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ARTICLE INFORMATION ABSTRACT
Original Research Paper In order to use and control Shape Memory Alloy (SMA) actuators, it is essential to measure its state
Received 13 November 2017 variables to be used as the feedback in the control loop. The wire temperature is one of critical state
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variables need to be fed back. However, measuring this variable is difficult and usually contains some
Available Online 05 January 2018 9 y

noises and delay. Therefore, it is desirable to estimate this variable instead of measuring it.

Thermoelectric model is one of the most common models used to estimate the SMA wire temperature.

Keywords: N N o N . )

ShZ;Ie Memory alloys This model calculates the SMA wire temperature based on its input electric current. In this paper, first
Thermoelectric Model three unknown parameters of thermoelectric model are estimated using Extended Kalman filter (EKF)
State Estimation and the wire temperature is calculated based on the identified model. The parameter estimation and

Extended Kalman Filter temperature calculation are performed on a practical SMA actuator. Then, in order to eliminate the

effects of environmental disturbances and the thermoelectric model inaccuracies, the temperature is
estimated using EKF. In this method, all measurable data such as the input current, the strain and stress
of the SMA wire are used in the temperature estimation. The estimator combines the information
obtained from both thermoelectric and Brinson models and the measurement data. This method is used
for online temperature estimation of the SMA wire on a practical SMA actuator. The results show that
the estimated temperature matches the actual wire temperature with high precision. Furthermore, the
temperature estimation using EKF is more accurate than the estimates of the thermoelectric model.
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Flly Slade
Ms 39°C
M 244°C
As 39°C
Ar 58.7°C
Ca 16.4 MPa/°C
Cwm 6.32 MPa/°C
a 41%
Ea 33.6 GPa
Em 20 GPa
Cs 15.2 MPa
ot 119.1 MPa
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. Strain
Thermoelectric Brinson
Model Model

Fig. 4 Bock diagram of Brinson and thermoelectric models and their
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Fig. 5The parameters of the thermoelectric model estimated using EKF

295

abanngs G5 b awgs S 2SUlge 5 Jos Joame syl )l e gl 5 JSb

01 o less 18 0951397 ORIV 30 Sule Swiie


https://dorl.net/dor/20.1001.1.10275940.1397.18.1.56.3
https://mme.modares.ac.ir/article-15-12002-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.10275940.1397.18.1.56.3 ]

Ve 9 illduw (puzxe Ai3Ldnwgs (el Hilad Ko &y laaladls SWIT puww slod bod y3 pross
f12 = O T T T T T
— 2 —
_ = 12h,AtT? + 8TamphoAtT + Cod — 4hoAt (29) Measured === Thermoelectric Equ.
22
C,d 100 | . -

T > Mg 5 0<0s+ Cy(T— M) 5009 a5 J> ,0 s oS > o
Cewl )58 55 (36) alal,
fiz=0
— 120, AtT? + 8Ty, ho AT + Cyd — 4hyAt (30)
22 = C.d
9 0392 oals Je IS Lo A g [ES 4o
Ly, Syge a4 05+ Cy(T — M) <o <o+ Cu(T— M) o T > M

el 37)
_ 'fso 1
fiz = SLCZ( 2 2)
B 20(Ey — Em) (&g +é10— 1)
2
(ZEA —(Ea —Em)(§so — C3+ &0 + 1))
44t(hyT? + hy)  8ThyAL(T — Tamp)

2= C,d Cpd
12At(py — C
(pa — Pm)Cs i1
24,,Cy
nCy . (n(a — o5 + CyMg — CMT))
C, = sin
(o¢ — 05) 0f — Og

(o — of + CyMs — CyT)
0f — Os

C=0so+éro— 1 COS(
(31)
solae M <T < Mgg05 <0<o0pg yials J> 0 s as > o
Qg oo domlons (38) alal, 51 o 5 fin

fiz = (Tw sin(C,) (cos(Cs) — 1)(Ea — Em)Ce(M; — Ms))/

/<2EA — (Ea — Em) (fTo — c0s(Cy) Cg — cos(Cs) (€50 — 1)

+ (cos(Cs) + 1) <§2i0 - ?

