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Abstract

In this paper, a linear lightweight electric cylinder constructed using shape memory alloy (SMA) is proposed. Spring SMA is used as
the actuator to control the position and force of the cylinder rod. The model predictive control algorithm is investigated to compensate
SMA hysteresis phenomenon and control the cylinder. In the predictive algorithm, the future output of the cylinder is computed based on
the cylinder model, and the control signal is computed to minimize the error and power criterion. The cylinder model parameters are
estimated by an online identification algorithm. Experimental results show that the SMA cylinder is able to precisely control position and
force by using the predictive control strategy though the hysteresis effect existing in the actuator. The performance of the proposed con-

troller is compared with that of a conventional PID controller.

Keywords: SMA cylinder; Force; Position; Predictive control; Real time; Online estimation; Online identification

1. Introduction

Shape memory alloy (SMA) actuators, which can return to
their original shape at a preset temperature, possess interesting
properties in terms of force generation capacity, potential for
miniaturization, and power consumption. The forces exerted
by the contraction of SMA actuators, along with their small
diameters, light weights, and simplicity of operation make
SMA actuators worthy of consideration as electrically con-
trolled actuators, for use in applications such as robot grippers
[1] or micropump [2].

In this work, an electric cylinder using an SMA spring was
fabricated. The position and force generated from the opera-
tion of this cylinder are also investigated.

Although the nonlinearity hysteresis effect that exists in
SMA actuators has significant potential applications in control
systems, it also introduces delays and leads to inaccuracy in
the control of these actuators. This phenomenon is also en-
countered in many applications that involve SMA, magnetic
materials, or piezoelectric actuators. In order to achieve good
performance of the control system, hysteresis phenomenon
must be compensated. Many studies have investigated control
methods to compensate for SMA hysteresis phenomenon. In
[3], the SMA actuator is modeled and a gain schedule control-
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ler is applied to the control. In [4], the SMC method is used to
control the SMA. In [5-6], a PID tuning controller and IMC
were applied to control the SMA. These controllers yielded
good tracking control results, but there was chattering in the
input control signal. Most of these works required a precise
system model, which makes the controller synthesis compli-
cated and time consuming. In [7], the neural network is used
to identify the inverse model of the SMA, and the model is
then used to control the SMA. To compensate the model error,
the feed-forward controller, PID controller, and sliding mode
controller were added to the controller, thus making the con-
troller bulky, complicated, and time-consuming for inverse
model identification.

Generalized predictive control (GPC) is one of the most
powerful and useful model-based control methods for a wide
class of nonlinear dynamic systems [8-12]. The basic principle
of GPC is to generate a sequence of control signals at each
sample interval that optimizes the control effort, in order to
follow the reference trajectory exactly.

In this study, GPC is proposed as a method to compensate
the SMA hysteresis phenomenon. The GPC strategy is opti-
mized to the control error and power consumption, thus it
reduces the control error and chattering. Besides, with the
model identified online, the nonlinear characteristic is identi-
fied, so the hysteresis phenomenon is compensated. The GPC
control scheme is used to generate a control sequence by
minimizing a cost function in such a way that the future force
output is driven close to reference over a finite prediction ho-
rizon. The objective of this paper is to investigate this control
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Fig. 1. Extension spring deflections.

strategy for improving the control performance of slow re-
sponse SMA actuators.

The remainder of the paper is organized as follows. Section
2 describes the fabrication and experimental setup of the pro-
posed SMA cylinder. Section 3 presents the algorithm applied
to the position and force control of the SMA actuator. This
includes a brief review of the online identification method
using recursive parameter estimation and the implementation
of the predictive algorithm in real time control. Section 4
compares experimental results for position and force control
of the SMA actuator obtained from the predictive control al-
gorithm with those from conventional PID control. Section 5
provides concluding remarks.

2. Fabrication and experimental setup of the SMA
cylinder

The first part of this section presents the design principle of
actuators using SMA springs. The fabrication of a SMA cyl-
inder and the experimental setup are described in the second
part of this section.

