
Journal of King Saud University – Science 29 (2017) 468–477
Contents lists available at ScienceDirect

Journal of King Saud University – Science

journal homepage: www.sciencedirect .com
Original article
Characterization and modeling of a new magnetorheological damper
with meandering type valve using neuro-fuzzy
http://dx.doi.org/10.1016/j.jksus.2017.08.012
1018-3647/� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: fitrian.imaduddin@mmu.edu.my (F. Imaduddin).

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier
Fitrian Imaduddin a,⇑, Saiful Amri Mazlan b, Ubaidillah c, Muhammad Hafiz Idris b, Irfan Bahiuddin b

a Faculty of Engineering and Technology, Multimedia University, Jalan Ayer Keroh Lama, Bukit Beruang, 75450 Melaka, Malaysia
bMalaysia-Japan International Institute of Technology, Universiti Teknologi Malaysia, Jalan Sultan Yahya Petra, 54100 Kuala Lumpur, Malaysia
cMechanical Engineering Department, Universitas Sebelas Maret, Jalan Ir. Sutami 36A, Kentingan, Surakarta 57126, Indonesia

a r t i c l e i n f o a b s t r a c t
Article history:
Received 8 June 2017
Accepted 30 August 2017
Available online 1 September 2017

Keywords:
Magnetorheological
Bypass damper
Characterization
Hysteresis model
Neuro-fuzzy
This paper presents the characterization and hysteresis modeling of magnetorheological (MR) damper
with meandering type valve. The meandering type MR valve, which employs the combination of multiple
annular and radial flow passages, has been introduced as the new type of high performance MR valve
with higher achievable pressure drop and controllable performance range than similar counterparts in
its class. Since the performance of a damper is highly determined by the valve performance, the utiliza-
tion of the meandering type MR valve in an MR damper could potentially improve the damper perfor-
mance. The damping force characterization of the MR damper is conducted by measuring the damping
force as a response to the variety of harmonic excitations. The hysteresis behavior of the damper is iden-
tified by plotting the damping force relationship to the excitation displacement and velocity. For the hys-
teresis modeling purpose, some parts of the data are taken as the training data source for the
optimization parameters in the neuro-fuzzy model. The performance of the trained neuro-fuzzy model
is assessed by validating the model output with the remaining measurement data and benchmarking
the results with the output of the parametric hysteresis model. The validation results show that the
neuro-fuzzy model is demonstrating good agreement with the measurement results indicated by the
average relative error of only around 7%. The model also shows robustness with no tendency of growing
error when the input values are changed.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Magnetorheological (MR) fluids have been used in many appli-
cations due to its sensitive rheological properties to magnetic field.
MR dampers, as one of the most discussed applications of MR fluid,
are one of the examples that have been proven effective in provid-
ing smart solution for vibration problems (Lam et al., 2010; Zhu
et al., 2012). The ranges of MR damper applications that have been
investigated are including vehicle primary suspension system, seat
suspension, weapon recoil absorber, and seismic vibration isola-
tion (Imaduddin et al., 2013; Choi et al., 2016). The application of
MR damper is normally viewed in the perspective of a semi-
active device. A semi-active device provides improvement to a pas-
sive device through adaptive characteristics adjustment (Choi
et al., 2008; Dong et al., Jul 2009; Wang et al., 2009; Nugroho
et al., 2014). A slightly different approach if compared with the
active device which directly intervene the system with additional
force and energy from external force. The results are that the
semi-active device tends to be more efficient and affordable than
the active device though with narrower range of performance
improvement (Fischer and Isermann, 2004).

