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Abstract— This paper studies the problem of high-precision
positioning of laser beams by using a robust Fractional-Order
Proportional-Integral-Derivative (FOPID) controller. The control problem addressed in laser beams aims to maintain the
position of the laser beam on a Position Sensing Device
(PSD) despite the effects of noise and active disturbances.
The FOPID controller is well known for its simplicity with
better tuning flexibility along with robustness to noise and
output disturbance rejections. Thus, a control strategy based
on FOPID to achieve the control objectives has been proposed.
The FOPID gains and differentiation orders are optimally
tuned in order to fulfill the robustness design specifications
by solving a nonlinear optimization problem. A comparison
to the conventional Proportional-Integral-Derivative (PID) and
robust PID is also provided from simulation and experiment
set-up. Due to sensor noise, practical PID controllers that filter
the position signal before taking the derivative have been also
proposed. Experimental results show that the requirements are
totally met for the laser beam platform to be stabilized.
Index Terms— Laser Beams, PID, Fractional-Order PID
(FOPID), Robust PID, process control, iterative optimization,
robust control.

I. I NTRODUCTION
Laser is a device that emits a beam of light by stimulated
emission of photons from excited atoms or molecules. It has
been used in different applications such as communication,
surgical use, printing, bar code scanning, laser cutting and
many other industrial applications. The need for high accuracy pointing is considered as a main challenge for these
systems. This is due to the difficulty of reaching the target
also to the point and the vibration of the pointing system
in presence of external disturbances [1]. The work presented
in this paper is to design a robust controller that reduces the
active disturbance and minimizes the variations, which cause
the laser beam pointing errors.
Several control techniques have been combined with a
feedback and/or feedforward control techniques, estimation
and/or identification methods such as PID and robust PID
controllers [1], [2], passive control [3]–[5], adaptive control
techniques or more advanced adaptive techniques such as
[6]–[11]. PID controllers with a beam-stabilized optical
switch have been proposed in [2], [12] to stabilize a beam at
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a desired angle and maximize the optical power detected by
a photodiode using a voice-coil motor actuator. Such studies
have showed that the PID controllers can be a good method
of stabilizing the laser beam with minimal switching time.
Nevertheless such standard control strategies fail to provide
good performance particularly under vibration conditions of
the pointing systems due to active disturbances.
In this study, the FOPID controller is introduced as an
alternative robust control strategy to the PID control [13],
[14], [15]. The conventional PID controller is one of the most
used controller in industry for closed control-loops thanks
to its simplicity in real time implementation. The design
and tuning of such a controller has been widely covered
and still represents an active field of research especially
for industrial plants subject to external disturbances (see
[13], [15]). Indeed, due to the significant variations in the
amplitude vibration affected by the external disturbances,
satisfactory performance covering the total range of disturbances is difficult to reach with a conventional PID without
an external compensation. Thereafter, it is desirable to design
robust control strategies without additional computational
effort.
The FOPID controller is a generalization of the PID controller by considering fractional derivatives and integral
actions [16]. In recent years, fractional calculus has gained
significant attention in various applications in engineering
and science. This interest is driven by the possibility to obtain
accurate mathematical models of real objects, especially
for those presenting memory, hereditary, or self-similarity
properties [16]. Besides of modeling, the fractional calculus
has been applied for control design. The FOPID offers
better tuning flexibility thanks to the additional differentiation orders allowing for better control performance and
robustness. Several studies have addressed the properties of
the FOPID and compared its performance to the conventional
PID under different contexts (see, e.g., [17]–[23]). Different
tuning procedures for the FOPID have been proposed in the
literature where the main objective is to optimally tune the
gains and the differentiation orders. Examples of these tuning
procedures include: the procedure presented in [17], which
is based on solving a set of nonlinear equations. In [18]
and [19] a tuning rule for a fractional-order controller with
application to motion systems is given. Genetic algorithms
are used in [20], [24] to design a FOPID controller. Another
class of fractional controllers is proposed by [21]. This
class of controllers is more appropriate to ensure robust-

