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ever, as far as we know, Kalman filter has not been used to control
the motion produced by shape memory all¢gs/1As).

SMAs consist of a group of metallic materials that demonstrate
the ability to return to some previously defined shape or size when
subjected to the appropriate thermal procedure. The shape
memory effect is hysteretic and occurs due to a temperature and
stress dependent shift in the material’s crystalline structure be-
tween two different phases called martensite and austenite which
are the low and high temperature phases, respectively. SMA ac-
tuators have several advantages for miniaturization such as excel-
lent power to mass ratio, maintainability, reliability, and clean and
silent actuation. The disadvantages are low energy efficiency due
to conversion of heat to mechanical energy and inaccurate motion
control due to hysteresis, nonlinearities, parameter uncertainties,
and difficulty in measuring variables such as temperature.

The control research applied to SMAs may be divided into
three categories of linear control, pulse width modulat®WM),
and nonlinear control. Different variations of linear proportional
integral derivative controls have been explored by some research-
ers [8,9] while many others have used PWMO0,11. Several
nonlinear control schemes such as fuzzy logic, feedback lineariza-
tion, and variable structure contr@/SC) have also been explored
by researchergl2-15.

In this work, we have developed a control algorithm based on
VSC. The controller uses an extended Kalman fitEKF) to
estimate the state vector of a single-degree-of-freedbidof)
rotary arm. The arm is actuated by a bias type actuator constructed
with SMA wire, pulleys, and a linear spring. A nonlinear model is
developed based on the arm nonlinear dynamic model, a SMA
wire constitutive model, a SMA phase transformation madél,
and a nonlinear heat convection modl&B,17. This model has
been experimentally verified in our previous wdi3]. An ex-

This paper presents a robust nonlinear control that uses a sta@nded Kalman filter is designed for a SMA actuated manipulator
variable estimator for control of a single degree of freedom rotargnd is tested through simulations. The EKF utilizes the control
manipulator actuated by shape memory alloy (SMA) wire. Mput and the angular position of the arm to predict the other state
model for SMA actuated manipulator is presented. The model ivariables of the system: angular velocity, SMA wire stress, and
cludes nonlinear dynamics of the manipulator, a constitutiveMA wire temperature. The incorporation of the stress and tem-
model of the shape memory alloy, and the electrical and hep@rature estimates into a VSC could help avoid the overshoot
transfer behavior of SMA wire. The current experimental setuproblem thus avoiding large delays due to cooling and reheating
allows for the measurement of only one state variable which is thequirements in SMA one-way actuation.

angular position of the arm. Due to measurement difficulties, the

other three state variables, arm angular velocity and SMA wire

stress and temperature, cannot be directly measured. A modél- 1he SMA Arm Model

based state estimator that works with noisy measurements is preThe single degree-of-freedorfl-dofy SMA-actuated arm is
sented based on the extended Kalman filter (EKF). This estimatfown in Fig. 1. We have used 1%0n diameter Ni-Ti SMA wire
estimates the state vector at each time step and corrects its egfhich is actuated by electrical heating. The net actuating torque is
mation based on the angular position measurements. The estim@e difference between the resulting bias spring and SMA wire
tor is then used in a nonlinear and robust control algorithm basegrques. The SMA arm model consists of phase transformation,
on variable structure control (VSC). The VSC algorithm is a corheat transfer, SMA wire constitutive, and arm dynamic blocks. In
trol gain switching technique based on the arm angular positioaddition, there is an amplifier, an encoder, and a signal conditioner
(and velocity) feedback and EKF estimated SMA wire stress ajtfthe hardware setup.

temperature. Using simulation it is shown that the state vector The nonlinear dynamic model of the arm including spring and
estimates help reduce or avoid the undesirable and inefficiggéyload effects is represented by

overshoot problem in SMA one-way actuation

control. [DOI: 10.1115/1.1898335 0= T(0) — 74(6) - 7(6) — 6, (1)

where 7, 7, and 7 are the resulting torques from SMA wire,
gravitational loads, and the bias spring, respectively, afsl the
wire stressl, is the effective mass moment of inertia of the arm,
: gripper, and the payload, ardis the torsional damping coeffi-
1 llnt.mduculon. ] . cient approximating the net joint friction.

Within the S|gn|f_|cant _toolt_)ox of mathe_matlcal tools that can be The SMA wire strain rate: and joint angular velocity are
used for stochastic estimation from noisy sensor measuremeptsaiaq kinematically as
one of the most well-known and often-used tools is what is known
as the Kalman filtef1,2]. Kalman filter has been extensively used ) 2 0
to help control the motion of robotic manipulatdr3-7]. How- £=- _Ip_ 2
0

wherer, is pulleys radius ant} is the initial length of SMA wire.

