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ABSTRACT

Shape memory alloy (SMA) actuators are widely used in various actuators due to their advantages of simplicity,
high strength, and flexibility. The mapping relationship between the resistance change and displacement during
the phase transition process of SMA enables its self-sensing control without external displacement sensors.
However, the limited accuracy and high complexity of existing self-sensing models are two crucial factors
restricting the wide application of self-sensing control. Due to the high nonlinearity of the SMA wire’s phase
transition process, it is challenging to achieve accurate position estimation using a simple self-sensing model.
Thus, this paper proposes a novel approach by utilizing the simplest linear model for position estimation.
The inevitable modeling errors are directly compensated in the final control results, rather than compensating
for estimation errors. This significantly reduces the implementation difficulty of SMA self-sensing control and
effectively improves control accuracy. Furthermore, a highly integrated prototype of SMA actuator is designed
in this paper, where the additional position sensor and self-resetting loading device are integrated, greatly
reducing the size of the SMA actuator. A series of self-sensing tracking experiments are conducted on this
prototype, validating that the compensated self-sensing control can achieve comparable performance to the

control method with external sensors.

1. Introduction

Electric actuators are important components in mechatronics sys-
tems. Conventional motors, as commonly understood, have reached a
relatively mature stage and are widely used in various fields, such as
CNC machine tools [1,2], precision motion platforms [3-5], and so
on. However, in special scenarios that require fast response, miniatur-
ization, flexible driving, and harsh operating conditions, conventional
motors based on electromagnetic induction principle still have cer-
tain limitations. Therefore, special actuators composed of materials
such as piezoelectric materials and dielectric elastomers have received
widespread attention in recent years.

Shape memory alloys (SMA), under the influence of methods such
as electrical heating, undergo reversible phase transformation and ex-
hibit a certain degree of shape change, known as the shape memory
effect. Based on this, SMA wires, with Ni-Ti alloy being a typical
representative, can achieve displacement changes of approximately
5% of their total length under the action of relatively small currents
and return to their original shape after the current is disconnected,
making them possess the basic characteristics of an actuator. In ad-
dition, SMA wires typically have many unique advantages, such as
high energy density, high flexibility, and biocompatibility [6]. They

have been widely applied in various fields, including robotics [7],
artificial muscles [8], biofabrication [9], medical devices [10], and
automotive applications [11]. Furthermore, SMA wires can also be used
to drive grippers. In [12,13], a novel gripper structure driven by SMA
wires was designed, characterized by utilizing very long SMA wires
in conjunction with pulley systems and other transmission devices to
achieve longer gripping motion. Many similar studies utilize clever
structural designs to maximize the advantages of SMA wire actuators.
Additionally, in [14], a planar soft actuator driven by SMA was intro-
duced, and corresponding modeling and control work were conducted.
The possibility of using SMA actuators as middle ear prosthesis and
analysis of their dynamic and vibrational characteristics were inves-
tigated in [15]. [16] presented an exploration of the possibilities of
using origami structures as SMA actuators, revealing more potential
applications.

The above work has fully demonstrated that SMA can constitute
various forms of actuators. However, due to the complexity of the
phase transformation process, the contraction of SMA wires caused
by phase transformation is also influenced by multiple factors. The
relationship between displacement and the current applied to SMA
wires often exhibits significant hysteresis nonlinearity, which severely
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limits the improvement of control effectiveness. To address this issue,
an improved phase transformation equation incorporating the Logis-
tic function was proposed in [17] to further reduce the impact of
noise and other disturbances during the phase transformation and dis-
placement process. Similarly, [18] summarized a more comprehensive
hysteresis model that includes additional factors such as load and
temperature through extensive experiments, significantly enhancing
the robustness of the control system for SMA actuators. In addition
to more accurate models describing the phase transformation process,
some intelligent control strategies have also been developed to improve
control performance without relying on a specific model. For exam-
ple, the fuzzy PID controller [19] can enhance the response speed of
helical SMA actuators, reduce delays during tracking processes, and
effectively prevent the problem of overheating of SMA wires caused
by control saturation. Besides fuzzy PID, appropriate fuzzy neural
networks [20] can also provide relatively accurate and fast descriptions
of hysteresis phenomena without a clear physical model. Considering
the controllability issue where the heating process of conventional SMA
actuators is controllable while the cooling process is not, active cooling
devices were incorporated into the design of SMA actuators in [21,22],
which effectively improved the speed and controllability of the reverse
displacement process of SMA wires.

