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ABSTRACT The nonlinearity behaviour of magnetorheological fluid (MRF) can be described using a num-
ber of established models such as Bingham and Modified Bouc-Wen models. Since these models require the
identification of model parameters, there is a need to estimate the parameters’ value carefully. In this paper,
an optimization algorithm, i.e., the Particle Swarm Optimization (PSO) algorithm, is utilized to identify the
models’ parameters. The PSO algorithm distinctively controls the best fit value by minimizing marginal
error through root-mean-square error between the models and the empirical response. The validation of the
algorithm is attained by comparing the resulting modified Bouc-Wen model behaviour using PSO against
the same model’s behaviour, identified using Genetic Algorithm (GA). The validation results indicate that
the application of PSO is better in identifying the model parameters. Results from this estimation can be
used to design a controller for various applications such as prosthetic limbs.

INDEX TERMS Magnetorheological fluid damper, parametric estimation, particle swarm optimization,

genetic algorithm.

I. INTRODUCTION

Magnetorheological fluids (MRFs) are smart materials uti-
lized to implement semi-active systems to enable their
controllability [1]. MRFs have gained massive interests
during the last decades and been incorporated in many
applications, including dampers, control valves, brakes and
clutches [2]-[5]. MRFs are considered highly controllable as
their fluid state can be changed to be semi-solid when sub-
jected to magnetic fields [6]. For this reason, MRFs have been
incorporated in the implementation of semi-active dampers
for vehicle suspensions. Magnetorheological (MR) dampers
are semi-active control devices that are widely used in various
applications such as transtibial prosthetic limb [7], [8], tremor
attenuation [9], seismic structural control [10], automotive
suspension application [11] and landing gear [12]. Filled
with MR fluid, MR dampers have gained interest due to
their controllability, response time, low power consumption
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and fault-safe characteristics [13]. However, the applications
of MR damper are restricted by its nonlinear hysteresis
force-velocity and force-displacement characteristic. Thus,
to fully utilize the advantages of MR fluid, an accurate math-
ematical model that is able to represent the device fully is
required. To date, various models have been researched and
proposed to represent the hysteretic characteristic of MR
damper. Among them, parametric modelling has been widely
used to describe the damper’s characteristic due to its model
accuracy, effectiveness, and less complexity than other non-
parametric models [13].

Due to the growing interests in MR dampers, various
investigations have been conducted to explore their hysteretic
behavior to improve the control accuracy and consider the
parameter variations in the system to enhance the control
robustness. Choi et al. [14] developed an MR damper with
a hysteresis model to predict the field-dependent damping
force. Song et al. [15] proposed an adaptive control algorithm
for an MR damper system that considers both hysteresis and
the system’s varying parameters. Yu et al. [16] established an
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MR damper with a model-free fuzzy control algorithm and
evaluated the MR suspension system’s effective performance
by road testing. Shen et al. [17] investigated the charac-
teristics of a load-levelling suspension system with an MR
damper system in which the stiffness and damping can be
adjusted by controlling the MR damper. Hong et al. [18]
experimentally investigated an MR damper’s effectiveness
through a nondimensional Bingham model. Choi et al. [19]
presented a controllable MR damper considering both the
field-dependent hysteretic behavior and the suspension sys-
tem’s parameter variation.

Highly nonlinear hysteresis of MRF damper behavior is
one of the challenging aspects that need to be encountered
to model their characteristics. In most cases, metaheuris-
tic optimization methods are widely employed in paramet-
ric identification of highly nonlinear hysteretic of MRF
damper [20]. The optimization is calculated by minimizing
the error between the model outputs and the experimental
data. Among the most preferred algorithm is the Genetic
Algorithm (GA) [21]-[23]. State estimation (SE) is also
considered as a robust estimation method when multiple
conforming gross errors exist, or multiple leverage points
exist. Chen et al. [24] proposed a robust SE method based
on second-order conic programming that ensures an optimal
global solution and has high estimation accuracy. A robust
state estimator was also proposed based on maximum expo-
nential absolute value [25] and other based on weighted
least absolute values that have good robustness and high
efficiency [26]. In the application of MR fluid, bio-inspired
computing optimizing algorithm has gained interest as it is a
promising approach that can be further developed for new and
robust competing techniques. Apart from the Genetic Algo-
rithm, other bio-inspired algorithms, including Grasshopper
optimization algorithm [27], shuffled Frog Leaping Algo-
rithm [28], and Crow Search Algorithm [29] have shown
potential in describing the MR damper used. However, these
algorithms are complicated.

On the other hand, Particle Swarm Optimization (PSO)
offers less complexity and yields a similar accuracy
level [30], [31]. The PSO optimization has been implemented
in various applications, including design optimization of
tuned mass damper [32], and cable-damper systems [33].
Modified PSO was proposed by Pathak and Singh [34]
which generates new swarm positions and fitness solutions
using improved and modified search equations. In this step,
the swarm searches in the proximity of the best solution of the
previous iteration to improve the exploitation behaviour.
The particle swarm employs greedy selection procedure
to choose the best candidate solution [35]. A constriction
factor-based particle swarm optimization (CFPSO) algorithm
was proposed by Pathak and Singh [36]. The addition of
the constriction factor helps in accelerating the convergence
property of CFPSO. Based on the literature survey con-
ducted, the methodology for parametric estimation of the
MRF damper model is still ongoing. Thus, this research dis-
cusses the implementation of PSO for parametric estimation
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to be implemented in the MRF damper model. ACO, PSO
and GA are categorized as Metaheuristic methods that do not
rely on the type of the problem. Such search algorithms are
used for complex problems (often involve many variables for
optimization) that are not well suited for standard algorithms.