Contributed by the Technical Committee on Vibration and Sound for publication \\/ire constitutive model shows the relationship among stress
in the JOURNAL OF VIBRATION AND ACOUSTICS. Manuscript received June . ) .
rate (o), strain rate, and temperature r&fe [18]:
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Fig. 1 The 1-dof SMA arm, actuated by NiTi wire and a bias spring

=D&+ 6;T+ Q& 3 x=[000T[. (7)

whereD=¢D)y+(1-£)Dy is the Young modulusDy is austenite  The discrete model of the system can be derived by approximating

Young modulusDy, is martensite Young modulugy is thermal the differential equations presented in Sec. 2 to their correspond-

expansion factor(Q)=-Dg, is phase transformation contributioning backward difference equations. Angular position of the arm at

factor, andeg is the initial (i.e., maximun strain[16]. current time may be predicted using previous values of the angu-
Due to hysteretic behavior of SMA wire, the phase transforméar position and velocity as

tion equations are different for heating and cooling. Heating re-

sults in reverse transformation from martensite to austenite: $(1) = X2 (D) + X1 (2) T, ()
& where T is the sampling time. We have used the previous two
&= ?{COE{aA(T - Ay +bpo]+ 1}, (4)  position samples to predict the arm angular velocity
where 0<¢<1 is the martensite fraction coefficier,, is the 5(2) = X-1(1) = Xo(1) )
maximum martensite fraction obtained during coolifigjs the Xde) = Ts :

SMA wire temperatureA; and A; are austenite phase start and ) oo
final temperatures, anay=7/(A—Ag), ba=—aa/Cn, andC, are Note that the estimated angular velocity is directly related to the

curve fitting parameters. measured state variable instead of using @¢.and integrating
Cooling results in forward transformation equation from austdhe angular acc_eleratlon. _Furthermore, since the SMA wire’s
nite to martensite: gtress, is a function of strain, te.mperatlljre, and phase transforma-
tion, Eq. (3) creates an algebraic loop in the model. Hence, the
1- 1+ stress is estimated usin instead of the wire constitutive
=175 cogay(T-M) +byol+ o2 (5 S1es 9 &)
2 2 moae
where £, is the minimum martensite fraction obtained during 9<E(3):f3:[|eb+fg(f<k—1(l))+Ts(§<k—1(1))+C3<k—1(2)]/(2fp/'\w),
heating,Mg and M are martensite phase start and final tempera-
tures, anday, =/ (Mg—My), by =—ay/Cy,, andCy, are curve fit- (10

ting parameters. . . ) whereA,, is the SMA wire’s cross-sectional area. This way, stress
The SMA wire heat transfer equation consists of electrical heak giso directly related to the measured state varidbtegular

ing and natural convection: position. The angular acceleration of the arm in E40) is com-

dT 2 puted using the difference equation based on the previous two
mcpa = i hA(T-T..), (6) values of the angular velocity

whereR is resistance per unit length, is the specific heatn is 9= %i-1(2) = %2(2) (11)

mass per unit length and; is circumferential area of the SMA T, '

wire. AIso,_V is the appllec_i voltage_'l'c_o is the ambient tempera- The temperature estimate is merely based on the convection

ture, andh is heat convection coefficient.

heat transfer equatio(6) which depends only on previous tem-
perature value:
3 Extended Kalman Filter Kd4) = X1 (4) +

A . ) . mg,
Detailed information on Kalman filter can be found in several

referenceqfor example, Ref[2]). The SMA manipulator model Note that once the four state variables are estimated, the SMA

state vector as described in Sec. 2 is defined as wire phase transformation index can be directly obtained from Eg.

VIR - hA(%-1(4) — Tec)T _ (12)
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(4) during reverse transformatigheating and from Eq.(5) dur- (shown in Fig. 2. To address this issue, a second switching con-

ing forward transformatioricooling). dition is added. This switching condition maintains the tempera-
The Jacobian matrix, at each iteration, can be derived using tivee of the SMA wire in the actuation ran@a,,< T <As,) while
state equationg8)—(10) and(12), } the arm is passing through the maximum stress position. To this
1 . 0 0 end, the control algorithm is the VSC with switching condition of
s h . ) ;
S, and when the arm is passing through maximum stress location
1 0 0 0 the controller uses the second switching conditgnThe second
Ts switching condition is introduced in terms of time derivative of
A= 1 , (13)  the austenite final temperature,
A31 C+_— O 0
Ts s, = PAm, (18
0 0 0 Ay dt

where Ay; and Ay, are the partial derivatives of state equationdhe resulting con;rol algorithm can be written as