ness of the closed-loop to static gain variations with a
conventional CRONE template [22]. Some efficient design
techniques have also been proposed and are summarized in
[17], [23]. In this paper, we design a FOPID control to
reduce the active disturbance and minimize dynamic laser
beam pointing errors. The gains and differentiation orders
are tuned by solving a nonlinear optimization problem. The
requirements to be satisfied by the controller are expressed in
order to fulfill some frequency-domain design specifications.
The performance of the FOPID is evaluated by comparison
to the robust and conventional PID controllers through simulations and experiments. Moreover, robustness analysis is
performed with respect to high frequency noise rejection and
output disturbance rejection through simulations. Finally, the
controllers are validated through experiments.
This paper is organized as follows. In section II, some
preliminary results about fractional control are presented.
In section III, the laser beam system is described and the
control problem is introduced. In section IV, the design and
the tuning procedure of the FOPID controller are given.
Numerical simulation and experimental results are illustrated
and discussed in section V followed by concluding remarks
in section VI.
II. P RELIMINARIES

majority of the beam is directed to the target and a fraction
of the beam is directed to a position sensing detector (PSD).
PSD measures how far the beam has displaced from the
target and sends feedback signal to the control system. Then
the control system sends signal to the FSM such that the
beam remains stable on the target.

Fig. 1.

Laser beam stabilization principle

The transfer function of the open-loop voltage-to-position of
the system is given as follows [1]:
K
(4)
P (s) =
s(T s + 1)
where K = 2200mm/(V.s) is the open-loop steady-state gain
and T = 0.005s is the open-loop time constant.
IV. FOPID CONTROL DESIGN

The transfer function corresponding to the parallel form
Fractional calculus is a generalization of differential and of the FOPID where the integral component is of order λ
integral operators to a non-integer order fundamental oper- and the derivative component is of order µ has the following
ator 0 Dtα where α is the operator order and t denotes the form in the Laplace domain:
limit of the operation. Several definitions of this fractional
Ki
C(s) = Kp + λ + Kd sµ ,
0 < (λ, µ) < 1, (5)
integro-differential operator exist. However, we restrict our
s
attention to one particular definition, which is used through- where Kp is the proportional gain, Ki and Kd are the
out this work for evaluating fractional-order systems. It is integration and the differentiation gains consecutively.
the Grünwald-Letnikov definition ([16], [23]).
Several methods for the FOPID controller tuning have been
Definition 1: The Grünwald-Letnikov definition is given proposed (see [17], [23], [25], [26], [27] and references
as follows:
therein). Numerical optimization based methods are regularly
!
t
[n
]
used to solve this problem [27].
α
X
α
d f (t)
−α
j
α
f
(t−jh),
=
lim
h
(−1)
In this study, our objective is to design a FOPID control
0 Dt f (t) =
t→0
dtα
j
j=0
based on numerical optimization in order to study its perfor(1) mance in the control of laser beams under active disturbance.
with n ∈ N, α ∈ R+ , [] denotes the integer part, t = kh is The tuning procedure is based on satisfying a set of equations
the number of steps, and h the step size.
derived to achieve the control objectives under the frequencyAssuming zero initial conditions, the Laplace transform of domain robustness constraints. Frequency domain based dethe fractional derivative with α ∈ R+ , is given by:
sign of the FOPID controller was first proposed by Monje
Z ∞
−st
α
α
e
(2) et al. [17] resorting to a constrained optimization problem.
0 Dt f (t) = s F (s),
We consider the fractional orders for the integral and the
0
where s = jω is the Laplace transform variable. Thus a derivative actions λ and µ of the FOPID controller to be
fractional-order differential equation can be expressed in such that 0 < (λ, µ) < 1. If P (s) is the model of the process
transfer function form in the frequency domain as follows:
plant, then the objective is to find a controller C(s), such
bm sβm + bm−1 sβm−1 + · · · + b0 sβ0
that the open loop system G(s) = C(s)P (s) would meet
P (s) =
.
(3)
the following design specifications:
an sαn + an−1 sαn−1 + · · · + a0 sα0
• Gain cross-over frequency specification
III. C ONTROL PROBLEM FORMULATION
|G(jωgc )|dB = |C(jωgc )P (jωgc )|dB = 0 dB. (6)
The principle of laser beam stabilization is demonstrated
• Phase margin specification
in Fig. 1. The laser beam source is subject to various
disturbances. The beam is first directed to a fast-steering
arg[G(jωgc )] = arg[C(jωgc )P (jωgc )] = −π + φm ,
mirror (FSM), that rotates about a pivot. And then the laser
(7)
where φm is related to the damping of the system.
beam is reflected from the FSM to a beam splitter. The

