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Abstract: The shape memory alloy (SMA) actuator is widely used in aerospace, medical and robot
fields because of its advantages of low driving voltage, large driving force, no noise and high-power—
weight ratio. Therefore, it is of great significance to establish the theoretical model of the SMA
actuator and analyze the driving characteristics of the SMA actuator. On the basis of summarizing
the constitutive model of the shape memory alloy spring, the phase transformation dynamics model
of SMA including the minor hysteresis loop is established using the Duhem model in this paper, and
the theoretical models of the bias and differential SMA spring actuator are established. At the same
time, a PID position controller including anti-saturation and anti-overheating functions is proposed
to control the position of the SMA actuator. Finally, the position control simulation model of the SMA
spring actuator is established and simulated. Simulation results show that the position of the SMA
actuator can be well controlled by using the model and control method established in this paper.

Keywords: shape memory alloy; spring; model; simulation

1. Introduction

With the continuous development of intelligent materials and micro electromechanical
systems, new actuator technology is also developing rapidly. At present, new actuators
include the piezoelectric actuator, shape memory alloy, ionic polymer actuator, magne-
tostriction actuator, electrostatic actuator, bimetallic actuator and so on [1]. The SMA
actuator uses the shape memory effect and the mechanical characteristics of the weak
martensite phase at room temperature and the strong austenite phase at high temperatures
to perform external work [2]. Compared with other new actuators, the SMA actuator is
widely used because of its advantages of a low driving voltage, large driving force, no
noise and high power-to-weight ratio. The experimental results given in reference [3]
show that when the weight is less than 100 g, the power-to-weight ratio of SMA is higher
than any commonly used actuator; reference [4] analyzes and compares three kinds of
thermal actuators: The SMA actuator, bimetallic actuator and wax actuator, and points
out that the advantages of the SMA actuator are the unrestricted output action direction,
high power-to-weight ratio and large output force and output displacement. The SMA
actuator is currently used in many fields such as automobiles, aerospace, medical appa-
ratus and micro robots [5]. S. Seelecke and I. Muller gave an overview of shape memory
alloy applications in the field of smart structure actuation [6] and S. Seelecke reinterpreted
the one-dimensional SMA model. The model is based on a continuous, multi-well free
energy that governs the phase change at a mesoscopic material scale, and the model offers
extended capabilities and a simpler formulation [7]. Coiled SMA actuators can be used
to drive a 3D-printing manipulator [8]. Antonia Weirich and Bernd Kuhlenkétter have
pointed out the possibility and correlative critical requirements for the implementation of
SMA actuators in aircraft interiors [9]. Nisha Bhatt et al. use the existing theoretical model
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to evaluate the force capabilities of an SMA spring and point out the great potential of the
SMA spring actuator in the application of micro robots [10]. The common forms are wire
and spring. The SMA wire actuator refers to the actuator using SMA wire as the driving
element. When the driving element is changed from SMA wire to a spring wound by SMA
wire, it is called a spring actuator. The SMA spring actuator can produce displacement
greater than 100% of its original length, which means it has a wider range of applications
than the SMA wire actuator [11]. For example, Seong Jun Park et al. proposed a new SMA
spring-based fabric muscle (SFM) and verified the availability of SFM as a soft actuator
through performance evaluation [12]. An SMA-based spring actuated gripper (SAG) was
designed and developed for facilitating minimally invasive surgeries (MIS) [13]. Using the
large deformation characteristics of the SMA spring and the eccentric rotating mechanism,
a compact new motor that can rotate continuously can be designed [14]. Ranjith Pillai R
designed a parallel platform robotic system based on the large strain characteristics of the
SMA spring [15]. The SMA spring actuator is also applied to various bionic robots, such as
the worm robot [16], micro bionic fish robot [17,18] and jumping robot [19]. Ryan M. Bena
used a high-frequency SMA bending actuator in a steerable robot, which caused the micro
insect robot SMARTI to show good mobility [20].

In order to study the properties of the SMA spring actuator, it is necessary to establish
the theoretical model of the SMA spring actuator. Due to the martensitic transformation
or reverse martensitic transformation of SMA material when the temperature and stress
change, the relationship between the output force and output displacement of the SMA
actuator is nonlinear, which brings great difficulties to the description of its constitutive
relationship. The constitutive relationship of SMA refers to the change relationship between
stress, strain and temperature during phase transformation. In order to describe the con-
stitutive relationship of SMA materials, scholars from various countries have constructed
different types of constitutive relationships from different angles. R. Cortez Vega attempted
to use a hybrid dynamic model to describe the relationship between temperature, elonga-
tion and inner force in a spring SMA actuator [21]. Pierre-Antoine Gédouin paid special
attention to the R-phase shape memory alloy helical spring actuator and put forward its
corresponding simplified model [22].