Another outstanding performance of SMA wires as actuators is their
ability to self-sense their deformation displacement without the need
for additional measurement devices. The principle of self-sensing lies
in the fact that not only does the displacement of SMA wires change
during the phase transformation process, but their resistance also un-
dergoes significant changes. By establishing a mapping relationship
between resistance and displacement, the resistance of the SMA wire
can be determined indirectly through the voltage and current in the
circuit, thus indirectly measuring the displacement. This eliminates the
need for dedicated displacement sensors for the actuator, effectively
reducing the size of the actuator and maximizing the advantages of
lightweight SMA actuators. In Ref. [23], the measurement signal of
differential resistance was used to perceive displacement and achieve
closed-loop control. In addition to linear displacement sensing, this
method is also applicable to rotary motion mechanisms composed of
dual SMA wires, and basic closed-loop control can still be achieved with
sliding mode control [24]. However, there is obviously a significant
nonlinearity in the relationship between resistance and displacement,
which is even more complex than the nonlinear relationship between
current and displacement. Therefore, improving the accuracy of this
nonlinear self-sensing model becomes the focus of research on self-
sensing control of SMA. Literature [25,26] constructed a model of
resistance variation during the phase transformation process through
a large number of experiments to achieve relatively robust position
self-sensing estimation. However, this approach places high demands
on the consistency of the SMA wire itself, and the difficulty of dis-
placement calculation using complex models should not be ignored.
In addition to theoretical models, it has been proven that RBF neural
networks [27] and deep neural networks [28] can also obtain rel-
atively accurate resistance—displacement self-sensing models. Recent
studies have shown that machine learning methods can establish self-
sensing models for force and stiffness as well, providing more choices
for accurate multidimensional measurement solely based on the sin-
gle information source of resistance [29]. However, the above neural
network-based research does not consider the complexity and real-time
performance of computation. Complex black box models, especially
the computation process of deep neural networks, are not suitable for
real-time feedback of SMA actuators. Moreover, the construction of
neural networks requires extensive training with a large amount of
pre-existing data, and the issues of performance consistency during the
training process and their impact on the subsequent service life of SMA
wires have not been thoroughly studied. From an application point of
view, SMA actuators, especially those with self-sensing capabilities, can
also be utilized for driving in confined spaces, such as the focusing
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module in mobile phone cameras, thanks to their compact size and
the advantage of not requiring additional installation of displacement
sensors (According to Huawei’s publicly disclosed patents, SMA wires
have been effectively applied in smartphones due to their advantages
such as small space requirement, high actuation force, and self-sensing
control without sensors).

The above research work has fully demonstrated the broad applica-
tion prospects of SMA actuators. Their unique self-sensing character-
istics give them significant advantages in achieving high integration
control. However, the displacement estimation accuracy of existing
self-sensing models cannot meet the requirements of precision motion
control for actuators. Due to the highly nonlinear nature of the phase
transformation process, there is an inherent contradiction between
improving modeling accuracy and reducing model complexity. This
means that it is difficult to achieve accurate displacement estimation
through simple models, while complex models often have difficulties
in calculation and cannot meet the real-time requirements of feedback
control. [30] describes the nonlinear change of position accurately
during the phase transformation process of SMA by using a more
precise self-sensing model, and improves the closed-loop tracking effect
with a fuzzy logic controller. The idea of Ref. [31] is consistent with
that of [30], and the main academic contribution is to improve the
self-sensing model and control accuracy, as well as to apply it in SMA
drivers in grippers. The idea of Ref. [25] is to select an appropriate SMA
wire to make an actuator, effectively eliminating the influence of the
R phase factor during the phase transformation process, reducing the
degree of nonlinearity of the self-sensing model, and thus improving
the self-sensing control effect.

To address the above issues of SMA self-sensing, this paper designs
a highly integrated prototype of SMA actuator, which does not re-
quire additional laser measurement devices and has a more compact
structural layout than other published literature. Based on this proto-
type, a precision self-sensing control strategy based on displacement
compensation is proposed in this paper. It can effectively compensate
for tracking errors in the self-sensing control process with a standard
displacement sensor as a reference. This compensation strategy is dif-
ferent from conventional modeling compensation and adopts a novel
approach of directly compensating trajectory tracking errors. It can
effectively ensure the final trajectory tracking control performance even
when the displacement estimation error of the self-sensing model is
not accurate enough. The core contribution of this paper is not an
accurate self-sensing model, but the compensation stage for position
accuracy. We only use the simplest linear model to estimate the position
of the moving element, which is simple enough to ensure the feasibility
of self-sensing in real industrial applications. For inevitable position
estimation errors, we propose a compensation method, which is proved
to be effective in improving tracking control under modeling inaccura-
cies through both theoretical analysis and experiments. Therefore, this
paper provides a completely different approach from the traditional
SMA self-sensing control, focusing directly on the final tracking control
effect rather than emphasizing the accuracy of the self-sensing model.
This can effectively reduce the implementation difficulty of self-sensing
control and is of great significance for its industrial applications. In
addition, various types of trajectory tracking experiments have been
conducted. The experiments on smooth trajectory tracking demonstrate
that the proposed compensation scheme (in the absence of such sen-
sors) can achieve similar tracking control performance to the case with
external sensors.

2. Self-sensing SMA actuator

In order to further demonstrate the miniaturization and self-sensing
capabilities of SMA wire, this paper proposes a novel prototype of
the SMA actuator. Unlike other SMA actuators presented in other
published papers, this proposed one does not require additional load-
ing devices or laser measurement devices to achieve digital displace-
ment control, making it highly integrated. Additionally, the self-sensing
characteristics of the SMA wire in this prototype will be analyzed.
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Fig. 1. (a) Design of the SMA actuator prototype. (b) Working principle.