2
n(M;—T)\Cy, 1
+ cos (W)? —E> + 2))

44t(hyT? + hy)  8ThyAt(T — Tamp)

for = -
22 Cyd - Cv)d
Tl At(ppy — pm)Ce
———————5in(C,)(cos(Cs)
44,,C,(Ms — M) ! °
-D+1
£ Mf - MS
n(o — o
Gl
O — Og
Co=(so+éro— 1) (38)
gl oo dmloe (39) abal, 5l polae cpl OV 4l o
fiz=0
_ = 12h,AtT? + 8TomphpAtT + Cyd — 4hoAt
2= Cod (32)

asls s gla e polie 5l adgl eas G Wb peds £9,85 gl p
o yle g adsgl was polie lsie 4 (33) Lalg, ;o oals &l polie il

sl B gl o polie opl sl oo a3 )F las o ] las il lggS

01 o)lests 18 0931397 ORIV 3 Sulle Swiiie

80

T \("C)

60

40

20

0 400 800 1200 1600 2000 2400
t(s)

Fig. 6 A comparison between the temperature computed from the

identified thermoelectric model and the measured temperature

Glos b onds @L.:L....u J.l).:ﬂlye).: Jowe Ja....»y 0dds dwles (sled auslio 6 JS.Q

00 (_;ﬁfc)“..\il

Extended Kalman Filter

current .
—_—) Brinson Model Temperature

. Thermoelectric Model
Strain —>
—>

\-
Fig. 7 The block diagram of temperature estimation using EKF

Wil degt ollS L3 Lasg Loy cpeadd S'sh ol Sho 7 JSCi

el (32) alaly 45 S oo e Lo i b o s 008 s g s
sl ool (y55LS Lyl 5 Y (gl s lo

g

@ > Ca(T = Ag) 9o ¥l Jlo jo s a5 > o abaly ol o

0
4At(hy,T? + hy)  8ThAt(T — Tamp)
B C.d a C.d
+1 @7)
Ca(T — Ap) <0 < Cp(T — Ag) 5 0090 )33l Jl> j0 Lo a5 G';Jl> 59
Ngls oo dmlons (34) alayl, 51 olie o)

fiz
f22 =

fip = eLCy
272040 - A)
ag(Epy — Ey)C
+ (Ea M) C1 _
n(AS—T+Ci)
(Af—AS) ZEA_fo(EA_EM) Cos TASA +1

At(h,T? + hy)  8ThyAL(T — Tamy)
C.d B C.d

_ At(pp — pm)Cy
ZAWCV(Af - As)

<n (AS —-T +ciA)>

Af_As

fo2 = —

+1

C; = méysin

(28)
oolaiwl polie 0 < CA(T — Ap) g 009 ial38l Jb> j0 Lo a5 > 5o

il e s 45 (35) byl 51 (32) byl ,5 0

296


https://dorl.net/dor/20.1001.1.10275940.1397.18.1.56.3
https://mme.modares.ac.ir/article-15-12002-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.10275940.1397.18.1.56.3 ]

S 9 ilakus cpuie Bl ammngs pellS xilsd Ko &y slsalsls ST eamw slod bod y cpres
120 ] ] ] aaly 53 o8 5ol 5wl g il lgsS polie o (g Sl
Measured *======="" EKF Estimation ol 00l (35)
100 - for 1 xo = [44% 23.5°C]" (33)
_[10-¢ 0
_ 8of i b= [ 0 10-3] (34
[ -
) 10 6 0 -6
< 0= ] sR=10 (35)
- ] 0 10
= U -7
40 - 4 &
L ) O ygo a5 s Slod (ped 6 iSu 40 oad &l g, 5l eslail b
20 . . . . ST s ysbate ol (gly o plomil ooy axslis jloaladl> 5LIT Sles (54,
0 500 1000 1500 2000 - ‘ o -
t(s) s (55 9 00 S0 20 8 IS Billas (pwgiew Glyr S L loalidl>

Fig. 10 A comparison between the temperature estimated using EKF
and the actual temperature of the SMA wire

Gloo b adl drwgs ellS 2ld dawgs ool 0] pesS (glod dwslie 10 S
s abisls 5LIT s o28ls