The macroscopic phenomenological model is the most widely used in engineering [23].
In 1986, Tanaka established the incremental constitutive relationship of SMA material based
on the Helmholtz free energy by using Clausius Duhem inequality [24], and then Liang
and Rogers replaced Tanka’s exponential phase transformation evolution equation with
a cosine phase transformation evolution equation, and assumed that the elastic modulus,
phase transformation modulus and thermoelastic modulus of SMA material were constants
to obtain a full-quantity unique constitutive equation [25]. In terms of the theoretical
model of the SMA spring, Tobushi and Tanaka proposed the relationship between load
and deformation of the SMA coil spring based on the stress—strain-temperature model
of SMA material proposed by Tanaka [26]. Based on the thermodynamic constitutive
model proposed by Liang and Rogers, they established the force displacement relationship
of the SMA coil spring [27]. Aguiar et al. used the SMA material constitutive model
proposed by Paiva et al. to study the hyperelasticity and shape memory effects of SMA coil
springs [28,29]. Enemark used the improved Brinson model to carry out theoretical analysis
and experimental verification on the mechanical properties of the SMA coil spring [30].

When an SMA spring is heated, if the initial temperature is lower than the start tem-
perature of the austenite transformation and the final temperature is higher than the end
temperature of the austenite transformation, the martensite content in the SMA material
decreases from 1 to 0. When the SMA material is cooled, if the initial temperature is higher
than the start temperature of the martensitic transformation and the final temperature is
lower than the end temperature of the martensitic transformation, the martensite content in
SMA material increases from 0 to 1. In the above transformation process, complete marten-
site or austenite transformation occurs in the SMA material. At this time, the hysteresis
loop formed by the relationship curve between the martensite content and temperature
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is called the main hysteresis loop. However, in the process of practical application, SMA
materials do not have complete martensite or austenite transformation in many cases. At
this time, the hysteresis loop formed by the relationship curve between the martensite
content and temperature is called minor hysteresis loop. Currently, most existing SMA
spring models do not consider the occurrence of an incomplete martensitic transforma-
tion in SMA material under repeated loading [11]. G. Rizzello and S. Seelecke present an
irreversible port-Hamiltonian model for describing the hysteresis in SMA wire actuators.
The model can quantify the energy performance of SMA wires during non-isothermal
driving and evaluate the thermodynamic consistency of the system based on irreversible
entropy generation [31]. At present, the phenomenological model is generally used to
describe the hysteresis characteristics, and the Preisach model is the most widely used in
the phenomenological model. For example, the literature [32] uses the Preisach model to
describe the hysteresis characteristics of SMA materials, but the calculation of the weight
function in the Preisach model is quite difficult, and the Duhem model can solve the above
problems because it uses differential equations to describe the hysteresis loop [33]. In this
paper, the Duhem model is used to establish the phase transformation dynamic model of
the SMA spring under an incomplete phase transformation. On this basis, according to
the constitutive model of the SMA material, the theoretical models of bias and differential
SMA spring actuators are established and simulated.

The following contents of this paper are organized as follows: The second section
briefly introduces the driving principle of the SMA spring actuator. In the third section,
the modeling process of the SMA spring actuator is introduced, including the constitutive
model of the shape memory alloy, the phase transformation dynamic model, the spring
thermodynamic model and the SMA spring actuator model. In the fourth section, the
simulation model is established according to the theoretical model, and the position control
characteristics of bias and differential SMA spring actuators are simulated and analyzed
respectively, and their advantages and disadvantages are compared. The fifth section gives
the conclusion.

2. Working Principle of Shape Memory Alloy Spring Actuator

According to whether the SMA spring actuator can automatically realize reciprocating
motion, the actuator can be divided into a one-way actuator or a two-way actuator. The
one-way SMA actuator is realized by using the one-way memory effect of SMA. It can be
restored to the ready state only under the intervention of an external force. The two-way
SMA actuator refers to an SMA actuator that can automatically realize reciprocating motion
without external force intervention. The most direct way to realize the two-way drive of an
SMA actuator is to use the two-way shape memory effect of SMA. In addition, it can also
be obtained by adding a bias element to the SMA element with a one-way memory effect.
When the bias element is an ordinary spring, a weight or some other non-SMA element, it
is called a bias actuator. When the deflection element is another SMA element, it is called a
differential actuator.

