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Abstract: The dynamics of the magnetorheological damper is complex, including the inherent
hysteresis characteristics and nonlinear creep behavior in the low-velocity region. Mathematical
models for these complex dynamics are very important to the function of the damper. In this paper,
a comparative study of the four parametric dynamic models, which are the hysteresis bi–viscous
model, viscoelastic-plastic model, Bouc–Wen model, and improved Bouc–Wen model, is performed.
The study includes the building of a common test apparatus and the parameter identification for the
four models. The comparison of the four models concludes that (1) all four models are comparative
and that (2) the improved Bouc–Wen model has the highest accuracy.

Keywords: magnetorheological damper; hysteresis characteristic; parametrized model; nonlinear
behavior; description accuracy

1. Introduction

Magnetorheological fluid (MRF) is a smart material. Applying an external magnetic
field to a magnetorheological fluid changes its viscosity and converts it from a Newtonian
fluid to a viscoplastic one within milliseconds. The ability of MRF to resist deformation
during a phase change is called magnetorheological damping. Based on this ability, a semi-
active control device, i.e., magnetorheological damper (MRD), can change its damping force
by changing the intensity of its magnetic field. The MRD has a wide range of applications in
the field, such as bridge structures [1], car suspensions [2–4], and prosthetic knee joints [5].

To take advantage of this control property, an accurate dynamic model for MRD
is indispensable. Among many models, the Bingham model [6,7] and the nonlinear bi-
viscosity model [8] have been widely used due to their simple structure, easy solution, and
fewer parameters. However, they are not accurate enough for applications that exhibit
a significant creep behavior because these applications act at low velocities. Moreover,
they cannot describe the hysteresis and nonlinear characteristics of the magnetorheological
damper at low velocities.

The hysteresis bi-viscous model, viscoelastic-plastic model [9], and Bouc–Wen model [10]
are known to be able to capture the hysteresis behavior and the nonlinear creep behavior of
the magnetorheological damper in the low-velocity region. Wereley et al. [11] compared the
Bingham model, the bi-viscous model, and the hysteresis bi-viscous model experimentally.
They found that the hysteresis bi-viscous model was significantly better than the other
three models, specifically enabling one to capture the hysteresis characteristics of the
magnetorheological damper in the low-velocity phase. Snyder et al. [12] compared the
hysteresis bi-viscous model with the viscoelastic-plastic model. They found that the
damping force prediction error of the viscoelastic-plastic model was smaller than that
of the hysteresis bi-viscous model for the dataset for parameter identification but larger
than that of the hysteresis bi-viscous model for the dataset for testing. Spencer et al. [13]
constructed the improved Bouc–Wen model by adding items for describing the damping
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and elastic characteristics. The improved model can better describe the experimental
results, and its prediction error is smaller than that of the Bingham and Bouc–Wen models
(they cannot describe the hysteresis behavior).

With the recent development of intelligent algorithms, some new models describing
the hysteric behavior of MR dampers are proposed. The application of the machine learning
method in MR dampers has gained interest in various studies because of the high accuracy
in predicting the damping force, especially for control purposes. Bahiuddin et al. [14]
proposed a new method using the extreme learning machine (ELM) method to deal with
the highly nonlinear behavior of MR dampers. This method is faster than the traditional
ANN (artificial neural network) in terms of calculation speed, and the average accuracy of
the model prediction is equivalent to that of the ANN model, which shows that, compared
with traditional ANN, it has the advantage of reducing the possibility of falling into a
local solution. Using the indirect modeling method, Wei et al. [15] proposed a feedforward
neural network (FNN) model with different input variables. The results show that the
indirect method of the proposed model exhibits a high fidelity in characterizing nonlinear
damping forces. Compared with the traditional FNN model, the prediction error in the
low-velocity region is significantly reduced. In addition, a novel parametric dynamic
model based on the quasi-static (QS) model and a Magic Formula hysteresis multiplier,
called the QSMF model [16], is investigated to accurately predict and more meaningfully
explain the hysteresis behavior of magnetorheological (MR) dampers. These new dynamic
models provide a new perspective for the precise control research of MR dampers.

