ª¥:T = TSMA−Ta,A = 1
mcpR

,B = −hcAc

mcp
,u = U2.

2.2.4 ÑÑÑÑÑÑååå���...

dá�åÆ��,SMA�Â åFN�Aåσ�m

�'XXe:

FN = σAwire (7)

ª¥:Awire´SMA�î�¡È.
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d(1)Ú(7)��ÑÑåFNé�mt��ê:

ḞN = ΘAwireṪSMA + ΩAwireξ̇ + EAwireε̇ (8)

K(8)�L«�:

ḞN = ḞN1 + ḞN2 + ḞN3 (9)

ª ¥:ḞN1 = ΘAwireṪSMA;ḞN2 = ΩAwireξ̇;ḞN3 =

EAwireε̇.

�âª(6),3"Ð©^�e,dLaplaceC���:

FN1(s) = ΘAwire

A

s−B
U(s) (10)

Ïd

ḞN1 = a0FN1 + b0u (11)

ª¥:a0 = B,b0 = ΘAwireA.

�â(4)Ú(6))��:

ξ̇ =
dξ

dTSMA

dTSMA

dT

dT

dt

=
dξ

dTSMA

(Au+BT ) = φ(u, t)

(12)

l

ḞN2 = ΩAwireφ (u, t) (13)

éuFN3,Ù�'uSMAÂ ��Ý.���Ñ�
´,Tþ�±ÏL?èìÿþSMA�/C��.

nÜ(9)!(11)Ú(13)��:

ḞN = a0FN1 + b0u+ ϕ1 + ϕ2 (14)

ª¥:ϕ1 = ΩAwireφ (u, t),ϕ2 = EAwireε̇.

lþª�±wÑ,°ÄìXÚÑÑå�.´d�
�.5�!a0FN1 + b0u!J±ÿþ���5´¢Ü

©ϕ19�ÿþ�ϕ2nÜ©nÜ�¤�.

3 ������ììì������OOO999½½½555©©©ÛÛÛ

É�g|6��g��éu[19],ò´¢!ï�Ø
�!	.6Ä8o�XÚo6Ä,JÑÄuÌÄ6Ä
Ö�üÑ�SMAÑÑåg·A���{.

3.1 ������ììì���OOO

�5g|6���Ø%´�5*ÜG�*ÿ

ì,Ù�OØ�6uXÚ°(��.&E.�Og�´
òXÚ�ï�Ä���SÜ6Ä,�	Ü6ÄoÚ�
o6Ä,¿O2�XÚ#�G�.|^G�*ÿìéX
ÚG�?1*ÿ�Ó�¢��OXÚ�o6Ä.

�â(14),XÚÑÑå�.�±æ^XeG��m
L�ª£ã:


ẋ1 = fL (x1, ϕ1, ϕ2, ω(t), t) + b0u

y = x1

x1(0) = 0, t ≥ 0

(15)

ª¥µx1�XÚÑÑå;fL (·)�L�XÚo6Ä�´
¢��5¼ê,�¹XÚ�S6(a0FN1 + ϕ1 + ϕ2)Ú

	Ü6Äω(t),y�XÚÑÑ; x1(0)�XÚÐ©G�.

���Ñ�´(15)�éu(14)O\
	Ü6Ä&
Eω(t).3XÚ�	.�p¥¬�ØÓK1�p,½É
�	Ü1ÖÀÂ,ÏdO\	6�Ün.�©
z[9− 14]�',�Ä�±�,¤���.�ÎÜ¢S.

�©¤J�g·A��ì��Og�´¢��O

ÑÑå�.¥�fL (·),lòfL (·)&E¢�Ö�,�

O���Æ�u =
(−f̂L(·)+u0)

b0
,f̂L (·)�fL (·)��

O.XJfL (·) ≈ f̂L (·) ,@o��5´¢XÚ=C�
È©ìGé/ª,?�±æ^�5��üÑ�
Ou0,¢y°(��.

51. SMAÑÑå�.�¹Ø(½�,�Ø(½�
��©k..wÄ�.���{´;.?n��5Ø
(½XÚ����{,�T�{��yXÚ�°�
5,Ï~¬����Ø(½�þ.,XÚ�3Ë�.�
©¤J�{´¢��OXÚØ(½�,¿?1Ö�,�
bC¢S.

b�1. XÚ�o6ÄfL (·)��ḟL (·) = h(t),�
k.|h(t)| ≤M1 .

