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Design, Simulation and Experiment of
PSO-FOPID Controller for Height
Position Control of a Scissor
Mechanism Platform

This paper proposes the PSO-FOPID controller, which is a Fractional
Order Proportional-Integral-Derivative (FOPID) controller tuned using
particle swarm optimization with spreading factor algorithm for height
position control of a scissor mechanism platform. The tuning process of
five control gains in the FOPID controller is technically challenging to
achieve high position accuracy. In this study, this problem is addressed
through the offline tuning method by using particle swarm optimization
with the spreading factor algorithm to reduce the complexity in tuning the
control gains. From the experimental study, it is found that the proposed
controller can eliminate the steady-state error under the two input
references with approximately 1.5% and 0.9% reductions of the overshoot
and undershoot in the height position response as compared to its
promising performances in simulations. It is envisaged that the PSO-
FOPID controller can be useful in designing effective height position
control of a non-linear platform.
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1. INTRODUCTION

Satellite is essential for a wide range of communication
technologies, and it has been extensively used for
climate and environmental monitoring [1,2]. Before
launching satellites into geostationary orbit, the
satellites should undergo various tests, especially
thermal tests, as illustrated in Figure 1, to examine the
survivability of the satellites at an extreme temperature,
as mentioned in [3,4]. As most of the satellite tests are
commonly conducted in a clean room, one of the
greatest challenges is to lift heavy satellites in such
confined space. To address this challenge, the scissor
mechanism is employed in a satellite handling platform
system known as the motorized adjustable vertical
platform (MAVeP) such that the satellite can be lifted
safely during its operations [5]. Nevertheless, reliable
control for the scissor mechanism is necessarily
required to control the movement of the scissor
mechanism platform.

Although various modern control strategies have
been developed and studied for various application
domains, the proportional-integral-derivative (PID)
controller is of interest because of its simplicity and
practicality. Several researchers have reported that the
PID controller has been implemented in approximately
90% of the systems in numerousindustries [6-9]. Des—
pite its long history in the control engineering field, the
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PID controller has several problems in use as it becomes
less effective in the non-linear and uncertain system [10,
11]. Because of this shortcoming, several attempts have
been made to improve the capability of the PID
controller. As a result, the fractional-order PID (FOPID)
controller has been introduced, where two additional
non-integer orders in the derivative and integral terms
are added in the control algorithm to increase the
flexibility, robustness, and stability of the PID controller
[12-14].
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Figure 1. Scissor mechanism platform operation

Existing research recognizes the critical role played
by the FOPID controller where a wide range of practical
applications has been embedded with the FOPID
controller, such as robotics [15, 16], aerodynamic
system [9, 17], and automatic voltage regulator [18].
However, the determination of the five gains in the
FOPID control algorithm to ensure the FOPID
controller can produce the desired system performance
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is technically challenging. Various tuning techniques
have been introduced to identify the five gains in the
FOPID control algorithm, such as Ziegler-Nichols,
Astrom-Hagglund, and frequency-based analyses [4, 11,
19, 20]. However, these classical tuning techniques
necessitate an exact dynamic model and in-depth
knowledge of the system, which are not always
available and do not always represent the non-linear
system dynamics. Although the study in [4] has
evaluated the effectiveness of the FOPID controller in
the scissor mechanism platform through simulations
using the Ziegler-Nichols and Astrom-Hagglund
methods, these classical theoretical-based tuning
methods are cumbersome and require complex analyses
in the frequency domain. Moreover, the promising
results in [4] are validated through simulations without
experimental evidence.

Numerous studies have attempted to employ
artificial intelligence techniques to determine the five
gains in the FOPID control algorithm, such as ant
colony optimization [11], particle swarm optimization
(PSO), neural network [9], genetic algorithm [21], and
cuckoo search algorithm [22]. Although various
optimization algorithms have emerged, the PSO
algorithm is of particular interest since it has several
attractive features, including fewer parameters, low
computational cost, and fast convergence [23-25].
Several attempts have been made to further improve the
performance of the PSO algorithm. As a result, particle
swarm optimization (PSO) with spreading factor (PSO-
SF) algorithm was developed to avoid the algorithm
being trapped in local optima[9, 26].

