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Abstract: Currently, energy demand is more significant than ever due to population growth and
advances in recent technologies. In order to supply more energy while maintaining a healthy envi-
ronment, renewable energy resources are employed. This paper proposes a novel solar-driven shape
memory alloy thermomechanical actuator as an eco-friendly solution for solar thermal applications.
The proposed actuator was assessed numerically and experimentally. The numerical tests showed
that the designed actuation mechanism’s inner temperature has a minimum variation per day of
about 14 °C and a temperature variation of 19 °C for most days of the year, which allows for proper
activation and deactivation of the actuator. As for the experimental tests, the presented actuation
mechanism achieved a bi-directional force of over 150 N, where the inner temperatures of the actuator
were recorded at about 70.5 °C while pushing forces and 28.9 °C while pulling forces. Additionally,
a displacement of about 127 mm was achieved as the internal temperature of the actuator reached
70.4 °C. The work presented adds to the body of knowledge of a novel solar-based self-driven
actuation mechanism that facilitates various applications for solar thermal systems.

Keywords: solar thermal system; thermomechanical; shape memory alloy; smart actuator; solar heat
collector; force analysis; position analysis; solar-driven; linear actuator; smart material

1. Introduction

Advances in modern technologies along with global population growth continuously
increase the demand for energy generation day after day; as the energy demand rises, the
harmful effects of using fossil fuels, such as global warming and greenhouse emissions,
are magnified. The Kingdom of Saudi Arabia (KSA) reported an energy consumption of
299.2 terawatt-hours (TWh) in 2018, where it aims to offer at least half of its generated
electricity using renewable energy technologies by 2030, of which the energy demand
is expected to reach about 365.4 TWh [1-3]. In order to accommodate the increase in
energy demand while reducing the negative effect of energy production via fossil fuels,
renewable energy such as solar, wind, and biomass are mainly sustainable solutions [4].
Solar energy is an inspiring form of renewable energy due to its availability, accessibility,
and cost. Underpinning the facts mentioned, KSA initiated many recent projects in order to
harvest solar energy [5-7]. In general, there are three categories into which solar energy
can be divided: photovoltaics (PV), thermal, and photovoltaic/thermal (PVT), where each
category has its pros and cons [8,9]. For example, PV directly transforms solar energy into
electrical energy; however, Si-based PV has a comparatively low efficiency depending on
the location, while PVT has high efficiency. Nonetheless, PVT has a high cost compared
to other solar energy harvesting methods [4,10]. Thermal solar energy collectors have a
significantly higher efficiency than PV solar and are relatively inexpensive. This has led
to many applications such as space and water heating in addition to desalination [11,12]
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technologies. At the same time, thermal solar energy can be utilized to generate adequate
mechanical energy by controlling the heat of thermomechanical materials such as shape
memory alloy (SMA) [13].

SMA is a genre of smart material discovered in 1941 by Arne Olander [14]. SMA
can be fabricated at the desired shape at high temperatures; after that, SMA can be easily
deformed due to a change in stress or temperature, as its temperature drops below a specific
temperature, known as the martensite finish temperature (M), and regains its desired shape
due to a produced force as it reaches a particular temperature, known as the austenite
finish temperature (A¢) [15]. Deformation occurs due to the unique thermomechanical
properties of the SMA, leading to the development of recovery forces to regain its desired
shape, a phenomenon known as the shape memory effect (SME) [16]. There are many types
of SMA, such as Cu-Zn, Cu-Al, and Ni-Ti, depending on the chemical compound of the
SMA, where the properties of SMA can be illustrated in hysteresis diagrams showing its
behavior under different applied conditions [17]. NiTi (also known as NiTiNOL) is the
most common type of SMA since it has a wide range of activation temperatures, is durable,
and is inexpensive [18]. SMAs have many recent applications in different disciplines such
as biomedical, aerospace, civil, and mechanical engineering [19-21].

Jani et al. [22] reviewed SMA research and applications. The performed literature
search showed that the publications regarding SMA were mostly in material science,
engineering, physics and astronomy, medical and health sciences, and other applied science
fields. As for recently granted patents regarding SMA and its advanced technologies, the
leading sectors were biomedical, aerospace, robotics, automotive, and other applications
by 60.98%, 4.84%, 3.26%, 2.3%, and 28.62%, respectively.

Patra et al. [23] carried out a study to investigate the elasticity behavior of NiTiNOL
wires under different stresses to evaluate the variation in strain and hysteresis. The result
of the carried experiment showed that the SMA wire understudy entered a hysteresis loop
due to the fact that although the applied stress surpassed the loading curve, the SMA
managed to regain its predefined shape. Additionally, the study showed that the loading
and unloading behaviors of the SMA wire were divergent, in which the author owed this
to an accumulation in the strain energy.

