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1. introduction

In today's era of rapid development of high-tech in-
dustry, the technology of precision drive field has been
brought to a higher level by the new driving methods based
on smart materials. Among them, the photovoltaic smart
material, PLZT ceramic with its photostrictive effect has
shown its excellent performance in practical applications.
Specifically, PLZT ceramic irradiated by ultraviolet light
can convert light energy into electrical energy, which gen-
erates photoelectric fields. Therefore, PLZT ceramic can be
used as optical drive source of electrostatic actuator and
other driving systems. Thus, it has the advantages of no ex-
ternal excitation electromagnetic source, favourable inde-
pendency, non-contact control and clean energy [1]. More-
over, according to the photostrictive effect, PLZT ceramic
is not only widely used in optical modulators, sensors and
holographic memory, but also has broad application pro-
spects in vibration and active control fields.

Over the past years, scholars have investigated in-
depth studies focusing on the practical application of PLZT
ceramic in microdrive area. Yue et al. [2] proposed a
PLZT/PVDF hybrid drive contactless shape adjustment
method and proved its effectiveness in cantilever beam de-
formation control. The high-performance transparent PLZT
ceramic fiber made by Chen [3] can be used to manufacture
high-frequency ultrasonic transducers and apply in the field
of imaging. The transverse deflection of PLZT optical actu-
ator under different conditions is studied by Mosfequr and
Mahbub [4]. Based on the model of 0-3 polarized PLZT ce-
ramic, Wang et al. [5] deduced the nonlinear algebraic equa-
tion through simplification and finally used to characterize
the size effect field. Chen et al. [6] established the constitu-
ent equations of PLZT micro-cantilevers and discussed the
size dependence of PLZT microcantilever beam after polar-
ization. Meanwhile A microgripper for biomedical applica-
tions was designed by Luis [7] with a rotating electrostatic
comb actuator. Batra and Kotru [8] used SETFOS for the
first time to simulate photovoltaic devices based on PLZT
thin films to study the performance of photovoltaic devices.
Several factors affecting the optimum dust removal design
of comb electrodes were explored by Jiang et al. [9]. The
results improved the dust removal efficiency of the system.
Jiang and Huang [10] proposed a PZT electrostatic exclu-
sion drive mechanism which can be remotely controlled to
meet the control accuracy requirements.

Meanwhile, PLZT ceramic also show great appli-
cation potential in vibration, active control and other fields.

Irschik H. et al. [11] solved the vibration problem by study-
ing piezoelectric actuation of beam structure and solving dy-
namic shape control. Shih H. R. et al. [12] investigated the
active vibration control behavior of the photostrictive opto-
electromechanical actuators and the control of shell compo-
nents. An optical tracking device based on transparent PLZT
material was designed and analyzed by Mahmoud pour M.
et al. [13] to find the reasonable value of lateral deflection.
An optical driven servo system with improved on—off con-
trol strategy were proposed by Lu et al. [14] to decrease the
undesirable fluctuation around the target displacement
based on PLZT ceramic. The SOFSMC method was used by
He et al. [15] to reduce the multimodal vibration of the new
photoelectric laminated cylindrical shell with the multi-chip
actuating structure as well as the inherent flutter of the con-
ventional control. Jiang et al. [16] designed a logical switch
between the PLZT generator and the piezoelectric actuator
to acquire the initial voltage of the piezoelectric actuator.
PLZT ceramic was made as actuators by Gou X. and Liu B.
[17] and the proposed fuzzy neural network controller can
effectively control the vibration of intelligent laminated
simply supported plates. Bakhtiari I. et al. [18] first investi-
gated the nonlinear forced vibration analysis of thin curved
beams with optical actuators. A piezoelectric actuator that
can realize bidirectional displacement amplification is pro-
posed by Huang [19] and used to reduce nonlinear errors.

