
Rev. Sci. Instrum. 93, 125003 (2022); https://doi.org/10.1063/5.0124203 93, 125003

© 2022 Author(s).

Robust finite-time adaptive control for high
performance voice coil motor-actuated fast
steering mirror
Cite as: Rev. Sci. Instrum. 93, 125003 (2022); https://doi.org/10.1063/5.0124203
Submitted: 04 September 2022 • Accepted: 11 November 2022 • Published Online: 02 December 2022

 Lina Wang,  Zhongshi Wang, Fuchao Wang, et al.

ARTICLES YOU MAY BE INTERESTED IN

Temperature measurement of aqueous solution in miniature sample chamber in
microscopic system based on near-infrared spectrum
Review of Scientific Instruments 93, 123701 (2022); https://doi.org/10.1063/5.0111549

“Ladetes”—A novel device to test deformation behaviors of hydrate-bearing sediments
Review of Scientific Instruments 93, 125004 (2022); https://doi.org/10.1063/5.0120205

Development of pulsed magnetic field assisted supersonic plasma spraying
Review of Scientific Instruments 93, 123901 (2022); https://doi.org/10.1063/5.0093541

https://images.scitation.org/redirect.spark?MID=176720&plid=1953443&setID=375687&channelID=0&CID=705944&banID=520805386&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=99405a7fd340a10db04d268e0240083c59b8ef4f&location=
https://doi.org/10.1063/5.0124203
https://doi.org/10.1063/5.0124203
https://orcid.org/0000-0002-3087-6084
https://aip.scitation.org/author/Wang%2C+Lina
https://orcid.org/0000-0003-3674-2623
https://aip.scitation.org/author/Wang%2C+Zhongshi
https://aip.scitation.org/author/Wang%2C+Fuchao
https://doi.org/10.1063/5.0124203
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0124203
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0124203&domain=aip.scitation.org&date_stamp=2022-12-02
https://aip.scitation.org/doi/10.1063/5.0111549
https://aip.scitation.org/doi/10.1063/5.0111549
https://doi.org/10.1063/5.0111549
https://aip.scitation.org/doi/10.1063/5.0120205
https://doi.org/10.1063/5.0120205
https://aip.scitation.org/doi/10.1063/5.0093541
https://doi.org/10.1063/5.0093541


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

Robust finite-time adaptive control for high
performance voice coil motor-actuated
fast steering mirror

Cite as: Rev. Sci. Instrum. 93, 125003 (2022); doi: 10.1063/5.0124203
Submitted: 4 September 2022 • Accepted: 11 November 2022 •
Published Online: 2 December 2022

Lina Wang,1 Zhongshi Wang,2 Fuchao Wang,2 Guangfeng Shi,1 and Rui Xu2,a)

AFFILIATIONS
1 College of Electro-Mechanical Engineering, Changchun University of Science and Technology, Changchun 130022, China
2Key Laboratory of Airborne Optical Imaging and Measurement, Changchun Institute of Optics, Fine Mechanics and Physics,
Chinese Academy of Sciences, Changchun 130033, China

a)Author to whom correspondence should be addressed: xur@ciomp.ac.cn

ABSTRACT
Fast steering mirror (FSM) is an efficient and reliable mechanical device in aerial optical image systems for controlling the beam direction with
high precision. With the advantages of compact size, high speed, simple structure, and long linear stroke, voice coil motors are ideal actuators
for FSM systems. However, model uncertainty can lead to poor performance or even system divergence, especially in environments with
temperature variations, electromagnetic environment changes, etc. This paper proposes a novel finite-time adaptive control (FAC) algorithm
for an FSM system to obtain high performance, i.e., positioning accuracy, dynamic performance, and robustness. In addition, the finite-
time convergence of the controller is analyzed. In the experiments, the controller is implemented in a DSP-based microprocessor. The step
response results show that the proposed algorithm has a shorter setting time, smaller overshoot, and smaller steady-state error compared to
classical sliding mode control (SMC). The sinusoidal signal tracking accuracy of FAC + SMC has been improved by 19.8%. In addition, as
the model uncertainty increases 10%, the root mean square errors (RMSEs) are 1.73′′ and 1.18′′ for SMC and FAC + SMC, respectively. With
20% model uncertainty, the RMSEs increase to 2.56′′ and 1.85′′, respectively. Extensive experiments demonstrate the general effectiveness of
the proposed algorithm.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0124203