2.1 Actuator design using SMA springs

With the possible exception of straight wire, the most
popular and useful form of SMA material is as SMA springs.
Such springs can be used either in extension (tension) or
compression, can provide an impressively large stroke, and
can be designed to exert significant forces. Both extension and
compression springs can be made from SMA materials. As
illustrated in Fig. 1, an extension provides a pulling force by
contracting when transformed to the high temperature
austenitic state. The close coiled, zero load configuration of
the extension spring is the shape that is remembered at high
temperature.

A compression spring provides a pushing force by
extending at high temperature, as shown in Fig. 2. The length
to which a compression spring is shape-set is similar to the
free length of a steel spring, and all deflections are determined
with respect to that length.
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Fig. 2. Compression spring deflections.

2.1.1 Spring SMA parameter design

The design procedure can be divided into two stages:
determination of the wire diameter by constraining the
maximum shear stress and the spring index, and determination
of the number of active turns in the spring through constraint
of the shear strain. These parameters are computed using the
design equations in [13] as follows:

= Determination of wire diameter:
Wire diameter of a spring SMA is determined as:

d = \|8W .P.c/mt, [mm] )

Where P is the total force required from the SMA spring at
high temperature: P=F, + F, .
F, : required net output force.
F, : force exerted by the bias spring.
7, is the maximum shear stress of the SMA spring.
¢ is the spring index, which depends on the average di-
ameter D and wire diameter d of the spring:
c¢=D[d
W is the Wahl correction factor, which depends on the spring
4c—1 0.615
+
4c—4 c

index ¢, W=

= Determination of number of turns:

The number of turns in the spring can be obtained from:

n= 7dz'S 2)

wD* A~y

where S is the stroke of the actuator, A+ is the strain dif-
ference at high and low temperature: Ay =v, — v,

The shear strains are computed from shear stress and shear
modulus as follows:

Vo =TylGy, v, =7,/G,

Ty=T,, T, are shear strains at high and low temperatures,
respectively.
G,,G, are shear modulus at high and low temperatures, re-
spectively.
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Fig. 3. Shape memory spring with biasing spring.
= High temperature spring rate:
K, =2588B[N/mm] 3)
where B = d/nc’

= Low temperature spring rate:
K, =345B  [N/mm] @)

= Low temperature length:
L =d(n+3) [mm] 5)

= High temperature length:

L,=L +S [mm] (6)
= Free length:
L,=L,+P/K, [mm] @)
= Reset force:
F=K(S+PIK,) [N] ®

2.1.2 Design using bias springs

The system using a SMA spring and a bias spring is self
resetting. That is, the constant load applied by the weight
deforms the shape memory spring at the lower temperature. In
most practical situations, a conventional steel spring provides
a bias force to reset the shape memory spring at low
temperatures, as shown in Fig. 3.

The shape memory spring has to work against an ever-
increasing force from the biasing spring, and the net force
output of the spring diminishes as the temperature increases.
The desired parameter for a steel spring can be derived as
follows:

= Bias rare:

F,-F,

K, = [N/ mm] )

* Bias wire diameter:

d, = 3f72'557{7hD” [mm] (10)
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Fig. 4. SMA Cylinder design tool and design results.

where:
D, is the average bias spring diameter.
T is the maximum bias shear stress.

= Number of bias active turns:
_ G4
8D;K,

where G is the steel spring modulus.

(1

= Bias spring length at high temperature:
L,, =cavitylength — plug thickness — L, [mm] (12)

= High temperature bias deflection:
5=F,/K, [mm] (13)

= Number of bias active turns:
Ly=L,+6  [mm] (14)

2.1.3 Design using cylinder

A cylinder is designed and fabricated to satisfy the follow-
ing parameters:

= Maximum Force: 4 N.

= Stroke: 10 mm.

= Life time: 50,000 cycles.

= Cavity: Length 50 mm.

Using equations Eq. (1) to Eq. (14), a Matlab tool is de-
signed to compute the parameters of the SMA spring and steel
spring for the required cylinder. That tool is shown in Fig. 4.

A Ni-Ti SMA spring is used with the following material pa-
rameters:

* Maximum shear stress: 7. =175 MPa .

¢ Transformation temperatures: A4, = 56°C  (heating),

= 33°C (cooling).