Like any dampers, an MR damper works by converting the
kinetic energy of the fluids that flow interchangeably between
chambers into heat (Dogruoz et al., 2003). The conversion occurs
through a component that creates pressure loss known as the
MR valve. Since the amount of pressure loss is directly correspond-
ing to the energy converted into heat and the reaction force gener-
ated by the damper, the MR valve can be considered as the key
component that determines the performance of the MR damper
(Bai et al., 2013). In order to improve the damper performance,
many types of valve have been developed (Abd Fatah et al.,
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2015). The recent development of MR valve has introduced the
new generation of compact high performance MR valve as a result
of the utilization of meandering flow path pattern inside the valve
(Imaduddin et al., 2014; Imaduddin et al., 2015). The meandering
type MR valve is utilizing the combination of multiple annular
and radial flow channels which maximizes the effective area. The
effective area is the term that defines the area where the magnetic
flux perpendicularly encounters the MR fluid flow. The successful
concept development of meandering type MR valve has been
extended by many other MR valve variations such as the modular
type MR valve (Ichwan et al., 2016) and the meandering flux path
type MR valve (Abd Fatah et al., 2016). The meandering type MR
valve is potential for many MR based applications, especially for
the application that requires large energy dissipation in a compact
form.

Aside from the valve design, the modeling of hysteresis phe-
nomenon in an MR damper is also a challenging problem that
has been discussed by many researchers (Choi et al., 2001;
Jimenez et al., 2005; Kwok et al., 2006, 2007; Ikhouane et al.,
2007; Dominguez et al., 2008, 2014; Metered et al., 2010; Sahin
et al., 2010; Ubaidillah et al., 2011; Wang et al., 2011; Jiang et al.,
2012; Yang et al., 2013). Hysteresis is the result of memory effect
in the force restoring mechanism which depends not just on the
instantaneous disturbances, but also on the previous state of dis-
turbances. In general, the hysteresis modeling in an MR damper
can be divided into two different approaches, the parametric and
non-parametric approach. The parametric approach is the model-
ing approach that characterize the damper with combinations of
several idealized physical elements such as springs and dampers.
Since the assumption is set from the early stage of the modeling
process, the parametric approach is normally represented in a
more generic form of equation with fixed number of parameters
which can be adjusted to model many types of dampers by tuning
the parameters values. The known method in parametric approach
are the Bouc-Wen model (Ikhouane et al., 2007; Kwok et al., 2007;
Bai et al., 2015), Dahl model (Beskhyroun et al., 2012; Zhu et al.,
2014), LuGre model (Jimenez et al., 2005; Imaduddin et al., 2016)
and Sigmoid model (Wang et al., 2011). The non-parametric
approach models the dynamics of the damper by employing ana-
lytical expressions rather than assuming a physical element like
the one in parametric approach. Although the approach will not
produce a generic set of equations, many studies have revealed
that the non-parametric models are generally more accurate and
robust than the parametric models (Wang et al., 2011). Many types
of model lies in this category such as the polynomial model (Choi
et al., 2001; Ubaidillah et al., 2011; Imaduddin et al., 2016), Neural
Network model (Xia, 2003; Tudón-Martínez et al., 2012; Bhowmik
et al., 2013), and the Neuro-Fuzzy model (Gu and Oyadiji, 2008;
Wang, 2009; Nguyen and Choi, 2012; Zong et al., 2012; Zeinali
et al., 2013).

The recent development of meandering type valve has opened a
new opportunity to create an MR damper with higher performance
capability. However, the utilization of a new valve design is also
potentially changing the damping characteristics, including the
hysteresis pattern. Since the valve is recently developed, the dis-
cussion about the hysteresis characteristics and modeling of the
damper utilizing the valve, so far, has not been conducted. In this
paper, the modeling of hysteresis phenomenon in an MR damper
with the meandering type valve is presented. The hysteresis
behavior is captured by measuring the damping force characteris-
tics against harmonic excitation from the dynamic test platform.
The measurement data are then modeled using neuro-fuzzy
approach by dividing the data into two parts. The first part is used
for training the neuro-fuzzy system while the second part is used
to validate the model output. As a benchmark, the results are com-
pared with the results from the modified LuGre model. The main
contribution of this work is in the characterization of the new type
MR damper using meandering type valve and its hysteresis model-
ing using neuro-fuzzy approach. The rest of this paper is organized
as follows. Section 2 explains the conception of the bypass MR
damper with the meandering type valve. The prototype prepara-
tion and the experimental setup as well as the damping character-
ization results are described in Section 3. Section 4 elaborates the
neuro-fuzzy modeling approach for the problem including the con-
sideration of parameter selections. The discussion of model perfor-
mance including the validation, benchmarking and error analysis
are given in Section 5 while the Section 6 concludes the paper.
2. MR damper with meandering type valve