2.1. Design of the highly integrated SMA actuator

The designed SMA actuator in this paper is shown in Fig. 1(a).
The core driving component is a Ni-Ti SMA wire (manufactured by
Suzhou Xinghai Co., Ltd.), which has a total length of 80 mm and a
diameter of 0.15 mm. It operates under a load of 150 Mpa and within
a temperature range of —40 °C to 80 °C. The theoretical service life
is >200,000 cycles, meeting the working condition requirements of
general actuators. Both ends of the SMA wire are fixed on conductive
copper columns on the bakelite substrate, passing through the contactor
made of high-temperature-resistant resin (withstanding temperatures
above 100 °C) fabricated via 3D printing. The contactor is connected to
a self-resetting spring at the back end, continuously providing a preload
force of 2.6 N to ensure that the SMA wire remains in a preloaded
state. Additionally, the prototype includes a thick-film sampling resistor
with a nominal resistance of 1 Q. It is connected in series with the
SMA wire, and its resistance remains relatively constant regardless of
current magnitude and temperature, facilitating auxiliary measurement
of circuit current and resistance of SMA wire. Another clever design
of this prototype is integrating a magnetic displacement sensor with
analog output (0-10 V analog voltage linearly corresponding to 0—
25 mm displacement with a resolution of 10 pm) within the chamber
where the self-resetting spring is located. When the SMA wire drives the
rigid linkage and spring for extension and contraction, the sensor can
accurately measure the displacement changes of the contactor without
increasing the size of the prototype.

The working principle of the prototype SMA actuator is shown in
Fig. 1(b). Generally, the SMA wire undergoes a phase transformation
from martensite to austenite by generating Joule heating when electri-
cally heated. This transformation drives the contactor and the spring
to produce a contraction displacement. Upon ceasing the electrical
current, due to the characteristics of SMA, the reverse phase trans-
formation from austenite to martensite occurs, causing the actuator to
restore to its original position under the constant restoring force of the
resetting spring. This process can be achieved by real-time control of
the voltage across the series circuit composed of the SMA wire and the
sampling resistor. Since the resistance of the SMA wire varies between
4-5 Q and the resistance value of the sampling resistor (R,) is fixed at
1 Q, the driving current is typically less than 500 mA. Therefore, the
programmable DC power supply is set to have a voltage range of 0-3 V
for its power input. The voltage of this DC power can be controlled by
an external digital-to-analog converter (DA). Additionally, to accurately
obtain the resistance of the SMA wire in real-time, the voltage drops
across the sampling resistor (u,), and the total voltage drop across the
series circuit (u,) are measured based on the grounded configuration
shown in the figure. Consequently, the relationship between the re-

sistance of the SMA wire R,,, and the sampling resistor R, can be

expressed as follows:

U — iy
Rsma = RS
i

€8]

In addition, the displacement feedback values provided by the
integrated displacement sensor can also be measured using an AD
board. It should be noted that the negative terminals of the AD module,
DA module, and DC power supply are all connected to the ground.
Therefore, it is only necessary to measure and control the voltage at the
positive terminal. The data collected by the AD module and the control
commands from the DA module are monitored and controlled through
a host computer. The physical diagram of the designed SMA actuator
prototype is shown in Fig. 2 The AD and DA modules processing
resolution of 16 bits are produced by RT-Links Co., Ltd. They work with
a real-time sampling and control frequency of 5 kHz, which meets the
requirement of the accuracy and speed of experimental data collection.

2.2. Analysis of self-sensing mechanism of SMA

To investigate the self-sensing characteristics of the designed SMA
actuator, this section conducted tests on the SMA actuator under differ-
ent heating and cooling processes. Firstly, five different heating cases,
denoted as C1-C5, are provided. The corresponding variations of the
series circuit voltage (u,) are shown in Fig. 3(a). To avoid the issue
of inaccurate resistance measurement caused by extremely low circuit
currents, the minimum voltage during the testing process is set to 0.1 V.
In C1, the voltage uniformly increases from 0.1 V to 2.6 V over a period
of 50 s. Methods C2 and C3 have voltage increase rates that are twice
(25 s) and four times (12.5 s) that of C1, respectively. In C4, the voltage
starts at 0.1 V and increments by 0.5 V every 10 s. In C5, the voltage
linearly increases from 0.9 V to 1.8 V. It should be noted that the
measured values of the circuit voltage shown in Fig. 3(a) exhibit certain
deviations from the set values mentioned above.

Fig. 3(b) depicts the displacement variations (measured by the
displacement sensor) corresponding to the aforementioned five heating
processes. From the figure, the following observations can be made:

1. Under the same voltage but different heating processes, the
displacements of the SMA are nearly identical.

2. The displacement rate is positively correlated with the voltage
increase rate. Between 1 V and 2 V, the displacement is most
sensitive to voltage changes.

3. The displacement trends of C5 and C1 are similar, indicating that
the initial voltage does not significantly affect the displacement
variation of the SMA.

Based on these observations, it can be preliminarily concluded that the
displacement of the SMA wire exhibits good consistency during the
heating process.
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Fig. 2. The prototype of SMA actuator.

Additionally, Fig. 3(c) presents the corresponding resistance of the
SMA wire, showing a similar consistency as the displacement. It should
be noted that the resistance fluctuates more noticeably in the low-
voltage range compared to the high-voltage range. This is because the
signal-to-noise ratio is lower at low voltages, which poses a challenge
in mitigating the effects of measurement noise in subsequent controller
design.