In our previous work [20], the driving characteris-
tics and influence factors of novel photoelectric actuator
based on PLZT ceramic were studied. However, due to the
lack of investigation on the servo system of photoelectric
actuator based on PLZT ceramic in the relevant literature, it
is urgent to further study the control characteristics of the
photoelectric actuator based on PLZT ceramic. Therefore,
in this article, a new closed-loop control method with ON-
OFF control strategy is proposed, and the closed-loop con-
trol mechanism is described. Taking the driving voltage and
output displacement of photoelectric actuator as the control
objects, then control equations of the driving voltage and
output displacement are built, and the control effect is stud-
ied by a variety of experiments and numerical simulation
analysis. The closed-loop control research can be applied to
many fields such as micro mirrors in the future to improve
the dynamic precision control of actuators.

2. Mathematical model of the photoelectric actuator

Based on our previous work [20], the schematic di-
agram of the photoelectric actuator is illustrated in Fig. 1.
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Its working principle is that when PLZT ceramic is illumi-
nated by UV light source, according to photostrictive effect,
the photoinduced carriers are generated inside the material,
then a high photoinduced voltage is generated and then ap-
plied to the driven load by wires, finally the electrostatic
field is engendered between the two electrodes. At this point,
the upper electrode is rotated downward to a certain angle
under the action of electrostatic force, so as to have the out-
put displacement. When the light source stops illuminating,
the upper electrode of the driven load restores to the initial
position driven by the torsion arm. Therefore, it is possible
to control the driving voltage and output displacement by
applying light to the PLZT ceramic for opto-electrostatic
hybrid torsion driving.
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Fig. 1 Schematic diagram of the photoelectric actuator

The torsion beam structure is used in driven load
and its displacement diagram is shown in Fig. 2, 6 represents
the torsion angle of the photoelectric actuator. The size pa-
rameters of the photoelectric actuator can be shown in Ta-
ble 1. The main material of the torsion beam structure is
PMMA (Polymethyl Methacrylate). Two conductive copper
foils are applied with insulating adhesive to the lower and
upper surfaces of the upper electrode and the lower elec-
trode, which is shown in Fig. 3.
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Fig. 2 Displacement diagram of load mechanism

Table 1
The parameters and values of the actuator

Parameters | I1 o | w1 | w2 | b h d

Values, mm 285 | 40 | 0.3 | 20 2 2 1

Upper electrode

Copper foil

b "]

Lower electrode

Fig. 3 Component diagram of load mechanism

Based on our previous work, the following mathe-
matical relationships of photovoltage, torsion angle 6 and

output displacement S can be obtained when the driving
structure is in equilibrium:

46°Ghh® {1— 192h tanh(”bﬂ

U? - brz® 2h
3€oa)1l[ln d-ho 1o ) ’ &)
d d-1e
S=ho

where: gy and G are the permittivity of vacuum and modulus
of elasticity.

In this paper, for the photoelectric actuator, the
load mechanism is equivalent to a parallel plate capacitance
structure. Therefore, when the two parallel electrodes of the
driven load and PLZT ceramic are connected, it equals to
the resistance Ry and capacitor C; connected in parallel to
the PLZT ceramic. Therefore, as shown in Fig. 4, the load
mechanism is in parallel with PLZT ceramic, I, is the pho-
tocurrent produced by PLZT ceramic under ultraviolet light,
and U is the driving voltage of photoelectric actuator.
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Fig. 4 Equivalent electrical model of photoelectric actuator

On the basis of the driving equivalent electrical
model in Fig. 4, the equations of total capacitance and re-
sistance can be expressed:

C=Cp+C1
R Re-Rur )
Rp+R1

Then the driving voltage is:

Rp-R1

U=1p
Rp+Rl

(1-e)=Us'(1-e "), 3)

where: 7' is the new time constant, its equation is:

_ReR
Rp+Rl

(Cp + Cl) (4)

3. Closed-loop control mechanism of photoelectric actu-
ator

Previous experimental works on the performance
of the photoelectric actuator have shown that the proposed
driving method has superior output displacement character-
istics, and the magnitude of the driving voltage directly af-
fects the output displacement, which determines the driving
performance. Therefore, the output displacement remains
the same when the driving source and load size remain un-
changed and the driving voltage is fixed; when the driving
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voltage changes to another constant value, the output dis-
placement changes to another constant value. In addition,
the output displacement data of the photoelectric actuator
can be measured, collected and fed back to the computer,
and the control command can be sent by comparing the out-
put displacement value with the target displacement value

in real time. Therefore, driving voltage or output displace-
ment can be used as control variables to realize effective
closed-loop control by determining the appropriate control
strategy. Figs. 5 and 6 show that the schematic and block
diagrams of active control for the photoelectric actuator.
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Fig. 5 Schematic diagram of active control for the photoelectric actuator
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Fig. 6 Block diagram of active control for the photoelectric actuator