The working principle of bias and differential SMA spring actuators is described in
Figure 1, in which the SMA spring and the bias spring are compressed in the initial state.
After heating, the SMA spring extends, the elastic coefficient increases, the bias spring
shortens under the action of its thrust and the load connected to the two springs moves to
the right. When the SMA spring cools, because the thrust of the bias spring is greater than
that of the SMA spring, the SMA spring gradually returns to the initial position under the
action of the deformation restoring force of the bias spring. Different from the bias type, the
differential actuator uses another SMA spring instead of the bias spring. In the initial state,
both SMA springs are compressed. When one SMA spring is energized and heated, the
other spring is not energized, and the load moves to one side. When the two SMA springs
are heated and cooled alternately, the load can move in two directions. Compared with
the bias type, the differential actuator can be driven in both directions, and the process of
returning to the initial position can be actively controlled.
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Natural state of SMA spr‘ingWA/\/\f
Natural state of bias spring » WW\/\/»

Initial state of SMA actuator J\/\NWV\/M\/WWV\/\f

Heating state of SMA spring MNWV\/M/VWVM
|

Cooling state of SMA springW\/\N\/vvw
7 |

Figure 1. Analysis of driving principle of bias SMA spring actuator.

3. Modeling of Shape Memory Alloy Spring Actuator

This section introduces the constitutive model, phase transformation kinetics model
and SMA thermodynamics model of shape memory alloy materials. On this basis, the
theoretical models of bias and differential SMA spring actuators are established, which
lays a foundation for the theoretical analysis of electrothermal drive characteristics of
SMA actuators.

3.1. Shape Memory Alloy Spring Model
3.1.1. Constitutive Model of Shape Memory Alloy

Based on Helmholtz free energy, Tanaka established the incremental constitutive
relationship of SMA material using Clausius-Duhem inequality. In this paper, Tanaka’s
SMA material constitutive model was adopted. In this model, the stress (o) of the SMA
wire is a function of the strain (¢), temperature (T) and austenite content (¢,) and its
relationship is

& = Dgmaé + OT + QOF 1)
Dsma = (1 - ga)DM + ’;IaDA (2)

In Equations (1) and (2), Dg, is the elastic modulus of the SMA material and D 4 and

D), are the elastic modulus of austenite and martensite of SMA materials, respectively; © is

the thermoelastic modulus; ) is the phase transformation modulus, () = —Dgp,ser, and ef,

is the maximum recoverable strain. In the quasi-static condition, we integrate Equation (1)
to obtain

0—0p= Dsmu(s_‘SO)+®(T_T0)+Q(€m_§0) 3)

Equation (3) reflects the constitutive equation of SMA wire under one dimension
tension compression status, but only shear stress T and shear strain -y exist in the defor-
mation process of the SMA spring. In order to apply the constitutive relation of the SMA
material, the equivalent stress relation in plastic mechanics ¢ = /37 is introduced, in
which 7 is shear stress. The equivalent strain relationship o = /37 is also introduced,
where 7 is shear strain and Ggy, is the shear elastic modulus. According to the constitutive
relationship of the SMA material, the constitutive relationship of the SMA material under a
shear condition is [34]

T_TOZGsmu('Y_'YO>+(T_TO)+\(/)§(§m_CO) 4)

Sl

where the shear elastic modulus Gg, is

©)
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In Equation (5), psma is Poisson’s ratio of the SMA material. Assuming that the force
generated by the SMA spring after heating is Fg4, the displacement is y, and the number
of effective turns, pitch diameter and wire diameter are 1, D and d, respectively, and the
shear stress T and shear strain -y in the SMA spring, respectively, are

- _ 8FmaD = 8FsmaD ©)

ad3 ' Gepartd3

The relationship between the spring output displacement y and shear strain + is

mnD?
Y= @)

From Equation (4), we can obtain

T—T S Q
= — T—Th) — — =~
Gsma \/gcsmg ( 0) \BGsma

If we substitute the above equation into Equation (7) and set the stress and strain in
the SMA spring at the initial moment as 0, then