In this work, a number of established models were inves-
tigated. They are Bingham, Simple Bouc-Wen, Modified
Bouc-Wen, Nonlinear Biviscous and Hyperbolic Tangent
Function. The modified Bouc-Wen model was used to present
the damper. These models’ parameters were then estimated
using Particle Swarm Optimization and compared with that of
the Genetic Algorithm to determine which technique is more
efficient. The strategy was to achieve a simulated behavior
that is approximate to the empirical data. This was realized
by minimizing the normalized root-mean-squared error.

In this paper, Section 2 describes the methodology.
Section 3 compares the parametric estimation algorithms’
performance: Particle Swarm Optimization (PSO) and
Genetic Algorithm (GA). This section also compares the
performance of the MR damper models. The parametric equa-
tions of the best-suited model are presented. The paper ends
with conclusions from the findings and states possible future
work thereof.

Il. METHODOLOGY

A. PARTICLE SWARM OPTIMIZATION

Particle Swarm Optimization (PSO) was first introduced by
Eberhart and Kennedy [37]. PSO is classified as stochastic
properties, where the initial value of estimation is random
rather than manually guessing. Also, it reduces the proba-
bility of estimating at a local optimum and offers ease of
utilization, less computation time, high accuracy, and quick
convergence [30], [38], [39].

The algorithm of PSO is shown in Fig.1. PSO randomly
generates the position of a particle (parameter) (xi (t)) into a
group of number of population (swarm) within a given bound.
The next position of the particle (x; (r + 1)) is estimated
according to its inertia as well as both local and global
memories, as in Eq. (1) and (2).

xi(t+1) =x (1) +vir + 1) (1)
vit+1) =wv (1)

+rict Prest (1) — x; (1))

+r2¢2 (8best (1) — xi (1)) 2

Here, vi (t+1) describes the velocity of the particle’s posi-
tion in both direction and speed. The velocity term consists
of Inertia, Cognitive and Social Components.

The first term of Eq. (2) is the Inertia Component, which
controls the momentum of the particle’s velocity (v;(z)) and
w is the inertial weight factor [40]. The second part is the
Cognitive Component, which controls the effect of personal
experience or the local best position (ppess) (the best posi-
tion for every it iteration). Also, the best position in the
population is the one with the minimum cost value. The
third component, which is the Social Component, controls
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FIGURE 1. The flowchart of the PSO algorithm.

the global best position (gpes) i.€., the overall best position
of the particle. The value of gp.s is constantly substituted
with ppess Whenever the current cost value of gpesr is lower
than the previous one [41]. The design parameters, 1 and
are random numbers, ranging from 0 to 1. On the other
hand, the design parameters ¢ and ¢, are the acceleration
constants, which can be expressed as in Eq. (6) and (7) [42].
The parameters are compiled in Table 1 below.

TABLE 1. PSO parameters.

Properties Value

ry and 1, Design random parameters ranging from 0 to 1

¢, and ¢, Acceleration constants
@, and @, Random positive numbers set to 2.05
W Inertial weight factor

According to Clerc and Kennedy [43], the inertial weight
factor, w is equal to the constriction coefficients (w):

2k

T 2o Jir—ap @

where,
0<k<1 4)
0 =014+02 > 4 5)

In this work, k is equal to 1, and the values of ¢ and ¥,
are set to 2.05. The parameters of ¢1 and c¢; are as follows:

c1 = w1 (6)

c2 = w2 (7)

The particle’s position is continuously updated until

the targeted objective function is achieved. In this paper,

the objective function is to minimize the normalized
root-mean-squared error.
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The objective function or performance criteria should first
be defined as it directly affects the evolutionary change
in optimization operation. The commonly used objective
functions are the root-mean-square error (RMSE), which
describes the error between the empirical and simulation
result. The equation is given by:

N
1
RMSE = N ; [EFR; () — SFR,-(t)]2 ®)
where i(i = 1N) is the number of experimental samples,

EFR; (t) is the empirical result — Empirical Force Response
at the ith sampling spot and SFR;(¢) is the simulation result —
Simulated Force Response. For a fair comparison, NRMSE or
normalized error is given in Eq. 9 is applied, where EFR,;4x
is the maximum empirical value.

RMSE
NRMSE = ——-— ©)

EFR;0x
B. EXPERIMENTAL SETUP
In this work, LORD RD-8040-1 [44] is used. This damper
is a short-stroke damper with a maximum length of 55 mm.
The picture of the damper is shown in Fig. 2. RD-8040-1
damper can withstand high tensile strength up to approxi-
mately 8896 N. Table 2, and 3 describe the properties of the
damper.

FIGURE 2. The picture of MR damper RD-8040-1.

TABLE 2. Typical properties of MR damper (RD-8040-1) (LORD
corporation 2009).

Properties Value

Stroke, mm (in) 55(2.17)

Extended Length, mm (in) 208 (8.2)
Body Diameter, mm (in) 42.1(1.66) max
Shaft Diameter, mm (in) 10 (0.39)
Tensile Strength, N (1bf) 8896 (2000) max
Damper Forces, N (1bf)
e Scmfsec@!1 A >2447 (>550)
e 20 cm/sec @ 0A <667 (<150)

Operating Temperature, °C 71 (160) max

The MRF damper is subjected to harmonic excitation on
Fatigue Testing Machine (FTM) to obtain empirical results,
as shown in Fig. 3. The test machine used in the experiment is
’Shimadzu Servopulser’ and controlled by Servopulser Con-
trol unit, ‘4830 Controller’. The Control Computer is used
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FIGURE 3. The experimental setup of the MR damper.
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TABLE 3. Electrical properties of MR damper (RD-8040-1)....(LORD
corporation 2009).