As can be seen from the above schematic and block
diagram in Figs. 5 and 6, the values of driving voltage and
output displacement are detected in real time, and the data
can be collected and transmitted to the computer. When the
output displacement is to meet a specific target value in a
certain working environment, the driving voltage or the out-
put displacement needs to be stable and fluctuate around a
certain value. Therefore, the ON-OFF of light source can be
controlled by controlling the optical shutter state. When the
driving voltage or output displacement is greater than a spe-
cific value, the optical shutter is closed. When the driving
voltage or output displacement is less than a certain value,
the optical shutter is opened, so that the dynamic closed-
loop control of the actuator can be achieved.

Thus, the specific control principle is: the input of
the target value (voltage value Ug or displacement value Sg)
is set at the computer terminal, the driving voltage U and
output displacement S of the photoelectric actuator are mon-
itored in real time by the high-impedance electrostatic volt-
meter and the high resolution confocal chromatic sensor. By
comparing the magnitudes between Ug and U, Sgand S, ON-

OFF control of the UV light source is performed. When the
driving voltage U or the output displacement S is less than
or equal to the target voltage value Ug or the displacement
value Sg, the optical shutter is opened, and the PLZT ceramic
is illuminated, so the driving voltage and the output dis-
placement of the actuator increase. While when the driving
voltage U or the output displacement S is greater than the
target voltage value Ug or the displacement value Sg, the op-
tical shutter is closed, and the PLZT ceramic is no longer
illuminated, at this time, the driving voltage of the actuator
decreases, and the output displacement also decreases. The
effect of active control can be observed through the dis-
placement data fed back to the computer by the high resolu-
tion confocal chromatic sensor. The simulation ends when
the simulation time t reaches the set total time ty. Fig. 7
shows the schematic diagram of the entire algorithm flow
during the control period.

As shown in Fig. 7, in the whole control process,
the driving voltage U or output displacement S of the actua-
tor should be constantly approached the target voltage value



Uy or displacement value Sy. Therefore, in the implementa-
tion of the ON-OFF control strategy, the process of judging
and controlling the optical shutter shown in Fig. 7 should be
repeated continuously until the total simulation time ty ends.
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Fig. 7 Diagram of ON-OFF control strategy flow
4. Closed-loop control of driving voltage
4.1. Closed-loop control model of driving voltage

Because the control process involves the optical
shutter on and off, that is to control the light source irradia-
tion and closure. Therefore, it is necessary to establish the
expressions of driving voltage in the light on and light off
phases. According to relevant literature, the equation of
photovoltage in light off phase is:

t
U,t)=U, +k,e™, (5)
where: U is the initial voltage; ks is the variation coefficient
of residual voltage, which is determined by the thermal pa-
rameters and residual polarization intensity of PLZT ce-
ramic. 7 is the dark time constant.

On the basis of the expression of the driving volt-
age in the light-on phase in the Eqg. (3), the expressions of
the driving voltage in the light on and light off phases can
be acquired simultaneously with the Eq. (5):

u(t) :u;(l—e%)

U, (t)=U, +k.e "

(6)

For a given cycle time T, a complete ON-OFF con-
trol will go through the following steps:

1. The driving voltage value U; is obtained by the
high-impedance voltmeter obtains at a certain time, the
computer terminal judges the ON/OFF state of the optical
shutter through the control strategy, and the target voltage
value Uy is input on the computer;
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2. If the optical shutter is opened, the PLZT ce-
ramic is in the illumination phase, and the driving voltage
value of the high-impedance voltmeter in the next sampling
period can be calculated by Eq. (7):

U=U,+U7 (U, (t, )At
t,=U/UE,) U, )>U,)

(a)
(b))

where: j is the cycle number of the UV light source; njand
mj are the high-impedance voltmeter sampling periods in the
light off phase and the illumination phase in an ON-OFF
control period; At is the sampling period of high-impedance
voltmeter; U *(U (tmj )) is the inverse function of the driving

U]

voltage equation in the light off phase.

