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Abstract: In this paper, a novel photovoltaic-electrostatic hybrid actuator with a slant lower electrode
based on the PLZT ceramic is proposed. The mathematical model of photovoltaic-electrostatic hybrid
actuator is established. Then, based on the mathematical model of photovoltaic-electrostatic hybrid
actuator and the parameters identified, the mathematical simulation of the closed-loop displacement
control for the photovoltaic-electrostatic hybrid actuator based on the PLZT ceramic is carried out.
The results show that the displacement of the actuator can be controlled successfully at a particular
value within the pull-in displacement by the light source. Furthermore, the response speed of the
output displacement for photovoltaic-electrostatic hybrid actuator with a slant lower electrode is
faster than that with a parallel lower electrode, offering a good potential to advance the current
applications on micro-electro-mechanical system.
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1. Introduction

The micro-actuator plays a crucial role in a micro-electro-mechanical-system (MEMS)
and micro-electro-opto-mechanical-system (MOEMS), and the electrostatic actuator is
widely used in MEMS and MOEMS because of its advantages of fast response and good
reliability [1,2]. However, the traditional electrostatic actuator inevitably generates electro-
magnetic noise, which disrupts the system and causes the system to fail to work properly.
Micro-driving based on smart materials has promoted considerable progress in the devel-
opment of new micro-actuators. Photovoltaic materials, such as lead-lanthanum zirconate-
titanate (PLZT) ceramic, are able to transform light energy into mechanical energy. When
PLZT ceramic is irradiated by ultraviolet (UV) light with a wavelength near 365 nm, a
high-value photovoltage is generated in the polarization direction due to the anomalous
photovoltaic effect [3], which can be applied on the electrostatic actuator through the wire
to drive the electrostatic actuator. Therefore, the PLZT ceramic can be employed to be
the energy device for the photovoltaic-electrostatic hybrid actuator. Besides solving the
problem of electromagnetic interference completely, a photovoltaic-electrostatic hybrid ac-
tuator possesses some other advantages, such as non-contact remote control, green energy
driving, and so on.

In recent years, many scholars have carried out a lot of research on the application
of PLZT ceramics in active vibration control and micro driving. For the active vibration
control based on PLZT ceramic, Yue et al. [4] presented a new multiple degree-of-freedom
photostrictive actuator configuration for shell vibration control. Jiang et al. [5] studied the
active vibration control of an open cylindrical shell based on a 0-3 polarized PLZT photo-
strictive actuator. Zheng et al. [6] proposed a novel genetic algorithm-based controlling
algorithm for multi-modal vibration control of beam structures via a photostrictive actuator.
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He et al. [7] proposed a novel multipiece actuator configuration and a self-organizing fuzzy
sliding mode control method to suppress multimodal vibration of cylindrical shells. In
addition, for the micro driving with PLZT ceramic, Kikuchi et al. [8] studied the photostric-
tive characteristics of PLZT. Lu et al. [9] proposed a driven servo system model based on
PLZT ceramic. However, in our previous research, experiments had been carried out to
confirm that the temperature elevation of a PLZT ceramic exposed to UV light results in a
slow response of the photo-induced deformation and the hysteresis phenomenon between
the photovoltage and the photo-induced deformation [10]. Huang et al. [11] proposed a
mathematical model of PLZT ceramic with coupled multi-physics fields, and it can ex-
plain the hysteresis phenomenon and the variation trend of the photo-induced voltage
very well. To remedy the hysteresis phenomenon of PLZT ceramic actuator, Jiang and
Wang et al. [12,13] studied a novel hybrid photovoltaic-piezoelectric actuation mechanism
and Liu et al. [14] investigated on influence factors of opto-electrostatic hybrid driving
torsion actuator based on PLZT ceramic. Wang et al. [15] studied the closed-loop control of
the photovoltage of PLZT ceramic. The photovoltaic-piezoelectric and opto-electrostatic
hybrid actuation can eliminate the hysteresis phenomenon between the photovoltage and
the photo-induced deformation. However, the driving response of opto-electrostatic hybrid
actuation based on PLZT ceramic should be further improved through optimization for the
electrostatic driving structure.

In this paper, a novel photovoltaic-electrostatic hybrid actuator with a slant lower
electrode based on the PLZT ceramic is proposed to improve the driving response of
the photovoltaic-electrostatic hybrid actuator. Then, the mathematical model of the
photovoltaic-electrostatic hybrid actuator is established. The experiments are carried out
to get the photovoltage parameters during the illumination and non-illumination phase.
After that, we present equations for the closed-loop displacement control of the hybrid
actuator. Based on the photovoltage parameters and the closed-loop control equations, the
driving performance for the photovoltaic-electrostatic hybrid actuator is analyzed through
the mathematical simulation.