Properties Value
Input Current (A)
e Continuous for 30 seconds 1 max
e Intermittent 2max
Input Voltage (V) 12DC
Resistance (Q) 5

® (@ ambient temperature 7
e (@71°C(160 °F)

to record the data from the control unit and use them to plot
force versus time, force versus displacement and force versus
velocity graphs. An RS Pro IPS-303DD’ power supply is
used to feed current to the MRF damper. The damper is
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FIGURE 4. Hysteresis loop of the force response of RD-8040-1 with respect to (a) velocity and (b) displacement at 2 Hz with varied current.

attached to the upper and lower ends of the machine via
fabricated damper’s grippers. The damper’s piston rod is
excited sinusoidally, while a load cell and a linear variable
differential transformer (LVDT) sensor integrated into the
machine measure the force and displacement of the piston
rod, respectively. "Windows Software for 4830’ running on
the Control Computer records the force, displacement and
relative velocity of the piston rod.

Tests are done to acquire the damper’s dynamic response
by changing the applied current from O to 1 A in increments
of 0.1 A, while maintaining the frequency at constant levels
of 0.4 until 2 Hz in increments of 0.4 Hz. The experiment
is repeated by varying the excitation from 0.4 to 2 Hz in
increments of 0.4 Hz while keeping the current at a constant
value of 0 to 1 A in increments of 0.1 A. The tested stroke
range is 50 mm at a constant starting position in the middle of
the stroke. The tests are performed by providing a harmonic
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FIGURE 5. Hysteresis loop of the force response of RD-8040-1 with respect to (a) velocity and (b) displacement at 1 A with varied frequency.
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FIGURE 6. Comparison graph between PSO and GA of the force response of RD-8040-1 with respect to (a) velocity and (b) displacement at 2 Hz

and 1A.

displacement input excitation,
u = Ay,sin(2rft) (10)

where A,, is the excitation amplitude of the displacement, and
f is the frequency of the excitation. Thus, the velocity of the
damper is written as:

v = 2mfAcos(2mft) (11)

Ill. RESULTS AND DISCUSSION

The results of the experiment are shown in Fig. 4 and Fig. 5.
Here, the patterns show that the force response increases
uniformly as the current increases at a constant frequency.
When the current is constant, the force response increases
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TABLE 4. Input variables of the test.

Variables Value
Current (A) 0.0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8, 0.9,
1.0
Frequency (Hz) 04,08,1.2,1.6,2.0

with increasing frequency. Thus, it shows that the damper’s
force response depends on the current and the excitation fre-
quency. Also, higher velocity leads to a higher force response.

In order to estimate the parameters of the dynamic models
of the MR damper, the strategy is to make the simulated
behavior of the system as close as possible to the empirical
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FIGURE 7. Comparison graph of the force response between the MR damper models and the empirical data with respect to (a) velocity and

(b) displacement at 2 Hz and 1 A.
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FIGURE 8. Comparison graph of the force response between Modified
Bouc-Wen model with and without parameter f,.

data. This can be realized by minimizing the normalized
root-mean-squared error (NRMSE). Both Genetic Algo-
rithms (GA) and Particle Swarm Optimization (PSO) are used
in the parameter identification process to determine which
technique works better. The modified Bouc-Wen model is
used to represent the damper.

The PSO tuning for parameter estimation is based on the
PSO constant obtained in section 2. On the other hand, the GA
algorithm utilized is directly taken from the MATLAB Tool-
box. Total iteration for each run for both algorithms is set
at 100, with the population’s size at 100. A similar range of
parameters is set when running both algorithms.

Comparisons between the empirical data, with its corre-
sponding parametric model response (using both PSO and
GA), are presented in Fig. 6. It is observed that the pre-
dicted response using PSO agrees well with the empirical

VOLUME 9, 2021

2ZHz 1A
800 T T 50
Curve Fitting Error b3
ToO = © = Foroe Response Error ’»”
—=¥=-=Time i
S
600 /S qao
4 w
£
o 500 s B @
m K
;
& 00 S o 4 J48 &
5 ~ -~ I
= ~ s £
W apn V- --—-- LT 1 §
LR 5]
= Slesl= 28T (5]
200 iy
100 - q
0 ) . b 46
1 z 3 4 5

Polynomial Order

FIGURE 9. The curve fitting error and the force response error of the
Modified Bouc-Wen model for different polynomial order with the
computation time.

TABLE 5. Normalized-RMSE between PSO and GA. Note: Error = [PSO,
GA].

2Hz 1A
0.0 A [0.0214, 0.0327] 0.4 Hz [0.0245, 0.0329]
02A [0.0157,0.0317] 0.8 Hz [0.0262, 0.0354]
0.4 A [0.0253, 0.0420] 1.2 Hz [0.0343, 0.0538]
0.6 A [0.0323, 0.0391] 1.6 Hz [0.0377, 0.0508]
0.8 A [0.0372, 0.0438] 2.0 Hz [0.0408, 0.0529]

values compared with GA. The resulting normalized errors
are shown in Table 5. Based on the results, it is concluded
that PSO is better than GA in solving this problem.