One of the most popular usages of SMA is as an actuator, where the SMA provides
the actuation role in a dynamic system [24]. Many researchers have taken an interest in re-
viewing and summarizing the recent developments of an SMA-based actuator, where some
researchers observed over 100 novel designs for SMA-based actuators [22]. SMA-based
actuators can be found in fields such as aerospace [24], robotics [25,26], automotive [27],
biomedical [28], and mechanical systems [29]. Additionally, SMA-based actuators have re-
cently been used in many solar energy systems applications, for example, cleaning [30], and
tracking [31] methods. The SMA-based actuators have attracted interest of the researchers
due to their smart, unique properties and low production cost [29,32,33]; however, they
have mainly two disadvantages: they operate at low speed and have non-linear behav-
ior [32]. SMA-based actuators can be divided into three main types: linear, bending, and
rotational SMA-based actuators [19,26,34]. Furthermore, to design the SMA-based actua-
tors, studying the SMA’s characteristics should first be considered, estimating the required
force and displacement, and optimizing the necessary displacement and force under the
characteristics of the particular SMA [21,35-37].

Formentini and Lenci [38] have presented a design for a panel actuated by an SMA-
wire-based actuator that can be used to improve the ventilation of a building. The proposed
SMA-based actuator opens the panel during summer, which allows the natural air to
enter the cavity. In contrast, the actuator closes the panel in the winter, acting as thermal
insulation. The outcomes showed that the device could operate properly word-widely by
implementing the appropriate SMA material composition for each climate zone to archive
the device’s required activation and deactivating temperature.

Copaci et al. [37] devolved a novel fixable SMA-based actuator that can be used in
advanced robotics. The developed actuator provides flexible motion in wearable robots.
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The presented SMA characteristics have concluded that the SMA is an ideal choice in
this application; however, some control strategies should be considered. In the study,
many prototypes have been built to demonstrate the effectiveness offered by these flexible
smart actuators.

Riad et al. [31] built a numerical study for a novel SMA-based sun tracker. The
thermomechanical actuator was designed to passively operate by taking the sun’s thermal
energy and releasing it to the ambient for the activation and deactivation of the system. It
has been concluded by the study that the sun tracker can increase the energy production of
the PV module by about 39%.

Hariri [39] carried out a recent study to present a novel design for a dust mitigation
technology solution. The presented work utilizes the thermomechanical property that
exists in the SMA wires in order to clean PV modules by taking the thermal energy from
the unwanted heat rejected by the PV modules. The results showed the effectiveness of the
presented technology solution under an indoor experiment using a sun simulator, where the
back surface of the PV module reached about 60 °C, which allowed the thermomechanical
system to convert the rejected heat into effective mechanical motion.

SMA-based actuators can be activated using joule heating, external active heat-
ing/cooling, and external passive heating/cooling [26]. Furthermore, a proposed method
in this study uses a solar heat collector (SHC) to activate the SMA-based actuators. SHC
is a special device that can absorb the thermal energy provided by the sun and use it in
this form or transform it into another form of energy [40]. The use of thermal energy given
by the sun has received the attention of many researchers since it is considerably higher
than using photovoltaic (PV) energy provided by the sun; some researchers concluded
that the available commercial PV systems have efficiency in the range of 15-20%, while the
solar thermal systems have efficiency in the range of 34-87% [41,42]. SHC can be utilized
in many applications such as domestic or industrial heating/cooling, water desalination,
and storage systems [42-44]. In order to design an SHC, three main criteria should be
considered: technical, cost-effectiveness, and environmental criteria standards [42,45,46].
Moreover, the efficiency of SHC can be affected via multiple factors such as the absorber
and collector materials and characteristics and the used fluid inside the SHC [47-49].

The proposed work adds to the body of knowledge a comprehensive numerical
and experimental assessment and analyses of a solar-driven SMA thermomechanical
actuator, highlighting the proposed actuator’s promising mechanical and thermal feasibility.
The present work offers an actuation mechanism suitable for solar thermal systems and
applications, such as cleaning, tracking, and overheating protection systems. The state-of-
the-art SMA thermomechanical solar-driven actuator is self-driven without either human
interaction or electrical energy inputs, making the suggested actuation mechanism a unique
eco-friendly solution for many solar thermal applications.

2. Materials and Methods

This research effort is aimed at presenting a design of a solar-driven SMA thermo-
mechanical actuator. The basic conceptual design of the linear actuator is illustrated in
Figure 1, where the main parts of the thermomechanical SMA actuator are shown. The
presented novel design utilizes the SME that exists in NiTiNOL springs to give an actuation
mechanism via absorbing and releasing the natural solar thermal energy by using an SHC.
The SHC works when it is exposed to sun solar radiation from sunrise until sunset, where
the solar radiation is absorbed by the SHC, producing a greenhouse effect inside its body.
Therefore, the SHC acts as the activation key in this design, where the NiTINOL springs
gain thermal energy via the SHC, where they are activated, while when they lose this
thermal energy via the SHC, they are deactivated. Additionally, the actuator is meant to
be a piston-based actuator with a bias load that can reorient the NiTiNOL springs to their
original shape when they are deactivated.
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Figure 1. Conceptual design model for the solar-driven thermomechanical SMA actuator.

