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Abstract The experimental testing and a new hys-
teresis modeling approach of a magnetorheological
(MR) valve with meandering flow path formed by com-
bination of multiple annular and radial gaps are pre-
sented. The dynamic behavior of the valve is evaluated
using a dynamic test machine in displacement control
mode based on the relationship between the valve pres-
sure drop, the fluid flow rate and the magnitude of
input current to the electromagnetic coil. In order to
model the hysteresis behavior of the MR valve, a new
parametric modeling approach is proposed based on
the LuGre friction operator with some modifications to
reduce the number of parameters involved. The para-
meters for each testing data are then identified using
gradient descent method, and the parameter distribu-
tion is then approximated with polynomial functions.
According to the performance assessment results, it can
be concluded that the LuGre-based parametric hystere-

F. Imaduddin (X)) - H. Zamzuri - A. Y. A. Fatah

Vehicle System Engineering Research Laboratory,
Universiti Teknologi Malaysia, Jalan Sultan Yahya Petra,
54100 Kuala Lumpur, Malaysia

e-mail: ifitrian2 @live.utm.my

S. A. Mazlan

Malaysia-Japan International Institute of Technology,
Universiti Teknologi Malaysia, Jalan Sultan Yahya Petra,
54100 Kuala Lumpur, Malaysia

e-mail: amri.kl@utm.my

Ubaidillah

Mechanical Engineering Department, Faculty of Engineering,
Universitas Sebelas Maret, Jalan Ir. Sutami 36A, Kentingan,
Surakarta 57126, Indonesia

sis model is able to follow the hysteresis behavior of
the MR valve within a particular range of excitation
frequencies.

Keywords Magnetorheological valve - Dynamic
testing - Parametric modeling - Hysteresis

1 Introduction

Magnetorheological (MR) dampers have been inte-
grated with control system in many applications such as
in automotive semi-active suspension systems
[1-5] and in seismic vibration control in various civil
structures [6—10]. The integration process between MR
dampers and controllers normally requires a set of
mathematical model [11]. In terms of modeling pur-
pose, the MR damper model can be divided into two
types, the inverse dynamic model and the forward
dynamic model [12]. The inverse dynamic MR damper
model is commonly used as a part of the controller since
the model can be used to predict the desired current
input to achieve a specific damping force in a particu-
lar rod velocity [13—-16]. Meanwhile, the forward MR
damper model is commonly used in the design stage of
the controller as the virtual representation of the phys-
ical MR damper [17].

As a virtual representation of the physical MR
damper, the behavior of the MR dampers in the for-
ward model can be described in two ways, the steady-
state behavior and dynamic behavior. The steady-state
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behavior of the MR damper is commonly defined as
a linear damper behavior when no variation in vari-
ables is involved. The dynamic behavior, on the other
hand, is normally defined as a nonlinear damper behav-
ior when the influenced variables are changing over
time. According to Snyder et al. [18], the linear steady-
state behavior model is only sufficient to predict the
energy dissipation; however, it cannot accurately por-
trays the force response of the MR damper. The force
response of an MR damper is known as a highly non-
linear variable that depends on the amplitude and fre-
quency of motion and can only be modeled using non-
linear dynamic model [19,20].

Many methods have been proposed to model the
dynamic behavior of MR damper. In general, the mod-
eling approaches of MR damper can be divided into
two types, the parametric modeling and nonparamet-
ric modeling. Parametric modeling is the approach that
utilizes a collection of mechanical elements as a hypo-
thetic representation of the device so that the behav-
ior can be mathematically modeled using the dynamic
relationship between these elements. There are various
kinds of parametric model that have been developed
[20-33]. One of the most known parametric models
is the Bouc—Wen model that has been widely used to
model the MR damper [20,23,25-27]. Nonparametric
modeling, on the other hand, is approaching the model-
ing problem with analytical expression to describe the
device characteristics based on the testing data [31].
There are various methods that have been executed to
model the MR damper behavior with nonparametric
approach such as the neural network [17,34-37], and
the polynomial model [2,38,39].

