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Abstract
Research on adaptive deformable mirror technology for voice coil actuators
(VCAs) represents an important trend in the development of large ground-based
telescopes. Voice coil adaptive deformable mirrors contain a large number of
actuators and suffer from structural coupling and significant temperature in-
creases in their internal coils. Additionally, traditional proportional integral
derivative (PID) control parameters cannot be adjusted in real-time to adapt to
system changes. These problems can be addressed by introducing fuzzy control
methods. A table lookup method is adopted to replace real-time calculations of
the regular fuzzy controller during the control process, and a prototype platform
has been established to verify the effectiveness and robustness of this approach.
Experimental tests compare the control performance of traditional and fuzzy
proportional integral derivative (Fuzzy-PID) controllers, showing that in sys-
tem step response tests, the fuzzy control system reduces rise time by 20.25%,
decreases overshoot by 78.24%, and shortens settling time by 67.59%. In distur-
bance rejection experiments, fuzzy control achieves a 46.09% reduction in maxi-
mum deviation, indicating stronger robustness. The Fuzzy-PID controller based
on table lookup significantly outperforms the standard controller, demonstrat-
ing excellent potential for enhancing the dynamic performance and disturbance
rejection capability of voice coil motor actuator systems.
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Abstract
Research on adaptive deformable mirror technology for voice coil actuators
(VCAs) represents an important trend in the development of large ground-based
telescopes. Voice coil adaptive deformable mirrors contain a large number of
actuators and suffer from structural coupling and significant temperature in-
creases in their internal coils. Additionally, traditional proportional integral
derivative (PID) control parameters cannot be adjusted in real-time to adapt to
system changes. These problems can be addressed by introducing fuzzy control
methods. A table lookup method is adopted to replace real-time calculations of
the regular fuzzy controller during the control process, and a prototype platform
has been established to verify the effectiveness and robustness of this approach.
Experimental tests compare the control performance of traditional and fuzzy
proportional integral derivative (Fuzzy-PID) controllers, showing that in sys-
tem step response tests, the fuzzy control system reduces rise time by 20.25%,
decreases overshoot by 78.24%, and shortens settling time by 67.59%. In distur-
bance rejection experiments, fuzzy control achieves a 46.09% reduction in maxi-
mum deviation, indicating stronger robustness. The Fuzzy-PID controller based
on table lookup significantly outperforms the standard controller, demonstrat-
ing excellent potential for enhancing the dynamic performance and disturbance
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rejection capability of voice coil motor actuator systems.

Keywords: Adaptive optics; Deformable mirror; Voice coil actuator; Fuzzy
control

1. Introduction
Adaptive optics (AO) is a dynamic wavefront correction technique with exten-
sive applications in fields such as laser communication, ground-based optical
telescopes, and imaging the retina of the human eye. As one of the key compo-
nents of an adaptive optics system, deformable mirrors driven by piezoelectric
materials are widely used and represent a relatively mature technology, but
they face challenges such as hysteresis, high driving voltage, and limited stroke.
Deformable mirrors driven by VCAs are used in telescopes such as the Mul-
tiple Mirror Telescope (MMT), Large Binocular Telescope (LBT), and Very
Large Telescope (VLT), owing to their advantages of fast response, no hystere-
sis, large stroke, and high precision. Internationally, upcoming next-generation
large ground-based telescopes such as the Giant Magellan Telescope (GMT)
in the United States and the Extremely Large Telescope (ELT) in Europe are
adopting this voice coil adaptive deformable mirror technology. Currently, there
are no instances of the application of this technology in large telescopes within
China.

Research on voice coil adaptive deformable mirrors is already underway in
China, and the currently available literature primarily covers topics such as
the structural design of voice coil motor actuators and the displacement detec-
tion of deformable mirror surfaces. However, there is a lack of relevant reports
on the control algorithms employed in voice coil motor actuator systems. Cur-
rently, VCAs commonly employ PID control, with parameters that are often
determined through empirical tuning, but this approach presents challenges such
as sub-optimal correction effects and generally extended tuning times.