* Shear modulus: G,, = 16890 MPa

G, = 3759 MPa (low temperature).

* Choose:

= Spring index: ¢=8§.

(high temperature),
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= Low temperature shear strain: v, =0.015 (in order to
satisfy the life time requirement of 50,000 cycles).
With a standard steel spring, we have:
* Maximum shear stress: 7 = 675 MPa .
* Shear modulus: G, = 79300 MPa .
* Assume that the force exerted by the steel spring is
F, = 2N
The required parameters of SMA and steel spring are shown
in Fig. 4.

2.2 Experimental setup

The experimental actuator configuration and a photograph
of the actuator are shown in Figs. 5 and 6, respectively. A 15.5
turns standard SMA spring with 8 mm outer diameter and
0.95 mm wire made by the Memory — Metalle GmbH
Company is used to provide 4.042 N force and 15.082 mm.
This standard SMA is close to the designed SMA, and satis-
fies the requirements in section 2.1. A steel spring used to
provide a bias force to reset the shape memory spring at low
temperature is fixed to the platform at one end. The other end
of the bias spring is connected to the cylinder rod by an
insulated wire. The SMA spring has an electrical connection
at each end through electrical lugs crimped over a knot tied in
the wire. The lugs also allow the spring ends to be secured to a
terminal block. This terminal block is mobile, and can be
positioned by means of a screw. The SMA spring is insulated
from the cylinder rod by some plastic rings.

As soon as the SMA spring is heated by a current, the force
exerted by that spring increases, and causes the cylinder rod to
move in one direction. The bias spring creates the force to
reset the shape memory spring at a lower temperature, and
therefore causes the cylinder rod to move in the oposite
direction.

Fig. 7 shows the experimental setup for measurment and
control of the proposed SMA actuator. Position and force
control of the SMA cylinder are both investigted in this
system. Displacement of the cylinder rod is measured by a
high precision potentiometer (Copal Electronics). The force
exerted by the SMA cylinder is measured by a FlexiForce
sensor (Tekscan) as shown in Fig. 8. These feedback signals
are fed to the computer through an A/D Advantech PCI-1711
card. The control current applied to the SMA wire is obtained
from a D/A card and a V/I converter. This system is controlled
in real-time with the Real-time Windows Target Toolbox of
Matlab.

3. Predictive control for position and force of SMA
actuators

This section presents the predictive control algorithm used
to control the position and force of the proposed SMA
cylinder. Since the predictive control strategy generates the
control signal based on the predicted output behaviour of the
SMA systems, it can be applied to improve the control
performance of SMA actuators.

Insulated wire

Bias spring

Potentiometer
Cylinder rod

Fig. 5. Experimental SMA actuator configuration.

Fig. 6. Photo of Experimental SMA actuator.

3.1 Principal ideas of predictive control

Predictive control uses a model of the plant to predict the
future output of the system. Based on this prediction, at each
sampling period, a sequence of future control values is
elaborated through an on-line optimization process, which
minimizes the cost function of error and energy. Only the first
value of this optimal sequence is applied to the plant; the
whole procedure is repeated at the next sampling period
according to the receding horizon strategy [14-15].

The following cost function is constructed in such a way
that the future output y(¢) is driven close to the reference

r(t):

Ju,t)=E Z [+ pH—rit+ j)]2 + AZ[Au(f +j- 1)]2

J=M

(15)

where y(¢+ j)is the j -step prediction of the system output
based on the data up to time #, r(¢+j) is the future reference
signal, A is a weight coefficient to penalize the control se-
quence, and E{} is the expectation operator, which indi-
cates the computation of control values for data up to time ¢
and the stochastic disturbance model. N,,N, and N, are
the minimum prediction horizon, maximum prediction hori-
zon, and control horizon, respectively.

This cost function evaluates the error between the predicted
output y and reference rin a prediction range from ¢+ N,
to ¢+ N, . The function also evaluates the control signal in a
control range from ¢ to ¢+ N, .
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Fig. 8. SMA cylinder and force sensor.

The predictive control and its working principle are shown
in Fig. 9.
In this study, the model of the plant is estimated by the

online identification method, which is presented in Section 3.2.