Parametric approach has the advantages due to its
ability to provide a generalized form of the model,
which means that the same form can be used repeat-
edly in other devices. Nevertheless, there are pitfalls in
the accuracy of the results since the model ability to
follow the device behavior is limited and in order to
mimic the characteristics of a specific device in a good
match, the involvement of a rigorous parameter iden-
tification method is mandatory [26,27]. On the con-
trary, the nonparametric approach is able to avoid the
problem in modeling accuracy; however, there is no
generalized form since the model form will be unique
for each device and the development is highly depen-
dent on a specific testing data. Hence, the process flow
to generate the nonparametric model is typically more
complicated than the parametric model and the valid-
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ity of the generated model is only limited to a specific
device that is incorporated in the modeling process.
While the modeling approaches for MR damper
have been widely discussed, the dynamic modeling
technique, particularly the parametric model, of MR
valve as a single component is rarely disseminated. The
current literatures that discussed the MR valve design
and modeling mostly presented only the steady-state
model of the valve due to the focus limitation in predict-
ing the valve peak performance [40—-45]. However, in
terms of control design purpose, the steady-state model
only will not adequately represent the device behavior.
The necessity of dynamic modeling of MR valve also
can be considered higher than MR damper because the
MR valve and the model can be used in wider range
of applications aside of MR damper. For example, the
knowledge of MR valve behavior and its virtual rep-
resentation can be used as a reference to design and
predict the performance of an MR damper [46] or to
help further development of new concept of actuators
that require MR fluid flow control [47,48].
Considering the importance of MR valve in the
advancement of MR fluid applications, this paper
intends to elaborate the dynamic behavior of MR valve
as asingle component. The MR valve that is specifically
discussed in this study is the high-performance MR
valve with meandering flow path proposed by Imadud-
din et al. [44]. The valve has shown the ability to gener-
ate pressure drop more than 6 MPa in arelatively similar
dimension and power consumption with its predeces-
sors that only generate around 2.5 MPa. The specific
objective of this paper is to present the dynamic test-
ing of the MR valve with meandering flow path as a
single component and its dynamic modeling using a
new parametric modeling approach. The dynamic test-
ing of the MR valve is conducted using a dynamic test
machine, and the results are expressed in the relation-
ship between valve pressure drop and fluid flow rate
at various current excitations to the electromagnetic
coil of the valve. The new parametric model for MR
valve adapts the LuGre hysteretic model as its base
form with modifications to reduce the number of para-
meters involved. In order to fit the model output with
the testing data, the gradient descent method is used to
estimate the parameter values. The estimated parame-
ters are then approximated with polynomial functions
to complete the specific form of the parametric model.
The paper is organized as follows: the experimental
setup of the dynamic testing is presented in Sect. 2 and
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Fig. 1 MR valve with meandering flow path [44]

the experimental results of the MR valve is explained
in Sect. 3, while the parametric modeling procedures of
the MR valve are discussed in Sect. 4. The evaluations
of the model performance are elaborated in Sect. 5, and
finally, the conclusion of the paper is summarized in the
end of the paper.

2 Experimental testing
2.1 Experimental apparatus

The MR valve discussed in this paper is the new class
of MR valve based on the concept that was proposed
by Imaduddin et al. [44] as shown in Fig. 1. The con-
cept has introduced the combination of several annu-
lar and radial channels in the MR valve to form a
meandering flow path in order to expand the effec-
tive magnetization area. The improvement of valve
pressure drop has been predicted with the meandering
flow path approach [49]. The experimental work also
has been conducted and shown that the steady-state
behavior of the valve generally matches with the pre-
diction [44]. However, since the derived steady-state
model cannot reveal the dynamic behavior of the MR
valve, the measurement will be used to observe the
dynamics.