In this paper, the four parametric hysteresis models, including the hysteresis bi-viscous
model, viscoelastic-plastic model, Bouc–Wen model, and phenomenological model, are
compared, specifically in terms of their corresponding mechanical characteristic curves,
resulting in their accuracy and reliability for the magnetorheological damper. First, we
examined the accuracy in restructuring the force versus velocity hysteresis cycle, which
is related to the rheology of MR fluid in terms of its shear stress versus shear strain rate.
Second, we examined the descriptive accuracy of the damping force-fitting when the
four models were reconstructed at a variable velocity, and we further demonstrated the
comprehensive errors of the four models under different shear stress versus shear strain
rates. It is hoped that this will provide a more suitable model choice for the design of a
magnetorheological damper.

2. Experimental Section

The test equipment is shown in Figure 1a. The MR damper RD-8040 manufactured by
Lord Corporation was chosen. The damper is compact, suitable for industrial suspension
applications, and its continuously variable damping is controlled by the increase in the
yield strength of the MR fluid in response to the magnetic field strength. The typically
technical data shows that the damper’s fast response time is less than 15 milliseconds,
and the peak damping force is more than 2440 N, which meets the requirement of the
experiment. The loading was based on a sine wave excitation with a frequency of 1 Hz
and an amplitude of 5 mm. The applied current is 0 A, 0.2 A, 0.4 A, and 0.6 A, respectively.
When the test starts, the software system will record the damping force versus displacement
data and the damping force versus velocity data under each current. A total of 864 sets of
data were collected, and these data will be ready for the testing of the four parameterized
models. The damping force versus displacement and the damping force versus velocity
obtained during the steady-state operation of the magnetorheological damper are presented
in Figure 1b,c, respectively.
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Figure 1. Experiment. (a) Test equipment; (b) Damping force versus displacement; and (c) Damping force–velocity. 

In Figure 1b, the damping force versus displacement cycles are approximately rectan-
gular curves. With the increase of the electric current, the maximum value of the damping 
force corresponding to the different currents steadily increases, and, accordingly, the mag-
netorheological damper works by producing the damping force. Figure 1c shows that the 
damping force and velocity exhibit complex nonlinear creep and hysteresis behaviors in 
the low-velocity region, while their relationship is approximately linear in the high-veloc-
ity region. The quality of the models in the low-velocity region was examined for compar-
ison, as the dynamics of the damper show a nonlinear behavior.  

3. The Models for Comparison 
3.1. Hysteretic Bi-viscous Model 

The bi-viscous model assumes that the magnetorheological fluid is a plastic state in 
pre-yield and post-yield regions including three parameters, the pre-yield damping coef-
ficient , the post-yield damper coefficient , and the yield force , while the pre-
yield damping coefficient is much larger than the post-yield damping coefficient. The hys-
teresis bi-viscous model [17] has one more parameter  than the bi-viscous model, rep-
resenting the corresponding velocity when the damping force is zero considering the di-
rection of acceleration based on the bi-viscous model. As shown in Figure 2, the relation-
ship between the damping force and velocity in this model is a piecewise linear continu-
ous function. There is an obvious hysteresis cycle in the pre-yield region, a simple linear 
relationship in the post-yield region, and the hysteretic bi-viscous model itself has appar-
ent symmetry. 
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Figure 1. Experiment. (a) Test equipment; (b) Damping force versus displacement; and (c) Damping force–velocity.

In Figure 1b, the damping force versus displacement cycles are approximately rectan-
gular curves. With the increase of the electric current, the maximum value of the damping
force corresponding to the different currents steadily increases, and, accordingly, the mag-
netorheological damper works by producing the damping force. Figure 1c shows that the
damping force and velocity exhibit complex nonlinear creep and hysteresis behaviors in
the low-velocity region, while their relationship is approximately linear in the high-velocity
region. The quality of the models in the low-velocity region was examined for comparison,
as the dynamics of the damper show a nonlinear behavior.

3. The Models for Comparison
3.1. Hysteretic Bi-Viscous Model

The bi-viscous model assumes that the magnetorheological fluid is a plastic state
in pre-yield and post-yield regions including three parameters, the pre-yield damping
coefficient Cpr, the post-yield damper coefficient Cpo, and the yield force Fy, while the
pre-yield damping coefficient is much larger than the post-yield damping coefficient. The
hysteresis bi-viscous model [17] has one more parameter v0 than the bi-viscous model,
representing the corresponding velocity when the damping force is zero considering
the direction of acceleration based on the bi-viscous model. As shown in Figure 2, the
relationship between the damping force and velocity in this model is a piecewise linear
continuous function. There is an obvious hysteresis cycle in the pre-yield region, a simple
linear relationship in the post-yield region, and the hysteretic bi-viscous model itself has
apparent symmetry.
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Figure 2. Hysteretic bi-viscous model [17].
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The damping force output of the hysteretic bi-viscous model F can be obtained as [17]:

