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ABSTRACT This study proposed an approach to control voice coil motors (VCMs) installed in smartphone
modules as autofocus actuators. The VCM developed in this study comprises guide rods. The magnetic field
attraction force between guide rods and movable parts serves as lens restoring force. This study did not use
feedback elements to avoid the stick-slip phenomenon between VCM guide rods and movable parts. Instead,
this study used a high–low frequency composite signal based on the findings from a mathematical model
analysis and VCM dynamic attribute analysis, preventing stick-slip and offering the VCM a more favorable
positioning precision.

INDEX TERMS Voice coil motor, auto-focusing, open-loop control, stick-slip.

I. INTRODUCTION
Social networks have become a crucial part of people’s
lives. They rely heavily on smartphones at work and during
leisure time. Smartphone camera features are also indispens-
able. Advancements in smartphone technology have enabled
smartphone cameras to evolve from a basic focus to optical
zoom, optical image stabilization, and even cameras with dual
lens or triple lens. This evolution indicates that smartphone
cameras remain a popular feature that major manufacturers
strive to develop [1]–[8].

Autofocus is the most fundamental camera feature,
whereby the phone moves the lens using an actua-
tor and image processing to produce clear and sharp
images [9].The most common actuators are voice coil motor
(VCM) [10], [11], stepper motor [12], piezo motor, and liq-
uid lens system [13]–[15]. The existing smartphone camera
modules are composed of spring-installed VCM incorpo-
rated with open-loop control that actuates the lens. However,
this design is known for its weakness in terms of optical
axis offset as well as low resistance to elastic fatigue and
dropping [16], [17]. This study installed guide rods into the
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designedVCM to solve the aforementioned drawbacks. How-
ever, the friction between the installed guide rods and lens
holder led to a stick-slip situation in dynamic behavior, reduc-
ing the camera’s positioning accuracy [18]. To enhance accu-
racy, a closed-loop system with feedback elements should
be applied [19]. However, to reduce costs and module vol-
ume, this study gave up on using feedback elements and
proposed a novel open-loop control approach to improve
VCMpositioning performance. The proposed open-loop con-
trol approach used a high-low frequency composite signal to
eliminate stick-slip phenomenon between VCM guide rods
and movable parts without using a Hall sensor and closed-
loop control, to keep the positioning accuracy, and to reduce
the cost directly.

The study framework is as follows: Section II describes the
design of VCM; Section III introduces the process of building
mathematical models; Section IV explains the operational
instructions; and Section V presents the experimental results
of the designed VCM. The final section addresses the result
discussion and conclusion.

II. STRUCTURAL LAYOUT AND PRINCIPLE
Fig. 1 presents the designed VCM, which comprises two
parts, namely a movable part and a stationary base structure.
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FIGURE 1. VCM actuator with magnetic restoring force (a), movable part,
and (b) stationary base structure [22].

FIGURE 2. Schematic of the magnetic restoring force.

The stationary structure is composed of a nonpermeable fixed
base, two permeable guide rods (AISI 52100), and a set of
coils. The movable part contains a lens holder, a lens mod-
ule, and four permanent magnets. The guide rods designed
for said movable part and stationary structure contributed to
the considerable endurance of the designed model [20]. The
magnets of the movable part create a permanent magnetic
field and produce Lorentz force with the coils that pushes the
lens, enabling the camera to focus and produce clear images.
Furthermore, a magnetic attraction force exists between the
magnets and the guide rods in the stationary part, which is
referred to as the magnetic restoring force of VCM there-
after. This replaced the mechanism of spring restoring force
adopted by spring-installed VCMs [21], [22], as depicted
in Fig. 2. The VCM parameters are listed in Table 1.

III. DYNAMIC SIMULATION
To simulate and analyze the dynamic behavior of the
designed VCM, a suitable jig was required to measure the
motor parameters in question (Fig. 3). The adopted jig is
a simplified VCM movable part, comprising only a magnet

TABLE 1. VCM Parameters.

FIGURE 3. Measurement platform of the magnetic restoring force (a),
overall structure (b), stationary base structure (c), and movable part.

base and four permanent magnets. Therefore, the parame-
ters could be measured when the conditions of magnetic
field distribution is the same as the original VCM struc-
ture. By connecting the movable part with the load cell,
this study enabled the magnets to hang in the air. Under
such circumstances, the parameters of Lorentz force (Fv) and
magnetic restoring force (Fb) could be obtainedwithout being
affected by friction. An LCR meter was used to measure
the resistance (R) and inductance (L) of the coils. The VCM
model was converted into a relation between voltage (V ) and
current (i), which is represented by Equation (1) as follows:

V (t) = i(t) · R+ L ·
di(t)
dt

(1)

Lorentz force was calculated using Equation (2) as follows:

Fv = Kv · i(t) (2)

where KV is the motor coefficient of the VCM. Experimental
measurements revealed a proportional relationship between
magnetic restoring force and position (Pos), as depicted in
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FIGURE 4. Friction model [23].

FIGURE 5. Block diagram of the VCM system.

Equation (3):

Fb = Kb · Pos(t) (3)

where Kb is the magnetic restoring force coefficient of the
VCM.

Friction must be applied to said model to develop a com-
plete VCM mathematic model. The Karnopp friction model
was adopted to comprehensively present the attributes of
dynamic and static friction, as exhibited in Fig. 4 [23].