NOMENCLATURE

τa The output torque of the system
Ka The equivalent torque coefficient
ia The total current in the system
u The control voltage of the system
Ra The equivalent resistance
La The equivalent inductance
ea The back electromotive force
Ke The back electromotive force coefficient
θ, θ̇, θ̈ The angle, angular velocity, and angular acceleration

of the FSM
Jm, Bm, Km The equivalent moment of inertia, viscous damping,

and stiffness parameters
p0, p1, p2 The parameters of the general FSM model
d The model uncertainty and the external disturbance
σ The sliding mode surface

c1, c2 The positive parameters determine the state error’s con-
verging speed when the system is on the sliding mode
surface

θd The desired angle
e, ė, ë The angular error, angular velocity error, and angular

acceleration error
ks The switching-gain of the SMC
ka The adaptive control value
sign(⋅) The switching function
k1, k2, k3 The positive parameters of the adaptive control law
T The setting time.
V The Lyapunov function

I. INTRODUCTION
Aerial optical imaging systems, such as infrared search sys-

tems,1 laser pointing systems,2 tracking and targeting systems,3 and
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observation systems,4 all require high-performance actuators to iso-
late the movement of the aircraft and various disturbances to achieve
stable imaging. There are two general approaches: platform stabi-
lization and steering stabilization.5 However, limited by the large
inertia and the complexity of disturbance, it is difficult to improve
the stability accuracy of line-of-sight (LOS) by relying on platform
stabilization.

In the second approach, the direction of the LOS is controlled
by rotating a movable optical element, i.e., fast steering mirror
(FSM), in the optical path.6 The FSM is a high-precision manu-
facturing device involving mechanical structures, controllers, and
measurement sensors for precise control of the beam direction.7
It has advantages of low inertia, high stiffness, and large energy
density and is widely used in various optical imaging systems.
Although the current commercially available FSMs can provide sat-
isfactory performance in certain scenarios when advanced aerospace
equipment performs long-distance communication/tracking
missions, a high level of stabilization accuracy is required from the
FSM. Thus, the original motivation of this study is to improve the
positioning accuracy of FSMs.

Depending on the actuator, FSMs can be classified as voice
coil motor (VCM)-actuated and piezoelectric-actuated FSMs. The
piezoelectric actuators are based on the inverse piezoelectric effect
to achieve motion. Due to their high positioning accuracy, many
researchers have investigated piezoelectric-actuated FSMs guided
by a ring-type flexible hinge and high-bandwidth high-precision
tracking control methods.8 The piezoelectric-actuated FSMs can
achieve a relatively high positioning accuracy but suffer from the
problem of short-stroke.9 Furthermore, according to the author’s
previous research, hysteresis nonlinearity, which is a complex
behavior with amplitude-dependent, rate-dependent, and
temperature-dependent,10 may lead to complex controller designs
and is, therefore, difficult to apply in practical engineering.

The VCM is a current-driven linear motor, consisting mainly
of a moving coil and a permanent magnet. It has the advantages of
compact size, high speed, simple structure, and long linear stroke.
Due to these advantages, VCMs have been used in many preci-
sion motion applications.11 For instance, Al-Jodah et al. developed
a large-range 1-degree-of-freedom stage based on the VCM. The
sliding mode control (SMC) is augmented with an adaptive fuzzy
disturbance observer, which achieves the high precision of tracking
performance.12 A Lorentz force fast tool servo is designed in which
the VCM is located inside the slide, and a novel advanced propor-
tional-integral-differential (PID) control with velocity/acceleration
feed-forward and SMC is implemented with the tracking error sub-
sequently decreasing to 0.871% at 50 Hz.13 Wang et al. proposed the
direct amplitude control to maintain the amplitude of a VCM-based
high-frequency reciprocating rig under frictional loads.14