The MR valve structure is mainly divided into three
components, which are the casing, the coil and the valve
core. The casing is made from AISI 1010 compatible
mild steel and consists of two identical parts, which
each of them also has a fluid channel with female BSPP
1/4” port and four holes for locking bolts. The coil

Table 1 Typical properties and material compatibility of MRF-
132DG [50,55]

Fluid properties

Base fluid Hydrocarbon
Solid content by weight (%) 80.98
Density (g/cm3) [Ib/gal] 2.95-3.15 (24.6-26.3)

Operating temperature [°C (°F)] —40 to 130 (—40 to 266)

Flash point [°C (°F)] >150 (>302)
Viscosity, Pa-s @ 40°C (104 °F) 0.092 +£0.015
Calculated as slope 800-1200s~!

Material compatibilities

Buna N (Nitrile) Good

Butyl Poor
EPDM/EPR Poor
Fluoroelastomer Good

Natural rubber Poor
Neoprene Good
Silicone Fair

Iron Good
Stainless steel Good
Aluminum Good
Polyurethane Good

consists of copper wire windings and an aluminum coil
bobbin, which has a groove on each side for O-ring
installation as a sealing mechanism. The coil bobbin
also has four M2 threaded holes in each side as a bolt-
locking mechanism with the casing. The specific MR
fluid that is used in this study is the MRF-132DG, an
MR fluid made by Lord Corporation for general use
in controllable, energy-dissipating applications such as
shocks, dampers and brakes [50-52]. Viton is selected
as the O-ring material rather than rubber due to poor
compatibility of rubber with hydrocarbon as the carrier
liquid of the MRF-132DG (see Table 1). The selection
of Viton is also referred to several references [53,54],
which utilized the same material for their sealing for
hydrocarbon based MR fluid. The last component is the
valve core which consists of several parts, namely two
mild steel side cores, two mild steel orifice cores, a mild
steel center core and six aluminum spacers. The spacers
are used to maintain the clearance between core parts.
The exploded view of the MR valve design is shown in
Fig. 2.

@ Springer



290

F. Imaduddin et al.

Fig. 2 Exploded view of the MR valve prototype

In order to observe the dynamic behavior of MR
valve, the flow of MR fluid needs to be induced across
the valve. There are various methods that have been
used by researchers to induce flow of MR fluid such as
demonstrated in [56-58]. The method that is chosen to
induce fluid flow in this study is similar to the method
used in [40], where the MR valve is installed in the
bypass channel of a hydraulic cylinder, which is fully
filled with MR fluid. The fluid flow was then induced by
introducing movement to the hydraulic cylinder, which
act as the MR valve testing cell, using dynamic test
machine. In this study, the MR valve with meander-
ing flow path that is tested has 0.5 mm radial gap and
0.5 mm annular gap that was reported to have achiev-
able pressure drop over 6 MPa [44]. Meanwhile, the
testing cell that is used to test the MR valve is made
from a double-rod hydraulic cylinder with fully sealed
piston. The sealed piston is needed to ensure that the
passage to flow across chambers is only through the
bypass channel that has been obstructed by the MR
valve. The bore size of the cylinder is 30 mm with
maximum stroke length and diameter of the rod are
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70 mm and 18 mm, respectively (the net piston area is
around 452.4 mm?). The double-rod cylinder is used as
the testing cell to eliminate the requirement of accumu-
lator since no volume compensation is needed during
operation. The prototype of MR valve with meander-
ing flow path is installed in the testing cell as shown in
Fig. 3.

2.2 Experimental arrangement

The experimental arrangements to observe the dynamic
behavior of the MR valve are described as follows: MR
valve prototype is installed in a testing cell made from
a double-rod hydraulic cylinder with a bypass configu-
ration (see Fig. 3). To actuate the testing cell, a stroke-
controlled sinusoidal wave is generated using the Shi-
madzu Dynamic Test Machine as shown in Fig. 4.
The machine is equipped with a 20 kN force sensor
and a displacement sensor. The sinusoidal actuation to
the testing cell will generate an alternating pressure-
induced flow to the MR valve every time the rod is
compressed and extended by the dynamic machine.
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Fig. 3 MR valve installation in the testing cell

For instance, the arrangement of the MR valve in
the testing cell is similar to a bypass damper. However,
as an MR valve testing cell, two pressure sensors are
added to the bypass channel to directly measure the
pressure drop of the MR valve. The installation point of
the pressure sensors was selected in the nearest point to
both MR valve ports to minimize the effect of additional
pressure drop from the flow conduits.