•

•

•

Robustness to gain variation


d
(arg[G(jωgc )])
= 0.
(8)
dω
ω=ωgc
This condition forces the phase to be flat at ωgc or
almost constant within an interval around ωgc .
Complementary sensitivity specification
C(jω)P (jω)
|T (jω)| =
6 A dB ∀ ω > ωt
1 + C(jω)P (jω) dB
=⇒ |T (jωt )| = A dB
(9)
where A is the magnitude or noise attenuation for
frequencies ω > ωt rad/s.
Sensitivity specification
1
|S(jω)| =
6 B dB ∀ ω 6 ωs
1 + C(jω)P (jω) dB

=⇒ |S(jωs )| = B dB
(10)
where B is the magnitude or load disturbance suppression for frequencies ω 6 ωs rad/s.
• Elimination of steady-state error: the steady-state error
of the closed loop system automatically gets canceled
with the introduction of the fractional integrator.
The five parameters (Kp , Ki , Kd , λ, µ) of the FOPID controller (5) can now be tuned using the five specifications (6)−(10). Here, the numerical optimization algorithm,
namely of Nelder-Mead’s simplex method, has been implemented using the Matlab function fmincon. This is a local
optimization algorithm which depends on initial estimates of
the provided parameters. To ensure that the local minimum
is reached by the optimization process, we combine two
optimization algorithms. We first use the genetic algorithms
as an initial search method which provides the initial guess
to the fmincon algorithm.
V. S IMULATION AND EXPERIMENTAL SET- UP
This section evaluates the designed FOPID performance
for the closed-loop disturbance-to-position of the laser beam
stabilizer. Then, the FOPID is implemented for the laser
beam stabilizer platform in closed-loop under active disturbance voltage.
The design specifications required for the laser beam system
are:
• gain crossover-frequency, ωgc = 1000rad/s;
◦
• phase margin, φm = 60 ;
• robustness to variations in the gain of the plant must be
fulfilled;
• noise rejection: |T (jω)| 6 −30 dB, ∀ ω > ωt = 2 ×
104 rad/s;
• sensitivity function: |S(jω)| 6 −100 dB, ∀ ω 6 ωs =
0.1rad/s;
A. Simulation set-up
The conventional PID controller gains are calculated based
on disturbance rejection PID method [1] :
Kp = 0.590, Ki = 0.295, Kd = 0.00186.
(11)
The next step is to use the FOPID controller optimization algorithm that minimizes the disturbance-to-position