(&m —Co) + 70 ®)

nnD? nmnD? © mnD? Q)

y=Ti - T B (o) - TS

AGsma AdGsma \/§ AGspma \/g

The relation between the output force (Fsy,), output displacement (y), martensite

content (§;;) and temperature (T) of the general SMA spring obtained by combining and
simplifying Equations (4) and (9) is

(¢ —2o) )

_ d*Gapa | d® © nd® Q)
Psma—W 87D%(T_TO)+87DW(CM_CO) (10)

3.1.2. The Phase Transformation Kinetics Model of Shape Memory Alloy

The austenite content ¢, is related to the temperature T and stress ¢ during the
phase transformation. Liang replaces Tanka’s exponential phase transformation evolution
equation with the cosine phase transformation evolution equation, and assumes that the
elastic modulus, phase transformation modulus and thermoelastic modulus of the SMA
material are constants, and finally obtains the one-dimensional constitutive equation of the
full quantity type. This model can describe the main hysteresis loop well, but it cannot
describe the minor hysteresis loop. The Duhem model can solve the above problems by
using differential equations to describe the hysteresis loop. Therefore, this paper adopts the
Duhem model to establish the phase transformation kinetics model of the SMA material
including the minor hysteresis loop [26].

The Duhem model puts forward that the output characteristics change only when the
hysteresis input direction changes. We set the input variable of the hysteresis system as
the temperature T of the SMA material, and the output variable as the austenite content ¢,.
Ignoring the influence of the stress change of the SMA material on the phase transformation
temperature, the relationship of §,-T in the SMA material can be expressed by the Duhem
model as

% :{ g+(T(1),&(t)% 4L >0 an

g+ and g_ are slope functions of the austenite content ¢, relative to the temperature
T when the temperature T increases or decreases with time ¢, respectively. As in the
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literature [26], this paper adopts the normal distribution function as the slope function in
the Duhem model, that is

_ 1 _(T—V+/—)2
g+/7(T)—5+/_meXp( 72(51/7 ) (12)

where i and ¢ are the mean value and standard deviation, respectively. If we substitute
Equation (12) into Equation (11), then the main hysteresis loop of the SMA material can be
described by the Duhem model as

1 (T—pe)®y  dr
d _ | v Py w20 (13)
dT 1 oy (_(T*u—)z) T _
s var P 262 dr
Austenite content ¢, in SMA can be obtained by integrating Equation (13)
T 1 T—py,_
Sy (D)= [ gy (T = 1 erf(- 14
Cat/ +/-(T) 8 (T") > f( NI ) (14)

In Equation (14), “erf” represents the error function. Equations (11)—(14) describe the
main hysteresis loop of the SMA phase transformation. ¢,+ and ¢,_ represent the austenite
content in the SMA material at the heating and cooling stages, respectively. h.(T) and h_(T)
are the austenite functions with temperature T as the independent variable during the
heating and cooling processes.

Now, the Duhem model is used to describe the minor hysteresis loop, first assuming
that the main and minor hysteresis loop have the same shape. Bekker and Brinson verified
the correctness of this hypothesis using experimental data in the literature [35]. We assume
that the slope function gi, ,_(T) of the ith minor hysteresis loop is proportional to the slope
function g, ,_(T) of the main hysteresis loop, which can be written as

Siv/—(T)=mniy/-g4/-(T) (15)

where the proportional coefficient is n;,,_. We set the austenite function in the cooling
process of the ith minor hysteresis loop as h;_(T), then

& (T)  hi_(T)—hy(T)
= (0 = (D) k(T (16

By substituting Equation (15) into Equation (16), the slope function in the cooling
process of the minor hysteresis loop can be obtained

n;_

hi (T) — ho (T)
h(T) — I (T)

In the main hysteresis loop, h;—(T) is h—_(T), and the slope function g;_(T) is g—(T).
Therefore, the slope function of the main hysteresis loop is a special case of Equation (17).
In the same way as in Equations (15)—(17), the slope function g;,(T) in the heating process
of the minor hysteresis loop can also be obtained, so the §,_ T hysteresis model of the SMA
material including the main and minor hysteresis loops is

8i-(T) = 8-(T) (17)

T Sa—hi(T) dT (18)

h_(T)—&,
it _ | wotime (M) &0
mmonme—(T) G <0
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The austenite content ¢, in the SMA material can be obtained by integrating Equa-
tion (18) with the temperature, where h,,_(T) and g, ,_ (T) can be obtained by Equations (12)
and (14).

