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This paper presents a nonlinear, robust control algorithm for accurate positioning of a

Hashem Ashra"uon single degree of freedom rotary manipulator actuated by Shape Memory Alloy (SMA). A
Associate Professor, model for an SMA actuated manipulator is presented. The model includes nonlinear

Assoc. Mem. ASME dynamics of the manipulator, a constitutive model of Shape Memory Alloy, and electrical

e-mail: hashem ashrafiuon@villanova.edu and heat transfer behavior of SMA wire. This model is used for open and closed loop
. o motion simulations of the manipulator. Experiments are presented that show results simi-

Mechanical Enginesring Department, lar to both closed and open loop simulation results. Due to modeling uncertainty and
Villanova University, nonlinear behavior of the system, classic control methods such as Proportional-Integral-

Villanova, PA 19085 Derivative control are not able to present fast and accurate performance. Hence a non-

linear, robust control algorithm is presented based on Variable Structure Control. This
algorithm is a control gain switching technique based on the weighted average of position
and velocity feedbacks. This method has been designed through simulation and tested
experimentally. Results show fast, accurate, and robust performance of the control system.
Computer simulation and experimental results for different stabilization and tracking
situations are also presentefDOIl: 10.1115/1.1501285

1 Introduction years. Since the mechanical behavior of SMAs is closely related
to microscopic phase transformation, stress-strain based constitu-

Shape Memory AlloySSMASs) consist of a group of metallic . : . . h
materials that demonstrate the ability to return to some previou;lé?|}4e relations are not applicable to describe SMA behavior. There

defined shape or size when subjected to the appropriate ther g two classes_ of shape memory alloy model_s: microsddpic
procedure. The shape memory effect occurs due to a temperaﬂ?g _rnacrosgop!@4,18—24. We have used an improved macro-
and stress dependent shift in the materials crystalline structtfr‘eop,'C constitutive model based on the work presented by Liang
between two different phases called Martensite and Austenit€2] in combination with a heat convection modeb]. )
Martensite, the low temperature phase, is relatively soft whereas! N control research applied to SMAs may be divided into
Austenite, the high temperature phase, is relatively hard. TH¥€€ categories of linear control, Pulse Width Modulation
change that occurs within SMAs crystalline structure is not a the®WM), and nonlinear control. Different variations of linear Pro-
modynamically reversible process and results in temperatt@rtional Integral DerivativePID) controls have been explored
hysteresis. by several researchef§,8,11,18,27,2Bwhile many others have
SMAs have been used in a variety of actuation, energy absottsed PWM[3,4,9,16. Several nonlinear control schemes have
ing, and sensing applications. The key feature of this materialaso been explored. Nakazato et [@9] designed a fuzzy logic
its ability to undergo large seemingly plastic strains and subseentroller to control the duty cycle of a PWM controller. Kumagi
quently recover these strains when a load is removed or the nea-al.[30] used a neuro-fuzzy logic model in conjunction with a
terial is heated. SMA actuators have several advantages for mit> controller. Dickinson and We[81] applied a P-controller for
iaturization such as excellent power to mass ratio, maintainabilistabilizing an SMA actuator pulse and an adaptation scheme to
reliability, and clean and silent actuation. The disadvantages a@mpensate for steady state error. Arai ef3aP] used feedback
low energy efficiency due to conversion of heat to mechanickhearization for SMA. Choi and Choeurig3] have applied vari-
energy and inaccurate motion control due to hysteresis, nonlible structure contrdVSC) to manage the vibration of a flexible
earities, parameter uncertainties, and difficulty in measuring vageam. VSC[34] has also been used by Grant and Hayward for
ables such as temperature. osition control[35], vibration isolation[36], and force control
Many of the SMA actuators depend on the mechanical ampE:?] of the differential type actuators using a linear model.
fication of the displacement either through the use of long straight|n this work, we have developed a nonlinear control algorithm
fibers[1-7] or through the use of SMA coilg!,8—13. There are pased on VSC for accurate and quick positioning of a single-
two classes of SMA actuators. The one-way actuaioias type  gegree-of-freedonfldof) rotary arm. The arm is actuated by a
are composed of an SMA element and a bias spfil]. The pias type actuator constructed with SMA wire, pulleys, and a lin-
two-way actuatorgdifferential type are made of two SMA ele- gar spring. A nonlinear model is developed based on a nonlinear
ments[2—4,9. The differential type actuators have the advantaggm dynamic model, an SMA wire constitutive model, a nonlinear
of easier and faster control while the bias type actuators requj Rase transformation model, and a nonlinear heat convection
less power, making them more desirable for internally powerggoye| The VSC algorithm utilizes a switching control law to
devices. The bias type actuators can be very slow if there is gn e the nonlinear plant's state trajectory onto a user-specified
?vershoot thus requiring cooling and the work of the bias SP""Y\rface in the state space, and to maintain it on this surface for all
orcreve.:jse agltuatlon. hf delling the mi . d subsequent times. When the state trajectory of the plant is above
onsigerable research for modetling the mICroscopic an mq[ﬁ'e surface the control path has a given structure and when the
roscopic behavior of SMAs has been performed in the past fortlya. . . )
jectory drops below the surface, a different structure is applied.
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and chattering. Several simulation and experimental results ¢
presented to verify the effectiveness of the control algorithm.

