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a  b  s  t  r  a  c  t

In  this  paper,  a voice  coil  motor  (VCM)  featuring  fast  dynamic  performance  and  high position  repeata-
bility  is  developed.  To  achieve  robust  VCM  control  performance  under  different  operating  conditions,  an
on-line constructive  fuzzy  sliding-mode  control  (OCFSC)  system,  which  comprises  of  a  main  controller
and  an  exponential  compensator,  is  proposed.  In the  main  controller,  a fuzzy  observer  is used  to on-
line  approximate  the  unknown  nonlinear  term in  the  system  dynamics  with  on-line  structure  learning
and  parameter  learning  using  a gradient  descent  algorithm.  According  to  the structure  learning  mech-
anism,  the  fuzzy  observer  can  either  increase  or decrease  the  number  of  fuzzy  rules  based  on  tracking
performance.  The  exponential  compensator  is  applied  to ensure  the system  stability  with a nonlinear
exponential  reaching  law. Thus,  the chattering  signal  can  be alleviated  and  the convergence  of  track-
ing  error  can  be speed  up. Finally,  the experimental  results  show  that  not  only  the  OCFSC  system  can
achieve  good  position  tracking  accuracy  but  also the  structure  learning  ability  enables  the  fuzzy  observer
to evolve  its  structure  on-line.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The high-precision quick-response linear motion is often
required in modern testing systems. If the linear motion is real-
ized using the rotary motors with a mechanical transmission, the
mechanical transmission will introduce the backlash and large
friction. A voice coil motor (VCM) for automated manufacturing
processes is a direct drive motor that uses a permanent mag-
netic field and coil winding to produce a force proportional to the
current applied to the coil winding [1,2]. The fixed part is perma-
nent magnet field and the moving part is coil winding. Because
of the characteristics of small size and high-response speed, VCM
has been widely used in high-frequency response DDV drives or
auto-focus modules of digital cameras [3]. Recently, several control
methods for VCMs have been proposed [4–9].

Oboe et al. proposed a PI control with its simple design [1].
Since the control gains of PI control are fixed, the control perfor-
mance is influenced by the system uncertainties, friction, and load
changes of movable parts. Yu et al. proposed an adaptive fuzzy logic
PID control to achieve a short response time with fuzzy tuning
the control gains [4]. The fuzzy rules should be pre-constructed
to achieve the design performance by trial-and-error; however,
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this trial-and-error tuning procedure is time-consuming. A fuzzy
sliding-mode controller was  designed to achieve favorable position
control performance [5]; however, it has difficulty in determining
suitable membership functions and fuzzy rules. Wu et al. pro-
posed a sliding-mode control system with a state-space observer to
improve the control accuracy and robustness [6]; however, the con-
trol signal results in the chattering phenomena. Recently, several
neural-network-based intelligent control systems had been pro-
posed for VCM control [7–9]. The developed adaptive tuning law
only considers the on-line parameter learning of neural networks
but doesn’t consider the structure adjustment of neural networks.
It implies that tracking accuracy would be not satisfied if inade-
quate hidden nodes of neural network, i.e. too many or too few, are
predefined.

Whether a control system is robust against system uncertainties
is an important issue for controller performance assessment. It is
known that sliding mode control (SMC) system is an effective con-
trol approach due to its excellent advantage of strong robustness
against model uncertainties, parameter variations and external dis-
turbances [10,11]. However, the chattering problem is one of the
most critical handicaps for applying the SMC  system to real appli-
cations. On the other hand, based on the fuzzy rules base of fuzzy
controller having skew-symmetric property, a fuzzy sliding-mode
controller (FSMC) system is proposed to offer a significant reduc-
tion in rule inferences and simplify the tuning of control parameter
[12–14]. Since only one variable (sliding surface) is defined as the
input variable for fuzzy rules, the number of the fuzzy rules for
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FSMC is smaller than that for fuzzy control which uses the error and
change of error as the input variables. However, obtaining appro-
priate membership functions and fuzzy rules for the design of FSMC
system remains a challenge.

To tune the control parameters including the membership
functions and fuzzy rules, some researchers focused on the adap-
tive fuzzy control (AFC) schemes with on-line parameter learning
[15–18]. The AFC systems can tune its controller parameters to
achieve favorable performance by designing parameter adapta-
tion laws rather than requiring expert experience. Additionally,
by combining the advantages of FSMC system and AFC system,
some researchers proposed the adaptive fuzzy sliding-mode con-
trol (AFSMC) design methods [19,20]. Thus, not only the controller
parameters of AFSMC system can be on-line tuned to achieve favor-
able performance but also the total number of fuzzy rules in AFSMC
systems is greatly reduced compared to existing AFC systems.