Finally, the relationships between the resistance of the SMA wire
and the corresponding displacement are illustrated in Fig. 3(d), which
is crucial for achieving self-sensing measurements. Overall, the relation-
ship between the two is nonlinear, determined by the characteristics of
different phases during the phase transition. However, based on the
results shown in the figure, it can be observed that the relationship
approximates linearity when the displacement is between 5.2 mm
and 5.7 mm. Additionally, it is pleasing to note that the resistance—
displacement curves for the five different heating methods (C1-C5)
overlap, which is an essential prerequisite for approximately estimating
the displacement of the SMA wire using resistance in diverse applica-
tion scenarios. It should be noted that since Fig. 3 only presents the
heating process, it does not constitute a common hysteresis loop.

It should be note that, The displacement shown in Fig. 3 and other
figures involving displacement refers to the displacement relative to
the zero point of the integrated displacement measurement sensor in
the actuator. In order to ensure effective initial loading on the SMA
wire in the designed prototype, the extension value of the constant
force spring must match the length of the SMA wire. This inevitably
results in a non-zero displacement measurement value for the SMA wire
when it is not energized (initial state). However, since the displacement
measurement results and zero point definition are relative, if we define
the displacement in the initial state as the zero point, we can ensure
that the initial displacement at t = 0 is zero, without affecting the final
tracking error results. In the revised version of the paper, we still adopt
the previous approach, as under different loads, readers may question
whether there will be initial position offsets. Defining the zero point as
the displacement at 7 = 0 is not sufficiently persuasive.

To further analyze the self-sensing characteristics of the SMA wire
comprehensively, similar cooling experiments, i.e., C6-C10 are per-
formed, and the results are shown in Fig. 4. From Fig. 4(a), it can
be observed that the three cases, C6-C8, can be considered as the
reverse cooling processes corresponding to C1-C3 (voltage decreasing
from 2.6 V to 0.1 V). In case C9, the voltage uniformly decreases from
1.7 V to 1.2 V within 1 s and remains constant, while in case C10,
the voltage decreases from 1.5 V to 0.5 V over 20 s. The displacement
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Fig. 3. SMA wire characteristics during different heating processes: (a) Voltage of
the series loop. (b) Measured displacement. (c) resistance of the SMA wire R,,,. (d)
Relationship between R,,, and displacement.

and resistance variations of the SMA wire during the above processes
are plotted in Fig. 4(b) and (c), respectively. In contrast to the con-
sistency shown in the heating process, the changes in resistance and
displacement during the cooling process do not completely align with
the voltage variations. In Fig. 4(a), the three curves of C8, C9, and C10
intersect at one point. However, at that moment, there are significant
deviations in the corresponding displacement and resistance values
among the three cases. This phenomenon is more pronounced in the
resistance—displacement curve shown in Fig. 4(d). Even when lowering
the voltage at the same rate under different initial voltages, it is still
impossible to maintain a consistent relationship between resistance and
displacement. This implies that, unlike the heating process, it is difficult
to describe the relationship between displacement and resistance with a
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Fig. 4. SMA wire characteristics during different cooling processes: (a) Voltage of
the series loop. (b) Measured displacement. (c) resistance of the SMA wire R,,,. (d)
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relatively universal function during the cooling process. Undoubtedly,
this poses certain challenges to self-sensing measurements.

In order to address this issue, previous studies have attempted
to accurately describe this phenomenon through complex mathemat-
ical models or neural network models. However, the multivariable
nonlinear modeling process involved is undeniably complex, which
significantly limits the application of self-sensing methods in scenarios
with strong real-time requirements such as tracking control. In the
next section of this paper, a novel approach to linear modeling and
compensation will be introduced, aiming to achieve high-precision
self-sensing control without increasing the complexity of the model.

Since the SMA actuator in this paper uses an integrated posi-
tion measurement sensor, the question of whether the subsequent
self-sensing method is auxiliary sensing is explained as follows

+ A small sensor for position sensing is indeed integrated into the
actuator, but as emphasized in the paper, the function of this
sensor is only to verify the accuracy of self-sensing and to conduct
comparative tests under sensor-based conditions. Compared with
the commonly used laser ranging method in other papers, this
integrated installation method makes the actuator more compact.
The measured data of the position sensor is indeed used in the
compensation algorithm in this paper, but it should be noted that
this data is not equivalent to real-time feedback measurement, but
rather measures the actual tracking error for a specific tracking
control task and calculates the compensation amount offline.
Once the compensation amount is calculated offline, no sensor
is needed anymore. This process can be regarded as calibration
and compensation using real position measurement results, which
is completely different from sensor-based control. The load test
experiments listed in the paper are good proof because they use
the same tracking trajectory as the no-load condition, so the
compensation amount does not need to be recalculated, and only
the compensation results of the no-load condition are used. In
addition, for commonly used repetitive trajectory tracking tasks
in industrial applications, no external displacement sensor infor-
mation is required after completing one compensation amount
calculation.
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2.3. Time invariance test of SMA self-sensing