The solar-driven thermomechanical SMA actuator operates passively using thermal
solar energy. In addition, the actuator’s actuation mechanism includes two phases: day
and night, as shown in Figure 2. During the daytime, the NiTiNOL springs gain the solar
thermal energy by the SHC and are activated, which contracts the NiTiNOL springs, lifting
the bias load, and the rod produces a push force. Conversely, when the NiTiNOL springs
lose the solar thermal energy to the ambient and are deactivated at night, the NiTiNOL
springs re-elongate, the bias load falls, and the rod produces a pull force.

[ NightPhase | [ Dayphase |

Rod push force

—

Stretched
NiTiNOL Springs

Bias load
Bias load off home-
in home- position
position \_Y_}
Contracted
NiTiNOL Springs

(a) (b)

Figure 2. The solar-driven SMA thermomechanical actuator actuation cycles at (a) daytime and
(b) nighttime.

2.1. Solar-Driven Thermomechanical SMA Actuator Design

The solar-driven thermomechanical SMA actuator design has been carried out using
computer-aided design (CAD) software, as shown in Figure 3. The designed actuator
functions as a piston-based actuator, where the piston is in between the bias load and SMA
(NiTiNOL) springs. The actuator transmits the forces through a rod that passes through
the linear bearings located inside the cover of the actuator’s SHC. Additionally, the SHC
is considered a central part of the actuator that provides the necessary solar energy to the
NiTiNOL springs. As the heat collectors change in size and shape, all components inside
the heat collector change accordingly.
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Figure 3. Detailed CAD model of the solar-driven thermomechanical SMA actuator.

The detailed actuation cycle includes four main phases; where at the first phase, the
NiTiNOL springs are contracted and under the austenite starting temperature, while the
bias load is off its home position. Second, the NiTiNOL springs are contracted until they
achieve the austenite finish temperature, where the bias load is at a maximum height. Third,
the NiTiNOL springs release the thermal energy until the springs reach the martensite start
temperature and the NiTiNOL springs are re-elongated, and then the bias load starts to
return to its home position. Finally, the NiTiNOL springs fully stretch, and the bias load
reaches its home position or its minimum height.

2.2. Solar-Driven Thermomechanical SMA Actuator Fabrication

The actual solar-driven thermomechanical SMA actuator model has been fabricated,
as seen in Figure 4, where all the essential parts are highlighted. The solar-driven ther-
momechanical SMA actuator has three main outer surfaces: one acrylic surface and two
aluminum surfaces.

The acrylic surface has been chosen to allow the solar irradiance to pass through the
SHC into the springs smoothly, while the aluminum surfaces have been chosen to support
the structure of the SHC from the axial forces and to help to reflect the solar irradiance
back to the NiTiNOL springs, which would help the thermal heating process inside the
actuator. The aluminum surfaces can be replaced with metal such as tungsten and silver or
any metal that has high reflectivity to increase the solar radiation that falls into the SMA,
and high thermal resistance to reduce the amount of heat dissipation.
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Springs

Figure 4. The actual model of the solar-driven thermomechanical SMA actuator.

2.3. Force and Displacement Assessment Platform

In order to reach the desired outcomes of this work, analytical force analysis and
a displacement assessment under different loads must be carried out. In this regard, a
force and displacement assessment platform are designed with the aim of ensuring the
output force from the actuator and the produced displacement from it. The platform has
been designed to investigate the NiTiNOL springs” maximum force, NiTiNOL springs’
maximum deflection under different loads, cold NiTiNOL spring constant, hot NiTiNOL
spring constant, and the life expectancy of the NiTiNOL springs. In addition to that, the
force and displacement offered by the designed actuator have been investigated.

2.3.1. Mechanical Setup for the Assessment Platform

The NiTiNOL springs assessment platform’s mechanical setup is designed to have
dual use. The platform consists of fixed parts and removable extensions. The fixed parts of
the platform are a base holder, a beam with two vertical passways, and a spring bed, as
shown in Figure 5a. As for the removable extensions of the platform, there are two parts:
the encoder unit and load cell unit, as shown in Figure 5b,c. The removable extensions
enable the platform to act for both force and displacement assessments. In addition, having
removable attachments help to facilitate the adjustments in the distance between the spring
bed and the attachment. The load cell unit is installed in the beam for the force assessment
test, and the NiTiNOL spring is connected between the spring bed and the load cell unit.
As for the displacement assessment test, the encoder unit is installed in the beam, and the
NiTiNOL spring is connected between the spring bed and the encoder unit.

Additionally, another assessment platform has been designed to investigate the forces
and the displacement that the solar-driven thermomechanical SMA actuator would produce.
This assessment platform is shown in Figure 5d, where the platform is chosen to be
horizontal in this case.
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Figure 5. CAD model for (a) force and displacement of NiTiNOL springs assessment platform,
(b) load cell extension unit, (c) encoder extension unit, and (d) solar-driven thermomechanical SMA
actuator assessment platform.

2.3.2. Electrical Setup

As for the software setup of the force and displacement assessment test, for the force
assessment test, an Arduino Nano is used to collect the data extracted from the load cell.
As for the displacement assessment test, a myDAQ unit is used to read the data extracted
from the encoder. The setup is powered via a power supply, and a MOSFET is used with a
high pass filter as the motor driver to pass current to the NiTiNOL springs from the power
supply. Figure 6 shows an overview of the electrical schematic diagram for the force and
displacement assessment tests.