3.1.3. Thermodynamic Model of Shape Memory Alloy Spring

Since the SMA actuator outputs force and displacement by temperature change, the
temperature change is achieved by heating and cooling the actuator. The thermal conduc-
tivity differential equation of the SMA actuator in the process of the temperature change is

ot h Pt Pt o D
where t, T, ¢, p, h and ® are, respectively, the temperature, time, specific heat, density,
thermal conductivity and heat source intensity of the SMA material. Since the SMA model
conforms to the condition of lumped parameter simplification, the thermal conductivity is
independent of the temperature and coordinates inside the model, and the above thermal
conductivity differential equation can be simplified as

o @
—=— (20)
ot pc

In the process of electrically heating the SMA actuator, the heat source intensity
generated by electric heating is
. APy PR
D= —r = — 21
=2y S v (21)
where R and V are the internal resistance and volume of SMA material, and the negative
heat source intensity generated by heat dissipation is

APy hA(t — te)

Dy = AV v (22)

In Equation (22), t« is the ambient temperature and A is the heat dissipation surface
area of the SMA actuator. According to Equations (20)—(22), the temperature change of the
SMA actuator in the electric heating process satisfies

pcv% = I’R — hA(t — to) (23)

The first term on the right of the above equation is absent during natural cooling of the
SMA actuator. For the SMA actuator, if the driving current [ is given, the temperature of
SMA in the heating process can be determined by Equation (23) above, and the temperature
is then substituted into the phase transformation kinetics model of SMA to obtain the
martensite content of the SMA material at the current temperature, and then the output force
and displacement of the SMA spring can be calculated according to the thermodynamics
model of the SMA spring.

3.2. Bias Shape Memory Alloy Spring Actuator Model

The theoretical model of the bias actuator is established below. Let the length of the
SMA spring and the bias spring in the natural state be Is and lb. Due to the constraint of
the shell, the sum of the deformed length of the SMA spring and bias spring is 1. The elastic
coefficient of the bias spring is Kb. Since both the SMA spring and the bias spring are in
the compression state at the initial time, let their deformations be Al} and Al}, respectively.
When the SMA spring is heated by electricity, the deformation of the SMA spring and
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the bias spring is Alf and Alé. Since the length of the whole bias actuator is certain, the
deformation of the two springs during heating and cooling meets the geometric relationship

AL = (1, + 1) — (1 + AL/ (24)

At the initial time, the output force of the SMA spring is equal to that of the bias spring.
At this time, due to no power usage for heating, the SMA material is full of martensite, and
its temperature is the ambient temperature. According to Equation (10), there is

d4 Gsmﬂ
8knD3

All = Fl = F} = K,AlL (25)

The deformation All and AZ;; of the SMA spring and the bias spring at the initial
time can be obtained simultaneously by Equations (24) and (25). When the SMA spring is
energized and heated, we set the output force of the SMA spring and the output force of
the bias spring as F/ and F{], respectively, and the load force on the actuator as F, then

d4Gsma 3 3 _ .
SErag ALY + %%(T— To) + %%(C — &) =F=

F} + F = K,All 20

If the driving current of the SMA spring is known, the temperature of SMA at any
time in the heating process can be determined according to Equation (23), and then the
temperature can be substituted into the phase transformation kinetics model of SMA to
obtain the martensite content of the SMA material at the current temperature, and the
shear modulus of the SMA spring at this time can be obtained. Substituting the current
temperature T, martensite content ¢ and shear modulus Gsma of the SMA spring into
Equation (26) and combining it with Equation (24), the deformation Al" and Alfl of the SMA
spring and the bias spring during heating and cooling can be obtained. During the whole
driving process, the output displacement Al of the bias SMA spring driver is

Al = Al — Al (27)

3.3. Differential Shape Memory Alloy Spring Actuator Model

Similar to the establishment of the bias actuator model, supposing that two SMA
springs are made of the same material, all parameters are the same, where subscripts 1 and
2 represent the parameters related to spring 1 and 2, respectively and superscripts i, h and ¢
represent the initial state, heating process and cooling process parameters, respectively. We
suppose the original length of both springs is [, and the length of the whole differential
actuator is /. Both springs are compressed in the initial state. If the compression of spring 1
is AI'/¢/1, the deformation of spring 2 A}/ is

AL E = 215y — AL/ C — (28)