-x2 = fL (·)�XÚ�*ÜG�,KXÚG��
mL�ª=C�µ

ẋ1 = x2 + b0u

ẋ2 = h

y = x1

(16)

þª�n�µ{
ẋ = Asx+Bsu+Eh

y = Cx
(17)

Ù¥:

x =

[
x1

x2

]
,As =

[
0 1

0 0

]
,Bs =

[
b0
0

]
,E =[

0

1

]
,C =

[
1

0

]T
.

�
�Ox,SMA°ÄXÚ�*ÜG�*ÿ
ì[20]�OXeµ{

˙̂x = Asx̂+Bsu+L (y − ŷ)

ŷ = Cx̂
(18)



1 xÏ o¡1�: /GPÁÜ7Ã�XÚ�ÑÑåg·A�� 5

ª¥µx̂!ŷ©O�xÚy��Oþ, L�*ÿìOÃ

¥þ,L =
[
β1, β2

]T
.

�â(17)Ú(18)��*ÿìØ��§:

˙̃x = Aex̃+Eh (19)

Ù¥µx̃ = x− x̂,Ae = As −LC =

[
−β1 1

−β2 0

]
.

d(19)��,XÚA�õ�ª�µ

λ(s) = s2 + β1λ+ β2

�{zOÃëê�½,-λ(s) = (s+ ω0)
2,ω0�

*ÿì�°,Kβ1 = 2ω0,β2 = ω2
0 .

52. nØþ,��ω0 > 0,*ÿì�A��3��
²¡,XÚ½.¢S¥*ÿì�°�âXÚo6Ä
�°5(½.XJ�°ω0���L�,*ÿì�A¢
�,ØUk�*ÿ�XÚ�o6Ä,*ÿØ���;XJ
�°ω0���L�,*ÿþ��\ì.Ïd3¢S¦^
�,�âXÚ�o6ÄÀ�Ü·�ω0ê�.

�Og·A��Æ�:{
u = −x̂2+u0+ṙd

b0

u0 = k (rd − x̂1)
(20)

ª¥µrd�Ï"&Ò,k���ì�°,k > 0.

nþ¤ã,SMA°ÄìXÚÑÑå�g·A��
µãXã2¤«,ã¥J�Ü©�*ÜG�*ÿì.

3.2 ½½½555©©©ÛÛÛ

3.2.1 ***ÿÿÿììì���ÂÂÂñññ555

duAe´HurwitzÝ
,�3�½é¡Ý
P¦
�Ae

TP + PAe = −Q¤á,Q��½¢é¡Ý
.

-Lyapunov¼ê�V = x̃TP x̃.

V̇ = ˙̃xTP x̃+ x̃TP ˙̃x

= x̃T
(
Ae

TP + PAe

)
x̃+ 2x̃TPEh

= −x̃TQx̃+ 2x̃TPEh

≤ −x̃TQx̃+ 2 ‖ PE ‖‖ x̃ ‖ |h|
= −λmin (Q) ‖ x̃ ‖2 +2M1 ‖ PE ‖‖ x̃ ‖

(21)

ª¥: λmin (Q)�Q���A��.

�Q( ½,KP� � ( ½.E =
[
0 1
]T
® �,6

Ähk.,Ïdþª¥2M1 ‖ PE ‖(½.lþª�
�,��‖ x̃ ‖> 2M1 ‖ PE ‖ /λmin (Q),KV̇ < 0.L
²�*ÿìØ����,�©¤J�{¬/°¦0ë
ê�ý¢�Âñ.Ïd�Oì´��Âñ�,=,*ÿØ
�k..

 
! b

 
b  

 
r

 
k

 
u u

 !Lf  

y

 x

  
  

 

! "!
Lf  

ã 2 SMA°ÄìXÚ��µã

Fig. 2 Block diagram of the force controller

3.2.2 ������ììì���½½½555©©©ÛÛÛ

-e = rd − x1,Kė = ṙd − ẋ1 = ṙd − (x2 + b0u).