120 |- Measured |
Termoelectric Equ.
EKF Estimation
100 - , |
G 80- .
g
60 [ 1
40+ ]
20 V r r i r r S
0 500 1000 1500 2000 2500

t(s)
Fig. 11 A comparison between the temperature estimated using EKF
with the temperature calculated using termoelectric Equation and the
actual temperature

b aibbanmgs ollS 2l Lag oad 035 (Tass slos shamglin Joges 11 JS
8y sles g SO xSlge 5 DY oles Jawgi oud dwle sloo

e (7S 3G L Lo g odd yieS ed dlne SO xSlge 5 Joke
30% ogax ylime 4 oS glas dgue odolis a5 cwl o 5 sl
SaS 4 s GBS 5 23,5 by 5l edal Cews 4 Sledlbl oS 5 3l o
b o Glbal pae i Sl gs p Joo g S0 Slge 5 Ja
10 S5 )0 oud asine odgazme [0 ox8ly (sled g odd 03] (yresd
skolge ),JL o YL slos @) az g5 b oogaze ol 40 098 o0 cdelin
smoge slop 0l o 4 plraly o)l JUS cypb 48 e aile
Uas olog| el g oads wyais ool o)l Jlisl aile cais Jaw Jolgs o
ol Coiiw] 5B 8ly JelS ol 4 oole g eog SYL cuw] L sles
4 o] 5B 05 45 s0wls Gl (B ojlail s s Les B,k 5l el
el 00 00l Lz 9 Kb ,0 oS wieS plen cplpli wogd el ol
o Ogein Joe (plple g 00g f2 b pe ()5 Slss an b cnl o
Ol o Sl 4 asg b bl iS558, 1) oles llug cpl Cans j0l8
Al cpl jo bes st llas el 15 Jlnn paw (35,5 Ol s ddlate
ol G555 S 5 S 5 423085 e 55,8 335150 55 50k

297

it bangs e (sled Sl cpl bl ouls (6 T3kl 9 S Gillas
lod laslio Jloges 10 S 10 5 00l 03] (pees aldldswgi (pollS
08 e glod 11 JSCi j0 g cods (6,505l leo b oads 00 (yuesss
Sl 5 SO iSlge 5 dolae awgy ool dwlze sled b EKF lawgs oo
02 eSSl B sk o Al il oad pay Glejed Djge 4 (Bl
aulyd cpl (b g 0098 5,05l LB pew slos 4 sl 009 ol
RO PRVA R F I PP S KV e PRI PE S W W
Lol 03) (e gl (lannlie Jlogai (55, 0ol pll sl ) 2
Glod y ol 08 (et (slod s Sl ldail caims lis a8l gles
el 0ol ools Las 11 IS j0 a5 jebles ol (> lg ien ;o (A8l
hog lo a5 > 4 Cos ess slhs EKF Luwg Lo uess o

0.6 -

0.4}

1(a)

03

0.1

0 r r r r
0 400 800 1200 1600 2000 2400

t(s)
g. 8 Input current of the SMA wire
ol 5Ll oo (6359 Gy 8 JSCB

5 . . . . .

F

é“(%)

0 3 3 3 3 e
0 400 800 1200 1600 2000 2400

1(s)
Fig. 9 The strain measured on the SMA wire
ol ST s (53, 00 (5Tl 235 9SSl

01 o less 18 0951397 ORIV 30 Sule Swiie


https://dorl.net/dor/20.1001.1.10275940.1397.18.1.56.3
https://mme.modares.ac.ir/article-15-12002-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-20 ]

[ DOR: 20.1001.1.10275940.1397.18.1.56.3 ]

e 9 (Slodw (pwxo

Ai3Ldnwgs (el Hilad Ko &y laaladls SWIT puww slod bod y3 pross

[7] H. Gurung, A. Banerjee, Self-Sensing shape memory alloy wire actuator
based on unscented kalman filter, Sensors and Actuators A Physical, Vol.
251, No. 1, pp. 258-265, 2016.

[8] 1. Hassanzadeh, N. Nikdel, N. T. Motlagh, M. A. Badamchizadeh, Design of
augmented EKF for shape memory alloy actuated manipulator, Engineering
Science and Technology, Vol. 2, No. 7, pp. 3188-3198, 2010.