The aforementioned experiments demonstrate the good self-sensing
characteristics of the designed SMA actuator during the heating phase.
However, for an actuator, maintaining consistent characteristics over
long time periods is a fundamental requirement. In order to further
confirm the potential for further application of the proposed SMA
actuator, its self-sensing characteristics are tested over a long period of
96 h, and the experimental results are shown in Fig. 5. This 3D graph
depicts the relationship between voltage, resistance, and displacement
in four consecutive heating experiments conducted within the 96-
hour period. The blue curve corresponds to the aforementioned Case
C1, while the remaining curves represent the results obtained from
repeating the same experiment as C1 after 24, 48, and 96 h. From the
experimental results, it can be observed that the curves mostly overlap,
and there is no significant change in the correspondence between volt-
age, resistance, and displacement. Although there are slight differences
in the results of each experiment, they are mainly caused by the initial
displacement deviation. We believe that this displacement deviation is
primarily caused by the deviation generated in the copper column of
the designed actuator prototype under the long-term thrust of the self-
resetting spring. We believe that by further fixing the copper column
and the substrate, this deviation can be effectively avoided. Addition-
ally, this deviation is essentially a static deviation that is commonly
present in mechanical actuation devices and can be effectively miti-
gated through calibration and other means. Therefore, we conclude that
the designed SMA actuator and its self-sensing characteristics exhibit
good time invariance over longer periods, indicating great potential for
widespread industrial applications.

2.4. Variable load test of SMA self-sensing

In order to test the self-sensing characteristics under different loads
we have changed the orientation of the actuator from horizontal to
vertical, as shown in Fig. 6, and conducted comparative experiments
without load, with additional loads of 10 g, 20 g, 30 g, and 50 g,
respectively. We present the characteristic curves under different loads,
with a constant voltage increase (same as Cl), in Fig. 7. It can be
observed that with the addition of load, there are slight variations
in displacement and resistance during the transition phase during the



Fig. 6. SMA actuator with different loads.
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phase change, but the impact on the linear segment is minimal. Espe-
cially in the displacement-resistance coordinate graph, the test curves
under different loads practically overlap in the linear segment. This
strongly confirms the effectiveness of the proposed self-sensing model,
which remains valid even under different external loads. In addition,
we conducted cooling process tests, as shown in Fig. 8, and it can
be observed that the influence of load on self-sensing characteristics
is even smaller during the cooling process. The sets of characteristic
curves under different loads practically overlap, maintaining a high
level of consistency even during the transition process. Therefore, we
have reason to believe that the variations in load that may occur in
practical applications will not significantly affect the accuracy of the
self-sensing model and control method proposed in this paper.

3. Self-sensing model and controller design

In this section, the self-sensing characteristics of the designed SMA
actuator are further analyzed and modeled, and a control strategy
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using the self-sensing characteristics is designed to achieve accurate
trajectory tracking and positioning.

3.1. Linear estimated model of displacement

In order to minimize the influence of measurement noise and other
factors on modeling, we first applied zero-phase low-pass filtering to
the resistance measurements and displacement measurements in Cl1-
C10 separately. A 4th-order Butterworth low-pass filter with a cutoff
frequency of 10 Hz was used as the filter. The filtered relationship be-
tween resistance and displacement is shown in Fig. 9. From the graph,
it can be observed that the curves representing C1-C5 overlap, and to-
gether with the cooling process curves C6-C10, they form the hysteresis
loop. Although there are significant differences between the resistance—
displacement curves during the cooling and heating processes, the
characteristics of C9 and C10 are closer to those of the heating process.
This indicates that when the voltage decrease is small and within the
middle part of working voltage range, the self-sensing characteristics
of the heating process can be approximated. However, even so, due to
the relative simplicity of the self-sensing model, there will inevitably be
some estimation errors during the reciprocating displacement increase-
decrease process. In our research work, we have taken a different
approach, no longer pursuing absolute accuracy in modeling but aiming
to improve positioning accuracy under self-sensing control through
compensation methods.

To further simplify the self-sensing model, the effective working
displacement of the SMA actuator is set to be between 5.1 mm and
5.7 mm. From Fig. 9, it can be observed that the relationship between
displacement and resistance within this range can be approximately lin-
ear. By performing linear fitting on the filtered displacement (5.1 mm—
5.7 mm) of the Case C1 and its corresponding filtered resistance data,
the following self-sensing model can be obtained to describe the rela-
tionship between the estimated displacement and the resistance within
the linear range:

S, = kR, +b (2)
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where S, represents the estimated displacement, R,,, represents the
measure resistance, and k = —2.079 and b = 14.096 are the slope and
intercept of the linear fitting, respectively.

We take the C1 process as an example and plot the measured values,
filtered results, and linear fitting results that describe the self-sensing
characteristics in Fig. 10(a). From the figure, it can be observed that
the fitting results calculated based on Eq. (2) are in good agreement
with the measured values and filtered results. Additionally, Fig. 10(b)
presents the measurement noise, which is the deviation between the
displacement measurement and the filtered result. As can be seen from
Fig. 10(b), there is a clear increase in measurement noise in areas
where the resistance is too high or too low. This is primarily due to the
transitional phase of SMA wire phase transformation corresponding to
regions of excessively high or low resistance. During this phase, there
is a significant nonlinearity between the displacement of the SMA wire
and its resistance. The accumulation of these nonlinear characteristics,
combined with inherent measurement noise, leads to a pronounced
amplification of the measurement noise observed in Fig. 10(b) when the
resistance is either too high or too low. Fig. 10(c) shows the estimation
error, which is the deviation between the measurement values and
the fitted estimated values. Through calculations, it is found that the
root mean square (RMS) value of the measurement noise is 2.904 pm,
while the RMS value of the estimation error is 8.548 pm. This value is
smaller than the measurement resolution of the displacement sensor,
i.e., 10 um, indicating its approximate accuracy to some extent.