Load cell (HX711)

HX711 amglifier module

wo
wo

ROTARYENCODER

RERE
I

Arduino DSp53-
Nano D3
[oF] i
D2f-<2-
V. GN
RST RST
GND RXOp-#4~
TX1fAS

|

Tk
o+
o
%‘.4

Gt T,

Figure 6. The schematic diagram for the force and displacement assessment.

2.3.3. Experimental Criteria

The first test measures the NiTiNOL springs” maximum force; in order to do so, a step
command is incrementally increased to test the maximum force exerted from the NiTINOL
spring. In the second test, NiTINOL springs’ maximum deflection during the phase change
from austenite to martensite under different loads is measured by attaching a calibrated
weight to the NiTiNOL springs after the current is passed through the NiTiNOL spring,
which causes a Joule heating effect, leading the spring to shrink and thus rotating of the
encoder nob. In the third test, the spring constant is measured via applying different loads to
a spring and measuring the change in its length; after that, the spring constant is calculated
via the spring force formula. The fourth test, the life expectancy of the NiTiNOL springs,
is measured using both a displacement test and force test, running multiple repeatable
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square wave commands in order to test the lifecycle upon which the life expectancy can
be estimated. Finally, different force and displacement tests have been carried out on the
whole thermomechanical actuator using an external heat source.

2.3.4. Software Setup

The data gained from the NiTiNOL spring’s assessment tests are analyzed and used
as the feedback signal in a gain-scheduling PID controller. In order to determine the gain-
scheduling values, where different gains were tested for each value, the different gains
were assigned for each value depending on its response. The PID controller is applied to
different commands and compares the extracted feedback signal to the commands given
in order to manipulate the NiTiNOL spring behavior to follow a desired input, enabling
different displacement and force commands for the lifecycle tests. The PID commands used
to manipulate the NiTiNOL springs are the step, square wave, sine wave, and staircase
commands. These various commands ensure the compatibility of the gains determined for
the gain scheduling PID controller. Figure 7 demonstrates the functional block diagram of
the system, while Figure 8 represents the flow chart of the control scheme.

Command
!

i !
! displacement i : NiTiNOL spring ;
: Gain Scheduling i | displacement
i PID controller —-{ MOSFET }—-: _ __!
(Ant-windup) ; | NiTiNOL spring | .
1 |_recovery force | ;
: !

Feedback

Actual
output

Recovery force

Figure 7. Functional block diagram for the force assessment system.

Start

A

Initialize sensor

A,

Sensor’s reading
(load cell / Encoder)

Is the appointed
command reached?

v Calculate Error
Deactivate gain
— scheduling PID

controller Implement gain
scheduling PID —
controller

Figure 8. Flow chart diagram of the force assessment system.

3. Results and Discussion

In this section, the results of the work conducted will be demonstrated. First, force
and displacement assessments were carried out to gather the necessary design criteria in
which the solar-driven thermomechanical actuator was designed. After that, the numerical
and experimental results of the actuation mechanism are detailed in addition to a simplistic
cost analysis of the proposed actuator.
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Response

3.1. Force and Displacement Assessment

In the following segment, the force and displacement assessments were carried out,
which included NiTiNOL springs’ force calculation in both martensite and austenite phases
(hot and cold). In addition, the NiTiNOL springs were tested for maximum deflection. The
gathered results facilitated the design of the solar-driven thermomechanical actuator.

3.1.1. Force Analysis

Multiple force assessments were made to establish a solid ground upon which all
further force analyses would depend. First, the maximum tensile force produced by the
NiTiNOL spring was tested using a gain-scheduling PID controller. After that, many
commands were used to test the compatibility and precision of the PID in addition to
the behavior of the NiTiNOL spring utilized, where square wave, sinusoidal wave, and
staircase wave commands were applied.

Different step commands were applied to test the gain-scheduling PID controller
response for various steps, as shown in Figure 9. The characteristics of the step command
applied are shown in Table 1. Furthermore, the square wave command was tested in a
square wave command cycle ranging from 15% to 80% of the maximum expected force.
The square wave command is used in the performance test to ensure that the NiTiNOL
spring’s behavior would not differ after a few cycles. The performance test results are
shown in Figure 10.

Response Response
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Figure 9. A closed-loop force control of step commands of (a) 1500 g, (b) 1200 g, (c) 900 g, (d) 600 g,
and (e) 300 g.

The staircase wave command is more complicated than the square wave command.
This command has a rising step every 10 s where the signal was initiated from 0% of the
maximum expected force of the NiTiNOL spring; then, the signal starts increasing by 10%
for each step until it reaches 100% for the maximum expected force; after that, the signal
begins decreasing by 10% for each step until it returns to 0% of the most expected force.
This test demonstrated the PID controller’s ability to simulate different linear command
values. Figure 11 displays the PID controller response to the staircase wave command
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1500

500

using the developed closed-loop force control system. It is noted from the graph that as
the command decreases over time, the feedback’s response gradually decelerates. The
deceleration can be owed to the drop in temperature difference between the NiTiNOL
spring and the ambient temperature, which led to a slower heat dissipation, causing the

large deviation shown at the end of the graph.