In the initial state, the SMA material is filled with martensite and its temperature is
the ambient temperature. SMA springs are regarded as ordinary springs whose elastic
coefficient varies with temperature. The output force of the two SMA springs in the cooling
state is equal, which can be written as

d*Gi
8nD3

d*G}

A =F=F=g3

Al (29)

The shape variables Ali and Al} of the SMA spring in the initial state can be obtained
simultaneously by Equations (28) and (29).
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When spring 1 is cooled and spring 2 is heated, the output force of spring 2 bears the
deformation force of spring 1 in the case of no load at the end of the SMA actuator, so the
output force of spring 2 and spring 1 satisfies this relation

m

LA + LQ i O (me _ =
8n DsAl ([; ( TO)"‘ 8D \/g( 1 §O>+F (30)
3% +

G Aph \@[) Th
gD A2 + SDT( —To)

When spring 1 is heated and spring 2 is cooled, the output forces of spring 1 and
spring 2 satisfy the relationship

d*Gh 3

s Ol + 35 O (T —To) + 3508 — &) = -
4GS\ . 3

PN+ 10O (T Ty) + 24 D (g — ) +

In order to solve the position output of the differential shape memory alloy spring
drive, firstly, the temperature of the SMA spring under a certain driving current is calculated
according to Equation (23). Then, the martensite content in the SMA material at the current
temperature is calculated according to the transformation kinetics model of the SMA
material. Finally, the shear elastic modulus G1/2 of the two SMA springs at this time is
calculated according to Equations (2) and (5), which is substituted into Equations (30) and
(31), and Alil/ ¢ and Alél/ ¢ can be obtained simultaneously by Equations (28) and (30) and
Equations (28) and (31), respectively. Then, the displacement of the differential SMA spring
driver is

Al = A" — AL (32)

4. Simulation Verification
4.1. Establishment of Position Control Simulation Model

According to the above theoretical model, the MATLAB/Simulink model of the SMA
spring actuator can be established in Figure 2, in which the simulation model of the bias
actuator is shown in Figure 2a, and the simulation model of the differential SMA spring
actuator is shown in Figure 2b. As the hysteresis characteristic of the shape memory alloy
will increase the difficulty of control, Lili Meng et al. designed a closed-loop proportional
integral derivative controller to compensate for the hysteresis and adjusted it via a back-
propagation neural network algorithm. The results show that the controller can compensate
for the hysteresis of the dielectric elastomer actuator [36]. G. Rizzello et al. proposed a
controller based on the robust control theory and linear matrix inequalities, which permits
one to arbitrarily shape the stiffness of the estimator while providing robust stability and
performance with respect to model nonlinearities [37]. Zhenyu Shi et al. presented a newly
designed SMA actuator controlled by a combination of self-sensing feedback and compact
SSMA-sensing feedback, and accurate and stable motion control is demonstrated [38]. In
order to realize the position control of the SMA spring actuator, this paper adopts a PID
controller and adds a saturation function in the simulation to prevent the output value of
PID from exceeding the maximum value of the current source. Since the SMA actuator can
only heat actively and the current cannot be negative after PID, it is necessary to judge
whether the feedback position of the SMA actuator exceeds the command. Once it exceeds,
the SMA actuator does not heat, that is, the current passing through is 0, which can also
prevent the SMA spring from overheating. The SMA actuator in this paper is designed and
manufactured according to our requirements by a company. The requirements of the phase
transition temperature, spring length, output force, etc., are specified. Therefore, the shape
memory alloy used in this paper is considered to have passed the performance test and
meet the requirements. The parameters selected in this simulation are shown in Table 1, in
which the SMA material is the commercial NiTi alloy. The composition of the NiTi alloys
is Ti-50.8 at.% Ni. So, the martensitic transformation systems is from B2 austenite to B19
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martensite. Besides, we do not input the lattice parameters in the process of simulation.
The shape memory effect of the SMA spring is shown in Figure 3.