Recently, many researchers have worked on high-precision
VCM-actuated FSM systems.15 There are two important research
directions: one is to improving the anti-disturbance ability and the
other is to improving the command tracking accuracy. Therefore,
the control methods of VCM-actuated FSMs are mainly based on
the composite control of feed-forward control and anti-disturbance
control. For example, an active disturbance rejection control algo-
rithm is used in the controller design of the FSM, which eliminates
system disturbances and improves speed accuracy.16 A model refer-
ence adaptive controller is proposed to further improve the control

accuracy of the FSM to eliminate the dependence on the accuracy of
the system model.17 A control algorithm based on the disturbance
observer and H∞ is proposed, which improves the current dynamic
characteristic and robustness of the VCM.18 An improved repetitive
control of the tip–tilt mirror is proposed, which can reduce telescope
vibrations and achieve optimal performance when vibrations are
provided.19 These studies are premised on obtaining accurate model
parameters. However, model uncertainty persists in many cases,
which may lead to poor performance or even system divergence. In
particular, in some special applications, such as temperature varia-
tions and electromagnetic environment changes, the characteristics
of the system change greatly, resulting in a large increase in the
model uncertainty.

The primary consideration in the controller design is stabil-
ity. In contrast to classical Lyapunov stability, finite-time stability
ensures that the system states converge quickly to the equilibrium
point in finite time.20,21 The finite-time control has achieved good
results.22,23 For instance, the adaptive finite-time and fixed-time con-
trol schemes of the permanent magnet synchronous motor (PMSM)
in a noise environment are proposed, which not only ensure fast
stochastic chaos synchronization of PMSMs but also successfully
determine the control gain.24 A non-singular fast terminal sliding
mode and finite-time disturbance observer techniques are deployed
in a surface vehicle; experimental results show that the trajectory
tracking error can reach exactly zero in finite time.25 However, to
the best of the author’s knowledge, there has been little research on
finite-time control and adaptive SMC in the field of VCM-actuated
FSM. Therefore, this paper considers exploiting the excellent robust-
ness of adaptive control and the fast convergence of finite-time
control.

In summary, to improve the robustness to model uncertainty
and to speed up the convergence of the control error, a robust
finite-time adaptive controller (FAC) is proposed in this paper that
combines finite-time control with adaptive SMC. Compared with
the state of the art, the main innovations are as follows:

(1) A control algorithm is proposed for VCM-actuated FSM
systems, which is robust to model uncertainty. A novel
adaptive law is proposed in the FAC to obtain finite-time
convergence behavior.

(2) The controller is simple in form, with an adaptive
control value added to the classical sliding mode controller.
As a result, it is easy to implement. The parameters have a
clear mathematical meaning and are easy to tune.

The rest of this paper is organized as follows. First, in Sec. II,
the VCM-driven FSM mechanics are presented and a general math-
ematical model is developed. Then, in Sec. III, the controller design
of the VCM-actuated FSM is presented and finite-time stability
is analyzed. Section IV describes comparative experiments of the
controller to measure the performance of the proposed FAC. Finally,
conclusions are presented in Sec. V.

II. MODELING AND ANALYSIS
The FSM system is based on a push–pull pattern of two VCMs

and a flexible hinge to achieve rotation. The principle of motion is
shown in Fig. 1.
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FIG. 1. Schematic diagram of the FSM movement principle.

With a constant number of coil turns and magnetic field
strength, the Lorentz force of VCMs is closely proportional to the
current. In the push–pull mode, the two VCMs are placed symmet-
rically so that the output torque is proportional to the current of the
FSM system,

τa(t) = Kaia(t), (1)

where τa(t) is the output torque of the system, Ka is the equivalent
torque coefficient, and ia(t) is the total current in the system.

Then, according to the voltage balance equation, the total
current of the system can be obtained,

u(t) − ea(t) = Raia(t) + La i̇a(t), (2)

where u(t) is the control voltage of the system, Ra and La are the
equivalent resistance and inductance, respectively, and ea(t) is the
back electromotive force, which is related to the angular velocity of
rotation of the FSM,

ea(t) = Keθ̇(t), (3)

where Ke is the back electromotive force coefficient, θ(t) is the angle
of the FSM, and θ̇(t) represents the angular velocity.

According to rigid body dynamics, the rotational motion of the
FSM can be described as follows:

τa(t) = Jmθ̈(t) + Bmθ̇(t) + Kmθ(t), (4)

where Jm, Bm, and Km are the equivalent moment of inertia, viscous
damping, and stiffness constant parameters, respectively.