Voice coil adaptive deformable mirrors, which contain a large number of actu-
ators, face challenges such as structural coupling between actuators and signif-
icant temperature rise in the actuator coils. During the control process, the
characteristics of the actuators can be affected, and PID control parameters
are unable to dynamically self-tune to adapt to system changes in real-time.
In response to these issues, we propose a Fuzzy-PID control algorithm. This
combined approach is then applied to the control of voice coil motor actuators,
allowing real-time self-tuning of PID control parameters during the control pro-
cess. Fuzzy control has the advantage of not relying on an accurate model of
the controlled object, making it effective for controlling objects for which it is
difficult to establish precise mathematical models. The Fuzzy-PID algorithm
inherits the advantages of regular fuzzy control methods and also has the ap-
plicability and robustness of a PID control method. In addition, by employing
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a table lookup method instead of real-time calculations by the fuzzy controller,
the computational complexity during the control process is reduced.

Here, we introduce the design of a Fuzzy-PID controller and the acquisition
of a fuzzy control lookup table, and verify the effectiveness of the controller
in improving the dynamic performance and disturbance resistance of voice coil
motor actuators through both simulation and experimental approaches.

2. Mathematical Modeling of a Voice Coil Motor Actuator
Adaptive deformable mirrors with numerous actuators face challenges in im-
plementing centralized control methods and lack general design approaches for
fully decentralized cooperative control. Here, we focus on the Fuzzy-PID control
algorithm using a voice coil motor actuator from a self-developed six-unit voice
coil adaptive deformable mirror. A schematic diagram of this is shown in Fig.
1 [Figure 1: see original paper].

The voice coil actuator used in this research is a counter-opposed voice coil
actuator, where the rotor is a permanent magnet opposed to the coil. In this
configuration, the coil is fixed to the base, and the rotor magnet is rigidly
connected to the deformable mirror. The equivalent mechanical model and
equivalent circuit diagram of the voice coil motor actuator are shown in Fig. 2
[Figure 2: see original paper].

Fig. 2. The equivalent mechanical model and equivalent circuit diagram of the
voice coil motor actuator.

According to Newton’s laws of motion, the dynamic equilibrium equation for a
voice coil motor actuator can be expressed as

𝑚𝑑2𝑥
𝑑𝑡2 + 𝑐 𝑑𝑥

𝑑𝑡 + 𝑘𝑥 = 𝑘𝑚𝑖 (1)

where 𝑚 is the total mass of the rotor, 𝑥 is the displacement of the rotor, 𝑘 is
the spring elastic coefficient, 𝑐 is the damping coefficient, 𝑖 is the current in the
coil, 𝑘𝑚 is the motor force constant, and 𝐹 is the electromagnetic force.

The electromagnetic force is given by

𝐹 = 𝑘𝑚𝑖 (2)

According to Kirchhoff’s voltage law, the voltage equilibrium equation for the
voice coil motor actuator can be expressed as

𝑘𝐸
𝑑𝑥
𝑑𝑡 + 𝐿𝑑𝑖

𝑑𝑡 + 𝑖𝑅 = 𝑢 (3)
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where 𝑘𝐸 is the back electromotive force (EMF) coefficient, 𝐿 is the equivalent
inductance, 𝑅 is the equivalent resistance, 𝑢 is the coil terminal voltage, and
𝐸𝑓 is the back EMF.

The back EMF is given by

𝐸𝑓 = 𝑘𝐸
𝑑𝑥
𝑑𝑡 (4)

By combining equations (1) and (3), and performing Laplace transformation,
the transfer function of the voice coil motor actuator can be obtained as

𝑋(𝑠)
𝑈(𝑠) = 𝑘𝑚

𝑚𝐿𝑠3 + (𝑐𝐿 + 𝑚𝑅)𝑠2 + (𝐿𝑅 + 𝑐𝑅 + 𝑘𝑚𝑘𝐸)𝑠 + 𝑘𝑅 (5)