In order to generate the flow, the testing cell is
installed to the dynamic test machine where the cell
is actuated in sinusoidal motion. The movement of the
testing cell induces pressure difference between cham-
bers of the cylinder and therefore generates flow across
the MR valve. The measurement of velocity data is
indirectly obtained by differentiating the displacement
data from the displacement sensor of the dynamic test
machine. Since the sinusoidal wave displacement can
be expressed inu = A sin (27 ft), where A is the exci-
tation amplitude of the displacement and f the fre-
quency of excitation, the velocity of the rod is expressed
inu = —A2xf cos (2m ft). Using the velocity expres-
sion, the flow rate of the MR fluid can be expressed
as:

Dc2y1 - Drzod
0=— T A2m f cos 2 f1) (1)

where the D¢y and Dyoq are the bore diameter of the
hydraulic cylinder and the rod diameter, respectively.
As shown in Eq. (1), the flow rate of the MR fluid is
only influenced by the dimensional parameters of the
cylinder, the stroke length of excitation and the exci-
tation frequency. Meanwhile, the variations in current
input to the coil inside the valve are needed to adjust
the magnetic field strength. The changing in the mag-
netic field strength will be used to demonstrate the MR
effect through the proportional changing of the valve
pressure drop. The summary of variable arrangement
for the experimental test is given in Table 2.

3 Experimental results
3.1 Effect of excitation frequency variation

The relationship between valve pressure drop against
flow rate of the MR fluid at the coil current of 1.0 A at
various frequencies is shown in Fig. 5. The results are
the typical characteristics from the fifth cycle onwards
since the characteristics of the first until the fourth
cycle are usually unstable and inconsistent as simi-
larly reported by Li et al. [59]. From Fig. 5, it can be
concluded that the peaks of the valve pressure drop
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Fig. 4 MR valve testing
cell installation in the
testing machine

Table 2 Variable arrangement of experimental test using Shi-
madzu Fatigue Dynamic Test Machine

Excitation ~ Excitation amplitude ~ Current input ~ Cycles
frequency (mm) (A)

(Hz)

0.50 0-1

0.75 +25 (Interval 0.1) 25
1.00

are increased with the increase in maximum flow rate.
Similarly, the shifting of peak pressure drop also shifts
the width of the hysteretic region. In other words, the
width of the hysteretic region of pressure drop is highly
dependent on the value of peak flow rate as typically
found in the characteristics of MR damper in its anal-
ogous force-velocity pattern.
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There is an interesting note regarding the bend of
the curve shape in each time it passes through the O
MPa of pressure drop. The bends of the curve were
interpreted as the pressure lag effect similarly with the
ones reported in the behavior of MR dampers by Yang
[60] and Zhang et al. [61] which caused by the uncom-
pressed air pocket that inevitably exists in the testing
cell. The existence of air pocket inside the cylinder
has created force lag effect to the characteristic curve.
The force lag effect is occurred slightly after the pre-
yield stress of the fluid reached zero. At this point, the
air pocket is gradually compressed until the pressure
is high enough to cause the flow of MR fluid. Such
effect can be minimized by using vacuum technique
in the fluid filling process as well as the utilization of
the accumulator to pre-compress the air pocket in the
damper assembly [60,62].
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These effects apparently were not a unique case in
the MR fluids device since its appearance was also
reported in the characteristics of a passive hydraulic
damper [63]. Since no report has strongly mentioned
about side effects of the air pocket to the overall damp-
ing characteristics other than just the force lag, in this
study, the pressure lag effect will not be taken into con-
sideration.