The MR damper discussed in this paper is the bypass type MR
damper with meandering type valve. The schematic of the MR
damper is depicted in Fig. 1. According to the figure, the bypass
damper components can be divided into two parts, the column sec-
tion and the bypass section. The column section consists of the
main cylinder, the piston and the rods while the bypass section
consists of the conduit and the valve. When the piston is moving,
the compressed fluid in the cylinder will be pushed to the other
chamber via the bypass section pass-through the valve. The valve
obstructs the flow movement and creates pressure differences
between these chambers which further produce the damping force.
Therefore, the variation of the obstruction, which in the case of MR
valve is generated from the variation of magnetically-generated
shear stress of the fluid, will result in the variation of damping
force of the damper.

Unlike the commonMR damper, which integrates the valve into
the piston part, the bypass type MR damper relocates the valve
outside the cylinder (Cook et al., 2007). Although the bypass con-
figuration is obviously bulkier than the internal valve configura-
tion, the relocation of the valve outside the column section have
promised several benefits. The main benefit of the bypass configu-
ration is the freedom of valve selection and installation since the
size of the valve is not constrained by the cylinder size and length.
Therefore, the synchronization of the cylinder size and valve size
are irrelevant as with the same cylinder, variety selection of valves
can be chosen and various damping performance ranges can be
acquired. Another benefit is the ease of installation and modifica-
tion since the valve can be changed easier without having to disin-
tegrate the cylinder part.

The MR valve in the bypass section has embedded electromag-
net which the flux is designed to crossed the flow path of the MR
fluid. The induced magnetic field to the MR fluid rapidly changes
the state of the fluid from Newtonian to Non-Newtonian form.
The adjustment of magnetic flux density at the intersections regu-
lates the yield stress of the fluid, generates pressure difference
between the valve inlet and outlet and controls the fluid flow.
The intersection area between the flux and fluid, which known as
the effective area, is very critical since the regulation pressure drop
can only be done in this area. The common practices to arrange the
optimum effective area are normally divided into two types, the
annular and radial valve arrangement. Both have their own bene-
fits and limitations, however the recent progress has arrived in
the combinations of these arrangements and the highest pressure
drop so far can be achieved with the use of multiple combination
of annular and radial valve known as the meandering flow path
arrangement. The concept of meandering flow path arrangement
basically aims to maximize the effective area so that the higher
pressure drop controllable range and capacity can be achieved in
smaller valve size. With such valve performance, higher damping
controllable range of force is expected to be achieved in smaller



Fig. 1. The illustration of bypass MR damper concept with meandering type valve.
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damper size. The detail explanations about the meandering type
MR valve has been discussed in Imaduddin et al. (2014, 2015).

3. Damping characterization

3.1. Experimental set up

The experimental arrangement for the damping characteriza-
tion is depicted in Fig. 2. The bypass MR damper in this study is
prepared with a double rod cylinder with bore size of 30 mm,
rod size of 18 mm and stroke length of 70 mm. Since the piston
is sealed, fluid ports are given in each end of the cylinder for con-
Fig. 2. Experime
nection with the bypass channel. In the middle of the bypass chan-
nel, the meandering type MR valve is installed. The meandering
type MR valve used in this study is designed and manufactured
by Vehicle System Engineering Research Lab. (Imaduddin et al.,
2014) with both 0.5 mm annular and radial gap size. According
to the design specifications, the valve with both 0.5 mm annular
and radial gap configuration is able to achieve maximum pressure
drop of 6.8 MPa at 1A current input to the electromagnet at around
40 ml/s of flow rate. The MR fluid filled in the damper for this study
is the MRF-132DG made by Lord Corporation. The magnetic and
yield stress characteristics of the MRF-132DG is depicted in Figs. 3
and 4 respectively.
ntal set up.



Fig. 3. Magnetic characteristics of MRF-132DG (Lord Corp., 2011).