2. Mathematical Modeling of Photovoltaic-Electrostatic Hybrid Actuator with a Slant
Lower Electrode

2.1. Photovoltaic-Electrostatic Hybrid Actuator

The photovoltaic-electrostatic hybrid actuator, which consists of the PLZT ceramic
and electrostatic actuator with a slant lower electrode, is illustrated in Figure 1. They
are connected through wires using the conductive silver paste. As the PLZT ceramic is
illuminated by the UV light near 365 nm, the photovoltage in the polarization direction of
PLZT ceramic generates and increases rapidly, and, when the UV light is turned off, the
photovoltage decreases rapidly. In this way, the photovoltage between the two electrodes
of PLZT ceramic can be controlled in a timely manner by the controllable light source and
applied to the electrostatic actuator through wires to drive the electrostatic actuator. The
structure parameters of the photovoltaic-electrostatic hybrid actuator are listed in Table 1.
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Figure 1. Schematic diagram of the photovoltaic-electrostatic hybrid actuator with a slant lower
electrode. (a) The structure parameters of the actuator. (b) Force condition of the actuator.
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Table 1. The structure parameters of the photovoltaic-electrostatic hybrid actuator.

Parameters Value
Width of the torsion beam (w1) 10 pm
Thickness of the torsion beam (b) 10 um
Length of the upper electrode (/) 1600 um
Width of the upper electrode (w) 900 um
Maximum distance between the two electrodes (/) 50 um
Length of the torsion beam (I;) 800 pm
Slant angle of the lower electrode (6) 1.6°

2.2. Mathematical Modeling of Photovoltage of PLZT Ceramic

The photovoltage effect of PLZT ceramic originates from the interaction of the anoma-
lous photovoltaic effect, pyroelectric effect, and direct piezoelectric effect, according to
our previous research [11]. Figure 2 shows the coupling relationships of opto-electric-
thermo-mechanic fields of PLZT ceramic illuminated by UV light. It should be noted that
the electric fields generated through the anomalous photovoltaic effect and pyroelectric
effect are in the same direction with the polarization direction. In contrast, the electric field
produced by the direct piezoelectric effect is in the opposite direction. According to the
mechanism analysis of the coupled multi-physics field, during the illumination phase, the
photovoltage of the PLZT ceramic can be simplified as [11]:

V(t) = vs(1-e77), (1)

where Vg is the saturated photovoltage, T is the time constant during the illumination
phase, and ¢ is the illumination time.

: 2
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Figure 2. The coupling relationship of opto-electric-thermo-mechanic fields of PLZT ceramic.

When the UV light is turned off at ¢, the photovoltage in the polarization direction of
PLZT ceramic can be expressed as [16]:

ﬂ N ﬁZ)\De /32/\De

AP
Vy(t) = V(ty) — AT, —AT, —t/Tq1 _ AT —t/T@ (9
a(t) (to) (Cp A ) s—d T G _ge A s—de )

where A is the electrode area of PLZT ceramic; P is the pyroelectric coefficient of PLZT
ceramic; Cp, is capacitance [17]; A is the thermal stress coefficient of PLZT ceramic; B is
the conversion coefficient of the thermal deformation and electric field during the non-
illumination phase; D is the distance between the two electrodes of PLZT ceramic; ds; is
the piezoelectric constant of the PLZT ceramic, where i is the direction of the photostrictive
strain in the coordinates system of the PLZT ceramic, I = 1,2,3; Y, is the elastic modulus of
PLZT ceramic; ATg_4 is the maximal temperature decrement during the non-illumination
phase; and T4; and T4, are the time constants of the pyroelectric effect and thermal elasticity
effect during the non-illumination phase, respectively. Equation (2) can be simplified as:

Va(t) = Vo + Are™ /™1 4 Age™!/ T2, 3)
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where V= V(t)) —(AP/Cp—B2ADe /d3;Ya) ATs_q; A1 = (AP/Cp) AT, _g and Ay = —(BoADe /d3;Ya)
AT, 4.

2.3. Mechanical Modeling of Photovoltaic-Electrostatic Hybrid Actuator

As shown in Figure 1, when the photovoltage is applied between the upper and lower
electrodes through the wires, an electrostatic torque will be generated to cause the upper
electrode to move downward. The electrostatic torque can be expressed as:

I
V2
ME = Qv X dx
2 of [h—x6—tan 6 (1—x)]? )
_ SOwV2 In 10—h _ l(9—tan90)
T 2(tanBy—6)> [tanfy—h 10—h

where ¢ is the permittivity of vacuum, of which the value is taken to be 8.85 x 10~12 F/m.
0 is the rotation angle of the cantilever beam, and 8y is the slant angle of the lower electrode.