[9] T.M.Wang, Z. Y. Shi, D. Liu, C. Ma, Z. H. Zhang, An accurately controlled
antagonistic shape memory alloy actuator with self-sensing, Sensors, Vol. 12,
No. 6, pp. 7682-7700, 2012.

[10] M. R. Zakerzadeh, H. Salehi, H. Sayyaadi, Modeling of a nonlinear euler-
bernoulli flexible beam actuated by two active shape memory alloy actuators,
Intelligent Material Systems and Structures, Vol. 22, No. 11, pp. 1249-1268,
2011.

[11] L. C. Brinson, A. Bekker, S. Hwang, Deformation of shape memory alloys
due to thermal induced transformation, Intelligent Material Systems and
Structures, Vol. 7, No. 1, pp. 97-107, 1996.

[12] J. J. Amalraj, A. Bhattacharyya, M. G. Faulkner, Finite-Element modeling of
phase transformation in shape memory alloy wires with variable material
properties, Smart Materials and Structures, Vol. 9, No. 5, pp. 622-631, 2000.

[13] A. Eisakhani, Electrical Resistance and Natural Convection Heat Transfer
Modeling of Shape Memory Alloy Wires, Master of applied science Thesis,
Dept. of Mechanical & Mechatronics Engineering, Waterloo, Ontario, 2012.

[14] R. Mirzaeifar, R. DesRoches, A. Yavari, Analysis of the rate-dependent
coupled thermo-mechanical response of shape memory alloy bars and wires
in tension, Continuum Mechanics and Thermodynamics, Vol. 23, No. 4, pp.
363-385, 2011.

[15] D. Simon, Optimal State Estimation, pp. 395-431, Hoboken, New Jersey:
Wiley, 2006.

[16] M. H. Elahinia, M. Ahmadian, Application of the extended kalman filter to
control of a shape memory alloy arm, Smart Materials and Structure, Vol.
15, No. 5, pp. 1370-1384, 2006.

[17] M. Soltani, M. Bozorg, M. R. Zakerzadeh, Robust estimation of spring
stiffness in a shape memory alloy actuator using extended kalman filter,
Solid and Fluid Mechanics, Vol. 5, No. 4, pp. 69-81, 2016. (in Pesrsian
)

[18] P. S. Lively, M. J. Atalla, N. W. Hagood, Investigation of filtering
techniques applied to the dynamic shape estimation problem, Smart
Materials and Structure, VVol. 10, No. 2, pp. 264-272, 2001.

[19] V. Lertpiriyasuwat, M. C. Berg, K. W. Buffinton, Extended kalman filtering
applied to a two-axis robotic arm with flexible links, Robotics Research, Vol.
19, No. 3, pp. 254-270, 2000.

[20] M. S. Tsai, K. W. Wang, Control of a ring structure with multiple active-
passive hybrid piezoelectrical networks, Smart Materials and Structure, Vol.
5, No. 5, pp. 695-703, 1996.

[21] H. Ahmad, T. Namerikawa, Extended kalman filter-based mobile robot
localization with intermittent measurements, Systems Science & Control
Engineering, Vol. 1, No. 1, pp. 113-126, 2013.

[22] M. Zare Ernani, M. Bozorg, S. Ebrahimi, Identification of an autonomous
underwater vehicle dynamic using extended kalman filter with arma noise
model, Robotics (Theory and Applications), Vol. 4, No. 1, pp. 22-28, 2015.

[23] L. C. Brinson, Simplifications and comparisons of shape memory alloy
constitutive models, Intelligent Material Systems and Structures, Vol. 7, No.
1, pp. 108-114, 1996.

[24] M. R. Zakerzadeh, H. Salehi, Comparative analysis of some one-dimensional
SMA constitutive models for a Ni-Ti wire for shape control applications with
experimental data, Proceeding of 20th International Conference on Adaptive
Structures and Technologies, Hong Kong, 2009, pp. 1101-1113.

[25] J. Chung, J. Heo, J. Lee, Implementation strategy for the dual transformation
region in the brinson SMA constitutive model, Smart Materials and
Structure, Vol. 16, No. 1, pp. N1-N5, 2007.