The solution of the output control is presented in Sections 3.3
and 3.4.

3.2 Online system identification

In order to predict the future output for the position and ex-
erted force of the SMA actuators, it is necessary to obtain the
dynamic model through the on-line system identification. In
this section, the non-linear model of the SMA cylinder can be
identified by using an approximately linearized method.

The idea of identification is presented in Ljung 1999 [16].
Around operating point, the input-output relationship can be
described by the following linear difference equation as:

y(k)+ay(k—1)+..a, y(k—na) (16)
=bu(k—-1-d)+.b,(k—nb—d)+c(k)

where:

y(k) is the output at sample time & ;

u(k) is control signal sample time £ ;

e(k) is model error and/or white noise;

d istime delay;

na,nb are the order of the denominator and numerator, re-
spectively.

Define:

Model Predictive Control

|
| |
| Algorithm |
| |
| r(t+k) |
T Optimization | u(s) ! (N
: ~|  Algorithm :' Eiart -
| |
| |
| |
I |
| e+ k) g it + k)
| |
S S =)
(a)
y Desired
/ output
4 Predict I—
Plant output output

! .
i :
t2 t1 t t+1 .. teN, 4N,

(©)

Fig. 9. General Predictive Control Diagram and Predictive Principle.

0 =[a, a,..a bbb, =106 .6,.,] (17a)
(k) =[—y(k—1) — y(k —2) ...— y(k — na)... Cam
u(k —1—d)y u(k —2—d) ..u(k —nb—d)|
and Eq. (16) can be written in the form:
Wk 10) =" (k)0 + (k) (18)

The objective of the off-line identification problem is to find
the parameter vector 6 in Eq. (17a), such that the error ()
is minimized. The formal objective function is a quadratic
criterion.

700 =33 10— 00 =330 (19)

where N is the size of the known experimental data of the
system.

However, in most control systems, when the system is
identified on-line, the parameters 6, may not be constant.
They can be varied instantaneously. The parameters may
change suddenly or slowly in this case. The criterion Eq. (15)
is modified according to the following:

JO.0= 13N () - () 20)
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This criterion has been used to measure how well the model
fits the experimental data from 1=1 to N.

In this criterion, the parameter A(0 <\ <1) is called the
forgetting factor: The most recent data point is A =1, but data
points that are n time units old are weighted by \".

The results of parameter estimation to minimize Eq. (20)
are obtained by using the recursive least-squares algorithm
[16] as follows:

60 = 00k = 1)+ K (k)| (k) — " (k)0 = D) (21a)
P(k—1p(k)

K(t)= P(k)p(k)= 21b

O = PO =0T o PGt 1

P — 1‘ Pk — 1y~ PE= Do (R)P(k 1)] 210

A(k) A(K) + " (k)P(k — (k)

In this research, the identification algorithm is written as an
S-Function in order to be used with the Real Time Windows
Target Toolbox of Matlab. In order to get the solution quickly
for on-line estimation, the Bierman UD factorization
algorithm [17] is applied to compute the parameter estimation.

3.3 Derivation of predictor and calculation of control signal

The main idea of the predictive control algorithm is to
compute the future control sequences that minimize the cost
function Eq. (15). The future outputs are predicted using the
linear difference equation Eq. (16). The parameters of the
system model are obtained from the algorithm shown in
section 3.2. The predictor and control signals can be derived in
[15] as follows.

The difference equation Eq. (16) can be rewritten as a
controlled autoregressive and integrated moving average
(CARIMA) model as follows:

Cg™h)

A(q’l)y(k)=B(q")u(k*1*d)+T§(k) 22)

where:
((k) 1is the process disturbance
A=1-¢" isa different operator.
AgH=1+agq ' +..+a,q",
Bg)=b+bg ' +..+b,g """,

and C(g )=1+cqg '+..+c,q " are polynomials in the
backward shift operator ¢ '.

na,nb,nc are the order of polynomials A(¢™"), B(q™"),
C(q™"), respectively.