As shown in Equation (4), it is obvious that Mg rapidly increases with the increase of
0p. That is to say, when the target displacement of the actuator is the same, the required
driving voltage of photovoltaic-electrostatic hybrid actuator with a slant lower electrode is
smaller than that with a parallel lower electrode, resulting in that the response speed of the
output displacement for the photovoltaic-electrostatic hybrid actuator with a slant lower
electrode is faster than that with a parallel lower electrode.

According to the theory of mechanics, when the electrostatic torque is applied to the
electrostatic driving structure, a restoring torque will be generated on the torsion beam to
balance the electrostatic torque. The restoring torque of the torsion beam can be expressed
as a function of the rotation angle, given by

2Gbw3o 192w, brt
Mt =K60 = 3l [1 — b tanh<2w1):|, )

where G is the shear modulus of electrode material (Si), of which the value is taken to be
5.2 x 1019 Pa, and K is the torsion constant of torsion beam.

Ignoring the effect of gravity and air damping, electrostatic torque and restoring
torque are balanced when the cantilever beam reaches a stable state. Thus, the relation
between the driving voltage and offset angle of cantilever beam can be given by

192 b
,  4Gbwi6(tan by — 6) y 1- 5 tanh(ﬁ)

v 3eqwly In ltw_h I(6—tanby) ’ (6)

an6y—h 10—h

where the relation between 6 and the displacement of the upper electrode tip S can be
expressed as:

tanf = ; 7)

Substituting Equation (1) into Equation (6), we can obtain the relation between the
offset angle of cantilever beam and time, given by

2 192wy bt
|:V (1 B e_t/T)i| 2 _ 4be‘1’9(tan 90 — 9) % 1 brd tanh(ZaJl) (8)
> 3eqwly Int0=h 1(0—tanfy)
[tan6y—h 10—h

3. Closed-Loop Control Method of Photovoltaic-Electrostatic Hybrid Actuator with a
Slant Lower Electrode

3.1. Parameters ldentification

The photovoltage parameters in Equations (1) and (3) can be identified through
experiments. Figure 3 shows the curves of photovoltage of the PLZT ceramic with the light
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of 20 mW/cm?, 40 mW /cm?, and 60 mW /cm?, respectively. The PLZT specimens tested in
this paper are the PLZT (3/52/48) ceramics provided by the Shanghai Institute of Ceramics,
Chinese Academy of Science, Shanghai, China. In the experiments, the UV light is turned
off after the illumination of 20 s. As shown in Figure 3, a rapid increase of photovoltage
is followed by increasing of illumination time (0-20 s). With the rise of light intensity, the
voltage goes up faster and faster. When the light is turned off, the photovoltages decrease,
and the greater the light intensity is, the faster the speed can be obtained.
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Figure 3. Time history of the photovoltage of PLZT under irradiation of different light intensities.

Based on the experimental data of the photovoltage under irradiation of 20 mW/cm?,
40 mW/cm?, and 60 mW/cm?2, the fitting value of Vs, T, Vo, A1, Az, T41, T4 can be
identified through Equations (1) and (3). When the light intensity is 20 mW /cm?, the
photovoltage of PLZT ceramic can be finally written as:

©)

V(t) = 694.3520(1 —e” ils.&m) (t < 20)
Via(t) = 1522.1006e 7158 -+ 684.5588e~ 7561 + 9.0043 (¢ > 20)

When the light intensity is 40 mW/cm?, the photovoltage of PLZT ceramic can be
finally written as:

(10)

V(t) = 908.3209(1—e w7 ) (t < 20)
Va(t) = 21401163557 + 919.9657e~ 5721 + 0.0266 (t > 20)

When the light intensity is 60 mW /cm?, the photovoltage of PLZT ceramic can be
finally written as:

(11)

V(t) = 1127.7553(1 - e*ﬁ) (t < 20)
Va(t) = 1239.8818e 1235 + 2096.6772¢~ 53657 — 18.3623 (t > 20)

Table 2 shows the fitting values of the identified parameters. Figure 4 shows the
experimental and fitting curves of photovoltage of PLZT ceramic illuminated by the light
intensities of 20 mW /cm?, 40 mW /cm?2, and 60 mW /cm?.

Table 2. The fitting values of the identified parameters.