If the optical shutter is closed, and the driving volt-
age value of the high-impedance voltmeter in the next sam-
pling period can be calculated by Eqg. (8):

U =U, +U;"(U(t, )At
tmJ =U71(Uf(tnj))1 Uf(tnj)gug

where: U (U, (t,, ) is the inverse function of the driving

voltage equation for the illumination phase.

3. Comparing the current driving voltage U ob-
tained in step (2) with the target voltage value Ug, when U
is greater than Uy, the optical shutter is closed; when U is
less than Uy, the optical shutter is opened.

4. The given cycle time is compared with the total
system running time. When T is less than t, the cycle repeats
step (1). When T is greater than t, the control ends.

4.2. Parameter identification

In the previous section, according to the closed-
loop control mechanism and theoretical derivation, the
closed-loop control model is given, and the driving voltage
expressions in the light on and light off phases are obtained.
In order to carry out the closed-loop control simulation ver-
ification, an open-loop measurement of the driving voltage
is required.
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In the experiment, the driving voltage value of the
actuator when the necking width w; is 2mm is measured un-
der the condition of the illumination intensities of
50 mW/cm? and 100 mW/cm? respectively, the measure-
ment time is 300 s, and the illumination time is 180 s. The
driving voltage curves of the photoelectric actuator is shown
in Fig. 8.

As shown in Fig. 8, in the illumination phase of
PLZT ceramic, the driving voltage reaches the saturation
value under irradiation of 50 mW/cm? and remains in a sta-
ble state; while, under irradiation of 100 mwW/cm?, the driv-
ing voltage rapidly reaches the saturation value, then it
drops to a certain stable state. In the light off phase, the driv-
ing voltage drops rapidly to a certain stable value.
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Fig. 9 Experimental and fitting curves of driving voltage un-
der different light intensities: a) under irradiation of
50 mW/cm?; b) under irradiation of 100 mwW/cm?

According to the mathematical model equation (6)
of the driving voltage obtained in the previous section, the
above experimental curves are fitted to obtain the driving
voltage fitting curves, which can be shown in Fig. 9.

It is known from Fig. 9 that the fitting curve of the
driving voltage is basically consistent with the experimental
curves, and the fitting effect is well.

According to the fitting results, Tables 2 and 3
show the fitting values of the corresponding parameters in
the mathematical model Eq. (6) can be achieved when the
light intensities are 50 mW/cm? and 100 mW/cm?,
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Table 2

Fitting values of parameters of driving voltage expression

in light-on phase

Light inten- | Driving voltage satu- | Driving voltage
sity, mW/cm? | ration value Us', V | time constant 7', s
50 688.16 6.64
100 770.3 3.12
Table 3

Fitting value of parameters of driving voltage expression in

light-off phase

Lightin- A Residual voltage |Driving voltage
te%sity, The initial volt- variation coeff%- time cgnstantgrf
mW/cm? age Uo, V cient ki
50 -37.74 662.03 35.12
100 -329.75 995.63 28.94

According to Table 2 and Table 3, the driving volt-
age expressions of the light on and light off phases can be
obtained when the light intensities are 50 mW/cm? and
100 mW/cm? respectively:

t
U (t) = 688.16(1—e ©5¢)

(t <180)
L ' ©)
U, (t)=—37.74+662.03 52 (t>180)
__t
U(t) =771.3(1—e 32) (t <180)
e - (10
U, (t) =—329.75+995.63¢ %% (t>180)

4.3. Simulation process and results

According to the closed-loop control model of the
driving voltage, the closed-loop control simulation flow of
the ON-OFF control strategy is developed in Fig. 10.
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Fig. 10 The ON-OFF closed-loop control simulation flow