Ta | SRE]

dTa/dt P dTa/dt

Iﬂ b la RaD ' »{mMa0 ©2
SMA spring 1 model »Ga
_— — il
D »Q +»{ PID(s) »{J_' h{lul . 1 »lcb -@

Tb | AL Mb

1 Differential
PID controller and E’ dTbidt( B dTbidt actuator
control logic »ib R mechanical
model
e SMA spring 2 model
v
(a)
Mechanical
model
T T
- ’ M 4
» PIDGs) | B/ lb m L™
4 dT/dt P dT/dt M| M
0.002 : e
. . > 2l
’Q > * RD  PMO
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Figure 2. Simulation model of SMA spring actuator. (a) Simulation model of bias SMA spring
actuator(b) Simulation model of differential SMA spring actuator.
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Figure 3. The shape memory effect of the SMA spring.
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Table 1. Main parameters of deflection actuator.
SMA Spring Bias Spring
Density (Kg/m?) 6500 Specific heat ¢, (J/Kg.°C) 320
Resistance ) 0.15 Thermal conductivity h (W/ m2.°C) 120
Ambient temperature Te (°C) 20 Martensite elastic modulus D, (Pa) 28 x 10°
Austenite elastic modulus D4 (Pa) 75 x 10° Poisson’s Ratio pgpa 0.33
Martensite transformation start 45 Martensite transformation end 25
temperature Ms (°C) temperature My (°C)
Austenite transformation start 45 Austenite transformation end 65
temperature A; (°C) temperature Ay (°O)
Material constant Cy; (Pa/°C) 10.3 x 100 Material constant C4 (Pa/°C) 10.3 x 100
Coefficient (Pa/°C) 0. 55 x 10° effective coil number n 9
Mean diameter of coil D (mm) 7.3 wire diameter d (mm) 1.3
Elastic coefficient (k) 850 N/m initial length (I;) 24 mm

4.2. Simulation of Bias Shape Memory Alloy SPRING Actuator

Figure 4 shows the position response curve of the actuator after giving the step signal
command. The step command is given at 0 s, and the three curves correspond to the
position command of 1 mm, 2 mm and 3 mm, respectively. Figure 5 shows the driving
current command of the SMA spring corresponding to them. Moreover, this paper mainly
focuses on the constitutive model of SMA without in-depth study of advanced control
methods, so vibration appears in Figure 5. Figure 6 shows the temperature response curve
of the SMA spring. As can be seen from Figures 4-6, after a given position command, due to
the large deviation between the actual position of the actuator and the given command and
affected by the saturation mechanism in the position controller, the SMA spring uses the
maximum current provided by the current source as the driving current for heating. After
the temperature of the SMA spring rises linearly for about 0.3 s, because the temperature
exceeds the austenite transformation start temperature of the SMA spring, the SMA spring
pushes the bias spring to start moving. After that, the displacement of the bias SMA spring
actuator continues to increase. When the deviation between the actual position and the
given command is small, the heating current is calculated according to the PID controller.
For 1 mm position step command, the actual position of the actuator enters the steady
state after 0.4 s. In order to maintain the thrust of the SMA spring, the heating current
of the SMA spring is maintained at 3.6 A and the temperature is maintained at 54.5 °C.
When the position command increases, the time for the position step response to reach
the final steady state also increases (0.45 s at 2 mm and 0.5 s at 3 mm). At the same time,
the steady-state driving current and the steady-state temperature of the SMA spring also
increases (3.8 A and 57.9 °C at 2 mm and 4 A and 62.3 °C at 3 mm).

T T
— 3mm command
3 — 2
mm command
é Imm command
=2
2
2
o)
Al
0 | // | | | | | 1 1 1
0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time/s

Figure 4. Bias actuator position step response.
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Figure 5. Driving current of the bias actuator for the position step command.
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Figure 6. SMA spring temperature response of bias actuator for position step command.

Figure 7 shows the position response of the bias actuator when the control command
is a square wave signal. The amplitude of the square wave signal is 1.8 mm, its cycle is
40 s and the duty cycle is 10% (the position command is greater than 0). As can be seen
from the figure, when the value of the square wave signal is high, the actual position of the
SMA actuator quickly rises to the given command. When the position command is 0, the
displacement of the SMA actuator decreases slowly, which takes about 30 s from 1.8 mm to
about 0, because the bias actuator cannot actively control the recovery process.

——Square wave position command
——Bias actuator response
Differential actuator response

Position/mm
—_ h

o
W

0 10 20 30 40 50 60 70 80
Time/s

Figure 7. Position response of bias actuator for square wave command.