Curve fitting was conducted on voice coil force and restor-
ing force curves. The results were compared with the exper-
imental data, exhibiting a trend of friction. Subsequently, all
simulated andmeasured VCMparameters were imported into
MATLAB/Simulink mathematic model, resulting in a VCM
performance curve. Fig. 5 depicts the VCM system.

To ensure the accuracy of said VCM mathematic model,
this study compared the simulation datawith the experimental
data (Fig. 6). Voltage at distinct frequencies was separately
imported into the designed VCM. The resulting hysteresis
curves were considerably similar to the simulation curves,
thus demonstrating the accuracy of the mathematical model
in this study.

IV. CONTROL METHOD
A chirp signal was imported into the designed VCM to
observe its dynamic performance, formulating a dynamic
curve (Fig. 7). As illustrated in Fig. 7, because the VCM
was affected by a stick-slip phenomenon, the low-frequency
dynamic curve was undesirable, indicating that the movable
part only oscillated in one direction. However, when fre-
quency increased, the movable part oscillated in both direc-
tions exhibiting a regular and repetitive sliding behavior. The
final position also converged at a certain range.

FIGURE 6. Hysteresis curves of VCM under several import frequencies
(a) 0.01Hz, (b) 1Hz, (c) 5Hz, and (d) 20Hz.

FIGURE 7. Dynamic frequency response of the designed VCM.

Fig. 8 presents the simulation of VCM export response
at various home positions. Regardless of the home posi-
tion, importing high-frequency oscillation signals still main-
tained the convergence of VCM final position at a certain
range. Simply adjusting the voltage enabled the researchers
to change and control the VCM export position to one that
converged (Fig. 9).

Fig. 10 exhibits the VCM export response under consistent
voltage but varying import frequencies. Results indicated
that when a low-frequency signal was imported, the export
response was quick, and the final convergence range was
large. However, an import signal with an excessively high fre-
quency prevented its dynamic behavior from entering a cycle
of sliding. Moreover, its reaction was slower than the reaction
at a low-frequency signal. As indicated in Fig. 10, export
results considerably varied between situations when the same
voltage but different frequency signals were imported into
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FIGURE 8. Simulation of VCM export response with distinct home
positions.

FIGURE 9. Simulation of VCM under distinct levels of import voltage.

the designed VCM. This study used such attribute to solve
the stick-slip problem faced with a designed guide-rod-
installed VCM. By conducting numerous simulations and
experiments, this study selected chirp signals to balance the
reaction time, displacement, settling time, and positioning
accuracy. Moreover, by using attributes such as high and low
frequency, researchers imported low frequency (100 Hz) to
achieve high displacement. At a later stage, high frequency
was selected to enable the signal to enter a sliding cycle,
thus reducing the settling time and increasing positioning
accuracy, as illustrated in Fig.11.

V. EXPERIMENTAL EQUIPMENT AND RESULTS
Fig. 12 depicts the experimental equipment. A personal
computer was connected to the equipment and LabVIEW
was run to formulate signals. NI PCI-6221 DAQ Card was
installed, serving as the signal export source. Current was
exported using a voltage follower, ensuring sufficient current
to drive the VCM. A laser displacement sensor was installed
to send feedback regarding the VCM positions. In this study,
the designed VCMwas placed on a rotation stage to simulate

FIGURE 10. Simulation of VCM under various levels of import frequency.

FIGURE 11. Results of a chirp control–positioning experiment.

the dynamic behaviors of smartphone operations at various
angles.

In the experiment, a random voltage setting was imported
to the designed VCMwith all possible home positions. When
the VCM operation stabilized, high-frequency control signals
were imported. Finally, the positioning results were recorded.
The selected control parameter was chirp with high and
low frequency. The initial frequency ranged from 100Hz to
600Hz. The total length of the control signal was 20 ms.
The waveform was a square wave with 3-V amplitude (VCM
response time = 23 ms).
After conducting experiments on the designed VCM with

various attitudes, the final positioning data are summarized
in Fig. 13. This figure demonstrates that importing a specified
high–low frequency composite chirp can effectively solve
the stick-slip problem and guarantee favorable positioning
performance according to the VCM attitude in question.

The experiment results show that the stick-slip could be
eliminated effectively by using the proposed high-low fre-
quency composite signals approach. Furthermore, due to lack
of a Hall senor, the proposed approach has the advantage
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FIGURE 12. Experimental structure.

FIGURE 13. Positioning performance of VCM under various attitudes.

of low cost, low assembly procedure and high positioning
accuracy when compared to a closed-loop VCM.

VI. CONCLUSION
This study proposed an open-loop control approach and
the use of the high–low frequency attribute of chirps to
solve the stick-slip problem caused by VCMs equipped
with guide rods. The proposed high–low frequency com-
posite signals control method used different frequency to
reducing the settling time and increasing positioning accu-
racy. In addition, it makes the guide-rod-equipped VCM has
the advantages of low cost, low assembly procedure and
high positioning accuracy. The experimental results indi-
cated that the proposed approach produced a positive reac-
tion rate and repetitiveness. By adopting said approach,
a guide-rod-equipped VCM can fulfil the general autofocus
requirements.
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