magnitude response. We propose two different sets of parameters depending on the tuning rules to test the closedloop performance. Two parameters sets have been generated
using the constrained optimization algorithm. The first set is
the result of the optimization of the five parameters (gains
and fractional orders) leading to an FOPID controller. The
second set has been derived by optimizing the gains only
while considering integer-order for the integration and the
derivation leading to an robust PID controller.
The optimization procedure for both sets has been run by
setting the following ranges for the orders:
λ = [0.5; 1] and µ = [0.78; 1].
The selection of ranges can be easily derived from considering the behavior of the fractional-order control actions in
time domain.
The genetic algorithm is first performed and the obtained
results are used as the initial search vector for fmincon
algorithm. Then, the following FOPID controller parameters
are obtained from the two cases:
• Optimization of all parameters (FOPID):
Kp = 0.85006, Ki = 1.99247, Kd = 0.01002,
λ = 0.88395, µ = 0.7806.
Optimization of the gains only (Robust PID):
Kp = 0.7854, Ki = 1.8456, Kd = 0.001, λ = µ = 1.
The resulting three controllers are tested in closed-loop
disturbance-to-position for laser beam system (4). The
closed-loop simulation responses of the laser beam system
using PID, robust PID and Fractional-Order PID controllers
for an input disturbance sine signal of 10π Hz frequency
and 0.8mm amplitude is shown in Fig. 2. The response of
the robust and conventional PID controllers shows that the
high amplitude vibration of the laser beam reduced to an
amplitude of 15 × 10−2 mm and 20 × 10−2 mm while the
amplitude of the fractional-order PID controller decreased to
about 12×10−2 mm. From these results, we can conclude that
the FOPID controller presents better performance compared
to the robust PID and PID controllers in terms of output
position errors. The comparative performance evaluation
has been also studied in the frequency domain. The Bode
diagrams of the open-loop system G(s) = C(s)P (s) are
shown in Fig. 3. As it can be seen, the gain crossover
frequency specification ωgc = 1000rad/s and the phase
margin specification φm = 61◦ are fulfilled for the FOPID
controller. Besides, the phase of the system is forced to be
flat at ωgc and hence to be almost constant within an interval
around ωgc .
To assess the robustness of the system response with respect
to high frequency noise rejection and output disturbance, we
have explored the magnitudes of the functions T (jω) and
S(jω) by analyzing their Bode diagrams as shown in Figs.
4 and 5 respectively. As it can be observed, |T (jω)|dB 6
−30 d B, ∀ ω > ωt = 2 × 104 rad/s, and |S(jω)|dB 6
−100 d B ∀ ω 6 ωs = 0.1rad/s. We can conclude that both
controllers fulfill the specifications but the FOPID controller
tends to have more robustness than the PID controller as we
•
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go far from ωt . It means that the FOPID controller has a
slighty better robustness than the PID controllers presenting
a very satisfactory high frequency noise rejection and output
disturbance rejection.
From the overall results presented above, we observe clearly
that FOPID controller is more effective and robust than the
conventional and robust PID controllers for stabilizing the
vibration of the laser beam with relatively smaller amplitude
in spite of varying disturbances imposing hard constraints on
the closed-loop performance.
B. Ideal and practical experimental set-up
The laboratory plant used in this work is a laser beam
stabilizer system shown in Fig. 6. The plant is conveniently
connected to the PC via Quanser Personality Intelligent Data
(QPID) acquisition board and Peripheral Component Interconnect (PCI) board for data transfer. MATLAB/Simulink
library for real-time control of the plant which uses the
WinCon application from Quanser, to communicate with the
data acquisition card is available [1].

Fig. 6.
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that is used to the actuator by the Digital-to-Analog convertor
(D/A) and also magnifies the signal from the position sensing
device to the Analog-to-Digital converter. The QPID acts as
a data acquisition board and also acts as a Digital-to-Analogto-Digital convertor (D-A-D), thus it digitizes the analog
position signal of the laser beam measured by the position
sensor for the computer and also converts digitized control
signal from the computer to analog form for the actuator [1].
The proposed PID, robust and fractional-order PID controllers aimed to stabilize the vibrations induced into the
beam using the FSM and feedback from the position sensor.
The experimental platform has been used to test the
fractional-order controllers designed by the optimization
tuning method proposed previously. An ideal PID controller
with no filtering is first derived. Next, a practical PID
controller that uses filtering in its control is built.
1) Ideal experimental set-up: In practice fractional-order
operator approximations are often used to overcome the
problem of infinite memory requirement that the fractionalorder systems possess [28]. Oustaloup filter method and its
modification [29], [30] provide a good approximation technique where the fractional derivatives are approximated by
integer-oder ones. Thus, the fractional integral and derivative
parts have been implemented using the Oustaloup continuous
approximation of the fractional integrator [29], [30] choosing
a frequency band from 0.001 to 105 rad/s and an order of
the approximation equal to 10 (number of poles and zeros).
Once the continuous fractional controller is obtained, it is
discretized by using the Tustin rule discretization technique.
Figs. 7 - 9 illustrate important characteristics of the experimental performance of the proposed controllers. Fig. 7 shows
the plot of experimental response of the PID controller that
is switched from an automated Seeker Mode (SM) to closedloop after t = 2sec. The automated seeker system swivels
the voice-coil until the PSD receives a signal, temporarily