,Fﬂ

de/dt de/dt

Kinematic Model

2 The SMA Arm Model T

The single degree-of-freedorfl-dof) SMA-actuated arm is ¥
shown in Fig. 1. The arm orientation is initially at45 deg rela-
tive to the horizontal axis. We have used 150 diameter Ni-Ti
SMA wire which is actuated by electrical heating. The net actua
ing torque is the difference between the resulting bias spring a »>
SMA wire torques. The dSpacefardware in the loogsolution is
used as a desktop controller board for experimental verification
simulations performed in the MATLAB™/Simulink environment. Phase Transformation

An accurate model of the SMA actuated 1-dof arm is require
for simulation and evaluation of different control algorithms. The
model consists of phase transformation, heat transfer, SMA Winput = T
constitutive, and arm dynamic model blocks. In addition, there Co—»__<>——|!
an amplifier, an encoder, and a signal conditioner, as shown
Fig. 2. Elements of the models are bilaterally connected forminy
an algebraic loop.

de/dt

v v v

dT/dt
dg/dt  dosdt (g O Output

c d&/dt —[-> 8 ()

) dT/dt Rd Arm Dynamics

do/dt

>
» Constitutive Modet

dT/dt—p|

Amplifier oot Transfer

Fig. 2 Block diagram of the 1-dof SMA-actuated arm model

2.1 KinematigdDynamic Model. The nonlinear dynamic
model of the arm including spring and payload effects is:

l b= (o) — 7(0) — 74( ) —CO @ 2ro

wherer,,, 7, and 7 are the resulting torques from SMA wire, =~ (2)
gravitational loads, and the bias spring, respectively, aslthe 0

wire stressl is the effective mass moment of inertia of the armwherer is the pulley radius anty, is the initial length of SMA
griper, and the payload, artds the torsional damping coefficient wire.

which is needed to approximate the net joint friction.

The SMA wire strain rate: and joint angular velocityé are 2.2 Wire Constitutive Model. The wire constitutive model
related kinematically as shows the relationship between stress rat, (strain rate, and

temperature rateT) [23]:
=D&+ 6;T+Q¢ (3)

whereD =Dy, + D /2 is (the averageYoung modulusp 4 is Aus-
tenite Young modulusD), is Martensite Young modulugit is
thermal expansion factof) = — D¢y is phase transformation con-
tribution factor, ance is the initial (i.e., maximum strain[25].