Furthermore, from Fig. 10(c), it is evident that the estimation error
has a certain regularity with respect to the resistance variation. If
further nonlinear fitting is performed and compensated into the linear
model of Eq. (2), the estimation accuracy will definitely be further
improved. However, this study did not continue this work but instead
looks forward to improving the final tracking and positioning accuracy
through compensation strategies discussed in the following subsections,
considering the insufficient accuracy of the model.

3.2. Closed-loop tracking controller and displacement compensation

In order to achieve precise tracking control using the simple self-
sensing model described above, this paper designs a controller and
corresponding compensation scheme as shown in Fig. 11. As mentioned
above, during the motion of the SMA actuator, two position feedbacks
are obtained: S, i.e., the actual measurement result obtained by the
position sensor, and S,, i.e., the result estimated based on the self-
sensing characteristics using the resistance value. The designed control
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scheme takes .S, as the feedback value, compares it with the desired
command r, and a reasonable PID controller is designed to form a com-
plete control loop. Due to the use of a simple linear self-sensing model,
there will inevitably be a deviation between S, and the measured value
S,,. Therefore, even with excellent controller performance, it is difficult
to achieve high tracking accuracy. Therefore, we further utilize the
advantages of dual sensing and use the compensation of e¢,, = r — s,
to compensate the control system for trajectory.

Similar to other common mechatronics systems, under the operation
of a linear PID closed-loop controller, the displacement output of the
SMA actuator at the time n + 1 depends on the state at time n and the
input command. Based on this, the following state space representation
can be obtained,

so(n+1) = vs,(n) + yr(n) )

where v and y represent linear gains, which characterize the relation-
ship between the future motion state and the current state, as well as
the system input. Assuming there are N sampling periods in a trajectory
tracking control task, the control system of the designed SMA actuator
can be represented by a state space model in the form of an lifted
matrix, i.e.,

$e=GR+D 4

where s, = [5,(0),5,(1), ..., 5,(N = D]", R = [r(0), (1), ...,r(N = DI,

D = [5,(0), 5,00, ..., 5,(0v¥~D]", and
0 0 0 )
y 0 0 )
G=|vy 7 0 ... 0
oN=2y N3y N4y 0

The actual tracking error sequence without compensation can be
represented as follows,
Ep = R—Sy, = [e,(0),¢,(1), ..., eu(N = D] (5)

As shown in Fig. 11, the compensation term is added to the system
as a kind of trajectory modification, and the specific compensation is
designed according to the following steps:

Step 1: To suppress the high-frequency noise, the component of
tracking error sequence is filtered by the low-pass filter Q. Thus the

filtered results can be expressed by:
Y () =E, #Q.(n), n=0,1,...,N—1 6)

where % means the convolution operation, Qy(») is the impulse response
of the filter O, and Y, is the temporary sequence.
Step 2: Inverse the filtered sequence Y, i.e.,

Y, =Y (N-1-n), n=0,1,...,N — 1 )
Step 3: Y, is also filtered by the filter Q, i.e.,

Y3(n) = Yy(n) % Qe(n), n=0,1,...,N -1 8)
Step 4: Inverse the filtered sequence Y3, i.e.,

Y, (n) = Y3(N—1-n) = By, * Qu(n) * Qu(N—=1-N),n=0,1,....N—1 (9)

According to the property of convolution operation, there is no

phase difference between Y, and E,. Therefore one can obtain
Y (1) = AEy, n=0,1,...,N — 1 10)

where 0 < A(n) < 1 is the attenuation gain. Add Y, into original R as
a kind of reference compensation, one can obtain the s, sequence after
compensation, i.e., S,. according to Eq. (4).

Sec = Se + GAE,, (11)
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Assuming that in each identical control task, the deviations be-
tween the two displacement feedbacks, i.e., .S, and ,,, are consistent,
the compensated measured displacement S, and corresponding error
sequence E_ . can be expressed by the following form:

Sme = Sm + GAE, (12)

Epe = - GAE, (13)

It is clear that ||/ — GA|| < 1, and the convergency of the proposed
zero-phase error compensation scheme can thus be guaranteed.

4. Tracking control experiments and discussion
4.1. Experimental setup

To analyze the effectiveness of the aforementioned self-sensing
model and compensation control strategy for SMA, different trajectory
tracking experiments were conducted using the designed prototype of
the SMA actuator in this section. The performance of the following
three different types of control methods is compared:

Case [—With Sensor : The displacement sensor built into the proto-
type is used as position feedback, and a PID controller was employed for
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Table 1
Estimated error of self-sensing.

Sensors and Actuators: A. Physical 370 (2024) 115250

Square wave Triangular wave Sine wave Sine wave (30 g) Sine wave (50 g)
Crms/€max (M) Crms/€max (M) Crms/€max (HM) Crms/€max (HM) Crms/€max (HM)
With sensor 21.78/198.57 19.02/104.39 11.02/42.05 12.29/45.18 14.75/57.39
Self sensing 15.64/103.03 18.17/73.38 13.90/54.02 13.15/45.46 12.52/39.16
Compensation 18.96/104.62 18.45/83.59 10.47/52.77 16.57/58.92 14.09/45.48
Table 2
Tracking performance of different trajectories.
Square wave Triangular wave Sine wave Sine wave (30 g) Sine wave (50 g)
€rms/Cmax (M) Crms/Cmax (M) Crms/Cmax (M) Crms/Cmax (M) €rms/Cmax (M)
With sensor 11.28/315.51 13.49/37.57 5.99/19.50 5.50/19.29 5.51/21.45
Self sensing 17.86/318.45 42.88/78.77 14,77/44.49 12.44/35.94 11.66/29.75
Compensation 13.84/315.37 16.79/60.16 6.05/21.41 6.67/18.21 6.31/25.18

closed-loop control. The specific control parameters are set as k, = 30,
k; =12, k; = 0.6.