Since the inductance is usually small, it can be neglected, i.e.,
La ≈ 0. Arranging Eqs. (1)–(4) yields the following results:

Jmθ̈(t) + (Bm +
KaKe

Ra
)θ̇(t) + Kmθ(t) = Ka

Ra
u(t). (5)

A general description of the FSM model is given,

θ̈(t) = p0θ̇(t) + p1θ(t) + p2u(t), (6)

where the parameters of the model are defined, i.e.,
p0 = − (RaBm+KaKe)

JmRa
, p1 = −Km

Jm
, and p2 = Ka

JmRa
. Considering the

equivalent disturbance, the general model (6) can be described as
follows:

θ̈(t) = p0θ̇(t) + p1θ(t) + p2(u(t) + d(t)), (7)

where d(t) contains the model uncertainty and the external
disturbance.

III. CONTROLLER DESIGN
In this section, we will investigate the controller design method

with model uncertainty compensation.

A. Preliminaries
Before implementing the controller design, some results on

finite-time stability are reviewed.

Definition 1 (see Ref. 26). For a differential-equation-based
system,

ẋ(t) = f (x(t)), x ∈ R, (8)

with a continuous function f (⋅) such that f (0) = 0, the system is
globally finite-time stable if it is Lyapunov stable, and for all x0 ∈ R,
there exists T(x0) ≥ 0 dependent on the initial conditions such that
for any x(⋅) solution of the differential equation with x(0) = x0,
limt→T(x0)∥x(t)∥ = 0, i.e., ∥x(t)∥ ≡ 0 for all t ≥ T(x0). The function
T is called the setting time.

Lemma 1 (see Ref. 24). If z1, z2, . . . , zn ≥ 0, then

n

∑
i=1

zν
i ≥ (

n

∑
i=1

zi)
ν

, 0 < ν ≤ 1, (9)

in which “=” holds for ν = 1.

Lemma 2 (see Ref. 27). For a system (8), if there exists a
continuous positive definite function V such that

V̇(x) ≤ −λVμ(x)), ∀x ∈ Dn{0}, (10)

where λ > 0 and 0 < μ < 1, the origin of the system is globally finite-
time stable and the setting time satisfies

T ≤ V1−μ(x0)
λ(1 − μ) , x0 ∈ U. (11)

Lemma 3 (see Ref. 28). For a system (8), if there exists a
continuous positive definite function V such that

V̇(x) ≤ −λVμ(x) + ηV(x), ∀x ∈ D/{0}, (12)

where λ, η > 0 and 0 < μ < 1, then the origin of system (8) is semi-
global finite-time stable. The set

U = {x∣V1−μ(x) < λ
η
} ∩D (13)

is contained in the domain of attraction of the origin. The setting time
satisfies

T ≤
ln(1 − η

λ V1−μ(x0))
η(1 − μ) , x0 ∈ U. (14)
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B. Robust finite-time adaptive controller
To achieve robust finite-time adaptive control of the

VCM-actuated FSM, we first employ the SMC and define the
surface as follows:

σ(t) = c1e(t) + c2∫
t

0
e(τ)dτ + ė(t), (15)

where σ(t) is the sliding mode surface and c1 and c2 are posi-
tive parameters determining the converging speed of the state error
when the system is on the surface. The angular error is defined as

e(t) = θd(t) − θ(t), (16)

where θd(t) and θ(t) denote the desired and actual angle, respec-
tively. Thus, the first- and second-order derivatives, i.e., the angular
velocity error and the angular acceleration error, are defined as
follows:

ė(t) = θ̇d(t) − θ̇(t), ë(t) = θ̈d(t) − θ̈(t). (17)

Traditional SMCs often encounter chattering problems caused
by high switching gain. To reduce this effect, we consider adding
an adaptive term to the existing SMC, which increases the control
value when the model uncertainty increases and returns to SMC
when the model uncertainty is small. In addition, to speed up the
convergence process, the controller implementation must satisfy
the finite-time convergence property. The proposed controller is
designed as follows:

u(t) = 1
p2

θ̈d(t) +
c1

p2
θ̇d(t) +

c2

p2
θd(t) −

c1 + p0

p2
θ̇(t) − c2 + p1

p2
θ(t)

+ ks sign(σ(t)) + ka(t), (18)

where ks is the switching-gain of the SMC, ka(t) is the adaptive
control value, and the function sign(⋅) is the switching function.