Fig. 4. Yield stress characteristics of MRF-132DG (Lord Corp., 2011).
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The damping characterization is conducted by exciting the
damper with sinusoidal wave generated from the hydraulically
actuated Shimadzu Fatigue Dynamic Machine. The sinusoidal exci-
tation is controlled to a fixed displacement setting of ±25 mm with
frequency varied from 0.5 to 1.5 Hz. It means, the peak velocities
will be varied from 78.5 mm/s to 235.6 mm/s. The damping
response is measured by 20 kN capacity load cell to measure the
damping force and the 100 mm displacement sensor to measure
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Fig. 5. Off-state force-displacement characte
the real time excitation movement. The variation of current input
to the valve electromagnet is made with the interval of 0.1 A start-
ing from 0 to 0.8 A. To ensure data consistency, each measurement
is conducted for 25 cycles of sinusoidal movement.
3.2. Damping characteristics

3.2.1. Frequency variation effects
The relationship between force and displacement as the pri-

mary measurement data for the off-state (no-current) condition
at various frequency excitations is shown in Fig. 5. The results
are taken from the 10th cycle and shows typical measurement
results that are consistent for all the measurement after the 3rd
cycle. According to the figure, the force constantly increases with
increasing frequency. Unfortunately, the increasing of force due
to the effect of frequency variations cannot be clearly visualized
using the force-displacement relationship because the changing
of frequency is not reflected in the displacement measurement
data. If the sinusoidal displacement is expressed in the form of
u ¼ A cos 2pftð Þ, where Ais the excitation amplitude of the dis-
placement and fthe frequency of excitation, the changing of fre-
quency excitation will not have effect to the amplitude of the
displacement.

In order to visualize the effect of frequency excitation clearer,
the damping characteristics should be depicted using force-
velocity relationship. The velocity is not primarily measured but
can be obtained using first-order differentiation of the displace-
ment data as _u ¼ �A2pf cos 2pftð Þ. From the equation it can be
seen that the changing of frequency will have direct effect on
the amplitude of the velocity. The secondary relationship
between force and velocity for the off-state condition at various
frequency excitations is shown in Fig. 6. According to the Fig-
ure as the frequency is increased the peak velocity is also
increased in line with the peak force value. The width of the hys-
teresis is also changing proportional to the magnitude of peak
velocity. The nonlinearity between force and velocity is also
appeared in the force–velocity curve and tends to larger in the
higher frequency.
3.2.2. Current variation effects
The relationship between force-displacement and force-velocity

for the current input varying from 0 to 0.8 A at the frequency exci-
tation of 0.5 Hz are shown in Figs. 7 and 8 respectively. According
to the figures, the force is constantly increasing when the current
ent (mm)
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Fig. 6. Off-state force-velocity characteristics at various frequency excitations.
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input is increased as a result of pressure drop increase in the valve.
The average increment of damping force is around 0.65 kN for
every 0.2 A raise with peak damping force of nearly 3.2 kN at
0.8 A of current input and MR effect, defines as the ratio between
the on-state and the off-state, of around 4.5. It also means the
achievable damping force of 0.8 A at 0.5 Hz frequency excitation
is higher than the damping force of 0.0 A at 1.5 Hz frequency
excitation.



Fig. 10. The trend of RMSE for 3500 epoch.
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The limitation of force-displacement curve in visualizing the
damping characteristics also can be stressed with the results since
the distinction between the force augmentation due to frequency
excitation and the force amplification due to change of current
input cannot be clearly seen at the force-displacement curve. The-
oretically, it is also generally accepted that the damping effect as
the form of energy dissipation is relative to the applied velocity
to the damper and not displacement length. However, due to the
inevitable hysteresis effect of the force-velocity characteristics,
the modeling approach will normally involve the displacement
data as one of the model input to make a clear distinction between
the upper and lower force-velocity curve.

4. Neuro-fuzzy hysteresis model

The hysteresis phenomenon in the damping characteristics is a
challenging task to model. The common approach to model the
hysteresis phenomenon generally can be divided into two types,
the parametric and non-parametric approach (Sahin et al., 2010;
Wang et al., 2011). Each approach has its own benefit, but in terms
of accuracy, the non-parametric approach is generally accepted as
the more accurate approach. One of the popular method in the
non-parametric approach is the Adaptive Neuro-Fuzzy Inference
System (ANFIS) (Wang, 2009; Zong et al., 2012; Nguyen and
Choi, 2012; Zeinali et al., 2013). ANFIS combines the fuzzy system
and artificial neural network algorithm to mimic nonlinear behav-
ior. There are 5 layers in ANFIS that aims to minimize the sum of
squared error (SSE) between the desired and actual output. The
first layer is the input layer, the second and third layer are the rule
layers, while the fourth and fifth layer are the output layer and the
summation layer respectively. The generic structure of the ANFIS is
illustrated in Fig. 9.