3.2 Effect of current input variation

Figure 6a—c shows the characteristics of valve with cur-
rent input variations at 0.50, 0.75 and 1.00 Hz of exci-
tation frequencies. As predicted, the MR valve with
meandering flow path is consistently showing pressure
drop adjustment with the variation in the current input.
As seenin Fig. 6a, the peak pressure drop is around 0.65
MPa at the current of 0.0 A with 0.50 Hz excitation fre-
quency. When the current increases in the interval of
0.1 A, the peak pressure drop is also steadily increased
with average increments of 0.58 MPa up to the maxi-
mum pressure drop of around 6.42 MPa at the current
of 1.0 A. Similarly, in Fig. 6b, at the current of 0.0 A
with 0.75 Hz excitation frequency the maximum pres-
sure drop that can be achieved is around 0.95 MPa.
However, with 0.1 A of current increment, the pressure
drop are normally increased in around 0.56 MPa until
the maximum observed pressure drop of 6.53 MPa is
achieved at 1.0 A current. Lastly, at 1.00 Hz excitation
frequency as shown in Fig. 6¢, the maximum off-state
pressure drop is around 1.35 MPa with the average
increments of pressure drop being seen around 0.55
MPa with each 0.1 A increment of current so that the
peak pressure drop at 1.0 A is measured at 6.86 MPa.

Flow Rate (ml/s)

The relationships between peak pressure drop in each
current increment for 0.50, 0.75 and 1.00 Hz excitation
frequency are shown in Fig. 7.

As shown in Fig. 7, the rise of peak pressure drop
is almost linear to the increment of the current input.
However, there is an interesting phenomenon that can
be observed from the curves where the slopes between
0.0 to 0.2 A and 0.8 to 1.0 A are slightly lower than
those in the other regions. The phenomenon can be
explained using the curve of yield stress versus mag-
netic field strength of the MRF-132DG, where the slope
is linear at the lower magnetic field strength value and
also leaner when it almost reached saturation in the
higher magnetic field strength value. The declaration
that the 1.0 A current input is already reached satura-
tion region would be too premature, since according to
the magnetic simulation demonstrated by Imaduddin et
al. [44], the peak magnetic flux density at 1.0 A current
input is only around 0.85 Tesla. The saturation region
of the yield stress is started to visibly appear above 0.9
Tesla. However, the slope of the yield stress curve is
already seen to gradually decrease after the magnetic
flux density reached 0.7 Tesla. In the other words, it is
assumed valid to predict that the attempt to increase the
current input above 1.0 A will not give any significant
improvement to the pressure drop performance of the
MR valve, due to the yield stress saturation of the MR
fluid.

4 Parametric model development
A parametric model is normally derived based on the

mechanical idealization of a device. That is why most of
the parametric models of an MR damper such as Bouc—
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Fig. 6 Pressure dynamics

of MR valve at various
current input, a 0.50 Hz,
b 0.75 Hz, ¢ 1.00 Hz

Pressure Drop (MPa)

Pressure Drop (MPa)

Pressure Drop (MPa)

Wen model and Dahl model are represented by some
sets of springs and dampers. Although there are also
some other types of parametric models that are derived
based on the nature of the curve shape of the experi-
mental data such as the sigmoid function based models.
There are normally two main issues that are considered
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when a parametric model is derived. The first issue is
regarding the model accuracy, and the second issue is
about the number of parameters that should be identi-
fied. There are trade-offs regarding these issues, since
the more accurate models often require more parame-
ters to be identified. However, higher number of para-
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Fig. 7 Trend of peak 8 T T
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meters means higher computational cost due to the dif-
ficulties in the parameter optimization.

In order to model the hysteretic behavior of the MR
valve with parametric modeling approach, the LuGre
hysteresis model is used as a base. The LuGre model is
the hysteretic model that initially developed to model
the friction dynamics [64,65] and is selected as the base
model for the MR valve. The selection of LuGre model
as the base model is mainly because hypothetically the
flow dynamics is easier to be represented as friction
dynamics rather than as a set of springs and dampers.
The primary form of LuGre hysteresis model for MR
damper is as follows:

F (t) = 00z + 012 + 02X (2

where the 0(, 01 and o, are the parameters of the model

and z is the variable that can be expressed as:
|x] .

g

where g (x) is the additional function that depends on

various factors such as material properties and temper-

ature.