Before the simulation starts, the driving voltage
target value Uy and the simulation time tg are input to the
computer first. When the simulation starts, the closed-loop
control model is used to simulate the variation trends of the
driving voltage in the illumination and the light-off phases
respectively. When the driving voltage U is less than or
equal to the target voltage Ug, the system calls the ON func-
tion written by the Eq. (7a), and calculates the initial condi-
tion of the opposite trend is calculated by the Eq. (7b); When
the driving voltage U is greater than the target voltage Uy,
the system calls the OFF function written by the Eq. (8a),
and the initial condition of the opposite trend is calculated
by the Eq. (8b). The optical shutter is continuously opened
and closed cyclically, which causes the UV light to contin-
uously switch between the illumination and the light-off
phases. Therefore, the driving voltage will continuously
fluctuate up and down the target value until the simulation
time t reaches the set simulation total time tg.

Using Egs. (9) ~ (10), the driving voltage simula-
tion of photoelectric actuator is carried out under the light
intensities of 50 mW/cm? and 100 mW/cm?. The target volt-
age Uy is set to 500 V, the simulation time is 120 s, and the
sampling period At is 200 ms, as shown in Fig. 11.
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Fig. 11 Simulation curve of driving voltage when the target
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Fig. 11 shows that when PLZT ceramic is illumi-
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nated under 50 mW/cm? and 100 mW/cm?, the driving volt-
ages reach the target value Ug (500 V) within 8.61 s and
3.26 s respectively, and the ON-OFF control strategy is
adopted to realize the closed-loop control of the driving
voltage. The driving voltages fluctuate in the range of
54.4 V~62.58 V respectively, and the fluctuation rate is
1.3%~9.51%.
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Fig. 12 Light shutter condition: a) under irradiation of
50 mW/cm?; b) under irradiation of 100 m\W/cm?

At the same time, the state change of the optical
shutter can be judged. If O represents open of the optical
shutter, and the 1 represents close of the optical shutter, the
state of the optical shutter within 30s after the light is turned
on can be expressed by Fig. 12. From Fig. 12, by implement-
ing the ON-OFF closed-loop control strategy, the state of
the optical shutter is continuously cyclically switched be-
tween open and close so that the driving voltage can be con-
trolled within the range of the amplitude A around the target
value. To better verify the effectiveness of the ON-OFF
closed-loop control, the simulation when the target voltage
Uy is 600 V is carried out, as shown in Fig. 13.

It can be observed from Fig. 13 that when the target
value Uy is set to 600 V, the driving voltages reach the target
value within 13.64 s and 4.7 s respectively under the illumi-
nation of 50 mW/cm? and 10 OmW/cm?. Through the ON-
OFF closed-loop control strategy, the driving voltage can
still be effectively controlled. The driving voltages fluctuate
in the range of 54.08 V~62.58 V respectively, and the fluc-



tuation rate is 1.07%~7.94%. According to the above con-
trol simulation results with different target values, the pro-
posed ON-OFF closed-loop control strategy has perfect fea-
sibility, and its effectiveness in multi-objective closed-loop
control is proved.
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Fig. 13 Simulation curve of driving voltage when the target
voltage is 600 V: a) under irradiation of 50 mW/cm?;
b) under irradiation of 100mW/cm?
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5. Closed-loop control of output displacement

Similarly, the closed-loop control of the output dis-
placement as the control variable is similar in principle and
simulation process to the closed-loop control of the driving
voltage as the control variable in the previous section.

Based on the control model, according to Eq. (1)
and Eqgs. (9) ~ (10), the output displacements of the actuator
in the light on and the light off phases can be obtained when
the light intensities are 50 mW/cm? and 100 mW/cm? and
the width of the necking structure is 2 mm:

S(t) = 37,160 °%) (11)

__t
S, (1) =-2.04+35.75¢ 2

S(t) = 41.65(1-e’3-t?) 12)

v
S, (1) =-17.81+53.76e %%
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Using the Egs. (11) ~ (12), the output displacement
simulation of photoelectric actuator is carried out under the
irradiation of 50 mW/cm? and 10 OmW/cm?. The target dis-
placement Sq is set to 25 um, the simulation time is 120 s,
and the sampling period At is 200 ms, as shown in Fig. 14.
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Fig. 14 The output displacement simulation curve when the
target displacement is 25 pm: a) under irradiation of
50mW/cm?; b) under irradiation of 100 mW/cm?