Though the control performance in [15–20] is acceptable after
controller parameters learning, the number of fuzzy rules should
be determined by trial-and-error. It is not an easy task to determine
an appropriate number of fuzzy rules. To overcome this problem,
some researchers focused on the learning which consists of both
structure learning and parameter learning [21–27]. The structure
learning is responsible for on-line rule generation and the parame-
ter learning is designed to achieve favorable learning performance.
Thus, the number of fuzzy rules can dynamically vary to achieve an
economical rule size.

This paper proposes an on-line constructive fuzzy sliding-mode
control (OCFSC) system for a VCM to track a periodical position
reference with robust characteristics. A fuzzy observer is utilized
to on-line approximate the unknown nonlinear term of VCM sys-
tem dynamics. The structure learning mechanism not only helps
automate fuzzy rule generation but also locates good initial rule
positions for parameter learning. All adjustable parameters of the
OCFSC system are on-line tuned by the gradient descent learn-
ing method. Meanwhile, an exponential compensator is applied
to ensure the system stability based on a Lyapunov function.
Finally, the OCFSC system is implemented on an ARM Cortex-m4
microcontroller for high-performance industrial applications. The
experimental results show that not only the fuzzy observer has the
admirable property of small fuzzy rules size but also the OCFSC
system can achieve favorable control performance such as good
parameter variation rejection and good tracking accuracy. Thus,
the proposed OCFSC system with low implementation complexity
is suitable for real-time VCM control applications.

2. Problem formulation of VCM

VCM possesses the advantages of a simple structure, a fast
response, and high accuracy. The dynamic equation, which satisfies
the Kirchhoff’s voltage law and Newton’s second law of motion, can
be obtained as follows [1,3]

va(t) = Raia(t) + Kbẋ(t) + Lai̇a(t) (1)

Ft(t) − Ff (t) = (m + M)ẍ(t) + Bẋ(t) (2)

where x(t) is the position of the coil winding, va(t) is the input volt-
age, Ra is the coil resistance, ia(t) is the coil current, Kb is the back
electromotive force coefficient, Kt is the thrust force coefficient, La

is the coil inductance, M is the mass of the coil winding, m is the
mass of the payload, B is the viscous coefficient, Ff (t) is the lumped
friction force, and Ft(t) = Ktia(t) is the thrust force. Due to the term
La can be neglected; the dynamic equation of VCM represents as

ẍ(t) = f (t) + g(t)u(t) + d(t) (3)

where f (t) = −(KtKb+RaB)
(m+M)Ra

ẋ(t) is the system dynamic, g(t) = Kt/(m +
M)Ra is the control gain, d(t) = (−Ff (t))/m + M is the external dis-

Fig. 1. The OCFSC system for a VCM.

turbance, and u(t) = va(t) is the input voltage. The control objective
is to design the position of coil winding x(t) can track the position
command xc(t). Define a tracking error as

e(t) = xc(t) − x(t) (4)

Substituting (4) into (3) yields

ë(t) = z(t) − u(t) (5)

where the nonlinear term z(t) is defined as z(t) = ẍc(t) − (1 −
(1)/g(t))ẍ(t) − (f (t) + d(t))/g(t). Assuming that all the parameters
in the nonlinear term z(t) are known, an ideal controller is assumed
to take the following form [28]

u∗(t) = z(t) + k1ė(t) + k2e(t) (6)

where k1 and k2 are positive constants. Imposing the control law
u(t) = u∗(t) upon (5), it follows that

ë(t) + k1ė(t) + k2e(t) = 0 (7)

It can be seen that (7) is a Hurwitz polynomial. Thereby, it con-
firms that the tracking error e(t) converges to zero asymptotically
for any initial condition [28]. Because of the nonlinear term z(t) is
unknown or perturbed, the ideal controller cannot be implemented
in real-time VCM control.

3. OCFSC system design

This paper proposes an OCFSC system as shown in Fig. 1, i.e.

uoc(t) = um(t) + uc(t) = ẑ + k1ė(t) + k2e(t) + uc(t) (8)

where um(t) is the main controller, uc(t) is the exponential compen-
sator, the fuzzy observer ẑ is designed to approximate the unknown
nonlinear term z(t). A sliding surface, which includes an additional
integral term, is defined as

s(t) = ė(t) + k1e(t) + k2

∫ t

0

e(�)d� (9)

Assuming that there are n(t) fuzzy rules in the fuzzy observer at
time t, each fuzzy rule is described as

Rulei : IFs(t)isFi, THENẑis˛is(t) + ˇi (10)

where Fi represents fuzzy sets of s(t) and zi = ˛is(t) + ˇi is the
Takagi-Sugeno-Kang (TSK) type consequent part that is learned
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