Further implementations of the LuGre model have
brought some modifications to the primary form such
as the modification proposed by Sakai et al. [21] that
expressed the LuGre model as:

3)

f=d -

F (t) = 042 + 00zv + 012 + 02X + opxv 4)

Z =X —opap |%|z )

where o,, 09, 01, 02, 0p, and ag are the parameters of
the model while v is the voltage input to the coil and
the z is the evolutionary variable interpreted as the vari-
able that models the pre-yield stiffness expressed as

| |
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Current Input (A)

the average MR fluid transient deformation generated
when the direction of force is changing [66,67].

The other modification to the LuGre model was also
proposed by Jiménez and Alvarez-Icaza [22] in the fol-
lowing form:

F (1) = oopzv + 012 + 024X (6)
=X — ogpaap |X|z (1 + arv) (7

where ogp, 01, 024, @, ap and a; are the parameters of
the model, while v is similarly the applied voltage to
the coil as well as the z as the evolutionary variable.

It can be seen that both forms use the voltage, v,
as the input variable that is related to the coil magne-
tization strength. In another model, the magnetization
strength is expressed with the magnitude of the cur-
rent, i, given to the coil [20]. Physically both can be
considered as equal term given that the change in coil
resistance during magnetization is neglected. However,
both current and voltage are just the indirect variables
to express the units of magnetization strength. In other
words, the value of voltage or current that is expressed
in the model will not be universally applicable since the
strength of magnetic field that influences the MR effect
is also highly subjected to coil turns and dimensions.

Due to some differences between the modeling
requirement of MR damper and MR valve, some modi-
fications to the base form of the LuGre hysteresis model
are needed to transform the form of forward damper
model to the form of forward valve model as shown in
Fig. 8. Some modifications of the base model are also
made to reduce the number of parameters and simplify
the model. Therefore, the generalized form of the mod-
ified LuGre-based MR valve model proposed in this
paper is as follows:
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X > Table 3 List of approximated function for different parameters
Parameters ~ Approximated functions
MR Damper model F——>»F
A —1.1612i% 4 1.397i% + 0.3613i + 0.0391
! B —22.33i% + 181.31i* — 324.92i% + 192.26;>
+7.37i +2.035
c 2.268i% +0.6812i% + 1.1267i + 0.0683
3.6414i* —9.1188i% +8.032i2 — 3.247i +1.2009
Q———p ap 1.0
MR Valve model —3 AP
| —————» The approximated function will be specific for each
parameter for a bonded range of the current input. The

Fig. 8 Difference between forward MR damper model and for-
ward MR valve model excitation

AP = A7+ Bz +CQ" ®)
:=0—-alQlz €))
Thus, there are five independent parameters that need

to be identified, and these set of parameters are defined
as follows:

®=[A,B,C,ua,a0].

As a general form, these five parameters can be
dependent on or independent of the flow rate and/or
the current input depending on the selected method of
parameter identification. However, in common, at least
one of these parameters should be dependent on the
current input since the current input applied, as one of
the independent variables is not yet accommodated in
the generalized form of the model.

In order to identify the values of model parameters,
the characteristics of MR valve at frequency excitation
of 0.75 Hz are taken as a reference. The identification
process of the model parameter is conducted using the
gradient descent method through the Parameter Estima-
tion Tool (PET) in MATLAB. The method is used to
determine the optimum values of the five different para-
meters to match the model predictions and the exper-
imental data. Since the curve is unique for different
current input, there are also unique sets of parameter
values for each curve. The collection of each parame-
ter values for different current input are then retraced
to find its trend line. The approximated functions of the
trend line will be the empirical function to determine
the parameter values with respect to the variation in the
current input similarly with the approach demonstrated
by Jiang and Christenson [32].
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functions are needed so that the model, although case
specific, can be used in a more compact form of math-
ematical functions and more practical to be used in
control design process. The approximated functions for
each parameter are given in Table 3.