From (18), it can be found that the controller contains the feed-
forward control value, the state feedback control value, the switching
control value, and the adaptive control value. The proposed adaptive
control law is as follows:

k̇a(t) = −k1ka(t) + k2σ(t) − k3sign(ka(t)), (19)

where the parameters satisfy k1 > 0, k2 > 0, k3 > 0.

Theorem 1. For model (7) and controller (18), with θ(t) ∈ R,
the model uncertainty d(t) ∈ R has a upper bound ∣d(t)∣ < δ. For
given these ks > δ > 0, k1 > 0, k2 > 0, k3 > 0, the closed-loop system is
finite-time stable with the setting time T satisfying

T ≤
2 ln(1 − ∣k2−1∣

√

2 min{ks−δ,k3}
V

1
2 (x0))

∣k2 − 1∣ . (20)

Proof 1. To simplify the proof, the time-varying notation ′′(t)′′
is omitted in the following. First, a positive definite Lyapunov function
is chosen,

V = 1
2

σ2 + 1
2

k2
a. (21)

The time derivative of V is

V̇ = σ̇σ + k̇aka. (22)

Taking the time derivative of the sliding mode surface and the
adaptive control law into Eq. (22) yields

V̇ = (d − ks sign(σ) − ka)σ + (k2σ − k1ka − k3sign(ka))ka

= dσ − ks∣σ∣ − kaσ − k1k2
a + k2kaσ − k3∣ka∣

≤ (δ − ks)∣σ∣ − k3∣ka∣ + (k2 − 1)kaσ
≤ −min{ks − δ, k3}(∣σ∣ + ∣ka∣) + (k2 − 1)kaσ. (23)

According to the inequality kaσ ≤ k2
a+σ2

2 , the equation can be
written as follows:

V̇ ≤ −min{ks − δ, k3}(∣σ∣ + ∣ka∣) + ∣k2 − 1∣k
2
a + σ2

2
. (24)

In light of Lemma 1, in which the inequality for ν = 1
2 is used,

we get

V̇ ≤ −
√

2 min{ks − δ, k3}V
1
2 + ∣k2 − 1∣V. (25)

Based on Lemma 3, the setting time is

T ≤
2 ln(1 − ∣k2−1∣

√

2 min{ks−δ,k3}
V

1
2 (x0))

∣k2 − 1∣ . (26)

Remark 1. The parameters p0, p1, p2 in controller (18) are
derived from the model, which can be obtained by offline or online
model identification methods. The parameters c1, c2, ks come from
the traditional SMC, and the parameter tuning method is relatively
mature.

Remark 2. The desired angle signal θd(t), the angular velocity
signal θ̇d(t), and the angular acceleration signal θ̈d(t) are required
by the controller. In engineering applications, the desired signal
is usually predefined so that the angular velocity and the angu-
lar acceleration signals can be obtained easily. The variable θ(t)
usually is obtained by the angle or displacement sensor, and θ̇(t) can
be obtained by the differential tracker method.

Remark 3. The most important part of the method proposed is
the adaptive control value ka(t), which is determined by the para-
meters k1, k2, k3. According to (19), ka(t) is exponentially convergent
to the neighborhood of σ(t), i.e., σ(t) ± k3

k2
, and the convergence speed

is determined by k1. When the system is far away from the sliding
mode surface ∣σ∣≫ 0, ka takes a large value with σ so that a large
approach speed can be obtained. When the system is close to the sliding
mode surface, ka obtains a small value with σ, which can adaptively
adjust the control value to offset the changes of the model uncertainty.
Because of this, the switching gain of SMC does not have to be chosen
too high and the chatting of the system is reduced.
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Remark 4. Note that when k2 = 1, inequality (25) can be
rewritten as follows:

V̇ ≤ −
√

2 min{ks − δ, k3}V
1
2 . (27)

According to Lemma 2, the system is globally finite-time stable,
and the setting time satisfies

T ≤ 2V
1
2 (x0)√

2 min{ks − δ, k3}
. (28)

IV. EXPERIMENTS
A. Experimental setup

An overview of the experimental setup is represented in Fig. 2.
To evaluate the proposed method, a VCM-actuated FSM sys-
tem based on a flexible hinge is developed. The mirror size is
35 × 43 mm2, and the steering angle of the FSM system is ±1○.
The first-order resonant frequency of the system is 30 Hz, and the
damping ratio is 0.45.