Table 1 Modeling parameters and their numerical value (sl
units )

Parameter Description Value
m SMA wire’s mass per unit length 1.14e7%
A SMA wire's cross-sectional area 4.712¢4
Iy Initial length of SMA wire 0.9
£ SMA wire’s initial strain 0.04
oo SMA wire’s initial stress 75e8
& SMA wire’s initial Martensite faction factor 1
Dy Austenite Young modulus 75¢°
Dy Martensite Young modulus 28¢°
A, Austenite start temperature 68
Af Austenite final temperature 78
My Martensite start temperature 52
My Martensite final temperature 42
Ca Austenite curve fitting parameter 10.3¢8
Cur Martensite curve fitting parameter 10.3¢°
or SMA wire’s thermal expansion factor —0.055
I Specific heat of SMA wire 200%4.187
R SMA wire’s resistance per unit length 50.8
Too Ambient temperature 20
hg Heat convection constant coefficient 120
ho Heat convection second order coefficient 0.001
r Pulley radius 8.25¢73
mp Payload mass 0.0572
my Arm mass 0.0187
Fig. 1 The 1-dof SMA arm, actuated by NiTi wire and a bias k Bias spring stiffness 3.871
spring ko Bias spring initial length 0.03015
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Fig. 3 Open loop simulation results in response to different step inputs

2.3 SMA Wire Phase Transformation Model. Due to hys- Cooling results in forward transformation from Austenite to
teretic behavior of SMA wire, the phase transformation equatiohartensite:
are different for heating and cooling. Heating results in reverse

transformation from Martensite to Austenite: 1-¢a 1+¢&,
; = —5 - coday(T-M)+byol+ ——  (5)
M '
&= 7{CO§LaA(T_As)+bAU]+l} (4)

where £, is the minimum Martensite fraction obtained during
where 0<¢<1 is the Martensite fraction coefficienfy is the heatingM{ andM; are Martensite phase start and final tempera-
maximum Martensite fraction obtained durlng coolingjs the  tyres, anday=m/M.—~M/, by=—ay/Cy andC,, are curve
SMA wire temperatureA, andA; are Austenite phase start andfitting parameters.

final temperatures, areh=7/A{ —A,, by=—a,/Cp andC, are The time derivative of Eq94) and(5) yields the state equation
curve fitting parameters. during heating:

100 T T ? T T T T - vVosav
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Fig. 4 Open loop experimental results in response to different step inputs
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Fig. 5 Effect of a small voltage increase on phase transformation and arm
rotation (left) V=7.2v (right) V=73v

. v . _ whereV is voltage,R is resistance per unit length, is the spe-

§=— 7S|r{aA(T_Aé)+bAU][aAT+ bao] (6) cific heat,m=pmd?/4 is mass per unit length is density,d is
diameter, andA= md is circumferential area of the SMA wire.

Also, T, is the ambient temperature ardis heat convection

or cooling:
1-¢ coefficient. We have approximatddby a second order polyno-
E=— > Asir{aM(Tf M) +byollayT+by] (7) mial of temperature to improve the heat transfer model,
h=hgy+h,T?. (9)

2.4 Heat Transfer Model. The SMA wire heat transfer _ _
equation consists of electricaljoule) heating and natural 2.5 Model Parameters and Simulations. The SMA param-
eters in this work are predominantly borrowed from Lidr2b]

convection:
) and Waram[38]. However, some parameters had to be changed
mcpﬂ _ Vfﬁ hA(T-T.) ®) since open loop simulation results did not quantitatively match
dt R * experimental resultéTable 1.
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Fig. 6 PID controller experimental results for different desired angles
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Fig. 7 Simulation results with simple switch (VSC1), simple switch with

boundary layer (VSC2), and modified switch with boundary layer (VSC3) con-
trollers; (top) control input V, (bottom ) system output @

Although wire resistance is variable, we measured and useddifferences between simulation and experimental results due to
average value. Convection heat transfer polynomial coefficiergarameter and model uncertainties. However, there is a substantial
were measured by matching the simulation and experimental difference when the input voltage is large enough to cause full
sults of the arm angular position. The suggested valu@forby actuation due to unmodelled geometry. In these cases, the bias
Liang [25], resulted in much larger thermal expansion and comspring touches the stationary liikig. 1) and, hence, behaves like
traction effects compared to experimental results. Hence, a signéinonlinear hardening spring.
cantly lower value was measured and used in this research. An interesting phenomenon is that at intermediate input volt-