Figure 9 shows the trend comparison of normalized
identified and approximated parameters at various cur-
rent inputs. According to the figure, A, B and « tend
to increase, C tends to decrease and ag is intentionally
made invariant to the current input. The approximated
parameters, as the results from the approximated func-
tions given in Table 3, are also showing similar trends.
Although there are some fluctuations, the overall trend
of the parameters did not qualitatively change.

5 Model performance verification

In this section, the performance of the LuGre-based
hysteresis model is evaluated by comparing the model
output with the results from polynomial-based hystere-
sis model for MR valve and the experimental data. The
simulation results of both polynomial model and the
LuGre model in comparison with the experimental data
for frequency excitation of 0.75 Hz at current inputs of
0.3 A,0.6 A and 0.9 A are shown in Fig. 10a—c, respec-
tively.

Generally, in these figures, the results from both
models are in a good agreement with the experimen-
tal data, especially in terms of the peak pressure drop
value. Though there are some compromises when the
curve is reaching the pressure drop of 0 MPa due to
the air pocket effect as mentioned in Sect. 3.2, these air
pocket effects, unfortunately, failed to be represented
in the model and apparently have been tampering the
parameter values during the parameter identification
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Fig.9 Trend comparison of
identified and approximated
parameters with respect to
current input

—e— A*20 (identified)
—a—B/5 (identified)
—A— C*2.5 (identified)
—o— o*5 (identified)
—&—a0*5 (identified)
- = =A*20 (approx)

- = =B/5 (approx)

- = =C*2.5 (approx)

- = -o*5 (approx)
- = -a0*5 (approx)

process. In order to evaluate the accuracy of the model,
a specific measurement needs to be taken. In this study,
the relative error, which is adopted from [20], is used
to measure the level of accuracy of each model and can
be expressed in the following equation:

Sio |ar? — apm|

AR T Vo

(10)

where 7 is the number of measurement points, APieXp
is the experimental data of pressure drop at i-th point
and APimOdel is the i-th pressure drop obtained from
the model. The comparison of relative error between
the polynomial-based nonparametric model and the
LuGre-based parametric model is presented in Table 4

According to Table 4, most of the results from both
models are showing relative error <10 %, which can
be considered good since the results from the model
developed by [20] were reported to have even higher
relative error (around 15 %). In average, the relative
error of the polynomial-based hysteresis model is also
lower than the relative error of the LuGre-based hys-
teresis model, which is demonstrating the advantage of
the polynomial model in terms of accuracy.

However, the good agreement given in Table 4 is
quite obvious since the model output is compared with
the measurement data at 0.75 Hz that is used in the
parameter identification process. The real performance
of the model should be observed at the frequency exci-
tations other than 0.75 Hz. For this reason, the evalua-

0.3

| | |
0.4 0.5 0.6
Current Input (A)

0.7

tions of the model performance with the experimental
data at 0.50 and 1.00 Hz frequency excitations are per-
formed. As a sample case, the comparisons of pressure
drop-flow rate characteristics for current input of 1.0 A
are shown in Fig. 11. The results in these figures have
shown that the deviations are more apparent for both
models in the 0.50 and 1.00 Hz frequency excitations.
However, the deviations of the polynomial-based hys-
teresis model are seen much larger than the deviations
of the LuGre-based hysteresis model, which are shown
by the comparison of relative error in Table 5. These
large deviations can be explained by considering that
the polynomial equations, at some values, will reach its
extreme points. In this case, the extreme points of the
pressure drop are visible at the 1.00 Hz frequency exci-
tations, which occurred at the flow rate slightly below
£55 ml/s.