A regulated power supply provides 24 V to the DCDC
module, which outputs ±15 and 5 V to the FSM system.
The proposed controller is implemented in a DSP-based circuit
containing a high-performance microcontroller and a high-power
amplifier.

The rotation angle of the FSM is calculated from the data sensed
by the eddy current sensor. The two probes of the eddy current
sensor are placed symmetrically on either side of the flexible hinge,
and it measures the distance between the probe and the metal based
on the eddy current effect and then calculates the steering angle of
the mirror. The signal from the sensors is then picked up by using a
homemade readout circuit. The sample time of the control system is
set to 0.2 ms.

B. Parameters setting
The primary task of the experiment is to identify the model

parameters of the controlled object, i.e., p0, p1, p2 in Eq. (7). The

FIG. 2. Overview of the experimental setup.

FIG. 3. Measured and fitted open-loop Bode curves.

parameters of the FSM system are obtained offline by the noise
sweep method. Specifically, a small-amplitude random noise signal
is used as the input signal to the system, and at the same time, the
steering angle obtained by the eddy current sensor is collected. The
input and output data are transferred from the DSP to the PC via
the RS422toUSB cable. The data are processed according to spectral
analysis methods, and then, the transfer function can be calculated.
The transfer function is approximated by the least squares method.
The measured and fitted open-loop Bode curves of the FSM system
are demonstrated in Fig. 3.

The parameters are calculated by using the least squares
method, p0 = −153, p1 = −28 900, p2 = 751 400. To verify the effec-
tiveness of the proposed algorithm, the classical SMC is selected for
comparison in the experiments. Three different inputs are used in
the experiments: step response, sinusoidal response, and robustness
to model uncertainty.

In all experiments, the switching function is replaced by a sat-
uration function to reduce the chattering effect, and the threshold
is set as Δ = 200. The other parameters in the experiment are fine-
tuned. For comparison, the same parameters of the SMC are used,
that is, to verify the effect of adding the FAC to the SMC. All the
parameters are listed in Table I.

C. Step signal tracking performance
A 360′′ step signal is used as an input to excite the FSM

system. For a comprehensive analysis of the algorithm, the input sig-
nal, response signal, angle error, sliding surface, control value, and
adaptive law are given in Fig. 4. The performance metrics of the step
response are listed in Table II.

TABLE I. Parameters setting of the FSM system.

Method Parameters

SMC c1 = 1400, c2 = 90 000.
FAC + SMC c1 = 1400, c2 = 90 000,

k1 = 9000, k2 = 1, k3 = 0.01.
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FIG. 4. Results of the step response. (a) Command and feedback signals. (b)
Tracking error. (c) Sliding mode surface. (d) Control value. (e) Adaptive law.

Both methods can track the step signal, while the proposed FAC
+ SMC allows for a faster dynamic response and smaller steady-state
error. Specifically, due to the advantages of the FAC, the rise time
decreases from 13.2 to 8.4 ms, the peak time decreases from 20.4 to

TABLE II. Performance metrics of the step response. (Boldface denotes better
results.).

Metrics SMC FAC + SMC

Rise time (ms) 13.2 8.4
Peak time (ms) 20.4 13.6
3% setting time (ms) 60.8 46.6
Overshoot (%) 36.8 22.5
Steady-state error (′′) 1.58 1.19

13.6 ms, and the setting time decreases from 60.8 to 46.6 ms. Mean-
while, the overshoot is reduced by 38.9%. The steady-state error
decreases from 1.58′′ to 1.19′′. The step tracking performance of
FAC + SMC is better than those of SMC.

Experimental results on the rate of convergence are provided.
Comparing the sliding mode surfaces of the two algorithms, the
proposed FAC + SMC scheme in this investigation has a faster con-
vergence rate than SMC. The state of the control value and the
adaptive law also converges quickly after a short adjustment process,
which also verifies the finite-time convergence characteristics of the
proposed controller.