Light Parameter
Intensity
(mW/em?) \A) T Vo A1l A2 Td1 Td2
20 694.3520 13.0634 9.0043 1522.1006  684.5588 7.1986 44.8564
40 908.3209 10.7538 0.0266 2140.1163  919.9657 8.6733 43.7224

60 1127.7553 9.8232 —18.3623 1239.8818  2096.6772  42.4285 9.4857
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Figure 4. The experimental and fitting curves of the photovoltage of PLZT ceramic under irradiation of different light
intensities. (a) Light intensity is 20 mW/cm?. (b) Light intensity is 40 mW /cm?. (c) Light intensity is 60 mW /cm?.

3.2. Closed-Loop Control Equations

According to the mathematical model of the photovoltaic-electrostatic actuator estab-
lished, the flow chart of the closed-loop displacement control of photovoltaic-electrostatic
hybrid actuator based on PLZT ceramic is illustrated in Figure 5.

Input target displacement S
and total simulation time 7

Termination

1)o7 o

l

(1) 7))

YES

YES

SO = S(I(mﬂl/_ )
]

t,, (m=0)=7" (Vd (¢, ))

l

]

(=3 (m, +n, At

J

Figure 5. The flow sheet for the closed-loop displacement control of the hybrid actuator.

On the basis of mathematical models and the flow sheet for the closed-loop displace-
ment control of photovoltaic-electrostatic hybrid actuator, the closed-loop control equations
of the displacement of the photovoltaic-electrostatic hybrid actuator based on the PLZT
ceramic can be obtained as follows.
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V4 (t(n+l)j> =V (tn]) — (%effnj/i' + %effnj/l'dl + %eftnj/sz)At (S (tn]) > St) , (12)

)
by (M = 0) = V_l(vd (t”f)) (S (t(”*l);‘) > St’s(t”f) = St)

where S is the target displacement value; At is the sampling time; j is the number of on—off
control cycles; m; and 1 are the numbers of sampling periods during the illumination phase
and non-illumination phase, respectively; f is the inverse function of the displacement and
photovoltage applied on electrostatic actuator; V4 1 (V(t)) is the inverse function of the
time and photovoltage of PLZT ceramic during the non-illumination phase. V_1(V4(ty)) is
the inverse function of the time and photovoltage of PLZT ceramic during the illumination
phase. t indicates the whole run time of the control system. When S(t) is less than the
target value of S, the optical shutter opens, and the UV light illuminates the PLZT ceramic,
the displacement of the upper electrode increases.. When 5(t) is greater than the target
value of S, the optical shutter closes. The photovoltage between the upper and lower
electrode decreases rapidly, and the displacement of the photovoltaic-electrostatic hybrid
actuator decreases.

4. Results and Discussions

The analyses are performed for the photovoltaic-electrostatic hybrid actuator based on
the structure parameters in Table 1. The relations between the displacement of the upper
electrode tip and torque under different driving voltages are illustrated in Figure 6. As
observed from Figure 6, Mt increases linearly with an increase in the displacement of the
upper electrode tip, whereas the increase of M is a nonlinear process. When the driving
voltage is 12.32 V, and the slant angle of the lower electrode is 1.6° in Figure 6, Mt and Mg
curves have only one intersection Ag. At point A, as shown in the inset, Mt equals Mg,
and then Mg increases rapidly and gets far greater than Mrt. Point A is the pull-in point,
where the displacement of the upper electrode tip is 19.49 um, and the corresponding
voltage is called the pull-in voltage (12.32 V). In other words, the displacement of the upper
electrode tip will rapidly increase to the maximum value of 50 um (i.e., maximum distance
between the two electrodes) after the pull-in point. Therefore, the controllable displacement
of the photovoltaic-electrostatic actuator ranges from 0 um to 19.49 pum before the pull-in
point when the slant angle of the lower electrode is 1.6°.

Based on the closed-loop control equations, the closed-loop control simulation of
the displacement of the photovoltaic-electrostatic hybrid actuator can be carried out. The
simulation time is set to 2 s, and the sampling period At is 5 ms. The target displacement of
first second is 12 um, which is 6 um for the last second. Figures 7-9 show the closed-loop
control simulation curve of the photovoltaic-electrostatic hybrid actuator under irradiation
of different light intensities. When the simulation starts, the displacement of the upper
electrode tip increases rapidly to the first target value (12 um) and fluctuates near the first
target value until the first target displacement is changed to the second target value (6 pm);
then, the displacement decreases to 6 pm and fluctuates around it until the simulation is
over. It can be seen that the corresponding photovoltage is about 11.43 V when the target
displacement is 12 um, and the corresponding photovoltage is about 9.05 V when the target
displacement is 6 pm.