Therefore, this paper proposes the PSO-FOPID
controller, which is the FOPID controller tuned using
the particle swarm optimization (PSO) with spreading
factor (PSO-SF) algorithm for height position control of
the scissor mechanism platform. In contrast to the
existing study in [4], the proposed control design does
not require a precise dynamic model in the frequency
domain or extensive system knowledge. Furthermore, to
the best of the authors’ knowledge, this study is the first
implementation of the proposed controller to the scissor
mechanism platform. Consequentially, the main
contributions of this study are highlighted as follows:

e Development of the PSO-FOPID controller to attain
the optimal five gains of the FOPID controller
using the PSO-SF algorithm for the scissor
mechanism platform application and avoid the
cumbersome theoretical-based method.

e The viability of the proposed PSO-FOPID
controller is experimentally validated using the
laboratory scissor mechanism platform, considering
the step and time-varying input references.

This paper has been organized in the following
way. This paper begins by giving a brief overview of
the FOPID controller and then, it moves on to describe
the proposed PSO-FOPID controller design. The third
section is concerned with the experimental setup,
whereas the fourth section represents all simulation and
experiment results, including a discussion of the
findings. The final section then summarises the main
findings of this study.

FME Transactions

2. PSO-FOPID CONTROL DESIGN

In contrast to the classical PID controller, the FOPID
control has two additional non-integer orders in the
derivative and integral terms where it can be described
in the s-domain as:

E(s

U(S)FOP[D =KPE(s)+Ki§+de”E(s) (1)
where U(s)ropp is the control signal of the FOPID
controller, the error, e(f) between the desired height
position response, y,(f), and the height position response
of the system, y,(¢) is given by e(f) = yt) — y.(¢); and
E(s) denotes the error, e(f) in the s-domain. The
proportional, integral, and derivative gains are
represented by K,, K;, and K, respectively, like the
classical PID controller. Besides, A and u represent the
non-integer orders in the integral and derivative terms,
respectively. The closed-loop system with the FOPID
controller can be depicted as shown in Figure 2.

FOPID Controller

-

t
System Yal®)

Figure 2. A closed-loop system with the FOPID controller

Although the FOPID controller has increased the
flexibility, robustness, and stability region of the classical
PID controller, the offline tuning process of the five gains
in the FOPID controller in (1) using the theoretical-based
methods to achieve the high position accuracy is a
challenging task. To address this issue, the PSO-SF
algorithm is adopted for offline tuning all five gains of
the FOPID controller in (2) such that high position
accuracy can be achieved. This proposed controller is
called the PSO-FOPID controller throughout this paper.

Similar to the conventional PSO algorithm, the
PSO-SF algorithm starts by randomly distributing a
group of particles around the search space. In every
iteration, the movement of each particle, n, to search for
the minimum value of the fitness function is based on
the best individual position, p,, the best position in the
population, G,, the position, pi,,, and the velocity, V', of
the current epoch, i. The searching process by the
particles will always carry on until the maximum
number of the epoch, i,, is accomplished. The new

position p,’;” can be determined by:
i+l _ i i+l
pn - pn + Vn (2)
v = o, +51R(pb2 —p2)+5zR(GbZ —pﬁ;) ©)
where vf;rl is the new velocity, w denotes the inertia

weight, R is the random number within the range of
[0,1], while 8; and &, represent acceleration coefficients.
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In contrast to the conventional PSO algorithm, the
values of the ®, d;, and §, parameters are varying in
every epoch to avoid being trapped in local optima with
fast convergence to the minimum fitness value, as
mentioned by [9, 26]. The value of the o, §,, and &,
parameters can be computed by:

= e[spimax J 4)

51=52:2[1—.l j (5)
lmax

where edenotes the exponential function and Sp = 0.5(¢

+ a) represents the spreading factor with ggand are the

spread and deviation of the particles in the search space,

respectively. Overall, the pseudocode of the PSO-

FOPID controller can be summarised in Table 1.