For simplicity, we assume that we consider the system
without delay, so d =0. Then Eq. (22) can be rewritten as
follows:

B(g")

_ )
Ag™)

A(g HA

y(k) u(k —1) + &(k) (23)

Atstep j inthe future, Eq. (23) becomes:

Cgh
A(gHA

B(g")
Ag™)

utk+j—1)+

yk+j)= §k+)) @24

E(q"), F(q") aredefined so that:

Clg™h o B
—E(q)+q 1"~ 25
A DA (g )+q A DA (25)
From Eq. (23), Eq. (24), and Eq. (25) we have:
E (¢ ")B(q"
v+ j)=——"—v—" <qc<;1()q ) Aulk+j—=1)+..
(26)
V) 4 B g e )
C(q—l) j

Again, G,(¢7').T,(¢"") are defined to satisfy Eq. (27) as
follows:

INICD)

AL |
Cla )

Clg™h

Gg)+q” @7

Thus, the future output of the system is written:
I

/ (qfl ) Au(k—1)+ ...
Cla™)

Y0 +E, (¢ )€tk + /)

v+ ))=G,(q")Aulk+ j—1)+

Ff(‘f])

Tl

(28)

The minimum variance prediction of y(k+ j) or given
data up to time £ is obtained by replacing the last term con-
taining the future disturbance &(k+ j) by zeros, which
yields:

Yk+ j)=G,(¢ HAu(k+j—D+...
(g Fig) 29

+ k
Ca ) cqn’®

Au(k —1)+

Eq. (29) can be divided into two parts as follows:

I
Cqg™h

Fiqh
Clg™h

Au(k —1)+

yo(k+j): J/(k) (308.)

which is called the fiee response of the system. That is the
effect of the last control signal u(k—1) on the future re-
sponse.

Also,
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Ik +j)=G, (g HAu(k+j—1)
=g/ Aulk+j—-D+..
+gAulk+j—2)+...+ g, Au(k)

(30b)

which is the effect of future control signals on the future re-
sponse.

Gj(q") is the polynomial that contains the system step re-
sponse coefficients. It can be defined from Eq. (25) and Eq.
(27) as follows:

B G g, gL @31
A T Ry

which shows that Gj(q’l) is the quotient of the division
B/AA.

With the future outputs in Eq. (29), the control criterion Eq.
(15) becomes:

Ty = Y[k + )~ rk+ DF + XD [dutk + -

- (32)

where

Pk + )= g Auk+ j—1)+ gAuk+ j—2)+...
Fot g, Aulk)+ vk + )

In general, the above equation can be rewritten in the vector
form as:

y=GAi+jp, 33)
where
&o 0 0
& & - 0
G=
Evn,-1 8n,—2 - &o
Env,-1 8,2 8N, -n,

which is called the step coefficient matrix.

Fo = [ok +1), v (k + 2,0y (k + N,
Adi = [Au(k), Aulk +1).... Aulk + N, —1)]

P =[P+ D, k42, Sk + N
Then the cost function Eq. (32) becomes:

J=@—r) (G —r)+ A" Aii (34

where 7= [r(k+1),r(k +2),..r(k+N,)| is a vector of
desired signals in the future.
From Eq. (33) and Eq. (34) the cost function can be written as:

J =(GAdG + 3, — 1) (GAii + 7, — ) + AAG" Ad
= A" (G"G+ M) Ai+2(5, —r) GAu

To optimize the cost function J , the descend gradient
method is used as follows:

0J
OAi

gradient(J) = =0

From partial derivation, the following equation can be de-
rived:

2(G"G + M)A +2(5,—r) G=0

From this equation, the control input can be obtained in Eq.
(35):

Ni=—(G"G+A) (5, -r) G
4 (35)
=(G"G+ ) G (r—7,)

The control signal at time & is then computed as follows:
u(k)=u(k —1)+ Au(k) (36)

Generally, with the time-delay system such as a slow re-
sponse SMA system, the delay d -steps model in Eq. (16) is
used:

Cg ™)

Alg (k)= B(q " Yulk —d —1) + Té(k)
Thus, Eq. (30) becomes:
Wk+ ) =G (g HAulk + j—d —1)+ y,(k+ j) (37

Thus, Eq. (32) becomes:

N,

J,t)=">Y [P+ j)—r@t+ j)]2 + Ai[Au(r +j— 1)]2

Jj=N, j=1
(38)
at j=N,, N—d—1=0,sothat N,=d +1.
Thus, only the N =N, — N, +1 last rows of Eq. (30) are
used. Then:
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&o 0
& 8o 0
G=| |, with N=N, =N, +1
Evn,-1 8,2 8o
Ev-1 8y En-,

(39
and

Vo= [yo(k + N, vk + N+ 1), v (k + Nz)]T

3.4 The solution of the step coefficient matrix and fiee re-
sponse:

The control signals in Eq. (35) can be obtained easily if G
and j, are computed. One way to obtain G and j, is to
solve the Diaphantine functions Eq. (25) and Eq. (27) to get
E,,F,G, and T';; then G and y, can be obtained using
Eq. (34) and Eq. (30a). However, this way is very complicated
and time consuming. In this paper, a simple and useful way to
obtain G and y, is derived. In this way, G and j, are
obtained directly from the system model as follows:

Eq. (23) can be written:

Ady(k) = B(g ) Au(k) + C(g 5k
or (1—¢ ")Ay(k) = Blg )Au(k) + C(g Ek)

Then, the output at sampling time & can be obtained:

yy=y(k=1)—(1-g"")(A=D)y(k) + ..
+ B(q ) Au(k) + C(g "¢ k)

or

y(k) = My(k)+ B(q ") Au(k) + C(g")E(k) (40)
where

B=bq ' +bq  +..+b,q"
M=mqg ' +mq’+..+m,q", nm=na+]l
m, =1—a,

m, =a,-a,

(41)

In the other way, Eq. (31) can be written in the form of a se-
ries as follows:

nc

(k)= im‘.y(k —i)+ ib,Au(k —i)+ Zc,.g(k —i)

Choose: C(q™')=1. Then,

nm nb

k)= mylk =)+ 3 bAulk =)+ £(k)

Then, at the future time &+ j:

nb

y(k+j)=im;y(k*i+J’)+Zb;Au(k*i+j)+€(k+j)

i=1 i=1

The control objective is &(k + j) =0, thus, (35) becomes:

nm nb

ylk+ ) => mytk—i+ j)+ Y bAu(k—i+ j)
i=1 i=1

or

Yk+D=y,=y,+Y

where y,, is defined as a free response, which depends only
on past signals, so that:

nm nb
Yo =D mytk—i+1)+ Y bAu(k—i+1)
i=1 i=2

nm nb

Voo =my + > mylk—i+2)+> b Au(k—i+2)

i=2 i=3

min(j—1,nm) um
Yio = Z miy(j—i)o+Zmly(k*i+j)+--~
i1 b Y @)
+ > bAutk—i+ )

i=j+1

and y, isthe term that depends on the future control signals.
Thus,
i = bAu(k)= g, Au(k)
Vou = MYy, +bAu(k +1) + b,Au(k)
=bAu(k+1)+ (mlg1 + bz)Au(k)
= gAu(k +1)+ g,Au(k)
3
Yy, = MY, +myy,, + ZbiA“(k +3-10)

i=1
=bAu(k+2)+ (mlg1 + bz)Au(k +D+..
+(m1g2 +m,g, +b3)Au(k)
3
= ZgiAu(k +3-1i)
i=1

In summary,

min(j—1,na)

y/u:

min( j,nb)

MYy o+ 2, bAuk+ j—i)

i=1 i=1

J
=>_glulk+j—1i)
i=1
min( j,na)
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Fig. 10. Matlab schematic diagram of the predictive controller applied
to SMA cylinder.

In summary, the predictive control algorithm used in this re-
search is implemented through the following steps:

(1) Compute parameters for the model Eq. (16) using
Eq. (21);

(2) Determine the system step response coefficients matrix
using Eq. (43);

(3) Determine the free response y,(z+ j) using Eq. (42);

(4) Find the increment control signals vector Az from Eq.
(35);

(5) Find the control signal vector u(k) from Eq. (36);

(6) Repeat the first step.

In this research, the program-implemented predictive al-
gorithm is also written as an S-Function block in order to be
used with the Real Time Windows Target Toolbox of Mat-
lab.