In the first layer, the displacement, velocity and current as the
inputs of the ANFIS are defined and the Membership Functions
(MF) of these inputs are initiated. At the beginning, the number
Fig. 9. ANFIS s
of MF as well as its parameters, known as the premise parameters,
for each input should be selected, however, after the training pro-
cess started, the premise parameters will be adjusted. In this paper
the MF function of each input is defined as Gaussian as represented
in the following equation:
O1;i ¼ f i x;ri; cið Þ ¼ e
� x�cið Þ2

2r2
i ð1Þ

where x, ci and ri are the representative input values (u, _u or I), the
mean and the deviation of Gaussian MF for the i-th node respec-
tively. In this case the premise parameters that will be adjusted
by the ANFIS training process are ci and ri for each MFs of the input
variables.
tructure.



Table 1
ANFIS premise parameters.

Inputs Parameter

r c

Displacement 2.2251 �26.8591
5.3535 �13.3425
6.1887 �0.0731
5.5909 13.2108
2.0143 26.9091

Velocity 42.7022 �240.2568
42.6379 �139.8548
42.0494 �39.9632
42.5394 60.7484
43.2985 160.9829
42.9377 261.5860

Current 0.3075 0.1621
0.1918 0.6846
0.2310 1.2153
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In the second layer, the AND-rule is implemented to express the
so-called firing strength which multiplies the combination of out-
puts from each MF from the first layer. The output of the second
layer can be expressed as follows:
Table 2
ANFIS consequent parameters.

Rule No. Parameter

p q r s

1 61.3460 �7.8924 61.1010 �53.6192
2 70.7636 �8.5243 �7.0701 �12.6316
3 �133.2080 16.9170 �35.5040 3.7703
4 �0.1144 �0.3053 1.1348 �31.9798
5 0.3804 �0.3893 14.5902 �39.4882
6 1.5771 0.5786 92.4756 �6.9504
7 �0.0858 �0.0710 �3.4062 �4.8438
8 �0.3701 �0.1289 �4.4320 �13.4207
9 �0.2061 0.0571 �15.4020 7.3635
10 0.3800 �0.1118 3.3829 13.7733
11 0.7163 �0.2289 34.3335 7.2566
12 3.7819 �0.1174 278.9230 �172.1313
13 0.3541 �0.7551 4.0085 92.4779
14 �0.6425 �2.5015 32.4701 221.0565
15 �12.1045 �0.8115 134.9088 �328.7686
16 �204.8655 �22.4497 438.0912 5.2486
17 �1077.4814 �119.2392 �294.9512 50.9381
18 �337.3364 �19.6666 37.2589 15.1413
19 �0.0050 0.0060 �0.5791 �0.6734
20 0.0093 0.0059 4.1314 �4.1424
21 0.0865 0.0224 37.2634 �34.9242
22 �0.0001 0.0050 �1.7687 �0.3879
23 �0.0343 �0.0004 4.5465 �5.6610
24 �0.0238 0.0086 51.6327 �52.4423
25 �0.0082 0.0007 �2.6641 �0.6537
26 �0.0133 �0.0036 8.0758 �6.9073
27 �0.0013 0.0052 91.2370 �90.2663
28 0.0010 �0.0022 3.1492 0.8317
29 0.0128 �0.0261 1.2224 3.4210
30 0.0874 0.0076 �16.3481 19.3154
31 0.0025 0.0012 0.8106 1.1695
32 0.0263 �0.0208 �3.3255 8.0619
33 �0.0204 0.0013 �35.4455 37.1032
34 0.0255 �0.0202 0.5220 6.9347
35 0.0079 �0.0612 1.5159 17.0073
36 0.0679 �0.0509 7.1612 9.7292
37 0.0024 0.0092 �0.5058 0.0892
38 �0.0037 �0.0028 5.6496 �7.1326
39 0.0272 0.0336 54.0857 �48.8338
40 0.0070 0.0079 �1.9824 0.0999
41 0.0041 �0.0111 5.7754 �7.4451
42 �0.0146 0.0429 70.4225 �64.6118
43 �0.0057 0.0147 �2.8778 0.4524
44 �0.0196 �0.0587 8.3865 �10.5775
45 0.0834 0.1669 100.8571 �88.0652
O2;i ¼ wi ¼ f i uð Þ � f i _uð Þ � f i Ið Þ ð2Þ
In the third layer the output of each firing strength is divided by