(10) and (12) with respect tax.4(1) andx,_,(4), respectively. .S
The angular position of the arm is measured. Hence u if =>1
2
Z = HXk+Uk:[l 00 O]Xk+vk- (14) ) SZ
Here the random variables, and v, represent the process and V=) Ky(T-Tg) if -1 < gz <1 (19)
measurement noisgespectively. They are assumed to be inde-
pendentof each other white, and with normal probability distri- u if S <-1,
butions. We use the following initial conditions for the state vec- . b2
tor: whereTy is the desired temperature of the SMA wire afgis the
- thickness of the boundary layer around the switching surfac&
Xinitial = | ~ Z(rad) O(rad/g 98.1MPa) 20(°C) |. linear approximation is used to calculate the desired temperature

of the wire. This way,Ty is calculated as a function of desired
For the filter, we add uncertainty to the initial condition by seleciosition and transformation temperatures.
ing Po=l,x4 and a relatively small process noise by letti@g
=1€7?l 4y 4. Initially, we chose a re_latively large varianog:l_ for 5 Results
the measurement noise, assuming that the angular position mea- ] . . .
surements are corrupted with white noise. Details on the develop-The nonlinear SMA model simulations have been previously
ment of the Extended Klaman Filter can be found in our previolgrified through several experimerits3]. The simulation results

work [19]. with the extended Kalman filter are presented here and compared
with the model. In each simulation state variables are collected
4  Controller Design from simulating the model. Next, the EKF is simulated, which

uses the angular position, previously generated from the model.

The variable structure control is comprised of two switchingpg state vector estimated by the filter is compared with the simu-
surfaces. The main switching conditigaurface is a weighted |5ti0n results of the model.

combination of position and velocity errors, Figure 3 shows the comparison between the EKF estimated and
d ~ o~ the nonlinear model state variables for a step input with changing
Si= at N]O=0+\6, (15  amplitude. Figure 4 represents the estimation performance by the

EKF for a sinusoidal input. It can be clearly seen that the filter has
where -\ is the slope of sliding surface in the phase plane. An excellent performance for both set-poistep and tracking
boundary layer is introduced around the switching surf8geo  (sinusoidal type tasks. Figure 5 presents the effect of the mea-
suppress chattering. Denoting the layer thicknesgsaghe con- surement noise covariances, which is used by the filter to correct
trol input is written as its estimates, on the angular position estimation error. Clearly,
( larger measurement noise causes the filter to reply more on its
Viign if S <-1 estimations and lead to larger errors.
1 In Fig. 6, the performance of the variable structure controller
.S (NVSC) is compared to a controlldPVSQO), which is based only
q Viow f ; >+1 (16)  on the first switching conditioS,). The performance of the two
1 controllers are the same for the positions below the maximum
K . S stress position. The overshoot problem is reduced with adding the
S if-1<—<+1, o L o
by new switching conditionS,, for the angular positions beyond the
whereK is a proportional gain. Generally, increasing the boundarmaximum stress position. The NVSC prevents the SMA wire from
; ’ verheating as can be seen in Fig. 7, while the arm passes through

layer thickness, reduces chattering but increases steady-state e, 0 maximum stress position. With the PVSC the wire heats up to

The resultlng VSC was |mplem¢nted and its performance Wi¥e austenite final temperature when the arm reaches the maxi-
tested experimentally in our previous stud.

. - . mum stress position and hence arm has a larger overshoot. Figure
The reverse phase transformation, which provides upward agrga resents ”f)e effect of the temperature boun?jary thicktiess g
]

rotation actuation, takes place only when the wire temperature, overshoot minimization performance of the VSC where the
within the stress-dependent-reverse actuation temperature raﬂge P

. - Sired angular position is kept constait=50°. It can be seen
(between austenite stargn, and final Am, temperaturgs that the overshoot is smaller for the boundary layers with larger

_ o _ o thickness. Hence, overshoot can be avoided altogether by increas-
Asm=As+ Cy Amm=Ar + Ch (17)ing the temperature boundary layer.

c
1

In order to avoid overshoot the controller must be able to maintag1 conclusi

the SMA wire’s temperature betweek,,, and Ay, Since these onclusion

transformation temperatures are functions of stress their value deAn extended Kalman filter is designed for a rotary SMA actu-
creases as the arm goes beyond the maximum stress positited manipulator and has been tested through simulations. Satis-
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Fig. 2 The stress of the SMA wire reaches a maximum as arm moves upwards; as a result
the transformation temperatures also change
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Fig. 3 Comparing the simulation results of the SMA-actuated arm model and the extended
Kalman filter for a switching step input
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Fig. 4 Comparing the simulation results of the SMA-actuated arm model and the extended