The performance of the MR damper models is evaluated
by comparing the model output with the empirical data. The
plots of the investigated MR damper models, at which its
associated parameters are estimated using PSO, are shown
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FIGURE 10. Hysteresis loop of the force response of the Modified Bouc-Wen model for (a) velocity and (b) displacement at 0.4 Hz, and (c) velocity
and (d) displacement at 2 Hz with the varied current.

in Fig. 7. The estimation error for all models is presented TABLE 6. Normalized-RMSE between all models.
in Table 6. Generally, in Fig. 7, all models’ results are in good

. e MR damper Model Error Error
agreement with the empirical data. However, based on the (2Hz,0.5A) (2Hz, 1 A)
error comparison in Table 6, the Modified Bouc-Wen model Bingham 0.1881 02045
seems to be the best in representing the MR damper. Simple Bouc-Wen 0.0456 0.0454
A. MODIFIED BOUC-WEN MODEL AS THE BEST MODEL Modified Bouc-Wen 0.0306 0.0408
TO DESCRIBE MR DAMPER
The Modified Bouc-Wen model can be written as: Nonlinear Biviscous 02120 0.2335
F=ciy+kilx —x,) (12) Hyperbolic Tangent 0.1010 0.0971
. 1 . Function
y= (az+ cox + ko(x — ¥)) 13)
c1+co
: s -1 s . _ . . .
==yl =yl 2= —p " velocity. Also, coefficient z is the hysteresis deformation
+AX —y) (14) of the damper where the smoothness of the hysteresis is

controlled by coefficient y, 8, A and n [45].

However, it is found out that the response of the Modified
Bouc-Wen model does not compensate for the accumulator
effect in the region where the magnitude of the current or
frequency is high. For better prediction, a modified version
of the model is proposed as

where force response is represented by F', internal and exter-
nal displacement is represented by y and x, respectively, and
initial displacement of the piston is donated by x,. Damping
coefficients at low and large velocity are represented by
c1 and cp. Spring stiffness is represented by k; and k,,
where ki is related to the nominal damper force because of
the accumulator, while %, is to control the stiffness at high F=ciy+kix—x,)+f (15)
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FIGURE 11. (Continued.) Parametric value of Modified Bouc-Wen model as function of current and frequency; (a) 8, (b) y, (c) A, (d) ky, (e) ko, (f) co,
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TABLE 7. Comparison of normalized- RMSE between modified Bouc-Wen
model with and without parameter f,. Note: Error = [with fo, without f5].

2 Hz . 1A

00A  [0.0214,0.0377] 04Hz  [0.0245,0.0711]
02A  [0.0157,0.0210] 0.8Hz  [0.0262, 0.0625]
04A  [0.0253,0.0433] 12Hz  [0.0343,0.1131]
06A  [0.0323,0.0965] 1.6Hz  [0.0377, 0.0662]
08A  [0.0372,0.1158] 20Hz  [0.0408,0.1061]

where an offset force (f,) is added to overcome the accu-
mulator effect (Note that offset force is already added in the
Modified Bouc-Wen model during parametric identification
in Section 2). Fig. 8 shows the plot of the Modified Bouc-Wen
model’s force response with and without parameter fo. At dif-
ferent current and frequency, the corresponding model with
and without parameter f, is compared (see Table 7). The result
shows the model with offset force has a better prediction than
the model without offset force.

In this section, the optimal polynomial order is discussed.
As mentioned before, the Modified Bouc-Wen model is found
out the best to represent the MR damper. The model’s force
response highly depends on two main variables: magnetic
field (electrical current) and velocity of the piston (fre-
quency). Thus, the parameters of the model from Egs. (13)
to (15) are assumed as a function of current and frequency
directly.

The relation for each parameter is described in the form of
polynomial equations. However, the polynomial order needs
to be investigated to avoid the complexity of the models
without jeopardizing their precision. So, a simple test is done
by curve fitting the parameters, from first to fifth polynomial

72610

order. The test result is shown in terms of computation time
and error, as in Fig. 9.

The curve fitting error represents the accuracy of the esti-
mated equation at the different polynomial order, while]e the
force response error represents the accuracy of the estimated
force response using the estimated equation. The result shows
higher polynomial order returns lower curve fitting error and
lower force response error. However, higher polynomial order
results in longer computation time as well as a complex
parametric equation. Thus, based on the breakeven point in
Fig. 9, the maximum polynomial order is set at third order.
At this point, the computation time is considerably fast with
a low force response error.

The proposed equations for Modified Bouc-Wen parame-
ters are as follow:

B = 4849 — 7181i — 6711f + 12710/

—3351if + 69992 — 6816i°

+130442f + 567if > — 1987f3 (16)
y = 1935 — 5041 — 1416f + 5105

+3102if + 691.4f% — 2027°

—833.12f — 941.6if> (17)
A = 4571 + 12170i — 13450f — 9567

+1860if + 13230f2 + 3103/

—1018/*f 4 1010if> — 3651f3 (18)
ki = —763.1 +7391i — 2259f — 9788i>

—1964if + 3227f% + 2903

+4754i%f — 280.1if> — 999.6/3 (19)
ko = 2382 — 11770i — 1424f + 15660:>

—1224if +276.4f% — 5140/

—7164%f + 2444if* (20)
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TABLE 8. The normalized-RMSE and the accuracy of the predicted model (modified Bouc-Wen model).