Further comparative details with the Root Mean Square
(RMS) values in the PID, robust PID and Fractional-Order
PID of the beam displacement are given in Table I. These
RMS values quantify the effect of the closed-loop control
with respect to the proposed controllers and it permits us to
conclude on the performance of the control strategy. Table
I shows that the Fractional-Order PID controller reduces the
axis X output error by more than 8% from the output error
to the robust PID controller and 45% from the ideal PID controller. The plots in Fig. 11 show zoomed view of the practical controllers over the time interval [19.5 − 20.5]seconds.
Fig. 12 shows representative sample trajectories of the laser
image on the PSD in the experiment over two different
time intervals. From the obtained experimental results, it is
clear that the designed FOPID controller outperforms the
conventional and robust PID controllers.
TABLE I

Position of laser X (mm)

RMS
0.0295
0.0176
0.0160

Interval
2 − 25 sec.
2 − 25 sec.
2 − 25 sec.
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0
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Fig. 11.
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2) Practical experimental set-up: Due the sensor noise,
we propose to design practical PID controllers that filter
the position signal before taking the derivative. Figs. 13
- 15 show the experimental performance of the proposed
controllers. Fig. 13 shows the plot of experimental response
of the PID controller that is switched from an automated
Seeker Mode (SM) to closed-loop after t = 2sec. In Fig. 13,
the practical PID controller maintains a relatively amplitude
of 0.04mm. However this vibration is reduced in Fig. 14
to an amplitude of 0.03mm for the robust PID controller.
The response of the fractional-order PID controller in Fig.
15 presents a small amplitude of approximately less than

RMS
0.0254
0.0141
0.0092

Interval
2 − 25 sec.
2 − 25 sec.
2 − 25 sec.

0.04
PID
Robust PID
Fractional Order PID
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0.01
0
-0.01
-0.02
-0.03
22.1
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Fig. 17.

PID
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Fractional Order PID

0.1

19.5

TABLE II
RMS OUTPUT POSITION ERRORS

-0.04
22

RMS OUTPUT POSITION ERRORS

Controller
PID
Robust PID
Fractional Order PID

0.02mm. Fig. 16 shows the experimental responses when
switching from practical PID to robust PID and fractionalorder PID controllers. Table II shows that the practical
Fractional-Order PID controller reduces the axis X output
error by more than 34% from the output errors to the robust
PID controller and 60% from the output errors of the PID
controller. The plots in Fig. 17 show zoomed view of the
practical controllers over the time interval [22 − 23] seconds.
Fig. 18 shows representative sample trajectories of the laser
image on the PSD in the experiment over two different time
intervals. From the obtained practical experimental results, it
is clear that the designed FOPID outperforms the practical
conventional and robust PID controllers.

Position of laser X (mm)

stabilizes the beam in the center and then locks the voicecoil into that position. The PID controller sustains a relatively
amplitude of 0.1mm (see Fig. 7). However this vibration
is minimized in Fig. 8 to an amplitude of 0.06mm for
the robust PID controller. The response of the fractionalorder PID controller in Fig. 9 presents a small amplitude
of approximately less than 0.04mm. Fig. 10 shows the
experimental responses when switching from PID to robust
PID and fractional-order PID controllers. From the obtained
experimental results, it is clear that the designed FOPID
outperforms the conventional and robust PID controllers.

22.3
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22.5
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23
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VI. C ONCLUSION
In this paper, a fractional-order PID has been proposed to
stabilize a laser beam such that the incident laser beam of
the FSM is reflected to the center of the position sensor even
in the presence of active disturbance and noise. The performance of the presented FOPID controller has been evaluated
in closed loop and it has been compared to the conventional
PID and robust PID controllers. The simulation results have
shown that the FOPID controller is more effective and robust
than the PID and robust PID controllers, while it preserves
its simplicity of implementation. Moreover, experimental
results show that the FOPID controller can achieve better
performance results highlighting the effectiveness of the
proposed controllers in terms of robustness.
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