Table 1. Pseudocode of the PSO-FOPID controller

1: Initialise the parameters and bounds in the PSO-SF
algorithm, such as , 8y, 8, iy, 1, p and v. 2: Set the desired
minimum value of the selected fitness function to a small
number.
3: The particles, n are randomly distributed in the search space
and within the specified bound.
4: While i # i,,,,
Do
i. Evaluate the values of the particle fitness using the
selected fitness function.

ii. If the current individual fitness of an individual particle
is better than the previous p,, then update the new p,,.
If not, maintain the previous py.

iii. Select the new G,. If the current G, is better than the
previous G, then update the new G,. If not, maintain
the previous Gy.

iv. Compute the new o, 8, and &, using (4-5),
respectively.

i+l

v. Compute new position, p,” and new velocity, vi:'l

using (2-3), concerning its specified ranges.
5: End While (i = i,... ).

Scissor Mechanism
Platform

The parameters of the PSO-SF algorithm used in the
PSO-FOPID control design are summarised in Table 2.
Noted that the 3D virtual model of the scissor mechanism
platform in [4] is used for the gain tuning process of the
PSO-FOPID controller, and the mean square error, MSE
as in (6) is selected as the fitness function.

> (e(k))

MSE=5k=0 ) f—1,..N (6)
N

where N is the total number of sampling data. The
number of swarms inTable 2 is determined by the
heuristic method such that the algorithm does not
require a high computational cost during the tuning
process. As for the number of swarms, the number is
selected based on the number of control gains available
in the FOPID controller. Besides, the range of
acceleration factors and the range of inertia factors are
selected based on the authors’ explanation in [9, 26]. So
far, this paper has described the PSO-FOPID controller
design and the next section that follows moves on to
describe the experimental setup.

Table 2. PSO-SF parameters for gain tuning of the PSO-
FOPID controller

Parameters Values
Maximum number of epochs, i, 100
Number of swarms 10
Number of particles, n 5
Range of acceleration factors, J; and d, | [0.05,2]
Range of inertia factor, [0,1]

3. EXPERIMENTAL SETUP

Experiments are carried out on a laboratory scissor
mechanism platform to further validate the simulation
findings. Figure 3 represents the laboratory scissor
mechanism platform system with an analog distance
infrared sensor.

Figure 3. Experimental setup of scissor mechanism platform system
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Figure 4. Scissor mechanism platform system: (a) location of the infrared sensor and (b) control system configuration in the

Real-Time Window Target application

The height measurement from the infrared sensor in
Figure 4. Scissor mechanism platform system: (a) loca—
tion of the infrared sensor and (b) control system confi—
guration in the Real-Time Window Target appli—cation a)
is transferred online to a personal computer via an
interface module comprising a NI PCI-6221 and power
supply circuits in Figure 3. Besides, the expe-rimental
results are extracted by using the Real-Time Window
Target application on the MATLAB software, and the
control system configuration in the application is illus—
trated in Figure 4 (b). In order to build the control system
configuration in Figure 4 (b), the Data Acquisition
toolbox for the National Instruments devices is used to
enable Simulink to recognise the NI PCI-6221 inputs and
outputs. This includes the use of the FOMCON toolbox
to build the FOPID control algorithm in the Simulink for
experiments as well as simulations.

Table 3 presents the scissor mechanism platform
system parameters used in the simulations and expe—
riments, as stated in [4]. In this section, the experimental
setup to validate the viability of the PSO-FOPID cont—
roller has been briefly explained. The following section
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then presents and comprehensively discusses all simu—
lation and experiment findings in this study.