Current (A)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
¥ re&;‘;"cy Normalized-RMSE (N/N)

0.4 0.129 0.070 0.043 0.025 0.021 0.020 0.020 0.019 0.028 0.017  0.024

0.8 0.097 0044  0.024 0.023 0021 0021 0021 0021 0024 0020 0.026

1.2 0.059 0.027 0.023 0.025 0.023 0.028 0.025 0.029 0.032 0.034  0.033

1.6 0.032  0.025 0015 0024 0020 0023 0026 0028 0.028 0032 0.034

2.0 0.021 0.021 0.015 0.019 0.025 0.036 0.032 0.034 0.037 0.038  0.041

Fre((g;ncy Optimization Accuracy (%)

0.4 87.01 9297 9565 9741  97.83 9795 9793 9801 9720 9820  98.18

0.8 90.23 95.52 97.55 97.64 97.89 97.81 97.87 97.88 97.56 9799 9797

1.2 94.00 97.21 97.62 97.41 97.64 97.12 97.43 97.05 96.73 96.51 96.69

1.6 96.75 97.44 98.47 97.57 97.90 97.63 97.32 97.15 97.11 96.77  97.06

2.0 97.84 97.88 98.03 98.09 97.44 96.33 96.77 96.50 96.29 96.11 95.86
Co = 175 +279.8i 4 65.43f + 214242 of the estimation w.r.t current and frequency are illustrated in
—152.4if — 8443 — 390.1i2f 1) the article. Both PSO and GA algorithms show good agree-
¢1 = 24850 + 33860i — 65570f ment. with the experimental results. Hovs./ever, PSO has lowef
2 . 5 relative errors compared to GA. Comparing the MR dampers
+21510i" — 41610 + 55930f mathematical models shows that the Modified-Bouc Wen
—21170#* +7301i2f + 130401’f2 model can precisely predict the MR damper’s behavior.
| 4610f3 (22) Equations representing the dynamic of the MR damper are
£, = 4.989 — 124.6i — 2.643f + 32 5972 preser'lted using a third-order polynomial curve fl'ttlng from
. 3 2 experimental results. For future work, the analytical model
+33.53if — 179.4i" — 16.38i°f (23) given in this article can be used for simulation study and

where f is the frequency, and i is the input current. Param-
eter o, x,, and n are constants which are 80, O and 1
respectively.

The error between the empirical force response and the
predicted force response is computed as a function of time.
The resultant errors are shown in Table 8. Overall, it is
observed that the model response is practically acceptable
compared to the empirical data even though it contains some
discrepancies. This discrepancy is believed due to the fitting
errors of the Modified Bouc-Wen model. The investigation
shows that the average normalized error for the optimization
to portray the MRF damper’s behaviour is approximately less
than 0.05 or more than 95% optimization accuracy. It can
be implied that the optimization is leaning at its finest rep-
resentation on modelling the MRF damper. Fig. 10 shows
the result of the force response using the proposed equation.
While Fig. 11 shows the curve fitting graph of the Modified
Bouc-Wen model parameters.

IV. CONCLUSION

This paper discusses the implementation of Particle Swarm
Optimization (PSO) and Genetic Algorithm (GA) in esti-
mating the parameters of magnetorheological fluid damper
models. In this article, PSO was used to estimate parameters
used to describe the behaviour of the MRF damper based on a
modified bouc-wen model. The PSO performances in the esti-
mation are shown and compared with GA; a detailed analysis

VOLUME 9, 2021

controller design in applications involving shock absorption.
Results from this estimation can be used to design a controller
for various applications such as prosthetic limbs.

ACKNOWLEDGMENT
Open Access funding has been provided by the Qatar
National Library, Qatar.

REFERENCES

[1] J. Yang, D. Ning, S. S. Sun, J. Zheng, H. Lu, M. Nakano, S. Zhang,
H. Du, and W. H. Li, “A semi-active suspension using a mag-
netorheological damper with nonlinear negative-stiffness component,”
Mech. Syst. Signal Process., vol. 147, Jan. 2021, Art. no. 107071, doi:
10.1016/j.ymssp.2020.107071.

[2] M. Ashtiani, S. H. Hashemabadi, and A. Ghaffari, A review on the magne-
torheological fluid preparation and stabilization,” J. Magn. Magn. Mater.,
vol. 374, pp. 711-715, Jan. 2015, doi: 10.1016/j.jmmm.2014.09.020.

[3] H. Lv, S. Zhang, Q. Sun, R. Chen, and W. J. Zhang, “The dynamic
models, control strategies and applications for magnetorheological damp-
ing systems: A systematic review,” J. Vib. Eng. Technol., vol. 9, no. 1,
pp. 131-147, Jan. 2021, doi: 10.1007/s42417-020-00215-4.

[4] W. W. Chooi and S. O. Oyadiji, “Design, modelling and testing of
magnetorheological (MR) dampers using analytical flow solutions,”
Comput. Struct., vol. 86, nos. 3-5, pp.473-482, Feb. 2008, doi:
10.1016/j.compstruc.2007.02.002.

[5] I Bica,Y.D. Liu, and H. J. Choi, “Physical characteristics of magnetorhe-
ological suspensions and their applications,” J. Ind. Eng. Chem., vol. 19,
no. 2, pp. 394-406, Mar. 2013, doi: 10.1016/j.jiec.2012.10.008.

[6] J. S. Kumar, P. S. Paul, G. Raghunathan, and D. G. Alex, “A review of
challenges and solutions in the preparation and use of magnetorheological
fluids,” Int. J. Mech. Mater. Eng., vol. 14, no. 1, p. 13, Nov. 2019, doi:
10.1186/540712-019-0109-2.