the sum of all firing strength expressed in the following equation:

O3;i ¼ �wi ¼ wiPn
i¼1wi

ð3Þ

The fourth layer implements the Takagi-Sugenos if-then rule
where the output of the third layer is combined with the coefficient
of pi, qi, ri and si known as the consequent parameters. The outcome
of each node in the fourth layer is expressed in the following:

O4;i ¼ �wigi ¼ �wi piuþ qi _uþ riI þ sið Þ ð4Þ
Finally, the fifth layer provides the output of the ANFIS by com-

puting the summation of all node output from the fourth layer in
the Eq. 5:

O5;i ¼
Xn

i¼1

�wigi ¼
Pn

i¼1wi piuþ qi _uþ riI þ sið ÞPn
i¼1wi

ð5Þ

In this paper, the MFs for displacement input, velocity input and
current input are set as Gaussian shaped with 5-6-3 configuration
based on the analysis of MF selection conducted by Zeinali et al.
(2013), which produces 90 If-then rules. The training input of the
ANFIS is based on the 10th cycle damping characteristics data from
Rule No. Parameter

p q r s

46 0.0025 �0.0001 2.7373 0.6227
47 �0.0154 �0.0154 �2.8512 4.9253
48 0.0668 0.0374 �55.5979 52.5277
49 �0.0014 0.0003 1.2758 1.3067
50 �0.0017 �0.0059 �1.9780 4.7758
51 �0.0135 0.0050 �35.1080 36.2838
52 �0.0191 �0.0051 �0.3024 3.7956
53 �0.0264 �0.0004 �2.0475 5.0358
54 �0.0038 �0.0020 �21.6278 26.0618
55 �0.0002 0.0087 �1.3953 0.1218
56 �0.0163 0.0080 �0.8208 �0.9586
57 �0.0627 0.0436 �3.2956 8.5481
58 0.0062 0.0069 �1.0593 �0.1993
59 0.0373 0.0027 9.4701 �7.7920
60 0.0064 0.0185 90.6552 �88.4918
61 �0.0078 0.0048 �3.8353 �0.1738
62 �0.0269 0.0027 �3.9227 0.4222
63 0.1214 0.0109 �8.2556 3.5381
64 �0.0049 �0.0022 2.7523 0.8837
65 �0.0267 �0.0201 �1.3648 4.5561
66 0.0010 �0.0009 �39.2151 40.2923
67 0.0053 0.0021 0.9332 0.9805
68 �0.0281 �0.0138 �0.6634 5.6453
69 �0.0098 0.0006 �16.0114 19.0668
70 �0.1131 �0.0196 0.2501 8.0287
71 �0.0593 �0.0309 0.0081 11.5601
72 �0.1055 �0.0270 �11.0634 22.4082
73 162.6922 20.4263 �699.1306 15.4101
74 141.3451 22.5363 601.3087 13.6678
75 �189.6990 �18.1112 �2.3600 3.6838
76 0.2365 0.4576 �15.9892 28.7724
77 �1.2582 0.1867 �120.4950 99.0963
78 2.5621 �1.1928 �793.5094 595.7733
79 0.1752 0.0095 �0.6108 �5.5265
80 0.2872 �0.0391 �13.1455 �2.8526
81 3.4857 �0.2799 �127.7152 27.8261
82 �0.2027 �0.0696 3.7243 7.2423
83 �0.6483 �0.1954 7.0806 20.0223
84 �0.9075 �0.2804 37.2161 2.1912
85 0.5317 �0.8934 �10.8627 73.9868
86 3.1944 �1.8239 �19.8116 122.9853
87 7.0402 �1.1416 �58.2014 33.5308
88 589.4703 �73.8041 118.6442 31.1462
89 930.4019 �107.2194 0.5621 41.9622
90 192.6938 �6.2024 11.6265 8.9400



Table 3
List of approximated function for different parameters.