Table 3. Scissor mechanism platform parameters [4]

Descriptions Values

Upper Deck (UP) mass 5 kg

Small Scissor (SS) mass 0.0925 kg

Main Scissor (MS) mass 1.295 kg

Ball Screw Clamper (C2) 0.957 kg

mass

Motor Clamper (C1) mass  |0.956kg
Structure DC motor mass 0.36 kg

Ball Screw Set mass 0.5 kg

Clamper (C1 and C2) 0.240%0.06¥0.07m

dimension

Main Scissor (MS) length  [0.3886m

Small Scissor (SS) length  [0.0654m

Upper Deck (UP) dimension |[0.2652x0.595m

Threaded Pitch 0.0015m

No-load speed 7.0162 rad/s

Rated load speed 6.5973 rad/s
DC Motor Rated power output 41.3 Watt

DC supply voltage 12V

Rotor damping 0.297 N-m/(rad/s)
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4. RESULTS AND DISCUSSION

This section presents simulation and experimental
findings of the implementation of the proposed PSO-
FOPID controller in the scissor mechanism platform.
The main aim of this approach is to maintain the height
of the scissor mechanism platform at the desired height
considering step and time-varying input references.
Simulations using the 3D virtual model as shown in [4]
and experiments using the laboratory scissor mechanism
platform as shown in Section 0 are carried out to assess
and validate the performances of the PSO-FOPID
controller. The configuration of the scissor mechanism
platform with the PSO-FOPID controller is depicted in
Figure 5 with the assumption that a sensor model has
unity gain. Figure 5 also briefly illustrates the offline
tuning process of the PSO-FOPID controller for the
simulations and experiments.

Particle Swarm
Optimisation with
Spreading Factor
Algorithm Offline
. ¥t | Tunin
Mean Square | | Global Best | X. &
Error Parameter | iy,
Input FOPID | “(®eso-rorp "= Height
Reference Controller g,,,‘

7 TS
¥ Scissor Mechanism
Platform

Height

Figure 5. Configuration of the PSO-FOPID controller in a
scissor mechanism platform

To evaluate the viability of the proposed PSO-
FOPID controller, the following case studies are carried
out for simulations and experiments by using MATLAB
software:

Case I (Simulation) : Height position response with
step input reference.

: Height position response with a
square wave signal input
reference.

Case III (Experiment) : Height position response with

step input reference.

Case IV (Experiment) : Height position response with

time-varying input reference.

The sampling period for all case studies is set to 1.0ms,

and this study uses two standard criteria to provide a

detailed explanation of the performances: 1. height

position characteristics and 2. mean square error (MSE)
in (6). Table 4 presents the selected values of the
proposed PSO-FOPID and FOPID controllers. Note that
the parameters of the FOPID controller are tuned using
Nichols-Ziegler and Astrom-Hagglund techniques as
explained in [4].

Case II (Simulation)

Table 4. Selected controller parameters

Parameters | FOPID [4] | PSO-FOPID
K, 4 5.7651
K; 1.2 6.117
A 0.7 0.6035
K, 4.1 5
n 0.89 0.7827

50 = VOL. 50, No 1, 2022

The convergence profile of the particles to the global
minimum of the search space for the PSO-FOPID
controller is shown in Figure 6. It is apparent from
Figure 6in which the values of the fitness function, MSE
easily reach the minimum value (MSE = 8.033 x 10°) at
about 90 iterations to attain the optimum values of the
five gains of the PSO-FOPID controller.

4.1 Simulation findings

The purpose of Case 1 (simulation) and Case II
(simulation) is to assess the height position responses of the
PSO-FOPID controller against the FOPID controller when
the scissor mechanism platform is subjected to step and
square wave input references. Figure 7 and Table 5
compare the results obtained from the case studies. The
findings for the Case I (simulation) study as shown in
Figure 7 and Table 5, indicate that there are significant
reductions of the overshoot, PO and undershoot, UDP of
the PSO-FOPID controller as compared to the FOPID
controller by approximately 0.12% and 0.78%,
respectively. Moreover, it is apparent from Table 5 that the
rise time, 77, and the settling time, 7, of the PSO-FOPID
controller, are about 70% and 52% faster than the FOPID
controller, respectively. These findings have important
implications for developing a satellite handling platform
for a confined space application, where low overshoot and
low undershoot in the position responses with fast response
are desirable features.