72611


http://dx.doi.org/10.1016/j.ymssp.2020.107071
http://dx.doi.org/10.1016/j.jmmm.2014.09.020
http://dx.doi.org/10.1007/s42417-020-00215-4
http://dx.doi.org/10.1016/j.compstruc.2007.02.002
http://dx.doi.org/10.1016/j.jiec.2012.10.008
http://dx.doi.org/10.1186/s40712-019-0109-2

IEEE Access

A. G. A. Muthalif et al.: Parametric Estimation From Empirical Data Using PSO Method

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Q. Fu, D.-H. Wang, L. Xu, and G. Yuan, “A magnetorheological damper-
based prosthetic knee (MRPK) and sliding mode tracking control method
for an MRPK-based lower limb prosthesis,” Smart Mater. Struct., vol. 26,
no. 4, Mar. 2017, Art. no. 045030, doi: 10.1088/1361-665X/aa61f1.

N. D. Nordin, A. G. Muthalif, and M. K. M Razali, ““Control of transtibial
prosthetic limb with magnetorheological fluid damper by using a fuzzy
PID controller,” J. Low Freq. Noise, Vib. Act. Control, vol. 37, no. 4,
pp. 1067-1078, Dec. 2018, doi: 10.1177/1461348418766171.

A.Yi, A.Zahedi, Y. Wang, U.-X. Tan, and D. Zhang, ‘A novel exoskeleton
system based on magnetorheological fluid for tremor suppression of wrist
joints,” in Proc. IEEE 16th Int. Conf. Rehabil. Robot., Toronto, ON,
Canada, Jun. 2019, pp. 1115-1120.

C. Daniel, G. Hemalatha, L. Sarala, D. Tensing, and S. S. Manoharan,
“Magnetorheological fluid with nano Fe3O4 for performance
enhancement of MR damper for seismic resistance of steel
structures,” Key Eng. Mater., vol. 763, pp. 975-982, Feb. 2018, doi:
10.4028/www.scientific.net/KEM.763.975.

J. C. Tudon-Martinez, D. Hernandez-Alcantara, L. Amezquita-Brooks,
R. Morales-Menendez, J. D. J. Lozoya-Santos, and O. Aquines,
“Magneto-rheological dampers—Model influence on the semi-active
suspension performance,” Smart Mater. Struct., vol. 28, no. 10, Sep. 2019,
Art. no. 105030, doi: 10.1088/1361-665X/ab39f2.

Y.-T. Choi, R. Robinson, W. Hu, N. M. Wereley, T. S. Birchette,
A. O. Bolukbasi, and J. Woodhouse, “Analysis and control of a magne-
torheological landing gear system for a helicopter,” J. Amer. Helicopter
Soc., vol. 61, no. 3, pp. 1-8, Jul. 2016, doi: 10.4050/JAHS.61.032006.

G. Wang, G. Chen, and F. Bai, ‘““Modeling and identification of asymmetric
Bouc—Wen hysteresis for piezoelectric actuator via a novel differential
evolution algorithm,” Sens. Actuators A, Phys., vol. 235, pp. 105-118,
Nov. 2015, doi: 10.1016/j.sna.2015.09.043.

S.-B. Choi, S.-K. Lee, and Y.-P. Park, “A hysteresis model for the field-
dependent damping force of a magnetorheological damper,” J. Sound Vib.,
vol. 245, no. 2, pp. 375-383, Aug. 2001, doi: 10.1006/jsvi.2000.3539.

X. Song, M. Ahmadian, and S. Southward, “Analysis and strategy for
superharmonics with semiactive suspension control systems,” J. Dyn.
Syst., Meas., Control, vol. 129, no. 6, pp.795-803, Nov. 2007, doi:
10.1115/1.2789470.

M. Yu, C. R. Liao, W. M. Chen, and S. L. Huang, “Study on
MR semi-active suspension system and its road testing,” J. Intell.
Mater. Syst. Struct., vol. 17, nos. 8-9, pp. 801-806, Sep. 2006, doi:
10.1177/1045389X06057534.

Y. Shen, M. F. Golnaraghi, and G. R. Heppler, ‘“Load-leveling
suspension system with a magnetorheological damper,” Vehicle
Syst. Dyn., vol. 45, no. 4, pp.297-312, Apr. 2007, doi: 10.1080/
00423110600928721.

S. R. Hong, N. M. Wereley, Y. T. Choi, and S. B. Choi, “Analytical
and experimental validation of a nondimensional Bingham model for
mixed-mode magnetorheological dampers,” J. Sound Vib., vol. 312, no. 3,
pp- 399-417, May 2008, doi: 10.1016/j.jsv.2007.07.087.

S.-B. Choi, M.-S. Seong, and S.-H. Ha, “Vibration control of an MR
vehicle suspension system considering both hysteretic behavior and
parameter variation,” Smart Mater. Struct., vol. 18, no. 12, Sep. 2009,
Art. no. 125010, doi: 10.1088/0964-1726/18/12/125010.

S. Talatahari, P. Motamedi, B. F. Azar, and M. Azizi, “Tribe—charged
system search for parameter configuration of nonlinear systems with large
search domains,” Eng. Optim., vol. 53, no. 1, pp. 18-31, Jan. 2021, doi:
10.1080/0305215X.2019.1696786.

M. Bozorgvar and S. M. Zahrai, ““Semi-active seismic control of buildings
using MR damper and adaptive neural-fuzzy intelligent controller opti-
mized with genetic algorithm,” J. Vib. Control, vol. 25, no. 2, pp. 273-285,
Jan. 2019, doi: 10.1177/1077546318774502.