[26] M. Soltani, M. Bozorg, M. R. Zakerzadeh, Parameters estimation of an SMA
actuator model using an extended kalman filter, Mechatronics, Under
Review, 2017.

[27] M. Ansari, M. Golzar, A. H. Behravesh, Experimental studies of training
stress effect on Ni-Ti sma performance in higher and lower stress than
training stress, Modares Mechanical Engineer, Vol. 13, No. 10, pp. 10-24,
2014, (in Pesrsian .,5)

01 o)lests 18 0931397 ORIV 3 Sulle Swiiie

e ol GB s (2l 0 Lo pess oYL Cds 4 axg L

ol b S 5 ooliial 590 e S SRS sy o 4 Wi
g 0095wl g 380 o heS g0 3l colaiul & g3ls Ko Lals
&) 6ol sgam b dams slags g Lo 6 ,u50jlusl b anle SHISie

g 5o

& s B
@ ol 5l eolil Gus b lsalidls 5T waw slos mas g3, ali (l 4
b oshe ool sl el 0ol I i (29,5 55 sl S e
e Sl e Jan (g3, ibtnng S LS sjlunsly
Ol Sl oad 03y (e lojen jge 4 Joe (nl Joeme Sl
Joe 3l olizul 5 ot plogl _oadly Sloalssl 5UIT Slae Sy (53, (ouass
A oo i et gl el oud dulore paw glos il plulis
O3S Slod (Blg iy 0 g Wlowd 03] (eSS (9> B3 b Lyl
b glax jmals gly aslsl jo ol Bdaie aBly slos ool o)
Sl JUl s et aile lame o dgrge Jlaiml olilidl
o (g3l oe Jelse 5 lame (slos ot 5 0l 355 s & lraslr
AL S5 5l by 5 (o5 5 JHE o 51 505
sladae SOl b pos 0lyr 5 G155 (G5 bR 5l oaal cews &
O S o alo e ol el oad oolital g g S S lge 5
ol a8 )5 S 4 o Slod e g DMl (nl S 5 sl aBlianngs
ol 50 cpedd cpl jo ool olaiul Jow g0 0 Japome lo )l ol
B oy Mosd 03 (e ailanng Gl LSS 4 L

295 b @lbail e iy 10 a0 pest gled A4S a0 oo LS
S9d5 0 08 ywedt sles slax RMS cdl> ol jo 8 jls (a8lg sleo b

g dnlome Sy iSlsn 5 Joe b Lo Les a5 el s 51 S 30%

&iy-9

[1] L. Lecce, A. Concilio, Shape Memory Alloy Engineering: For Aerospace,
Structural and Biomedical Applications, pp 8-13,USA, MA: Elsevier, 2014.

[2] A. Eisakhani, W. Ma, J. Gao, R. Culham, R. Gorbet, Natural convection heat
transfer modelling of shape memory alloy wire, in Smart Materials,
Structures & NDT in Aerospace, Monreal, Canada, 2011.

[3] H. Sayyaadi, M. R. Zakerzadeh, H. Salehi, A comparative analysis of some
one-dimensional shape memory alloy constitutive models based on
experimental tests, Scientia Iranica, Vol. 19, No. 2, pp. 249-257, 2012.

[4] A. Khan, Characterization and Application of Shape Memory Alloy Wires
for Micro and Meso Positioning Systems, PHD Thesis, The school of
engineering and applied science, George Washington Univ., Washington,
2008.

[5] M. H. Elahinia, M. Ahmadian, Design of a kalman filter for rotary shape
memory alloy actuators, Smart Materials and Structure, Vol. 13, No. 4, pp.
691-697, 2004.

[6] H. Gurung, A. Banerjee, Development of an extended kalman filter for the
self-sensing application of a spring-biased shape memory alloy wire actuator,
Smart Materials and Structure, Vol. 25, No. 2, pp. 1-13, 2016.

298


https://dorl.net/dor/20.1001.1.10275940.1397.18.1.56.3
https://mme.modares.ac.ir/article-15-12002-en.html
http://www.tcpdf.org