ò(20)�\þª,�µ

ė = −ke− kx̃1 − x̃2 (22)

�Lyapunov¼ê�Vc = 1
2
e2 + x̃TP x̃,KVc'u

�mt��ê�µ

V̇c = eė+ ˙̃xTP x̃+ x̃TP ˙̃x

= e (−ke− kx̃1 − x̃2)− x̃TQx̃+ 2x̃TPEh

≤ −k ‖ e ‖2 +k |x̃1| |e|+ |x̃2| |e|
− λmin (Q) ‖ x̃ ‖2 +2M1 ‖ PE ‖‖ x̃ ‖

= −χTΛχ+ η
(23)

ª ¥ µχ =
[
|e| , |x̃1| , |x̃2|

]T
,η = 2M1 ‖ PE ‖‖

x̃ ‖,·��ÀJk��¦χ��½Ý
,L�ª�µ

Λ =

k −k −1

0 λmin 0

0 0 λmin


KV̇c ≤ −λmin (Λ) ‖ χ ‖2 +η,λmin (Λ)�Λ��

�A��.

d3.2.1!��,*ÿØ�k.,¤±ηk..�
�‖ χ ‖2> η/λmin (Λ),KV̇c < 0.ly²4�XÚ
´½�.

�§(22)��lØ�L�ª�©z[21]Theorem
4äk�Ó/ª,©z[21]Theorem 4�¤á^�´X
Úo6Ä��,�k..�©SMA°ÄìXÚ´SÜ
½XÚ,=:�SMA�§Ý�LAf�,SMA�)��/
Cþ,Ó�ÑÑå��A�����.Ïd�.(15)�
o6Ä÷v©z[21]Theorem 4¤á^�,��±��
XÚ�lØ�|e| ≤ ρe,ρe = O (1/k).

4 ¢¢¢���(((JJJ

�Ü©Ì�éG�*ÿì�5UÚg·A���

{�k�5?1¢��y. 3¢�¥Äk?1*ÿì
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��.ÑÑ°Ý�y;Ùg,�l
��!�uü«Ï
"&Ò,Ó���yXÚ�°�5,mÐ
|K16Ä
¢�.

(a) f = 1/5Hz

(b) f = 1/10Hz

(c) f = 1/15Hz

ã 3 ØÓ-yªÇ�A��.�y

Fig. 3 Model verification for

U = 1.5 (1− cos (2πt/5)) (F0 = 0.89N)

4.1 ���...���yyy

�
�y*ÜG�*ÿì�k�5,3ý;
åF0 = 0.89N� � ¹ e © O é X Ú

Ñ \ ª Çf�1/5Hz!1/10HzÚ1/15Hz�U =

1.5 (1− cos (2πft))V/ª�{u-y&Ò,�©À

�*ÿì�°�ω0 = 5 .òXÚ�A!¶Â�.Ñ
Ñ(Ã6ÄÖ���.)Ú*ÿì�O(J?1
é
',Xã3(a)-(c)¤«.lã3¥�±wÑ,3ØÓ-yª
Çe,*ÿìU
�°(/Ö�XÚ�o6Ä,Jp

�.�°Ý.

�
½þ£ãG�*ÿì��O°Ý,À�þ�
�Ø�(Root Mean Squared Error,RMSE)�I¼ê5
½þ£ã�.°Ý,L�ªXe:

RMSEnm/em =
1

Ns

√√√√ Ns∑
i=1

(
yi
exp − yi

model

)2
(24)

ª¥:Ns�æ��oêâþ,yiexp�åDaìuÿ��
1i�XÚÑÑþ,yimodel�éA�1i��.ýÿ

�,�Inm/em©O�L¶Â�.ÚG�*ÿì�O
ÑÑ.

é'(JXL1¤«.lL¥��±wÑ,æ^*Ü
G�Ö���.°Ýpu¶Â�.�°Ý.

L 1 �.þ��Ø��IRMSE
Table 1 The RMSE index for model error

>6-yªÇ(Hz) RMSEnm(N) RMSEem(N)

1/5 2.36× 10−4 3.39× 10−5

1/10 1.75× 10−4 2.45× 10−5

1/15 1.33× 10−4 2.00× 10−5

ã 4 U = 2.5 (1− cos (2πt/10))ÑÑ�A��.�y

(F0 = 1.29N)

Fig. 4 Model verification for U = 2.5 (1− cos (2πt/10))

(F0 = 1.29N)

duý;å�Cz!§,�¯úò��SMAê¼
NNÈ¹þu)Cz,lUC
SMA�Ä�A5.3
ý ; å �F0 = 1.29N,é X Ú Ñ \ ª Ç

�f = 1/10Hz/ª�2.5 (1− cos (2πft))V�-y
&Ò.XÚÑÑ�¶Â�.ýÿ!G�*ÿì�Oé
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'(JXã4¤«.lã4¥�±wÑ=¦ý;åO
\!§,�ÝJp,�G�*ÿìU
Ö�XÚÄ�
A5CzÚå�6Ä,�O�ÑÑåE,äk�p�
�.°Ý,RMSEem = 2.86× 10−5 N.