4. Position and force control of SMA cylinder

This section presents the experimental results of the real
time position and force control of the proposed SMA cylinder
by using the predictive control and conventional PID algo-
rithm. The experiments were implemented at room
temperature (250C). Sampling time was set to 0.01 s in all
experiments.

The generalized predictive control scheme applied to the
SMA cylinder control system is shown in Fig. 10. There are
three inputs to the controller: theta is the estimated parameters
of the system model, r is the reference position or force, and
yis the real value of the position or force measured by the
SMA cylinder. The input current applied to the SMA cylinder
is obtained from the predictive algorithm.

The PID controller is added into the GPC controller to gen-
erate the control signal for online identification at the begin-
ning.

4.1 Position control results

The position control results are shown in Figs. 11, 15, 16,
17, and 19. The predictive control parameters are selected as
follows:

N,=5N,=15N,=6,n,=5n,=4A=001.

T
GPC response ——  PID Control ‘ :
T T T

desired
T

displacment (mm)

time (s)

(a) System response

0.3

o2 T W PID brror

01

displacment (mm)

T T [ [

0.2 I | ! | | |

time (s)

(b) Control error

Fig. 11. System response and control error of cylinder with respect to
sinusoidal input.
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(b) Control signal of PID Controller

Fig. 12. Control input current for sinusoidal response.

Initial values of online identification are chosen:
6,=0,P=10"eye(9),A = 0.99

The PID parameters used in this case are chosen by trial and
error:

K,=9,K,=007,K,=02.

Fig. 11 shows the system responses with respect to
sinusoidal input. It can be seen that the system has a very slow
response and greater overshoot when the conventional PID
controller is used.
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(b) Denominator parameters

Fig. 13. Position model parameter estimation.
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Fig. 14. Hysteresis characteristics of SMA cylinder before and after
applying GPC.
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Fig. 15. Sinusoidal response at frequency 1/70 Hz.

Figs. 14(a) and 14(b) show hysteresis curves of the sinusoi-
dal response in Fig. 11 before and after applying the GPC
controller, respectively. The hysteresis phenomenon is almost
completely offset.

Displacement [mm]

time [s]

Fig. 16. Sinusoidal response at frequency 1/30 Hz.

Displacement [mm]

Reference GPC Response —  PID Response‘

1 1 1
150 200 250
time [s]

Fig. 17. Sinusoidal response at frequency 1/70 Hz with external load
F=2N.

GPC is also applied to control the cylinder position for dif-
ferent conditions of frequency (Fig. 15 and 16) and load (Fig.
17). The results show that the GPC can be tracked well with
the reference.

4.2 Force control results

Step responses with respect to different reference forces (at
the position of 4 mm) of the conventional PID and predictive
controllers are shown in Fig. 17.

The predictive control parameters are selected as follows:

N,=5N,=20,N,=7,n,=5,n,=4,1=0.01
The initial value of online identification is:
0,=0, P=10"eye(9), A = 0.97

The PID parameters used in this case are chosen by trial and
error:

K,=8 K =0.1,K,=008.

These experimental results demonstrate that the predictive
controller can be used to improve the force control
performance of the proposed SMA cylinder.

Although the force generated from the SMA cylinder was
small, the predictive controller could achieve better responses
than those of the conventional PID controller, especially with
tracking control.
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. 18. Step reponse of position control of SMA cylinder.
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Fig. 21. Step reponse of force control of SMA cylinder.
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Fig. 22. GPC Control input.
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Fig. 24. Model tuning parameters.

5. Conclusions

In this work, we fabricated a linear motion actuator that
functions like an electric cylinder using a SMA spring. The
GPC was investigated as a method to offset the SMA hystere-
sis phenomenon. The control algorithm based on the predicted
output behavior of the SMA actuator was successfully applied
to control the position and force of the proposed SMA
cylinder. Experimental results showed that the applied control
method can be used to improve the control performance, and
therefore reduce the hysteresis nonlinearity of the SMA actua-
tors. The proposed controller was also compared to the con-
ventional PID controller, and was shown to perform better
than a conventional controller. This control method is
effective not only for SMA actuators, but also for other
actuators with hysteresis.
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