Case II—Self Sensing : The estimated displacement obtained from
the self-sensing model described in the previous sections is used as real-
time feedback for closed-loop control. The controller was also a PID
controller, and the control parameters are exactly the same as those in
Case L.

Case III—Compensation : Zero-phase trajectory compensation, as
mentioned earlier, is further added based on Case II.

The self-sensing estimation error and tracking error of the above
three methods are analyzed for square wave, triangular wave, and
sine wave trajectories. Tables 1 and 2 present the root mean square
value (e,,,) and maximum absolute value(e,,,) of the errors under
different conditions, respectively. The estimated errors presented in
Table 1 are the deviations between the proposed self-sensing model
and the actual measurement results in this study. In Case I, II, and III,
the estimated errors can be calculated based on the estimation results
from the linear model and the measured positions. It is important to
note that in Case I, the control process is achieved through sensor
measurements for feedback, without utilizing the linear self-sensing
model. The inclusion of estimated errors in different cases in this study
aims to verify the accuracy of the self-sensing model under different
conditions, i.e., whether the self-sensing model is used in the feedback
loop. This is because utilizing the self-perception model in the feedback
loop significantly affects the actual control performance, and different
motion effects can also impact the accuracy of the proposed self-sensing
model. Therefore, we provide estimated errors separately for different
cases to account for these variations.

4.2. Tracking precision comparison results

First, we conducted a standard square wave trajectory tracking
experiment. The square wave trajectory is shown in Fig. 12(a), with
an amplitude of 0.3 mm and a period of 10 s. Fig. 12(b) shows the
actual control results of three different cases. It is important to note
that the plotted data is derived from the measurement values of the
displacement sensor, rather than estimated one, so it can be considered
as actual displacement data. The estimation error of the self-sensing
characteristics and the actual tracking control error are plotted in
Fig. 12(c) and (d), respectively. From Fig. 12(c), it can be observed that
the estimated error increases due to the step change of the reference
trajectory, especially at the moment of the trajectory’s descent. This is
because there is a certain deviation between the self-sensing charac-
teristics during the cooling process and the linear model used, which
inevitably leads to the deterioration of the estimated error. According
to the data in Tables 1 and 2, it can also be seen that larger estimation
errors in Case II result in a decrease in tracking performance. It should
be noted that in this experiment, the abrupt changes in the desired
trajectory, significant transient errors can occur during step trajectory
tracking. However, the RMS value of errors is more focused on the

accuracy of the steady state. If larger transient errors are included in
the calculation of the RMS value, it will overshadow more steady-state
information. Therefore, when calculating e,,,,, only data with absolute
values below 0.04 mm were selected, so that e, can better reflect the
steady-state characteristics.

From the data in Table 2, Fig. 12(b) and (d), it can be visu-
ally observed that after adopting self-sensing displacement feedback,
compared to the case with sensor, there is a significant deterioration
in tracking control performance, especially steady-state performance,
even though integral control is applied. This is caused by the errors of
the self-sensing model itself. However, after introducing compensation,
it can be seen that the convergence rate of the error is significantly
improved, and the steady-state error is also significantly reduced, espe-
cially during the cooling process of the SMA wire where the displace-
ment decreases. At certain moments, the steady-state performance is
even better than that of sensor-based control. This fully demonstrates
that without improving the measurement accuracy of the self-sensing
model, the control performance can also be effectively improved by the
compensation method proposed in this paper.

The control results under a triangular wave trajectory with a period
of 5 s and an amplitude of 0.4 mm are shown in Fig. 13. Firstly, it can be
observed from Fig. 13(c) that the estimated accuracy of self-sensing is
similar for the three different control methods, which is consistent with
the conclusion shown in Table 1. From Fig. 13(b) and its zoomed-in
region, it can be seen that Case II, after using self-sensing estimation as
feedback, deviates significantly from the reference trajectory in terms
of actual tracking performance, while Case I and III show much better
performance in comparison. According to the tracking error curve
plotted in Fig. 13(d) and the data in Table 2, it can be seen that
after introducing compensation, the e, of Case III is 16.79 pm, which
is only 39.2% of the uncompensated one, i.e., Case II. Although the
tracking performance at the trajectory corners has not been completely
compensated, resulting in no significant decrease in e,,,,, it still fully
demonstrates the excellent performance of this compensation method.