Äu±þA«�¹�©Û,�±�ÑXe(
Ø:(1)æ^*ÜG�*ÿìéXÚÑÑ�ýÿØI�
°(ï�;(2)*ÜG�*ÿìÖ���.U
·AX
ÚÄ�A5�Cz,�æ�.�ÑÑ°Ý.

53. SMA°ÄÃ�XÚ�A�Ý�ûuSMAü
§�Ý,�©SMA�e�ª��íg,e%,��©X
Ú�AªÇ$.Jp�AªÇ��{�±æ^�|°
Äa.,½öæ^ºe!Ye!he��ª,TÜ©S
NØ���©Ì�ïÄSN.

4.2 ������¢¢¢���

�
�y�©¤J�{é6Ä�k�Ö�,Äk
?1
��&ÒÚ�u&Ò��l¢�.Ùg,?1

|K16Ä¢�.3¤k��¢�¥©Oò�©¤J
�Ä�6ÄÖ��{�Ã6ÄÖ��G��"��

�{!_�.PID���{?1é'._�.PID��
�{/�©z[14]��Og�,¢yé6Ä�·�Ö
�.3±eé'¢�¥,ùÚ¢�”-”�LÏ"&Ò,7
Ú:�”:”�LÃÖ�üÑ�G��"���{éA
�¢��,bÚ:y�”-·”�L_�.PID���{
éA�¢��,çÚJ�”- -”�L�©¤J�{é
A�¢��.zÌã¥Ñk(a)-(c)nÜã,(a)�n«
���{éA�ÑÑå�lé'�,(b)�n«��
�{éA�å�lØ�é'�,(c)�n«���{
���>Øé'�.3é'¢�¥,G��"���
{��©¤J�{¤�OÃëê�Ó.nÜ�ÄÄ�
�AA5Ú��þË�,3�©¤k¢�¥,G��"
�{Ú�©¤J�{�OÃëê���k = 15,_�
.PID�{¥ëê�À��kp = 20,kI = 0.1,kD = 1.

4.2.1 ������&&&ÒÒÒ���lll¢¢¢���

� � & Ò � l ¢ � ¥ � ½ � © O

�1.3N!1.6N!2.0N!2.6N!1.8N!1.2N.� 
 �

�SMAtµ,¢�¥ý;å�1.08N,¢�(JX
ã5(a)-(c)¤«. lã¥�±wÑ,G��"���{
du�éXÚ�6Ä?1Ö�,�.Ø���,Ïd�
3����lØ�._�.PID���{3�½�u
)Cz�,�3����N.�)Ty���Ï
´SMA7áj3§ÝCz�Ä�A5u)Cz,·�
6ÄÖ��ªØU�O(Ö�6Ä,�Ä�Ø��
�.�©¤J�{duU
¢�Ä�Ö�6Ä,·A
XÚÄ�A5Cz,�l°Ý�p.

½Â²þýéØ�(Mean Absolute Error,MAE)�
I¼êÝþ�lØ�,ÙL�ªXe:

MAEsf/_�.PID/ad =
1

M s

Ms∑
i=1

∣∣∣ri
d − yi

sf/_�.PID/ad

∣∣∣
(25)

ª¥:�Isf/_�.PID/ad©O�LG��"��!_

�.PIDÚ�©¤J�g·A�{,Ms�æ��oê

âþ.rd�1i�Ï"&Ò,yi�1i�Daìuÿ�å
&Ò.