Table 1. Step response characteristics for the NiTiINOL spring’s force.

Command Rising Time (s) Overshoot (%) Peak Time (s) Settling Time (s)
300 2.7 7 291 5.6
600 3.92 5.6 4.2 7.3
900 5.12 3.5 5.32 7.7
1200 6.83 12 7 9.5
1500 8.9 0.7 9 11.5
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Figure 10. Force lifecycle test results.
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Figure 11. Closed-loop force control of a stair command signal.
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The sinusoidal wave command is more complicated than the last commands because
it is a time-varying non-linear waveform. This command, demonstrated in Figure 12, has a
frequency of 0.2 Hz and an amplitude ranging from 15% to 80% of the maximum expected
force. The PID controller has shown a high precision in simulating the sinusoidal wave

command, proving that the developed PID controller is capable of simulating non-linear
waveforms.

1 I i I ' Mass
1200 % : Command
éﬁ" iﬁ\ a ;:f'r"\*- e
ANEATTAWEA WA
1000 / \ \ ! f \ ]
". \ \ \ [
— 1 |
2 800 \ | ‘. .
(7] \ |' Il\ \ \
8 | |
2 600 \ \ \ \ L
/ \J f \J \J
400 \V \V, J
200 |
0 1 1 1 1 I}
0 50 100 150 200 250 300

Time (S)

Figure 12. Closed-loop force control of a sine command signal.

The test performed to measure the maximum tensile force for the NiTiNOL springs

showed that one spring can carry up to 1.5 kg, which amply a force (F) of 14.7 N according
to Equation (1).

F=mxg D

where F is the force, m is the mass, and g is the Earth’s gravitational acceleration. Multiple
celebrated weights were attached to a NiTiNOL spring, and the change in displacement
was recorded. Subsequently, Kcn was calculated using Equation (2).

1—"S:SC><Ax—>SC:E

Ad @)
where F; is the Spring force, SC is the spring’s constant, and Ax is the change in displace-
ment. The NiTiNOL spring’s cold spring constant (SCcy) has a non-linear value that
follows the equation: SCcy = —49.61 In(x) + 277.08.

In order to complete one entire cycle, the system must start and end at the same point.
To achieve that, the force exerted from the hot NiTiNOL springs (Fgy) must be more than
or equal to the stroke force and the force required to pull the bias load (Fpj,;s), as shown in
Equation (3).

Fun = Estroke 1 Frias (3)

As for the second stroke, the force exerted by the bias load must be more than or equal

to the stroke force in addition to the force needed to deform the NiTiNOL spring when cold
(Fcn), as shown in Equation (4).

Fyias = Fstroke + Fcn

@)
where Fcy is the force of the cold NiTiNOL. The equation shows that the number of the
NiTiNOL springs and the bias load depend on each other; thus, a trial-and-error process
was conducted in order to calculate the number of springs and the bias load needed to
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achieve a bidirectional force of 130 N, which came out to be 28 NiTiNOL springs and 28 kg
load. Table 2 sums up all force values for the actuation mechanism.

Table 2. Force analysis summary for the solar-driven SMA thermomechanical actuator.

Weight of Bias Weight of Bias Total Weight of Number of
Ftroke Load for a Single Load for Fey Bias Loadg (ke) Fpias Fpias + Fstroke NiTi Springs
Stoke (kg) (kg) 8 Required
130N 13 15 28 2747 N 4047 N 28

3.1.2. Displacement Assessment

Several displacement assessments were performed in order to simulate how the
NiTiNOL springs behave to ensure the project’s success. A similar gain-scheduling PID
controller designed for the load assessment is applied with different gains to compensate
for the differences. The gain-scheduling PID controller was tested with varying signals
of command to test the controller’s competence and the NiTiNOL springs’ behavior. The
controller is tested with a step command, a square wave command, and a sinusoidal wave
command.

The step commands were only used in the gain calibration phase to demonstrate how
the controller behaves under different steady commands. The step commands tested 25%,
50%, 75%, and 100% of the maximum deformation of the wire under an attached load
of 500 g. Figure 13 shows the PID gains scheduling controller response to the different
command values. Table 3 shows different characteristics for the NiTiNOL spring’s response
for the different step commands.

Response Response
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S
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n
=]

2 Command / Command
Response S Response
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(a) (b)
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N
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a )

S S

w
&

@
=]
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S &
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Gommand
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Figure 13. A closed-loop displacement control of (a) 15 mm, (b) 30 mm, (c) 45 mm, and (d) 60-step

command signal.
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Table 3. Step response characteristics for the NiTiNOL spring’s displacement.