Next, in Fig. 14, we present the tracking control results of a si-
nusoidal trajectory with a period of 20 s. Due to the smoother and
slower nature of this trajectory compared to the previous two, the
accuracy of all three control methods is significantly improved. From
the data shown in Table 2, it can be seen that the e,, of Case I
and III are both around 6 pm, while e, is approximately 20 pm.
Considering that the displacement measurement resolution of the used
magnetostrictive sensor used is only 10 pm, it can be said that the
excellent control results have been achieved. Additionally, it is worth
noting that the estimated error displayed in Fig. 14(c) for Case III is
even larger than the tracking error shown in Fig. 14(d). It should be
noted that, Due to the variable speed and acceleration characteristics
of a sinusoidal trajectory, larger tracking errors are inevitable at points
of direction change, especially when there is a high acceleration. This
is a normal physical phenomenon. Additionally, the inherent modeling
errors in the self-sensing model further exacerbate the degradation of

rms
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Fig. 13. Triangular wave trajectory: (a) Reference trajectory. (b) Actual measured displacement. (c) Estimated error. (d) Tracking error.

control performance. However, it should be noted that after applying
the position compensation method proposed in this paper, the afore-
mentioned errors are effectively suppressed, clearly demonstrating the
effectiveness of the proposed approach. This is unimaginable for con-
ventional methods that rely on improving the accuracy of self-sensing
models to enhance trajectory tracking control performance. However,
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it can be achieved through the compensation method proposed in this
paper. Furthermore, the results in Fig. 14(b) and (d) show a signif-
icant improvement in the accuracy of self-sensing feedback control
after compensation, which is already comparable to feedback control
with sensors. This is undoubtedly good news for the implementation
of control systems, demonstrating that the proposed method has the
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potential to replace conventional displacement sensors with a simple
self-sensing model in slow and smooth trajectory tracking control, and
achieving more possibilities for the applications of SMA actuators.

In addition to the self-sensing characteristic testing experiments
under different loads mentioned earlier, we have also performed track-
ing control experiments with sine wave trajectories under 30 g and
50 g loads. The experimental results are shown in Figs. 15 and 16,
respectively. The tracking control errors of the three controllers under
different loads are listed in Table 2. From the experimental results, it
can be seen that the control performance is not significantly different
after adding the load compared to before the load was added. It should
be noted that even under the circumstance of adding additional load,
the trajectory compensation proposed in this paper can effectively
reduce tracking control errors, making the compensated tracking error
close to the feedback control with position sensors. Moreover, it can
be seen that despite the large modeling error of self-sensing under this
condition, the tracking error can still be reduced to a relatively ideal
range, which demonstrates that the compensation control method pro-
posed in this paper can achieve excellent control performance without
relying on high-precision self-sensing models.

4.3. Discussion

Regarding the above experimental results, we provide the following
additional discussion:

1. Although the compensation method used in this study utilizes
measured values from sensors, it does not mean that real-time
measurements from sensors are required to complete the com-
pensation. Instead, for the same type of control task, the real
error is measured in advance by the sensor, and then this error
sequence is offline fixed to calculate the compensation term.
In the real-time control of Case III mentioned above, only the
estimated displacement based on the self-sensing characteristics
of SMA is used as feedback without the assistance of additional
sensors. The additional sensors are only used to validate the
synchronized measurement results.
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2. The trajectory compensation process described above is essen-
tially an iterative optimization process. This paper introduces
the concept and presents a simple implementation. For further
improvement in accuracy, multiple iterations similar to iterative
learning control can be implemented.

3. The deformation of the SMA wire is directly related to its length.
Due to the high integration requirements of the designed proto-
type, relatively short SMA wire is used, which limits the move
range of the actuator itself. In future research, we will propose
solutions to achieve longer move ranges to further expand the
application scope of the actuator.

We agree that a nonlinear hysteresis self-sensing model considering the
delay effect may achieve higher self-sensing accuracy than the existing
methods proposed in this paper. However, according to the literature,
the following issues exist when using the self-sensing model considering
hysteresis in practice:

1. The modeling process is complex and the model solving diffi-
culty is high. The nonlinear hysteresis component is not con-
ducive to a real-time displacement solution for self-sensing con-
trol.

2. The nonlinear phase transition process of SMA wire is related
to many factors such as current drop rate and load. Some of
the reported studies cannot accurately provide a nonlinear hys-
teresis model that includes all influencing factors. Moreover, the
size of the load cannot be accurately determined in practical
applications, resulting in poor applicability of the model.

3. Due to the small displacement of the actuator in this paper, the
impact of nonlinear hysteresis is not significant. The compensa-
tion method proposed in this paper can meet the requirements
of motion accuracy. Furthermore, its implementation method is
simple without complicated modeling process. Therefore, we did
not specifically conduct nonlinear hysteresis modeling in our
research.
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5. Conclusion

In this paper, a highly integrated prototype of SMA actuator is
designed, where the auxiliary position sensor and self-resetting spring
are highly integrated, achieving a more compact size compared to
existing SMA actuators. Furthermore, addressing the contradiction be-
tween model accuracy and complexity in SMA self-sensing character-
istics, which affects the effectiveness of self-sensing control, a novel
self-sensing control and compensation method is proposed. Firstly, a
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preliminary self-sensing model is established based on test results and
approximated using the simplest linear model. Then, the less accurate
position estimation is directly used as feedback for the control system,
and the tracking error is directly compensated to enhance control
performance. A series of tracking control experiments are conducted,
and the results demonstrate that the proposed method achieves ac-
curate tracking control even in the presence of significant errors in
the self-sensing model. The integrated prototype and the precision
enhancement strategy without additional position sensors presented
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in this paper provide more possibilities for downsized and real-time
applications of SMA actuators.
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