Parameters Approximated functions

A �0:0291i3 þ 0:0441i2 � 0:0072iþ 0:0046
B �2:9575i3 þ 3:0794i2 þ 0:5319iþ 0:2158
C 0:0733i3 þ 0:0524i2 þ 0:0020iþ 0:0094
a 0:6778i3 � 0:9738i2 � 0:0482iþ 0:9108
a0 1:6136� 10�15
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the combination of frequency excitation of 0.50 Hz to 1.50 Hz and
current of 0 to 0.8 A with 0.1 A increments. The training process for
ANFIS are conducted for 3500 epochs to adjust the premise and
consequent parameters. Fig. 10 shows the trend of Root Mean
Square Error (RMSE) for the training process while Tables 1 and
2 list the premise parameters and consequents as the results of
training respectively.

5. Performance evaluation and discussions

The performance of the neuro-fuzzy hysteresis model is evalu-
ated by comparing the output of the FIS with the measured damp-
ing characteristics. The model performance is evaluated for both
variations of frequency excitation and current input. As a bench-
mark, the model output is also compared with the output from
the recently developed parametric hysteresis model based on
LuGre operator (Imaduddin et al., 2016). Since the benchmark
model was originally developed for MR valve, slight modifications
on input and output variable definition are needed. After modifica-
tion, the modified LuGre model for MR damper proposed in this
study is expressed as:

F ¼ A _zþ Bzþ C _xa ð6Þ

_z ¼ _x� a0 _xj jz ð7Þ
where five independent parameters need to be identified, namely:

H ¼ A;B;C;a; a0½ �
The identification process for these parameters are conducted

using Parameter Estimation Toolbox in MATLAB with Gradient
Descent as the optimization method. The estimation are performed
using the sampling data in 1.00 Hz for each corresponding current
input. The trend of each estimated parameters are then approxi-
mated using third order polynomial approximation function to
current input (i) shown in Table 3.

The measured characteristics that are used for the evaluation
are based on the 20th cycle measurement for 0.50 Hz, 0.75 Hz,
1.00 Hz, 1.25 Hz and 1.50 Hz. The evaluation is conducted by
matching the force-velocity curve of the model output and the
measured characteristics and also evaluating the relative error
(RE) of the model using the following equation:

RE ¼
Pn

i¼1 Fexp
i � Fmod

i

���
���

Pn
i¼1 Fexp

i

�� �� ð8Þ
Table 4
Model relative error to the 20th cycle measurement data.

Frequency excitations (Hz) Relative error

Modified LuGre

0.0 A 0.4 A

0.50 17.11% 16.61%
0.75 13.65% 10.31%
1.00 10.65% 9.06%
1.25 12.46% 8.13%
1.50 16.97% 7.73%
where Fexp
i and Fmod

i are the measured force and the output force
from the model respectively at the i-th point while is the number
of data points. The evaluation method has been used and adopted
from Imaduddin et al. (2016) in the evaluation of LuGre based MR
valve model and Dominguez-Gonzalez et al. (2014) in the evalua-
tion of the modified Bouc-Wen model for MR damper.

The graphical evaluations of the model performance are
depicted in Fig. 11a to e. In general, it can be concluded that the
model is able to match the force characteristic well especially in
the post-yield regions. The agreement also generally better than
the benchmark model since the deviation can be maintained in
various frequency excitation is increased. The benchmarked model
have the tendency to be less accurate when in the lower frequency
excitation like in the case of 0.50 Hz and 0.75 Hz shown in Fig. 11a
and b.

There are indeed some discrepancies in the hysteresis region
especially when the air-pocket effect is appeared. The occurrence
of the air pocket effect is inconsistent and highly nonlinear and
therefore difficult to be modeled accurately (Yun et al., 2010;
Imaduddin et al., 2016). Nevertheless, according to the graphical
evaluation results, both model apparently unable to replicate the
air pocket effect in lower frequency excitation. However, the ANFIS
model is able to show clearer air pocket effect when the frequency
excitation gets higher.