The voice coil actuator system primarily consists of a deformable mirror, voice
coil actuator, capacitive sensor, controller, driver, and base part. Using the Lab-
VIEW programming environment, a data acquisition program was developed to
collect data using a uniform white noise signal (pseudo-random signal) as the
input signal and the displacement of the voice coil motor actuator as the out-
put signal. The input signal frequency ranges are 0–120 Hz, 0–80 Hz, 0–50 Hz,
and 0–40 Hz, with an amplitude of $±$0.5 V. Given that engineering typically
focuses on the accuracy of identification models within the working bandwidth
and considering that the resonance frequency of the six-unit voice coil motor
deformable mirror is low, high-frequency noise signals may affect the results of
system identification. Therefore, the data were preprocessed using the MAT-
LAB system identification toolbox by filtering, mean removal, and resampling,
then selecting “transfer function model” as the model type to be identified. Fol-
lowing the structure specified in equation (5) with 3 poles and 0 zeros, system
identification is performed on the voice coil actuator.

Multiple adjustments to the initialization methods are made to select the op-
timal identification result. The resulting transfer function for the voice coil
actuator is

𝑋(𝑠)
𝑈(𝑠) = 1.026 × 107

𝑠3 + 519.2𝑠2 + 2.305 × 105𝑠 + 3.499 × 107 (6)

3. Fuzzy-PID Controller Design
A Fuzzy-PID controller consists of both PID and fuzzy control components, as
illustrated in Fig. 3 [Figure 3: see original paper]. This arrangement takes
error and the rate of change of error as inputs and adjusts PID parameters in
real-time using fuzzy control rules.

Fig. 3. Block diagram for a Fuzzy-PID controller.
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Here, the chosen input variables for the fuzzy controller are the position devia-
tion 𝑒 and the rate of change of position deviation 𝑒𝑐 of the voice coil actuator.
The output variables are the increments of the PID control parameters, Δ𝑘𝑝,
Δ𝑘𝑖, and Δ𝑘𝑑, together with the corresponding fuzzy variables (linguistic vari-
ables) 𝐸, 𝐸𝐶, Δ𝐾𝑃 , Δ𝐾𝐼 , and Δ𝐾𝐷. In Fig. 3, 𝐾𝑒 and 𝐾𝑒𝑐 are quantification
factors, and 𝐾𝑢𝑝, 𝐾𝑢𝑖, and 𝐾𝑢𝑑 are proportionality factors for the increments
of the PID control parameters.

3.1 Input and Output Variables with Their Domains

Considering that this fuzzy control system is a multi-variable system with a
large number of input and output variables, we adopted a standardized design.
The fuzzy set domains of 𝐸, 𝐸𝐶, Δ𝑘𝑝, Δ𝑘𝑖, and Δ𝑘𝑑 are all set to [−6, 6], and
the linguistic values of fuzzy variables are 𝑁𝐵, 𝑁𝑀 , 𝑁𝑆, 𝑍𝑂, 𝑃𝑆, 𝑃𝑀 , 𝑃𝐵,
where 𝑁𝐵 represents negative large, 𝑁𝑀 represents negative medium, 𝑁𝑆 rep-
resents negative small, 𝑍𝑂 represents zero, 𝑃𝑆 represents positive small, 𝑃𝑀
represents positive medium, and 𝑃𝐵 represents positive large. Standardized
design simplifies the complexity of fuzzy variable design, facilitates the under-
standing and formulation of fuzzy rules, and improves the universality of the
control system, making it easy to extend the actuator control to other posi-
tions on the adaptive deformable mirror. Through multiple adjustments of
quantification factors and proportionality factors in simulations to optimize the
controller performance, the domains for input and output variables are deter-
mined as 𝑒 = [−4, 4], 𝑒𝑐 = [−30, 30], Δ𝑘𝑝 = [−1.2, 1.2], Δ𝑘𝑖 = [−4.8, 4.8], and
Δ𝑘𝑑 = [−0.0006, 0.0006].