4.3. Simulation of Differential Shape Memory Alloy Spring Actuator

Figure 8 shows the step response curve of the differential actuator, and the correspond-
ing commands are £1 mm, +2 mm and £2.5 mm, respectively. It can be seen from the
figure that the step response of the differential actuator is similar to that of the bias actuator.
After about 0.5 s, the actual position of the differential actuator can reach a steady state.
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In order to investigate the frequency response of the differential actuator, the sinusoidal
position command is given for position control simulation. Figure 9 shows the tracking of
the sinusoidal command when the amplitude is 2 mm and the frequency is 0.157 rad/s,
0.085 rad /s and 0.0425 rad /s, respectively. It can be seen from the figure that the differential
SMA actuator in this paper can track the above sinusoidal position command well. Near
the sinusoidal command peak, there is a large deviation between the command and the
actual position, mainly because the movement direction of the actuator position changes
at this time, and the SMA spring driven reversely changes from heating to cooling or
from cooling to heating, which has large hysteresis. Through simulation experiments,
when the frequency of the sinusoidal command is greater than about 0.2 rad/s, the dif-
ferential actuator in this paper cannot track the sinusoidal position command signal well.
Figures 10 and 11 show the SMA spring driving the current and temperature curve when
tracking the sinusoidal position command with an amplitude of 2 mm and a frequency
of 0.157 rad/s. As can be seen from the figure, when the sinusoidal command gradually
increases from 0, the driving current of spring 1 rapidly increases to a larger value, so
that the temperature of SMA spring 1 rises rapidly, and then the driving current rapidly
decreases to about 4 A. When the position and moving direction of the actuator change, the
driving current of spring 1 decreases to 0 and enters the cooling state, while the driving
current of spring 2 increases rapidly, increasing the stiffness of spring 2. The temperature
curves of the two springs are also cooled or heated alternately. It can be seen from Figure 11
that the temperature of the SMA spring varies between 27 °C and 67 °C during continuous
tracking of the sinusoidal command.

2r -/_/_/—,— Imm command
/ —2mm command
1t [ 2.5mm command
—-2.5mm command

—-2mm command
-1lmm command

Position/mm
(e}

0 0.2 0.4 0.6 0.8 1
Time/s

Figure 8. Position step response of differential actuator.

3 T
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g1+ —0.085rad/s command | |
\E —--0.085rad/s response
g 0 —0.0425rad/s response | 4
= = -0.0425rad/s command
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_3 | |
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Time/s

Figure 9. Sinusoidal position response of differential actuator.
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Figure 10. Driving current of differential actuator tracking sinusoidal position command.
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Figure 11. Temperature response of differential actuator tracking sinusoidal position command.

Compared with the bias actuator, the step response of the differential actuator takes
a relatively long time to reach the steady state, which is mainly due to the fact that the
equivalent stiffness of the SMA spring of the differential actuator is slightly greater than
that of the bias spring. The differential actuator adopts two SMA springs, so the differential
actuator can move in both directions and has a wider range of motion when the size is
the same. For the square wave command (Figure 7), compared with the bias actuator, the
differential actuator can not only elongate rapidly, but also recover much faster than the
bias actuator due to the active SMA spring drive in the recovery process. Due to the active
control of SMA spring in the process of two-way movement, the differential SMA spring
actuator has a certain dynamic tracking ability. The SMA differential actuator designed in
this paper can track the sine wave with a frequency less than 0.2 rad/s. The above analysis
is under the condition that the output displacement of the differential driver is relatively
small. There are other problems for the differential actuator. If the driving cycle is too
small, the output displacement of the differential actuator is significantly reduced, because
the cooling time of the SMA spring is reduced after the cycle is reduced. When one SMA
spring is heated, because the other spring is not fully cooled, the two springs reach a force
balance at the new position, affecting the output displacement. Therefore, the differential
actuator must have sufficient cooling time for both SMA springs.

The authors of this manuscript designed and produced a shape memory alloy actuator
at an early stage, but at present, the drive control system of the actuator is still under
construction, so this manuscript mainly carries out simulation research. Once the drive
control system is built, experimental research will be carried out.

5. Conclusions

In this paper, on the basis of the analysis of the principle of a shape memory alloy
spring actuator, based on the constitutive model of the shape memory material, a kinetics
model of the phase transformation of the SMA material including minor hysteresis loops is
established using the Duhem model, and then combined with the thermodynamic model
of the SMA spring, theoretical models of bias and differential SMA spring actuators are
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established. This paper also designs an SMA actuator position PID controller including
anti-saturation and anti-overheating functions. Based on the above theoretical model, the
SMA actuator position control simulation model is established. The position control of
bias and differential SMA spring actuators are simulated and analyzed, respectively. The
analysis results show that the theoretical model established in this paper can effectively
predict the driving characteristics of the SMA spring actuator and has theoretical guiding
significance for the design of the SMA spring actuator.
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