From Fig. 14, under the illumination of
50 mW/cm? and 100 mW/cm?, the output displacements
reach the target value Sy (25pum) within 7.42 s and 2.86 s
respectively, the ON-OFF control strategy is adopted to re-
alize the closed-loop control of output displacement. The
output displacements fluctuate in the range of 1.23 um ~
2.93 um respectively, and the fluctuation rate is
0.68%~10.28%. At the same time, the simulation is carried
out under the condition that the target displacement value Sq
is 30 um to better verify the effectiveness of the closed-loop
control, as shown in Fig. 15.

It can be observed from Fig. 15 that when the out-
put displacement target value S is set to 30 um, the output
displacements reach the target value within 10.93 s and
3.98 s respectively under irradiation of 50 mwW/cm? and
100mW/cm?, the output displacement can still be effectively
controlled by the ON-OFF closed-loop control strategy. The
driving voltages fluctuate in the range of 1.23 pm ~ 2.93 pm
respectively, and the fluctuation rate is 0.52%~8.56%. Ac-
cording to the analysis of the above control results using the



driving voltage and output displacement as the control vari-
ables, the proposed closed-loop control method under the
ON-OFF control strategy has good control performance. At
the same time, its feasibility and effectiveness are also veri-
fied.
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Fig. 15 The output displacement simulation curve when the
target displacement is 30 um: a) under irradiation of
50 mW/cm?; b) under irradiation of 100 m\W/cm?

6. Conclusion

Aiming at the low control precision of micro actu-
ators, a new ON-OFF closed-loop control method of photo-
electric actuator based on PLZT ceramic is proposed in this
paper. Firstly, on the basis of the theoretical model of ON-
OFF control strategy, the closed-loop control analysis and
model parameter identification are carried out with driving
voltage and output displacement as control variables. Then
the model under multi-voltage and multi-light intensity is
simulated and analyzed. The results show that when the tar-
get voltages are 500 V and 600 V, the driving voltage
reaches the target value within 3.26 s~13.64 s, respectively,
and the voltage fluctuation rate is 1.07%~9.51%. When the
target displacements are 25 pm and 30 um, the output dis-
placement reaches the target value within 2.86 s~10.93 s,
respectively, and the displacement fluctuation rate is
0.52%~10.28%. According to the control effect, the feasi-
bility and effectiveness of the actuator control strategy are

verified, which provides a new idea for improving the con-
trol accuracy of micro actuators, and promotes the applica-
tion of photoelectric actuators based on PLZT ceramic in the
field of active control.
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Y. Liu, Y. Yang, C. Liu, X. Wang

AN ON-OFF CLOSED-LOOP CONTROL OF
PHOTOELECTRIC ACTUATOR BASED ON PLZT
CERAMIC

Summary

PLZT (lanthanum-doped lead zirconate titanate)
ceramic with outstanding photostrictive effect has been
widely used in the micro precision drive field. In this article,
a new closed-loop control method with ON-OFF control
strategy is proposed for the photoelectric actuator based on
PLZT ceramic. The closed-loop control model under driv-
ing voltage control strategy is established, and the parame-
ters are identified by a series of experiments. Then, the con-
trol equations of driving voltage and output displacement of
the photoelectric actuator are derived on the basis of the
closed-loop control model during the light on and light off
phases. After that, the numerical simulation analysis is car-
ried out when the driving voltage and output displacement
are taken as control objects respectively. According to the
analysis results, the output displacement of the photoelectric
actuator can be successfully controlled at a specific target
value, and the proposed control method has excellent con-
trol effect, the feasibility and effectiveness of the control
method are verified. Relevant conclusions can lay a founda-
tion and provide theoretical guidance for the practical appli-
cation of the photoelectric actuator in the field of active con-
trol.

Keywords: PLZT ceramic, photostrictive effect, photoe-
lectric actuator, closed-loop, ON-OFF control
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