(a) ÑÑå�lé'�

(b) Ø�é'�

(c) ��&Òé'�
ã 5 ��&Ò�lé'�(F0 = 1.08N)

Fig. 5 Experimental results for tracking a step signal

(F0 = 1.08N)
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(a) ÑÑå�lé'�

(b) Ø�é'�

(c) ��&Òé'�
ã 6 rd = 1.8− 0.5cos (2πt/5)�lé'�

(f = 1/5Hz, F0 = 1.08N)

Fig. 6 Experimental results for tracking

rd = 1.8− 0.5cos (2πt/5)(f = 1/5Hz, F0 = 1.08N)

G��"���{�MAE��0.27,_�.PID�
��{�MAE��0.02,�©¤JÑ�{�MAE�
�0.01.�©¤J��{�éuG��"���{�
l°ÝJp
96.3%,�éu_�.PID��Jp

50%.

4.2.2 ���uuu&&&ÒÒÒ���lll¢¢¢���

SMA3ØÓ�§,�ÇeÄ�A5��ØÓ,L
y�õN�´¢A5.�
�yXÚ�Ä��l5

U,? 1 
 � u & Ò � l ¢ �.Ä k,3 ý ;
åF0 = 1.08N� � ¹ e,� l ª Çf©

O �1/5Hz!1/10Hz!1/15Hz� Ì � � �

�1.3N-2.3N��u&Ò.duSMA�ÑÑå�uÃ
�'!?����5å,�3ù|¢�¥Ã�vk�
)$Ä.�lé'�JXã6-8¤«.

(a) ÑÑå�lé'�

(b) Ø�é'�

(c) ��&Òé'�
ã 7 rd = 1.8− 0.5cos (2πt/10)�lé'�

(f = 1/10Hz, F0 = 1.08N)

Fig. 7 Experimental results for tracking

rd = 1.8− 0.5cos (2πt/10)(f = 1/10Hz, F0 = 1.08N)
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(a) ÑÑå�lé'�

(b) Ø�é'�

(c) ��&Òé'�
ã 8 rd = 1.8− 0.5cos (2πt/15)�lé'�

(f = 1/15Hz, F0 = 1.08N)

Fig. 8 Experimental results for tracking

rd = 1.8− 0.5cos (2πt/15)(f = 1/15Hz, F0 = 1.08N)

lã6-8¥�±uy,éuØÓªÇ��uÏ"&
Ò,�©¤J�{U
Ä�Ö�ê¼Nc¼N=�L
§¥��ï�Ä�!ëê�Ä�6Ä,Ïdäk�p
��l°Ý.G��"���{duvk6ÄÖ�,Ø
+3�oªÇe,�l�JÑ��©¤J�{�.�
©¤J�{�éu_�.PID���{�l°ÝwÍ
Jp.n«���{éA�MAE�XL2¤«.L2L
²�©¤J�{��l°Ý�éuG��"���

{Jp
80%±þ,�éu_�.PID���{Jp

50%,l2�g�y
�©¤J�{�k�5.

L 2 ²þýéØ��IMAE
Table 1 The MAE index for tracking error

ªÇ(Hz) MAEsf (N) MAE_�.PID(N) MAEad(N)

1/5 0.11 0.05 0.02
1/10 0.10 0.02 0.01
1/15 0.11 0.02 0.01

ØÓ�ý;åéSMA�Ä�A5�¬�)K
�.3�|¢�¥\�SMA�ý;å(F0 = 1.44N
),¿O��l&Ò�Ì�(1.6N-3.6N).duÏ"ÑÑ
å�uÃ�'!?�����5å,¢�¥Ã��
.¢�é'(JXã9(a)-(c)¤«. lã¥�±uy
G��"���{E,�3���lØ�,MAE�
�0.26.�©¤J�{=¦3Ð©G�UC(ý;åO
�)!Ì�Jp(ê¼Nc¼N����p=�)��
¹eEU�°(/�lÏ"&Ò,MAE��0.02. _
�.PID���{�MAE��0.06.¢�¥du3ü
§L§¥Ã�'!�¯�E ,ØÓuã7¢�,3z
�±Ï'!�£E�" �,3.5å�^e¬�)
À Â,X9(b)¥ k Ú µ ¤ «.� © ¤ J � { �
)0.06N���Ø�,_�.PID���{�)

0.15N���Ø�,�L�©¤J�{�2�õ.Ïd
�±wÑ�©¤J�{�éu_�.PID���{ä
k�r�½5Ú°�5.