Figures 3 and 4 show the open loop simulation and experimeages, a small increase in the input causes large variations in ac-
tal results in response to incremental step inputs. There are mitwation. This happens because the start and final phases transfor-

Boundary Layer
s=0

(VSCl1 & 2)

140 T
' |Boundary Layer

$=0(VSC 3)
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e
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40
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—40 L i L '
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Fig. 8 Phase plane of simulations with simple switch (VSC1), simple switch

with boundary layer (VSC2), and modified switch with boundary layer (VSC3)
controllers
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Fig. 9 Modified switch with boundary layer controller experimental results
showing the effect of A

mation temperatures are functions of the SMA wire str@sg., where the state vectorand the control inputi are given as
As=A.+ o/C,) which reaches its maximum value at an interme-

diate angle(+30 deg due to gravity. Figure 5 shows this phe- x=[0 6 T o & and u=V (11)

nomenon. A small increase (@.)Lin the 7.2 input results in full

transformation(top) and hence full actuatiotbottor). Note that, some algebraic manipulations are required since Egs.
. (3), (6) and(7) are coupled.

3 Controller Design The variable structure control is introduced using the switching

The model presented above by E¢B, (8), (3), and(6) (heat- functions(x) as[34]:
ing) or (7) (cooling can be represented by a set of nonlinear state

equations as ut(x,t) if s(x)>0

. ux,t)y=y _ . 12
x=A(x,t)+B(x,u,t) (10) (xb) u (x,t) if s(x)<O0 (12)
50 T T T T T T T T T
: — ¢=.5°
asiss —_ ¢=1o
N 11 = ¢=50
: - - ¢=10°
¢ =20°
........... 1| — p-a0°
3 _
f=2]
S
= ol b J
—40 i L i i i i i i i
1 2 3 4 5 6 7 8 9 10

Fig. 10 Maodified switch with boundary layer controller experimental results
showing the effect of ¢
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Fig. 11 Comparing simulation and experimental results for modified switch
with boundary layer controller ~ (8,=0 deg)

such thats(x)=0 (switching surface can be reached in finite motion. The switching is defined based on the position esror

time. The sliding mode takes place on the switching surface, fok9= g— 4. Hence, system input is defined as

lowing the desired system dynamics to ensure that the overall

VSC system is globally asymptotically stable. Furthermore, a V.. if s<0

boundary layer around the switching surface can be introduced to _ [~ fiah )

avoid chattering which is a common phenomenon in many VSC Vigw if s>0

designs. 3.2 Simple Switch With Boundary Layer. Next, a bound-
3.1 Simple Switch. Initially, we designed a two-stage VSCary layer is introduced around the switching surfaeed, to sup-

that is a simple switch between a high voltage for quick heatingess chattering. Denoting the layer thicknessgaghe control

(i.e., arm rotation and a low voltage for cooling or reverseinput is written as

(13)

0 (degree)

i i i i i
5 10 15 20 25 30 35 40
Time (s)

Fig. 12 Modified switch with boundary layer controller experimental results
for different desired angles
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Fig. 13 Modified switch with boundary layer controller experimental results of
following user commands

4 s 3.3 Modified Switch With Boundary Layer. The switch-

Vhigh  if $< -1 ing condition(surface introduced above can be modified using a

weighted combination of position and velocity errors,
s
u=¢ V if —>+1 14 d ~ i~
) Vo ¢ (14) s=| g\ [0=0427 (15)
. s

Ks if —1<$<+1 In this system,—A\ is the slope of sliding surface in the phase

\

plane. Although, the angular velocity is not measured experimen-
whereK is a proportional gain. Generally, increasing the boundatglly, a numerical derivative approximation is obtained by filtering
layer thickness, reduces chattering but increases steady-state eowtrthe noise.