S. Gad, H. Metered, A. Bassuiny, and A. A. Ghany, “Multi-objective
genetic algorithm fractional-order PID controller for semi-active magne-
torheologically damped seat suspension,” J. Vib. Control, vol. 23, no. 8,
pp. 1248-1266, May 2017, doi: 10.1177/1077546315591620.

M. Mohebbi, H. Dadkhah, and H. R. Dabbagh, “A genetic algorithm—
based design approach for smart base isolation systems,” J. Intell.
Mater. Syst. Struct., vol. 29, no. 7, pp. 1315-1332, Apr. 2018, doi:
10.1177/1045389X17733058.

Y. Chen, Y. Yao, and Y. Zhang, ““A robust state estimation method based
on SOCP for integrated electricity-heat system,” IEEE Trans. Smart Grid,
vol. 12, no. 1, pp. 810-820, Jan. 2021.

72612

(25]

(26]

[27]

(28]

[29]

[30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

[43]

(44]

[45]

Y. Chen, J. Ma, P. Zhang, F. Liu, and S. Mei, “Robust state estimator based
on maximum exponential absolute value,” IEEE Trans. Smart Grid, vol. 8,
no. 4, pp. 1537-1544, Jul. 2017.

Y. Chen, F. Liu, S. Mei, and J. Ma, “A robust WLAV state estimation
using optimal transformations,” IEEE Trans. Power Syst., vol. 30, no. 4,
pp. 2190-2191, Jul. 2015.

F. Raeesi, B. F. Azar, H. Veladi, and S. Talatahari, “An inverse TSK
model of MR damper for vibration control of nonlinear structures using
an improved grasshopper optimization algorithm,” Structures, vol. 26,
pp. 406416, Aug. 2020, doi: 10.1016/j.istruc.2020.04.026.

X. Lin, S. Chen, and G. Huang, “A shuffled frog-leaping algorithm based
mixed-sensitivity Hoo control of a seismically excited structural building
using MR dampers,” J. Vib. Control, vol. 24, no. 13, pp. 2832-2852,
Jul. 2018, doi: 10.1177/1077546317695462.

X. Lin, S. Chen, and W. Lin, “Modified crow search algorithm-based
fuzzy control of adjacent buildings connected by magnetorheological
dampers considering soil-structure interaction,” J. Vib. Control, vol. 27,
nos. 1-2, pp. 57-72, Jan. 2021, doi: 10.1177/1077546320923438.

M. R. Arzraai, G. Priyandoko, A. R. Yusoff, and M. F. F. A. Rashid,
“Parametric optimization of magneto-rheological fluid damper using par-
ticle swarm optimization,” Int. J. Automot. Mech. Eng., vol. 11, no. 1,
pp. 2591-2599, Jan-Jul. 2015, doi: 10.15282/ijame.11.2015.37.0218.

H. Metered, A. Elsawaf, T. Vampola, and Z. Sika, ““Vibration control of
MR-damped vehicle suspension system using PID controller tuned by
particle swarm optimization,” SAE Int. J. Passenger Cars, Mech. Syst.,
vol. 8, no. 2, pp. 426-435, Apr. 2015, doi: 10.4271/2015-01-0622.

M. H. Abbasi and H. Moradi, “Optimum design of tuned mass damper
via PSO algorithm for the passive control of forced oscillations in power
transmission lines,” Social Netw. Appl. Sci., vol. 2, no. 5, pp. 1-15,
May 2020.

D. Dan, Y. Chen, and B. Xu, “A PSO driven intelligent model updating
and parameter identification scheme for cable-damper system,” Shock Vib.,
vol. 2015, Jan. 2015, Art. no. 423898.

V. K. Pathak and A. K. Singh, “Optimization of morphological process
parameters in contactless laser scanning system using modified particle
swarm algorithm,” Meas., J. Int. Meas. Confederation, vol. 109, pp. 27-35,
Oct. 2017.

V. K. Pathak and A. K. Singh, “Effective form error assessment
using improved particle swarm optimization,” MAPAN, vol. 32, no. 4,
pp- 279-292, Dec. 2017.

V. K. Pathak and A. K. Singh, “Form error evaluation of noncontact scan
data using constriction factor particle swarm optimization,” J. Adv. Manuf.
Syst., vol. 16, no. 03, pp. 205-226, Sep. 2017.

R. Eberhart and J. Kennedy, “A new optimizer using particle swarm
theory,” in Proc. Int. Symp. Micro Mach. Hum. Sci., Nagoya, Japan, 1995,
pp. 39-43.

K. Luu, M. Noble, A. Gesret, N. Belayouni, and P-F. Roux, “A par-
allel competitive particle swarm optimization for non-linear first arrival
traveltime tomography and uncertainty quantification,” Comput. Geosci.,
vol. 113, pp. 81-93, Apr. 2018, doi: 10.1016/j.cageo.2018.01.016.

K. A.M. Nor, A. G. A. Muthalif, and A. N. Wahid, “Optimization in active
vibration control: Virtual experimentation using COMSOL multiphysics—
MATLAB integration,” in Proc. 5th Int. Conf. Intell. Syst., Modeling
Simulation, Langkawi, Malaysia, Jan. 2014, pp. 385-389.