Actuators 2021, 10, 285 8of 11

x10™
100 —
| —=—M; y J
— —eo— M_ with10 V v /
c 804 —a m_with1232V J 44
= v M, with 15V J 4]
Z 60 -
~
(<5}
>
E 40 T P
lS " :mlw:hlzszv
20
0 DiéglaceQn%enl%im) 0
0 - . :

O 10 20 30 40 50
Displacement (um)
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Figure 7. The closed-loop control simulation curve of photovoltaic-electrostatic hybrid actuator
illuminated by light intensity of 20 mW/cm?. (a) Time history of displacement. (b) Time history
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illuminated by light intensity of 40 mW/ cm?. (a) Time history of displacement. (b) Time history
of photovoltage.
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Figure 9. The closed-loop control simulation curve of photovoltaic-electrostatic hybrid actuator
illuminated by light intensity of 60 mW /cm?. (a) Time history of displacement. (b) Time history
of photovoltage.

As illustrated in Figure 7a, when the light intensity is 20 mW /cm?, it takes about
220 ms for the displacement of the upper electrode tip to increase to 12 um. The maximum
range of the fluctuation of f; is about 1.6 um for a target displacement of around 12 um,
and about 0.8 um for f, for a target displacement of around 6 pm. The corresponding pho-
tovoltage simulation curve is shown in Figure 7b. The maximum ranges of the fluctuation
of hy and h; are about 0.4 V for target photovoltages of around 11.43 V and 9.05 V.

As illustrated in Figure 8a, when the light intensity is 40 mW /cm?, it takes about
140 ms for the displacement of the upper electrode tip to increase to 12 um. The maximum
range of the fluctuation of f3 is about 2.9 pm for a target displacement of around 12 pm,
and about 1.1 um for f4 for a target displacement of around 6 pm. The corresponding pho-
tovoltage simulation curve is shown in Figure 8b. The maximum ranges of the fluctuation
of h3 and 4 are about 0.6 V for target photovoltages of around 11.43 V and 9.05 V.

As illustrated in Figure 9a, when the light intensity is 60 mW/cm?, it takes about
100 ms for the displacement of the upper electrode tip to increase to 5 um. The maximum
range of the fluctuation of f5 is about 4 um for a target displacement of around 12 pm, and
about 1.5 um for f for a target displacement of around 6 pm. The corresponding photo-
voltage simulation curve is shown in Figure 9b. The maximum ranges of the fluctuation of
hs and hg are about 0.8 V for target photovoltages of around 11.43 V and 9.05 V.

The above descriptions can be clearly reflected in Table 3. By comparing the results of
different light intensities, the following conclusions can be obtained:

(1)  The greater the light intensity, the shorter the response time to the target displacement
for the upper electrode tip can be obtained. When the light intensity is 60 mW/cm?,
the response time is only about 45% of that under 20 mW /cm?.

(2) The maximal fluctuation heights around target displacement increase with the in-
crease of the light intensity.

(3) Under the same light intensity, the maximal fluctuation height around 12 pum is larger
than around 6 um. That is to say, the closer the output displacement is to the pull-in
point, the more sensitive the displacement is to the change of driving voltage.

Table 3. The driving performance of photovoltaic-electrostatic hybrid actuator.

Licht Intensit Response Time Maximal Fluctuation Maximal Fluctuation
8 y P Height around 12 pm Height around 12 uym

20 (mW /cm?) 220 ms 1.6 um 0.8 um

40 (mW /cm?) 140 ms 2.9 um 1.1 um

60 (mW/cm?) 100 ms 4 pm 1.5 um

5. Conclusions

In this paper, the closed-loop displacement control of a novel photovoltaic-electrostatic
hybrid actuator with a slant lower electrode based on the PLZT ceramic is proposed. The
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mathematical model of the photovoltage during the illumination and non-illumination
phase and the mechanical model for the photovoltaic-electrostatic hybrid actuator is es-
tablished. The driving performance of the photovoltaic-electrostatic actuator is studied
through mathematical simulation. The results show that the displacement of the actuator
can be controlled successfully at a particular value within the pull-in displacement by the
light source, and the greater the light intensity is, the faster the displacement response of
actuator can be obtained. Still, the control accuracy of the displacement becomes worse. Ad-
ditionally, the closer the output displacement of the actuator to the pull-in point, the more
sensitive the displacement is to the change of driving voltage. Hence, the photovoltaic-
electrostatic hybrid actuator with a slant lower electrode based on the PLZT ceramic can be
better designed, according to different practical applications:
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