50 T T T T

ot
30

20

0 (degree)
(=)

10 20 30 40 50 60
Time (s}

Fig. 14 Modified switch with boundary layer controller experimental results of
tracking a sine-wave
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Fig. 15 Modified switch with boundary layer controller experimental results
verifying disturbance rejection

4 Results of disturbances. Three disturbances are introduced in the form of

: o dded payload, reduced payload, and temperature drop. Added
We started our control experiments by designing a PID contral- - ) : . .
ler. Ziegler-Nicholstransient response methadas used to adjust nd reduced payloads are provided by simple impulsive loads in

the controller gain&p, K, , andKp . The input to the controller direction of the gravity and against it, respectively. The tempera-

is position error measured by the encoder. System response vét)\ﬁvkhe drop was imposed by simply blowing air toward the SMA

PID controller was very slow and inaccurate as shown in Fig. 6o - The performance of the modified switch controller in re-
In the VSC schemes, we choSg,— 10 V according to the Sponse to these disturbances is shown in Fig. 15.

hardware restrictions and,,,=4 V based on simulations and ex-

perimental trials. Simulation results for the three controllers agg  conclusions

shown in Figs. 7 and 8. The desired positiondjs=0 deg with

zero angular velocity. The simple switch with no boundary layer A successful attempt has been made to develop a control algo-

controller(VSC1) does not achieve a sliding mode and chatteringthm for an SMA-actuated arm. A model for an SMA actuated

shown as limit cycle in the phase plane, persists in the respondinipulator has been presented which includes the nonlinear dy-

The addition of boundary layer to the simple switt¥SC2) hamics of the manipulator and constitutive and heat transfer be-

eliminates chattering. However, there is still an overshoot problegVior of the SMA wire. Variable Structure Control was used to

leading to slow settling of the arii® seg due to cooling. Finally, control this highly nonlinear system. The first design was a simple
when the simple switch is modifie/SC3), a sliding mode is switch based on position error, which resulted in chattering and
achieved and the steady state error is greatly reduced. Also, ygrshoot problems. Since the SMA wire cools down through a
system response is much fast@rseg since there is no overshoot, SIOW process of natural convection, overshduippens because
The effect of weighting factor on system response is demoW!r€ IS overheatedimposes relatively large delays. In the second
strated experimentally by keeping the boundary layer thickne9§Sign, @ boundary layer was added to the control algorithm
constant (=10 deg), as shown in Fig. 9. Largar results in which eliminated the chattering problem. In the third design, the

faster system response and smaller steady state error. The limf4itch algorithm was modified based on both position and veloc-
tion is that largex’s could cause overshoot. ity errors. This controller improved performance by eliminating

The effect of boundary layer thickness, is demonstrated ex- the overshoot problem. The controller was capable of tracking
perimentally by keeping the weighting factor constant(10), as USer comman_ds and dn‘ferent pa_th_s, along with stabilizing the ma-
shown in Fig. 10. The magnitude of steady state error increadigulator at different set points in its workspace. It has been ex-
while chattering decreases asincreases, leading to an optimumperlmentally verified Fha}t this controller is fast, robgst in the face
value between 5 deg to 10 deg for our application. Experimentdj Parameter uncertainties and unmodelled dynamics, and capable
and simulation results closely agree for modified switch controllf rejecting disturbances.
with boundary layer as presented in Fig. 11, for one desired an-
gular position @4=0°).

Experimental results verify that the modified switch controlIe‘rA‘CknowIedgments
with boundary layer is fast and accurate regardless of the desired’his paper was compiled under the Concurrent Technologies
angular position, as shown in Fig. 12. The controller is also able @orporation’s (CTC’s) National Applied Software Engineering
follow commands(Fig. 13 and track different paths such as theCenter (NASEC) program, which is sponsored by the Defense
sine wave shown in Fig. 14. All three controllers have problem&dvanced Research Projects Agen®ARPA). The content of
tracking high frequency paths due to physical limitation of théhe information does not necessarily reflect the position or the
SMA's speed of response. policy of the government, and no official endorsement should be

All three controllers are robust and perform well in the presendeferred. The authors would like to acknowledge Dr. S. Santha-
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