3.2 The Membership Functions and Fuzzy Rules

Fuzzy variables have multiple linguistic values, with each linguistic value cor-
responding to a membership function. Common membership functions include
triangular, Gaussian, and trapezoidal functions. In this study, the selection
principle for membership functions is to use low-resolution fuzzy sets in regions
with large errors and higher-resolution fuzzy sets in regions with smaller errors.
Considering the practicalities, the adaptive deformable mirror has a high fre-
quency but a small amplitude of motion. When the input deviation is small,
there is a high requirement for control accuracy, while the accuracy requirement
is relatively lower when the input deviation is large. Different membership func-
tions have varied effects on control characteristics. For the portions where the
central error is relatively small, functions with sharper shapes are employed.
These functions are less influenced by other membership functions, resulting in
higher control sensitivity. In contrast, for portions with larger errors, smoother-
shaped functions are used, providing better stability performance. Considering
both control sensitivity and stability, the membership functions for input and
output linguistic variables are adjusted based on simulation experiments, as il-
lustrated in Fig. 4 [Figure 4: see original paper]. The linguistic value 𝑍𝑂 adopts
a triangular membership function; 𝑁𝑀 , 𝑁𝑆, 𝑃𝑆, 𝑃𝑀 use Gaussian member-
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ship functions; 𝑁𝐵 uses a Z-shaped membership function; and 𝑃𝐵 adopts an
S-shaped membership function.

Fuzzy control rules have a direct impact on the performance of the fuzzy infer-
ence system. We comprehensively consider the control effectiveness of the three
parameters 𝑘𝑝, 𝑘𝑖, and 𝑘𝑑 in the PID control algorithm, and the influence of
the dynamic performance of the system when these three parameters change,
such as the settling time and overshoot of the system’s step response. Simulta-
neously, expert control experience is incorporated into the formulation of fuzzy
rules. A fuzzy control rules table for Δ𝐾𝑃 , Δ𝐾𝐼 , and Δ𝐾𝐷 is formulated as
shown in Table 1 .

3.3 De-fuzzification

The Mamdani method is employed for fuzzy inference in this study, and the cen-
troid method is used for de-fuzzification of fuzzy output. The centroid method
assumes that the fuzzy set of fuzzy output is a two-dimensional plane, and the
centroid of the plane is the weighted average of all points on that plane, with
weights determined by the membership degrees of each point in the fuzzy set.
These weights can be determined based on the membership functions and fuzzy
rules obtained in subsection 3.2. Using the centroid method, precise outputs
under the inputs can be obtained.

The PID control parameters used in practical applications are obtained based on
equation (7), where 𝑘𝑝, 𝑘𝑖, and 𝑘𝑑 are the real-time PID control parameters; 𝑘𝑝0,
𝑘𝑖0, and 𝑘𝑑0 are the initial PID control parameters; and 𝐾𝑢𝑝, 𝐾𝑢𝑖, and 𝐾𝑢𝑑 are
the proportion factors of PID control parameter increments determined through
multiple simulation experiments. The proportion factors are multiplied by the
changes in PID control parameters to obtain real-time PID control parameters.
The relationship between these values can be mathematically expressed as

⎧{
⎨{⎩

𝑘𝑝 = 𝑘𝑝0 + 𝐾𝑢𝑝Δ𝑘𝑝
𝑘𝑖 = 𝑘𝑖0 + 𝐾𝑢𝑖Δ𝑘𝑖
𝑘𝑑 = 𝑘𝑑0 + 𝐾𝑢𝑑Δ𝑘𝑑

(7)

3.4 Retrieving the Fuzzy Control Lookup Table

With the development of adaptive deformable mirror technology, the number of
voice coil motor actuators is increasing. Consequently, their control programs
are becoming more complex, requiring high computational capabilities for the
controllers. To reduce costs and decrease the computational load on the con-
troller in real-time, this study adopts a table lookup method to replace the
real-time calculation of the fuzzy controller. This means offline computation of
a fuzzy control lookup table representing the relationship between input vari-
ables and output variables. The compiled fuzzy control lookup table is then
embedded in the controller. During on-site control, the software only needs to
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query the control table to obtain the required control quantities, which are then
output to control the actual object.

For ease of engineering implementation, the range of variations for
the input variables is discretized into a set of 13 integers, specifically
{−6, −5, −4, −3, −2, −1, 0, 1, 2, 3, 4, 5, 6}. The discretization method involves
dividing the range of variations for 𝐾𝑒 ⋅ 𝑒 and 𝐾𝑒𝑐 ⋅ 𝑒𝑐 into 13 sub-intervals.
Within each sub-interval, the values of 𝐾𝑒 ⋅ 𝑒 and 𝐾𝑒𝑐 ⋅ 𝑒𝑐 are assigned the same
value. The assignment of values in different intervals is given in Table 2 .