%108

20

o

@

= =

=

Mean Square Error (m)
&

- i

% =

I
40 50 60 70 80 90 100
Number of Iterations

Figure 6. Convergence curve of the fitness function, MSE

Although both controllers produce no steady-state
error, ey, the most significant finding is significant
reductions in the MSE values of the PSO-FOPID
controller as compared to the FOPID controller for Case
I (simulation) and Case II (simulation) by approxi-
mately 50% and 46%, respectively. So far, the PSO-
FOPID controller has shown to be able to produce
promising performances as compared to the FOPID
controller in simulations. Despite these promising
results, experiment studies should be undertaken to
further evaluate the performance of the PSO-FOPID
controller in hardware using the laboratory scissor
mechanism platform, and the following section
discusses the experimental findings.

Table 5. Simulation height position characteristics of all
controllers for Case | (simulation)

Performance | FOPID [4] | PSO-FOPID
T(s) 1.0284 0.2979
Ty(s) 1.8458 0.6849

PO(%) 1.8037 1.6836
UDP(%) 1.7203 0.9386
s 0 0

FME Transactions
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Figure 7. Height position responses of a simulated scissor
mechanism platform for (a) Case | (simulation), (b) Case Il
(simulation), and (c) mean square error, MSE

4.2 Experimental findings

Turning now to the experimental findings on the PSO-
FOPID controller where the scissor mechanism platform
is set up as in Figure 3 and the experimental results are
shown in Figure 8 and Table 6. It is apparent from Table
6 that the superiority of the PSO-FOPID controller is
confirmed by about a 1.5% reduction of the overshoot,
PO, and elimination of the undershoot, UDP in the
height position responses for Case III (experiment) as
compared to the simulation results. Moreover, the most
compelling finding is that the PSO-FOPID controller
still produces no steady-state error, e, which is in
agreement with the simulation findings. The findings of
this experimental study suggest that the PSO-FOPID
controller not only can produce a promising
performance in simulations but also can reproduce it in
the hardware.

Despite these promising results, the PSO-FOPID
controller slows down the height position response in
terms of the rise time, 7,, and the settling time, 7 as
shown in Table 6, which is not consistent with the

FME Transactions

simulation findings. It seems possible that these results
may be due to the mismatch between the hardware and
the 3D virtual model, which is inevitable, as mentioned
by [27]. Moreover, these results are also likely related to
the DC motor in the laboratory scissor mechanism
platform reaching its maximum speed. The speed
saturation of the DC motor issue may be handled by
incorporating an anti-windup compensator into the
proposed controller.

006/ No ovetshoot T T
Vi ) PO‘

§ il [—PSO-FOPID
8 e ! |- Reference
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Y i

= :

£ 0.02 ! Undershoot, UDP

= elimination
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Time (s)
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:iaerence
— PSO-FOPID
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Height Position (m)

-0.01
0 5 10 15 20 25
Time (s)

(b)
Figure 8. Height position responses of a laboratory scissor

mechanism platform for (a) Case lll (experiment) and (b)
Case IV (experiment)

Table 6. Experimental height position characteristics of all
controllers for Case lll (experiment)

Performance | Simulation | Experiment
T.(s) 0.2979 3.1326
Ti(s) 0.6849 3.8665

PO(%) 1.6836 0.2565
UDP(%) 0.9386 0
[ 0 0

5. CONCLUSION

The main goal of the current study is to design the PSO-
FOPID controller for the scissor mechanism platform
and evaluate the viability of the PSO-FOPID controller
through experiments considering the step and time-
varying input references. The most critical finding from
this study is that the PSO-FOPID controller provides
promising performance in terms of the fast responses
and high position accuracy compared to the FOPID
controller considering the step and time-varying input
references in simulations. Moreover, these experiments
using the laboratory scissor mechanism platform
confirmed that the PSO-FOPID controller also could
reproduce almost similar performances in terms of the
height position accuracy with zero value of the steady-
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state error as in the simulations. The current findings
add to a growing body of literature on the practical
implementation of the FOPID controller.