Command Rising Time (s) Overshoot (%) Peak Time (s) Settling Time (s)

15 42 6 47 7.5
30 2.3 0 23 8.3
45 24 0 42 42
60 29 0 55 55

The square wave command is crucial but straightforward since it confirms how the
controller follows a differentiating signal. In addition, the square wave command is used to
run a lifecycle test, which helped estimate the life expectancy of the NiTiNOL springs. The
frequency of the square wave command used is 0.25 Hz, the upper limit of the square wave
is 50 mm, and the lower limit is 30 mm, which stands for 70% and 40% of the maximum
deformation of the spring under an attached load of 500 g. The number of cycles in this test
was 950 cycles; thus, if the actuator is activated once per day, then the actuator is expected to
operate for at least 2.6 years based on the highlighted result. Figure 14 shows the controller
response with the square wave command, while Figure 15 shows the controller’s response
with the square wave command under this lifecycle test.

60

o)

B
=}

Response (mm)
(S

(3]
o

10
Command
0 ; | ; ‘ ‘ Response
0 50 100 150 200 250 300 350 400

Time (S)

Figure 14. A closed-loop displacement control of the square command signal.

The sinusoidal wave command is an essential command due to the fact that it is
commonly used as a measurement criterion for the performance of different controllers.
The sinusoidal wave command is used to test the controller for non-linear commands.
The sinusoidal wave command used has a frequency of 0.4 Hz, the upper limit of the
sinusoidal wave is 50 mm, and the lower limit is 30 mm, which stands for 70% and 40% of
the maximum deformation of the wire under an attached load of 500 g. Figure 16 shows
the controller response with the sinusoidal wave command.
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3.2. Thermomechanical SMA Actuator

In this division, the numerical, simulation, and experimental results of the solar-
driven SMA thermomechanical actuator were detailed, whereas a simplified solution of
the proposed system is demonstrated in the numerical results. Afterward, the simulation
results deduce the thermal analysis of the solar heat collector employed in order to activate
the SMA springs used in the piston-based actuator. After that, the experimental results
were demonstrated. Lastly, a simplistic cost analysis is included.
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3.2.1. Analytical-Based Model

A simplified one-dimensional (1D) model has been built under the steady-state condi-
tion for the SHC in order to understand the thermal behavior of the SMA thermomechanical
actuator. The analytical-based model gives a clear indication of the factors that affect the
SHC in terms of heat transfer aspect. The 1D model has been created based on taking a
cross-section from the SHC and based on the natural heat fluxes and thermal resistance, as
Figure 17 demonstrates.

Ta

mbient

Lin

e A g
= Sfjmmlie = (e - o 1 . . »
1 Thermal e 2
L [fesistances .

Figure 17. Overview of a 1D thermal model.

The 1D model mainly utilized the heat transfer general formula and the thermal
resistances for the conduction, convection, and radiation heat transferee processes, as
shown in Equation (5) below [50].

AT L 1 1
q= R’ Reond = X’ Reonv = r/Rrud =

conv hrud

©)

where g is the heat flux, AT is the temperature difference, R is the thermal resistance, R4
is the conduction resistance, L is the distance, K is the thermal conductivity, Reopy is the
convection resistance, hiq;p is the convective heat transfer coefficient, R,,; is the radiation
resistance, and h,,; is the radiative heat coefficient.

The input thermal energy to the SHC is both convection and radiation heat fluxes, as
demonstrated in Figure 17. After these heat fluxes enter the SHC, many thermal resistances
aim to absorb this thermal energy. First, the SHC surfaces act as a conduction resistance
to the thermal energy, the same as the NiTINOL SMA springs. Moreover, the air inside
the SHC acts as radiation and convection resistance to the energy. After considering the
mentioned heat fluxes and thermal resistances, an analytical expression for the temperature
of the NiTiNOL springs has been constructed in Equation (6).

Tair_before the NiTiNOL X Ra + Tair_after the NiTiNOL X Rp ©)

TnitinoL = R, R,
a

where Tyirinor is the temperature of the NiTiNOL springs, Tir before the NiTiNOL 1S the
temperature of the air inside the SHC, and before the NiTINOL springs, Tyir after the NiTIiNOL
is the temperature of the air inside the SHC, and after the NiTiNOL springs, R, is the
convective and radiative thermal resistances before the NiTiNOL springs, and Ry, is the
convective and radiative thermal resistances after the NiTiNOL springs. Furthermore, the
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previous equation (Equation (6)) shows how the temperature profile of the SMA springs is
affected based on the air and thermal resistances inside the SHC.

3.2.2. Numerical-Based Result

A three-dimensional (3D) time-dependent model has been simulated under the actual
weather conditions of Dammam city, KSA using Computational Fluid Dynamics (CFD)
software.

The numerical-based study was conducted to ensure the thermal feasibility of the pro-
posed solar-driven thermomechanical SMA actuator under real environmental conditions
of the studied area, therefore ensuring the working principle of the actuator throughout
the year. The 3D model that has been used with the help of the CAD software has been
imported to the CFD model to start the study. After that, the heat fluxes that have been
discussed in the previous sub-section have been applied to the model considering the real
weather condition of Dammam city. Next, a fine mesh has been chosen to discretize the 3D
model; after that, the study was run and the results were extracted for further presentation
and analysis.