D. Sinusoidal signal tracking performance
To examine the tracking performance of the controller to

dynamic signals, a sinusoidal signal with an amplitude of 360′′ and
a frequency of 10 Hz is selected as the input reference signal. The
tracking response and the system states are all shown in Fig. 5.

In terms of Fig. 5, it is found that the FAC + SMC scheme
generates a lower tracking error. The peak-to-peak error (PPE) of
SMC is 4.51′′, while that of FAC + SMC is 3.78′′. The FAC + SMC
and SMC lead to the root mean square error (RMSE) of 0.93′′ and
1.17′′, respectively. The tracking accuracy of FAC + SMC has been
improved by 19.8% over the SMC method.

The control values of the two controllers are also shown in
Fig. 5, and they provide smooth control actions without chattering.
Moreover, we can see that the parameters are adjusted automati-
cally during the motion tracking process, which is the reason why
the proposed FAC + SMC performs better than the fixed-gain
SMC. At last, the states of the system, i.e., the sliding surface s, the
control value u, and the adaptive law ka, are dynamically stable when
tracking dynamic signals.

E. Robust performance against model uncertainty
To verify the robustness of the control algorithm to model

uncertainty, the model parameter p2 is selected to be artificially
changed. Based on p2 obtained in the previous model identification,
we increase the uncertainty by 10% and 20%, respectively, that is,
p′2 = 1.1p2, p′′2 = 1.2p2, where p′2 and p′′2 represent the new values for
the experiments in this subsection.

The input reference is still a sinusoidal signal with a frequency
of 10 Hz and an amplitude of 360′′. The angle error curves of the two
methods under different Δp2 are shown in Fig. 6.

Compared to the results in Fig. 5, the angular error increases
significantly with the addition of model uncertainty. However, the
proposed FAC + SMC algorithm still has lower angular error than
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FIG. 5. Results of tracking the 10 Hz sinusoidal signal. (a) Command and feedback
signals. (b) Tracking error. (c) Sliding mode surface. (d) Control value. (e) Adaptive
law.

FIG. 6. Tracking results of the 10 Hz sinusoidal signal with Δp2 variation.

FIG. 7. RMSE of 10 Hz sinusoidal signal tracking with different Δp2.

SMC under 10% and 20% model uncertainty. For a quantitative
comparison, we present the RMSEs of the two algorithms under
different model uncertainty in Fig. 7.

According to the analysis of Eq. (18), when p2 is changed, the
control value u corresponds to the addition of a time-varying distur-
bance. As model uncertainty increases, the RMSE increases for both
methods. At 10% model uncertainty, the RMSEs for SMC and FAC
+ SMC are 1.73′′ and 1.18′′, respectively. At 20% model uncertainty,
they increase to 2.56′′ and 1.85′′, respectively. Meanwhile, the differ-
ence between the two methods gradually increases from 0.23 to 0.55
and then to 0.71. It is suggested that the proposed FAC + SMC grad-
ually becomes more advantageous when model uncertainty is large,
and it resists the effects of model uncertainty.

V. CONCLUSION AND PROSPECT
In this paper, a robust finite-time adaptive control method

based on SMC with the PID surface is proposed for a VCM-based
FSM system. The finite-time convergence of the method is analyzed,
and the proposed controller is implemented in DSP. The adaptive
controller compensates model uncertainty while maintaining the
advantages of SMC. The controller has the advantage that only one
adaptive control value is added to the classical SMC, and the para-
meter tuning in the adaptive controller is easy, making it suitable
for practical system applications. Experimental results show that the
proposed method has a better step and sinusoidal signal tracking
performances and robustness to model uncertainty compared with
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the SMC. With the proposed controller, a high-precision motion of
FSM is achieved.

The environment changes often appear in engineering
applications, resulting in model changes of the controlled system.
The proposed method is robust to model uncertainty and ensures
a stable system with high accuracy at the same time, providing an
effective reference design for engineering practice.

The proposed FAC + SMC scheme works well under model
uncertainty, but the phase lag and magnitude difference problem
of the FSM are obvious when the frequency of the input signal
increases, so it is necessary to explore the control algorithm of
the FSM under high dynamic or high bandwidth conditions in the
future work.
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