According to the model verification results, it can
be concluded that the polynomial-based nonparamet-
ric model is actually providing better accuracy than
the LuGre-based parametric model but only as far
as the model inputs are similar to the inputs used in
the model development. The LuGre-based parametric
model, on the other hand, although cannot compete
with the polynomial-based model in terms of accu-
racy, is shown the capability to show a decent per-
formance and smaller deviations to the measurement
data in wider range of model inputs. Additionally, the
number of parameters of the LuGre-based parametric
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Fig. 10 Comparison 3
between the test data and (a)
the model results for various P
current input, a 0.3 A, b 0.6
A,c09A

Pressure Drop (MPa)
o
T

—— Experimental Data i
¢ Polynomial-based Hysteresis Model
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model is also smaller than that of the polynomial-based
nonparametric model so that the parameter identifi-
cation process is relatively easier. Although it should
be noted that the accuracy of the parametric model is
not just determined by the model form but also by the
identification method of the parameters [31]. The good

@ Springer
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Flow Rate (ml/s)

agreement between the valve experimental data and the
model showed that the model can be used for devel-
oping further applications of the MR valve including
actuator design and damper design as well as the devel-
opment of control system for suspension and vibration
isolation devices that involves MR fluids flow control.
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Table4 Comparison of relative error at 0.75 Hz frequency exci- Table 5 Comparison of relative error at 0.50 and 1.00 Hz fre-
tation quency excitations

Current Relative error Current  Relative error

?Ap)ut Polynomial-based model LuGre-based model ?;‘;;ut gosl(})/ r;(l);liai—.ggsgi model é,g%}rgfas;}%gl;i@l
0.0 0.0813 0.0805 0.0 0.1268  0.5871 0.0767  0.0674
0.1 0.0805 0.1048 0.1 0.1240 05132 0.1053  0.0950
0.2 0.0686 0.0566 0.2 01582 0.5029 0.0685  0.0544
0.3 0.0609 0.0662 03 01670 0.6500 0.0894  0.0507
0.4 0.0963 0.1027 0.4 0.1891  0.8125 0.1274  0.0803
0.5 0.0639 0.0522 0.5 0.1550  0.9269 0.0603  0.0682
0.6 0.0641 0.0612 0.6 0.1503  1.0091 0.0669  0.1066
0.7 0.0518 0.0418 0.7 0.1405  0.9001 0.0614  0.0757
0.8 0.0510 0.0556 0.8 01794  0.6162 0.1098  0.0423
0.9 0.0644 0.0944 0.9 02073 0.3196 0.1424  0.0821
1.0 0.0792 0.1186 1.0 03033 0.8669 0.1427  0.1369
Average 00693 0.0759 Average 0.1728  0.7004 0.0955  0.0781
Fig. 11 Comparison 8

between the test data and (a)

the model results for current
input of 1.0 A at various
frequency excitations, a
0.50 Hz, b 1.00 Hz
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o
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6 Conclusion

The experimental assessment of the dynamic behavior
of a new concept of MR valve with meandering flow
path has been demonstrated. The measurement results
have shown that the dynamic relationship between the
pressure drop and the flow rate of the MR fluid across
the MR valve exhibits hysteresis phenomenon which
was unable to be described in the steady-state model.
In order to model the hysteresis phenomenon, a para-
metric modeling approach was discussed in this paper.
The parametric hysteresis model was developed based
on the LuGre friction operator with modification in
the model form to reduce the number of parameter
involved. The parameter of the LuGre-based paramet-
ric hysteresis model was identified with reference to the
experimental results of 0.75 Hz excitation frequency.
The performance assessment was conducted by com-
paring the LuGre model output with the polynomial
model output in terms of relative error with the exper-
imental results. According to the performance assess-
ment results, both LuGre and polynomial model were
showing good agreement with the experimental results
with average relative error around 7.6 and 6.9 % for
LuGre model and polynomial model, respectively. The
errors were gradually increased in the excitation fre-
quencies of 0.50 and 1.00 Hz for both models. However,
while the average relative error of the LuGre model can
be kept <10 %, the average relative error of the poly-
nomial model at 0.50 Hz was higher than 15 %.
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