The MATLAB Fuzzy Logic Toolbox provides a graphical user interface. After
completing the design of the fuzzy system using this interface, all combinations
of discretized 𝐾𝑒 ⋅ 𝑒 and 𝐾𝑒𝑐 ⋅ 𝑒𝑐 are input, and the corresponding values of Δ𝑘𝑝,
Δ𝑘𝑖, and Δ𝑘𝑑 are recorded. Subsequently, a fuzzy control lookup table can
be obtained, representing the relationship between the input variables and the
output variables. Through the above process, we can obtain the fuzzy control
lookup table for Δ𝑘𝑝 as shown in Table 3 . Similarly, lookup tables for Δ𝑘𝑖 and
Δ𝑘𝑑 can be formulated.

4. Simulation Analysis
To compare the performance of the fuzzy and regular PID controllers, a simula-
tion diagram was created in the MATLAB/Simulink environment, as shown in
Fig. 5 [Figure 5: see original paper].

Fig. 5. Simulation block diagram of the fuzzy PID controller and PID con-
troller. The upper section shows the construction of the fuzzy-PID control and
the lower section shows a regular PID control.

The transfer function used in the simulation diagram is given by equation (6),
with quantization factors 𝐾𝑒 = 1.5 and 𝐾𝑒𝑐 = 0.2, and proportionality factors
𝐾𝑢𝑝 = 0.2, 𝐾𝑢𝑖 = 0.8, and 𝐾𝑢𝑑 = 0.0001. By using a trial-and-error method
and performing multiple adjustments, the optimal initial parameters for the
PID controller are selected as follows: 𝑘𝑝0 = 0.01, 𝑘𝑖0 = 420, and 𝑘𝑑0 = 0.008.
In the simulation environment, a unit step signal is applied simultaneously to
both control systems, with results shown in Fig. 6 [Figure 6: see original paper].
According to Table 4 , the fuzzy PID control system exhibits superior dynamic
performance. Compared with the regular PID control system, the fuzzy PID
controller has a 4.53% reduction in rise time, a 25.34% decrease in overshoot,
and a 25.77% reduction in settling time.

Selecting another transfer function model obtained from system identification,
for example equation (8), which gives a lower fitting degree compared to trans-
fer function (6), we conduct experiments again to compare the performance of
PID controller and fuzzy PID controller. In the Simulink diagram above, with-
out altering the controller parameters, the transfer function in the simulation
diagram is replaced with equation (8) for simulation testing. The results are
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shown in Fig. 7 [Figure 7: see original paper]. As Table 5 shows, compared
with the regular PID controller, although the rise time of the Fuzzy-PID con-
troller increases by 0.92%, the overshoot decreases by 35.71%, and the settling
time is shortened by 4.05%. When the transfer function of the voice coil mo-
tor actuator changes, the Fuzzy-PID controller demonstrates strong robustness,
significantly improving the overshoot and settling time of the system response
compared with a standard PID controller.

5. Experimental Verification
We created a prototype, shown in Fig. 8 [Figure 8: see original paper], using
an NI cRIO-9040 embedded controller for both the Fuzzy-PID controller and
the standard PID controller. This controller is equipped with a 16-channel
16-bit synchronous analog input module 9220 with a measurement range of
$±$10 V and a 16-channel 16-bit analog output module 9264 with an output
range of $±$10 V. We selected a capacitive sensor from MTI Instruments to
collect displacement information from the voice coil actuator, with the sensor
output ranging from 0–10 V and a range of 0–125 µm. Also employed here
is a custom-built six-unit voice coil motor-driven adaptive deformable mirror,
with the mirror surface facing down. The fuzzy control lookup table is compiled
into the controller, and a table lookup method is employed to replace the com-
putations of the fuzzy controller. The PID controller uses a positional digital
PID algorithm. At a control frequency of 1 kHz, the control effects of the PID
controller and the Fuzzy-PID controller are tested and compared.

Fig. 8. Photograph showing the prototype control system.