54. SMA°Ä(|Ã�ÑÑå���~�,§
� ���Ó��äk��ïÄ¿Â.ò ��"
��	�,å�"��S��¢y(|Ã�R^8
�.du�Ìk�,�©Ø2�ã.

(a) ÑÑå�lé'�
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(b) Ø�é'�

(c) ��&Òé'�
ã 9 rd = 2.6− cos (2πt/10)�lé'�

(f = 1/10Hz, F0 = 1.44N)

Fig. 9 Experimental results for tracking

rd = 2.6− cos (2πt/10)(f = 1/10Hz, F0 = 1.44N)

4.2.3 |||KKK111666ÄÄÄ¢¢¢���

�
?�Ú�y�©¤J�{�6Ä³�U

å,�Ü©òmÐü|K16Ä¢�:1�|¢�¥,é
Ã�'!�\]�K16Ä,¦Ã�'!�£E�"
 ;1�|¢�¥,3Ã�"àO\/�Ø½�K1,ä
NL§Xe�ã.

Äk,3�½�(rd = 2.0N)�l¢�¥,¢�Ð©
��ý;åF0 = 0N,SMAtµ.Ð©G�Ã�'!�
�	ÜC��45o,3ÑÑå���½��,Ã�'
!ò©ª�±�45o.315s���Ø	ÜC�,¿ò
Ã�×�¡E�" ,SMA]m�.;,¿�±3"
 .¢�é'(JXã10¤«.lã¥�±wÑ,G�

�"���{�,U
�ÑXÚ�6Ä,�yXÚ�
½5,��l°ÝE,é$.�©¤J�{3²{

0.69sN��U¯�£�
Ï";,,6Ä�
)0.26N���Ø�. _�.PID���{²{

2.3s�N���£Ï";,,��Ø��0.75N,N�
�m´�©¤J�{�3�õ,��Ø�´�©¤J
�{�2�õ.Ïd3ã9�Ä:þ?�Úy²�©¤
J�{äk6Ä³�Uå,°�5r.

10 12 14 16 18 20
t/s

1

1.5

2

2.5

3
 PID

(a) ÑÑå�lé'�

(b) Ø�é'�

(c) ��&Òé'�
ã 10 óÀZ6^�e�½��l¢�

(F0 = 0N)

Fig. 10 Experimental results for setting value tracking under

pulse disturbances (F0 = 0N)
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(a) ÑÑå�lé'�

(b) Ø�é'�

(c) ��&Òé'�
ã 11 \~K1^�e�½��l¢�

(F0 = 1.08N)

Fig. 11 Experimental results for setting value tracking under

variable loads (F0 = 1.08N)

Ùg,3�½�(rd = 2.0N )�l¢�¥,315s�
éXÚ\1200gK1;20s��Ø200gK1;325s��
�\300gK1;30s���Ø300gK1. ¢�(JX
ã11(a)-(c)¤«.¢�¥du200gK1��,\~K1
�)�6Ä�u\~300gK1�)�6Ä.lã¥�
±wÑG��"���{½5�Ð,��l°Ýé
$.�©¤J�{3¤k\~K1L§¥Ñ�±�p
��l°Ý9�¯�£E�Ý.3300gK1�Ø��

)0.09N����lØ�,²{1.08sN��£�½�.
_�.PID���{3300gK1\1�®²Ã{�£
��½�,3300gK1�Ø��)0.31N����l
Ø�,²{4.9s�£�½�.l�±y²�©¤J�
{�éu_�.PID���{äk�r�-|K16
ÄUå,°�½5r.

5 (((ØØØ

�©�ï
SMA°Ä�Ã�¢�C�,Ã�'!
�±gd(¹=Ä.�âSMA��CÅn,ïá
�
�SMAÑÑå�..òXÚ�´¢!�ï�Ä�Ú	
Ü6Ä8o�o6Ä,JÑ
Äu6ÄÖ�üÑ�g
·A���{.òT�{?1
��&Ò!�u&Ò
��l¢�,Ó�mÐ
|K16Ä¢�.¢�(JL
²�©JÑ��{ØI�XÚ°(ï�,ëêN!�
B,3�yXÚ�½5Ú�l°Ý�Ó�,é6Ää
k�r�°�5,��e5�Ã�"à�>å���
e
ûÐ�Ä:.,	�©JÑ��{��·^uÙ
¦äk��5!´¢A5��Uá���l��,�
£�5r.
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