The evaluation of relative error values is shown in Table 4.
Overall, the results of ANFIS is clearly indicating better agreement
than the modified LuGre model since, in most cases, the relative
error are less than 10%. Meanwhile, the results of the modified
LuGre model are only capable to produce output with relative error
in around 15% limit. These results are similar with the ones
reported in Imaduddin et al. (2016). Considering that the modified
LuGre model is only estimated with the 1.00 Hz data, it is under-
standable that the relative error with the measurement in the
other frequency is mediocre. Still, if the comparison is made head
to head between the ANFIS and the modified LuGre model in
1.00 Hz, the ANFIS is clearly more superior with relative error
nearly half of the ones in modified LuGre model. The output of
the neuro-fuzzy model is also more adaptable and robust to the
changing of both current input and velocity. The reason why ANFIS
model performs better than the modified LuGre model in this
study is mainly due to the way the neuro-fuzzy is trained. Unlike
most of parametric model, like the modified LuGre, the neuro-
fuzzy model is easier to be trained with ranges of inputs and out-
puts. In this study, the neuro-fuzzy has been trained with the 10th
cycle data in all ranges of frequency excitations and current inputs
making it has the exposure to all the combinations of inputs and
outputs.

There is an interesting trend of relative error in both models
where the values have the tendency to be less when the current
input and frequency excitation are increased. However, when both
current input and frequency excitation is lowered, the relative
error of both models tend to increase. The tendency is matched
with the observation of the graphs in Fig. 11a to e where the agree-
ANFIS

0.8 A 0.0 A 0.4 A 0.8 A

15.47% 12.49% 10.93% 5.95%
9.24% 8.81% 8.77% 5.35%
7.20% 6.87% 7.47% 3.75%
6.12% 6.24% 7.45% 4.20%
6.27% 6.02% 7.29% 3.98%



Fig. 11. Validation results of the model for various current inputs and frequency
excitations, (a) 0.50 Hz (b) 0.75 Hz (c) 1.00 Hz (d) 1.25 Hz (e) 1.50 Hz.
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ment is improved (indicates lower error) when the frequency exci-
tation gets higher. Though, in the observation of relative error, the
reduction of error is relatively stagnant when the frequency excita-
tion is already above 1.00 Hz. There are currently no clear explana-
tion of this trend. It may be just a specific anomaly coming from
the experimental data, but it needs to be confirmed by repeating
the same assessment with the other data from other range of
inputs and perhaps also from the other types of MR dampers.
Nonetheless, from the point of view of control design purpose,
the robustness of the neuro-fuzzy model output is more beneficial
since the random disturbances case that is often used as the case
study in control system design requires the damper to respond
wide range of velocity.

6. Conclusion

The characterization and neuro-fuzzy modeling of hysteresis
behavior in an MR damper with meandering type valve have been
discussed. The characterization results have shown that the
dynamic relationship of damping force and velocity in the MR
damper with meandering type valve are nonlinear and exhibit hys-
teresis phenomenon. The hysteresis phenomenon has been mod-
eled using the neuro-fuzzy approach using three different inputs
namely the displacement, velocity and current respectively while
the damping force is defined as the output. The training has been
conducted based on the 10th cycle characterization data for 3500
epochs and the RMSE was reduced to less than 0.105. Meanwhile,
the assessment of the model performance was conducted by com-
paring the model output with the 20th cycle characterization data
using both graphical analysis and relative error analysis. The
benchmarking assessment also has been conducted by comparing
the neuro-fuzzy model performance with the performance of the
modified LuGre model in predicting the hysteresis phenomenon.
The performance assessment results show that the neuro-fuzzy
model demonstrates good agreement with the measurement data
with maximum relative error of 12.5% and average relative error
of around 7%. The neuro-fuzzy model is also showing better perfor-
mance than the modified LuGre model in all cases that were sam-
pled. The robustness showed in the prediction of force output in
the neuro-fuzzy model is a good indication that it can be one of
the superior model to be chosen in control design purpose.
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