5.1 Comparison Experiment: Step Response Performance of Different
Control Methods

VCA1 (see Fig. 1) is initially set at 0 µm, while other actuators are in a constant-
force maintenance state. The step response target position is 1 µm. The rise
time and overshoot of the mirror reaching the target position are compared
under different control methods. The response curves controlled by different
methods are shown in Fig. 9 [Figure 9: see original paper]. As shown in
Table 6 , the Fuzzy-PID control system exhibits improved dynamic performance.
Compared with the regular PID control system, the Fuzzy-PID control has a
rise time shortened by 20.25%, overshoot reduced by 78.24%, and settling time
decreased by 67.59%.

Fig. 9. Experimental curves of step responses for different control methods.

5.2 Quantification Proportionality Factor Impact Experiment

In the voice coil motor actuator system, to investigate the impact of quantization
factors 𝐾𝑒 and 𝐾𝑒𝑐, as well as the proportionality factors 𝐾𝑢𝑝, 𝐾𝑢𝑖, and 𝐾𝑢𝑑
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(taking 𝐾𝑢𝑝 as an example), on the performance of the Fuzzy-PID controller,
experimental studies are conducted through a controlled variable method, with
results shown in Fig. 10 [Figure 10: see original paper]. The results indicate
that within a certain range, 𝐾𝑒 has a noticeable effect on reducing the rise
time of the system, with a larger 𝐾𝑒 resulting in a shorter rise time. 𝐾𝑒𝑐 has
a significant effect on reducing the overshoot of the system, with a larger 𝐾𝑒𝑐
leading to a smaller overshoot. A larger 𝐾𝑢𝑝 strengthens the corrective effect
on PID control, effectively reducing the overshoot.

Fig. 10. The impact of parameters 𝐾𝑒, 𝐾𝑒𝑐, and 𝐾𝑢𝑝 on the results.

5.3 Anti-Disturbance Experiment

The steady-state position of VCA1 is 1.25 µm. VCA2 (as shown in Fig. 2) is
selected to compare the robustness performance of the two controllers. A step
command of 0.5 µm is applied to actuator VCA2 on top of its current steady-
state position of 1.25 µm. The displacement of the mirror at the position of
voice coil motor actuator VCA1 is recorded, and the experiment is conducted
with 10 averaged results. The system responses under different controllers are
compared, and the results, given in Fig. 11 [Figure 11: see original paper],
indicate that the maximum deviation for PID is 69.30 nm, while for Fuzzy-PID,
it is 37.36 nm. This demonstrates that, in the presence of a step disturbance
from adjacent actuators, the maximum deviation is reduced by 46.09% with the
Fuzzy-PID controller, as compared with the regular PID controller, showing
improved robustness.

Fig. 11. Position fluctuation curve.

6. Conclusion
To address the issues of time-consuming adjustment of PID control parameters
for voice coil motor actuators in adaptive deformable mirrors, as well as the
inability to change parameters once they are determined, we propose the appli-
cation of a Fuzzy-PID control algorithm. The fuzzy controller allows real-time
self-tuning of PID control parameters. Considering the large number of voice
coil motor actuators used in the adaptive deformable mirrors for large-aperture
telescopes and the potential computational resource constraints faced by the
controller hardware, our proposed system uses a table lookup method to re-
place the fuzzy controller calculations in actual control to save computational
resources, as verified here by experimentation.

Our results show that, compared with standard PID control, Fuzzy-PID control
reduces the rise time by 20.25%, decreases overshoot by 78.24%, and shortens
the settling time by 67.59%. In disturbance rejection experiments, the maximum
deviation under fuzzy control is reduced by 46.09% compared with standard PID
control, showing stronger robustness. Additionally, we explore the influence
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of quantization factors and proportionality factors on the performance of the
Fuzzy-PID controller.

In summary, the Fuzzy-PID control algorithm based on table lookup provides
a reference for improving the dynamic performance and disturbance rejection
capability of voice coil motor actuator systems for adaptive deformable mirrors.
It also offers a method to mitigate the impact of changes in actuator system
characteristic parameters, showing excellent potential for practical applications
in future large telescopes.
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