The CFD model was built considering the ambient temperature of Dammam city as
an initial condition. Moreover, the convective and radiative heat fluxes have been applied
inside and outside the SHC as shown in Figure 17, and the conductive heat flux has been
added to the SHC as a boundary condition. In addition to that, an external heat source that
represents the sun at the studied area has been implemented with the aim to simulate the
external radiation offered by the sun.

Figure 18 shows the temperature distribution inside the SHC at different times of
day. It is evident in Figure 18a that the temperature in the east direction is more than any
temperature due to the sun’s location in the morning. However, at the zenith time, the
temperature inside the SHC is approximately the same as shown in Figure 18b since the sun
is vertical in the sky. After noontime, the west direction gains the most thermal energy since
the sun is in that direction, as seen in Figure 18c. In Figure 18d, the temperature distribution
at night is shown, where the temperature reaches its minimum value, as expected.

degC
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! A 539
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0.3

YN

z

% L3

N

V¥ 16.6

Figure 18. The temperature distribution of the SHC through (a) morning, (b) zenith, (c) afternoon,
and (d) night.
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A comprehensive thermal study mainly aims to obtain this simulation-based study,
where a full-year study for the SHC temperature has been achieved. Figure 19 shows
the result of the one-year thermal study, where the temperature inside the SHC is clearly
shown from January to December 2022. The temperature inside the SHC demonstrates
a logical sequence since the temperature profile in the winter months was the lowest,
while in the summer, it was the highest. The graph concluded a maximum, minimum,
mean, median, range, and standard deviation temperature of 62.1, 13.5, 39.7, 40.0, 48.5, and
10.8 °C, respectively. Furthermore, the maximum temperature occurs in July, while the
minimum temperature occurs in December.

70 T T T T T T

60

(4]
[=]

Tempreture ( °C)
3

W
(=1

|

20 i

January February| March April May June July August Sep October | November] December
| | | | 1 | |

0 1000 2000 3000 4000 5000 6000 7000 8000 Q000
Time (h)

10

Figure 19. The temperature inside the SHC over a one-year period.

As the activation and deactivation of the thermomechanical actuator is a concern, the
daily temperature variation becomes essential. Figure 20 demonstrates the daily temper-
ature variation. The statistical result that has been observed shows promising outcomes,
where most of the days have a temperature variation of 19 °C, which means that activation
and deactivation would occur smoothly. Additionally, it can be observed that the minimum
days have a temperature variation of about 14 °C, which is also acceptable for activating
and deactivating the actuator.
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Figure 20. Histogram for the SHC temperature variation.
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3.2.3. Experimental-Based Result

The solar-driven SMA thermomechanical actuator was tested indoors, where the NiTi-
NOL springs were heated via hot air. The temperature was recorded using a temperature
sensor (LM 35) mounted to the inner surface of the actuator, as demonstrated in Figure 21.
As the internal temperature of the actuator increase, the SMA springs contract, pulling the
piston; then, as the inner temperature of the actuator drops, the bias load re-elongates the
NiTiNOL springs, completing the actuation cycle.

1 Temperature sensor |
i (LM 35) 1

Figure 21. Temperature sensors mounted to the inner surface of the actuator.

The anticipated force by the actuator is 130 N bi-directionally, and the cyclic displace-
ment is expected to be 130 mm. The actuator’s force was tested at three points; initial point,
mid-point, and final point, where at the initial point the pushing force was tested; at the
mid-point, both pushing and pulling forces were tested; and at the final point, the pulling
force was tested. The maximum pushing and pulling forces at the initial and final points
were recorded to be 157.6 and 152.9 N at temperatures of 55.8 and 49.5 °C, respectively.
As for the mid-point, the maximum pushing force reached 152.3 N, and the maximum
pulling force reached 151.1 N, while temperatures at the maximum push and pull were 70.5
and 28.9 °C, respectively. The experiment’s outcomes showed that to achieve the desired
pushing force, the inner temperature of the solar-driven SMA thermomechanical actuator
must be 70.5 °C or more. As for the pulling force, the temperature must be 28.9 °C or less.
The previous outcomes showed that the push and pull force exerted from the actuation
mechanism exceeded the anticipated force by 21.23% and 17.62%, respectively. Figure 22a
shows the mid-point force and temperature plotted vs. time. After that, the collected data
were used to plot the hysteresis behavior by engaging the force and the temperature of the
solar-driven SMA actuator, as illustrated in Figure 22b.