Kalman filter for a sinusoidal input (w=5rad/s)
10 1 ] 1 1 1 ] 1 1 1
s o I
D gk |
7 1 1 1 1 1 1 1 1 1
Q.. 05 1 1.5 2 25 3 35 4 4.5 5
x 10
2 1 1 1 1 1 1 1 1 1
- 1 o, = 100 E
qu
0 ~
_1 1 1 1 1 1 1 1 1 1
Q ,.-11 05 1 15 2 25 3 35 4 45 5
X 10
2 T T T T T T T T T
1r o, =1 7
tlJ>< v
0 ~———
_ 1 1 1 1 1 1 1 1 1
Q,.-13 05 1 1.5 2 25 3 3.5 4 4.5 5
X 10
2 T T T T T T T T T
o =.001
v
o< 0 ~ \J¥
_2 1 1 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time (s)

Fig. 5 The effect of the measurement noise covariance
diction error of the extended Kalman filter, o,=1
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Fig. 6 Comparing the performance of the new VSC  (based on position and velocity feedbacks
and an EKF estimator ) with the performance of the previous VSC (based on position and v
velocity feedbacks only )
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Fig. 7 The transformations and SMA wire temperatures for (a) previous VSC (based on posi-
tion and velocity feedbacks only ) and (b) new VSC (based on position and velocity feedbacks
and an EKF estimator ); desired angular position  6,=50°
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Fig. 8 The effect of the temperature boundary thickness ¢+°C/s on the overshoot minimiza-

tion performance of the NVSC, for  6,=50°

factory results have been shown in terms of the filter estimating a sensor fusion for operational space control of a robot afrdceedings of
state vector that closely matches the state vector generated by a (== nstrumentation and Measurement Technology Confereve 2, pp.
nonlinear model of the system. Since the model had been previ; Timcenko, A., and Kircanski, N., 1992, “Control of Robots with Elastic Joints:
ously verified against experimental data and the filter is designed Deterministic Observer and Kalman Filter ApproactRioceedings of the
based on this model, it is expected that the filter can accurate|y IEEE International Conference on Robotics and Automation, Nice, France

; _ \ol. 1, pp. 722-727.
tes_tl?_wate thedStatec;/e(tzaor Oft'.:he tSMA:Ctuated ?I!’]m Model ltJnC?réS Arai, S., Aramaki, K., and Yanagisawa, Y., 1994, “Continuous System Mod-
ainties _Can egra € e estimation. However, these uncertaint eling of Shape Memory Allo)SMA) for Control Analysis,”Proceedings of
can be _InC|Uded in the filter and_therefore reduce _the ad\/_e_rse ef-  the 5th IEEE International Symposium on Micro Machine and Human Science
fect. It is also shown that the filter performance is sensitive to  pp. 97-99. _
measurement and process noise and sampling time but not to errb# g?r;%i\?t’?;rgéé E'fiigg Ro'st"PTEd ?ﬁg"Irr‘gérﬁ;ﬁiﬁz}r’vsfc*?zgeo'}"eofggglag:;md
in the state varlable initial conditions. _ _ neering" San Diego, GA/l. 2447, pp. 91-101.

In our previous W0r|{13]1 we had shown both by simulation [1q] Gharaybeh, M. A., and Burdea, G. C., 1995, “Investigation of a Shape
and experiments that a simple VSC has a robust performance for Memory Alloy Actuator Force-Feedback Masters,” Adv. RoB(3), pp. 317
regulation, tracking, and disturbance rejection. However, overr{-él] a29-h_ o, M. Takeda M. S L and Chiba. 1 1985, “Aoglication of

. . . . ashimoto, M., Takeda, M., Sagawa, H., an iba, 1., , “Application o
shoot can still occur when_large rotations are required since t Shape Memory Alloy to Robotic Actuators,” J. Rob. Sys(1), pp. 3-25.
arm goes b_eyond the maX|mum-stress-p05|t_|on and therefore the) Arai, S., Aramaki, K., and Yanagisawa, Y., 1995, “Feedback Linearization of
transformation temperatures decrease. In this work, EKF is used SMA (Shape Memory Alloy," Proceedings of the 34th SICE Annual Confer-
to estimate the SMA wire stress and temperature and incorporaéles] gmr? pp. 5’:}9;522- o Achrai H. 2002, “Nonii Control of & Sh
: s ; ahinia, M. H., and Ashrafiuon, H., , “Nonlinear Control of a Shape
them into a m(.)dlfled VSC SySt.em' T.he. new Contrqller is shown t Memory Alloy Actuated Manipulator,” ASME J. Vibr. Acoust124, pp. 566—
reduce or avoid overshoot while enjoying the desirable character- 575
istics of our original controller. [14] Grant, D., and Hayward, V., 2000, “Constrained Force Control of Shape
Memory Alloy Actuators,”Proceedings of the IEEE International Conference
on Robotics and Automatippp. 1314-1320.
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