S. Malik, P. Dutta, S. Chakrabarti, and A. Barman, ‘‘Parameter estimation
of a PID controller using particle swarm optimization algorithm,” Int. J.
Adv. Res. Comput. Commun. Syst., vol. 3, no. 3, pp. 5827-5830, Mar. 2014.
A. Alfi, “PSO with adaptive mutation and inertia weight and its application
in parameter estimation of dynamic systems,” Acta Autom. Sin., vol. 37,
no. 5, pp. 541-549, May 2011, doi: 10.1016/s1874-1029(11)60205-x.

Y. Huang, F. Guo, Y. Li, and Y. Liu, “Parameter estimation of fractional-
order chaotic systems by using quantum parallel particle swarm optimiza-
tion algorithm,” PLoS ONE, vol. 10, no. 1, Jan. 2015, Art. no. e0114910,
doi: 10.1371/journal.pone.0114910.

M. Clerc and J. Kennedy, “The particle swarm—explosion, stability, and
convergence in a multidimensional complex space,” IEEE Trans. Evol.
Comput., vol. 6, no. 1, pp. 58-73, Feb. 2002, doi: 10.1109/4235.985692.
LORD Corporation, Cary, NC, USA. (Feb. 22, 2021). LORD TECHNI-
CAL DATA: RD-8040-1 and RD-8041-1 Dampers. [Online]. Available:
http://www.lordfulfillment.com/upload/DS7016.pdf

B. E Spencer, Jr., S. J. Dyke, M. K. Sain, and J. D. Carlson, ‘“Phe-
nomenological model for magnetorheological dampers,” ASCE J. Eng.
Mech., vol. 123, no. 3, pp. 230-238, Mar. 1997, doi: 10.1061/(asce)0733-
9399(1997)123:3(230).

VOLUME 9, 2021


http://dx.doi.org/10.1088/1361-665X/aa61f1
http://dx.doi.org/10.1177/1461348418766171
http://dx.doi.org/10.4028/www.scientific.net/KEM.763.975
http://dx.doi.org/10.1088/1361-665X/ab39f2
http://dx.doi.org/10.4050/JAHS.61.032006
http://dx.doi.org/10.1016/j.sna.2015.09.043
http://dx.doi.org/10.1006/jsvi.2000.3539
http://dx.doi.org/10.1115/1.2789470
http://dx.doi.org/10.1177/1045389X06057534
http://dx.doi.org/10.1080/00423110600928721
http://dx.doi.org/10.1080/00423110600928721
http://dx.doi.org/10.1016/j.jsv.2007.07.087
http://dx.doi.org/10.1088/0964-1726/18/12/125010
http://dx.doi.org/10.1080/0305215X.2019.1696786
http://dx.doi.org/10.1177/1077546318774502
http://dx.doi.org/10.1177/1077546315591620
http://dx.doi.org/10.1177/1045389X17733058
http://dx.doi.org/10.1016/j.istruc.2020.04.026
http://dx.doi.org/10.1177/1077546317695462
http://dx.doi.org/10.1177/1077546320923438
http://dx.doi.org/10.15282/ijame.11.2015.37.0218
http://dx.doi.org/10.4271/2015-01-0622
http://dx.doi.org/10.1016/j.cageo.2018.01.016
http://dx.doi.org/10.1016/s1874-1029(11)60205-x
http://dx.doi.org/10.1371/journal.pone.0114910
http://dx.doi.org/10.1109/4235.985692
http://dx.doi.org/10.1061/(asce)0733-9399(1997)123:3(230)
http://dx.doi.org/10.1061/(asce)0733-9399(1997)123:3(230)

A. G. A. Muthalif et al.: Parametric Estimation From Empirical Data Using PSO Method

IEEE Access

ASAN G. A. MUTHALIF (Senior Member, IEEE)
received the bachelor’s and master’s degrees
in mechatronics engineering from International
Islamic University Malaysia (IITUM), and the Ph.D.
degree from the University of Cambridge, U.K.,
in 2008. He is currently an Associate Professor
with the Department of Mechanical and Industrial
Engineering, Qatar University. His research inter-
ests include mechatronics, active and semi-active
vibration control, smart materials and structures,
vibration-based energy harvesting, mid-high frequency vibration control,
statistical energy analysis (SEA), and dynamics of built-up structures.

M. KHUSYAIE M. RAZALI received the bache-
lor’s and master’s degrees in mechatronics engi-
neering from International Islamic University
Malaysia (IIUM), in 2015 and 2019, respectively.
He worked as a Research Assistant with the Smart
Structures, Systems and Control Research Labo-
ratories, Department of Mechatronic Engineering,

N. H. DIYANA NORDIN received the Ph.D.
degree in engineering from International Islamic
University Malaysia (ITUM), in 2018. She is cur-
rently serving as an Assistant Professor for the
Department of Mechatronics Engineering, IIUM.
Her research interests include semi-active vibra-
tion control, and smart materials and applications,
and biomechatronics.

SYAMSUL BAHRIN ABDUL HAMID received
the bachelor’s degree in electromechanical power
engineering from Loughborough University, UK.,
in 1997, the master’s degree in system engineer-
ing with information technology from Cardiff
University, U.K., in 2006, and the Ph.D. degree
from the University of Strathclyde, U.K., in 2014.
He is currently an Assistant Professor with the
Department of Mechatronics Engineering, Inter-
national Islamic University Malaysia (IITUM). His

ITUM. His research interests include mechatronics, research interests include mechatronics, artificial intelligence, health assis-
vibration control, and smart materials. tive devices, renewable energy, and smart infrastructure.
LN
VOLUME 9, 2021 72613