As an extension of our work, it would be interesting
to consider other uncertainties that may present in the
practical implementation, such as external disturbances
and parameter variations, such that the capability of the
PSO-FOPID controller can be further evaluated.
Besides, it is recommended that further research explore
the use of the multi-objective PSO algorithm to attain
the optimal gains of the FOPID controller so that more
criteria, such as the height position accuracy and energy
consumption, can be considered concurrently.
Moreover, further research might investigate the control
efforts of the PSO-FOPID controller to further validate
its performances in practical cases.
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NOMENCLATURE

4, and 6, Acceleration coefficients

Best individual position of the current

Py epoch, i
G Best position in the population of the
b current epoch, i

U(s)roprd Control signal of the FOPID control

u Deviation of the particles in the search
space
Error between the desired height

e(?) position response, v, (t) and the height
position response of the system, y,(t)

E(s) Error in the s-domain

e Exponential function

Q Inertia weight

FME Transactions

Imax Maximum number of epochs
MSE Mean square error
i+ New position
Pn
vffl New velocity
PO Percentage of overshoot
UDP Percentage of undershooting
pi,, Position of the current epoch, i
T.(s) Rise time
T(s) Settling time
. Spread of the particles in the search
space
Sr Spreading factor
Cys Steady-state error
N Total number of sampling data
VZ Velocity of the current epoch, u
ABBREVIATIONS
3D Three-Dimensional
Cl1 Clamper 1
C2 Clamper 1
DC Direct Current
FOPID Fractional Order PID
MAVeP Motorised Adjustable Vertical
Platform
MS Main Scissor
PID Proportional-Integral-Derivative
PSO Particle Swarm Optimisation
FOPID Controller Tuned Using the
PSO-FOPID PSO-SF Algorithm
PSO-SF PSO with Spreading Factor
SS Small Scissor
UP Upper Deck

JAU3AJH, CUMYJIAIIMJA U EKCIIEPU-
MEHTAJIHO UCITUTUBAILE PSO-FOPID
KOHTPOJIOPA BUCHUHE ITO3UIINJE ITJIAT-
®OPME CA MEXAHU3MOM MAKA3A

H.M.X. Hopcanepu, C. Axmaza, C.®. Toxa,
M.A. A6a Myraau6

OBaj pax npemtaxxe PSO-FOPID konrpoisep, koju je
KOHTpoJIep (hPaKLHOHOT pesia MPOIOPIMOHAIHO-UHTET—
panHo-nepuBatusau (POITN ) nogemien kopunrhemem
ONTHMU3ALMjE POja YECTHLA ca aJrOPUTMOM (akTopa
HIMpemha 3a KOHTPOJY II0JI0Kaja BUCHHE Iutatdopme
MexaHn3Ma Makasza. IIpoiec mojeniaBama MeT KOHT—
ponaux mojadama y @OIIN]] xoHTpONEpy mpeacTaBiba
TEXHUYKH HM3a30B 32 IOCTHU3aihe BHUCOKE MPEIM3HOCTH
mojoxaja. Y 0BOj cTyauju je mpobiem obpahen
METOJIOM BaHMPEXKHOT TojeliaBama KopuihemeM on—
TUMH3aIje poja dYecTHIa ca auropuTMoMm (akropa
HIMpeha Kako OU ce CMamHiIa CIIOXKEHOCT HO/eIaBabha
nojayama KoHTpoisie. V3 excrnepuMeHTanHe CTyauje je
OTKPHMBEHO J1a NPEIUIOKEHN KOHTPOJIEP MOXKE EeMMH—
HHCAaTH TPELIKY YCTa/beHOI CTama II0/ JBE YJa3He
pedepenne ca npubmmwkrao 1,5% u 0,9% cmamemeM
npeKopayea W MNOAHWKEHhAa Y OIrOBOpY MOJIOXkKaja
BUCHHE y mopehemy ca meroBuMm obeharajyhum mep—
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¢dbopmancama y cumynanyjama. I[Totepheno je nma PSO- jeKToBamy €(EeKTHBHE KOHTpPOJIE IIOJI0Kaja BHCHHE
FOPID «koHnTposiep MoOXxe OWUTH KOpHUCTaH y TIPO— HeJMHeapHe 1miaThopMme.
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