Energies 2022, 15, 3807

19 of 23

200 80 150 )
- , ]
E Tz:eperalure : Coollng PR e L’/-]f/'
: A 100 Cycle " |
. r T /
! hysteresis / I
:
i — 7/
z : 3) z : |
8 2 8 0or /_/ - ,JJ
8 5 5
w (= w /
p
-50 ¢ 5 /J“‘,r
1\VWLJ l‘ /
N W U
-100 f g iV (Y
WJ‘WU TH e Heating
. . ! ! . . ! Cycle
-200 20 150 — | ! | ! ; i
200 400 600 800 1000 1200 1400 40 45 50 55 60 65 70 75 80
Time (S) Temp (C)
(a) (b)
Figure 22. (a) Force and temperature vs. time; (b) force vs. temperature (force hysteresis behavior).
As for the displacement, the solar-driven thermomechanical SMA actuator was tested,
and the actuator achieved a maximum displacement of 127 mm at a temperature of 70.4 °C.
The previous outcomes showed that the displacement from the actuation mechanism falls
behind the anticipated displacement by 2.31%. Figure 23a shows the displacement and
temperature plotted vs. time. Subsequently, the collected data were used in order to plot the
hysteresis behavior by employing the displacement and the temperature of the solar-driven
SMA actuator, as clarified in Figure 23b.
" T T—"Depacsment| B0 15
/‘J\\ : Temperature | |
A\ I A o Cooling S
;/, //_f \ \‘. I ./r n\,\‘ I i Cyc]e If‘ ‘JV'J.,
/7~ : T 1\ v hysteresis 4ol ¢ -
/ \ [} {1 . .
=10} // | | ) N | — /' / /,/
< J \ N /| \ S {60 § = A
z Il | e | = NG beg T <
g / r.‘ {I‘. | " \ | E dc) // r‘(
5 } [ \‘ . ! \ fo g g 5 —
a /| \ : ( | P 8 / A /
@ J \ \ a ¥4
S sy | \ o \ v a ( 7
/ \ . P =
f \ | \"\ 20 ol = Heating
,f to \ : Cycle
/ L [0
' / \\‘!« A b b
% 10 200 300 400 500 600 700 800 -5 : : ‘ ’ : ‘
Time (S) 45 50 55 60 65 70 75
Temp (C)
(a) (b)

Figure 23. (a) Displacement and temperature vs. time; (b) displacement vs. temperature (displace-
ment hysteresis behavior).

The results of the hysteresis behavior have been further analyzed in order to estimate
the produced work by the thermomechanical SMA-driven actuator in order to estimate
the efficiency of the actuation mechanism. In order to estimate the work of the actuator,
the maximum displacement and force were multiplied, and the result showed that the
produced work by the actuator was 22.5 J, while the input thermal energy was 117.5 ],
which was calculated by multiplying the heating cycle period by the irradiance exerted by
the sun simulator, which was 1200 W/m?. As a result, the efficiency was estimated to be
19.15%.
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4. Conclusions and Future Work

To conclude, this paper discusses a novel solar-driven SMA thermomechanical actua-
tion mechanism. The thermomechanical actuator proposed was tested numerically and
experimentally in order to ensure the feasibility of the suggested design. The outcomes
of the tests carried out proved that the presented solar-driven SMA thermomechanical
actuation mechanism is viable, where the outcomes were as follows:

e The numerical simulation showed that the maximum, minimum, mean, median,
range, and standard deviation temperatures were 62.1, 13.5 39.7, 40.0, 48.5, and 10.8 °C,
respectively, throughout the year.

e  The numerical simulation also showed that most of the days have temperature varia-
tions of 19 °C, which means that the activation and deactivation would occur smoothly.
Additionally, it can also be observed that minimum days have a temperature variation
of 14 °C, which is also acceptable for activation and deactivation of the actuator.

e  The experimental results showed that the push and pull force of the actuation mecha-
nism was 152.3 and 151.1 N, respectively, where the forces exceeded the anticipated
force by 21.23% and 17.62%, accordingly.

e  The experimental results showed that the displacement of the actuation mechanism
was 127 mm, where the displacement fell behind the anticipated displacement by
2.31%.

The results present an innovative technology solution of a solar-powered linear actu-
ator. Although various developments of advanced actuation mechanisms for linear and
rotary actuators were investigated by researchers and engineers, this study introduces
a first-of-its-kind novel solar-driven-based linear actuator, therefore adding a new class
of solar-powered actuation mechanisms. Future work regarding this work can include
implementing the solar-driven SMA thermomechanical actuator for solar systems such
as self-cleaning and self-tracking of PV modules. Additionally, thermal analysis of the
actuation mechanism needs to be carried out for different locations in order to ensure the
feasibility of the presented design.
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Nomenclature

Abbreviations

MENA Middle East and North Africa
SMA Shape Memory Alloy

SHC Solar Heat Collector

KSA Kingdom of Saudi Arabia

PV Photovoltaic

PVT Photovoltaic Thermal

SME Shape Memory Effect
NiTiNOL Nickel -Titanium-based alloy
FPC Flat Plate Collector

CAD Computer-aided Design

1D one-dimensional

3D three-dimensional

CFD Computational Fluid Dynamics
As Austenite starting temperature
Af Austenite finish temperature
Ms Martensite start temperature
Mf Martensite finish temperature
Max Maximum

Min Minimum

Symbols

F Force

SCen Spring’ constants

Fyn force hot NiTiNOL springs
Fgiss Force Bias load

Fen Force cold NiTiNOL

q Amount of heat transferred (W/m?)
T Temperature (OC)

R Thermal resistance (OC /W)

L Distance (m)

K Thermal conductivity (W/(m-K))
h Heat transfer coefficient (W/(m?2-K))
Subscript

conov Convection

rad Radiation

amb Ambient

G Glass

SMA Shape Memory Alloy

In Input

Out Output
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