F =



Cpov − Fy v ≤ −v1
.
v > 0

Cpr(v − v0) −v1 ≤ v ≤ v2
.
v > 0

Cpov + Fy v ≥ v2
.
v > 0

Cpov + Fy v ≥ v1
.
v < 0

Cpr(v + v0) −v2 ≤ v ≤ v1
.
v < 0

Cpov − Fy v ≤ −v2
.
v < 0

(1)

where v1 and v2. represent the yield velocity while decelerating and accelerating, respec-
tively, and are expressed as:

v1 =
Fy − Cpvv0

Cpr − Cpo
v2 =

Fy + Cprv0

Cpr − Cpo
(2)

3.2. Viscoelastic-Plastic Model

Unlike the hysteresis bi-viscous model, the viscoelastic-plastic model [12] assumes that
the magnetorheological fluid is a viscoelastic state in the pre-yield region and a plastic state
in the post-region. Therefore, the viscoelastic-plastic model is mainly divided into two parts:
the pre-yield region and the post-yield region, characterized by the prominent nonlinear
hysteresis characteristic in the pre-yield region and a linear relation in the post-yield region.
The viscoelastic force in the pre-yield region is described by:

Fve = Kvex + Cvev (3)

where Kve and Cve represent the stiffness and viscous damping in the pre-yield region,
respectively, and the shape function in the post-yield region is given by:

Sve(v) =
1
2

[
1 − tanh

(∣∣v∣∣−vy

4εy

)]
(4)

where vy represents the yield velocity and εy represents the smoothing factor of the shape
function, which adjusts the shape of the shape function. Now, the damping force in the
pre-yield region is:

Fpr = Sve(v)Fve (5)

The viscoplastic force in the post-yield region is calculated by:

Fvi = Cviv (6)

where Cvi is the viscous damping in the post-yield region, while the corresponding shape
function is given by:

Svi(v) =
1
2

[
1 + tanh

(∣∣v∣∣−vy

4εy

)]
(7)

The damping force in the post-yield region is:

Fpo = Svi(v) fvi (8)

The damping force in the pre-yield region can be obtained as:

Fq = Sc(v)Fc = tanh
(

v
4εc

)
Fc (9)
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where Fc represents the yield force and εc represents the smoothing factor of the corre-
sponding shape function. Finally, the damping force of the viscoelastic-plastic model can
be determined as [12]:

F = Fpr + Fpo + Fq (10)

3.3. Bouc–Wen Model

The Bouc–Wen model is a relatively simple mathematical model that can describe
the magnetorheological damper’s hysteresis characteristics and nonlinear creep in the
low-velocity region without any need for assumptions on the magnetorheological fluid in
the pre-yield and post-yield regions. This model contains a set of parallel elastic elements
and damping elements. Figure 3 shows the structure of this model.
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The damping force can be calculated based on the Bouc–Wen model as [18]:

F = k0(x − x0) + c0
.
x + αz (11)

.
z = −γ

∣∣x∣∣z∣∣z∣∣n−1 − β
.
x
∣∣z∣∣n + A

.
x (12)

where Z is an intermediate variable, k0 is the stiffness of the spring, x0 is the initial
deformation of the spring, c0 is the damping coefficient, α is the parameter related to the
hysteresis force, γ and β are the parameters related to the shape of the hysteresis cycle, n is
the smoothing coefficient of the curve, and A is the coefficient related to the peak value of
the damping force.

3.4. Modified Bouc–Wen Model

The modified Bouc–Wen model is a phenomenological model that can be established
by adding an elastic element and a viscous element to the Bouc–Wen model. The structure
of this model is shown in Figure 4.
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The damping force can be obtained based on this phenomenological model as [13]:

F = c1
.
y + k1(x − x0) (13)

where
.
y can be expressed as:

.
y =

1
c0 + c1

[
αz + c0

.
x + k0(x − y)

]
(14)

The intermediate variable Z is:

.
z = −γ

∣∣ .
x − .

y
∣∣z∣∣z∣∣n−1 − β(

.
x − .

y)
∣∣z∣∣n + A(

.
x − .

y) (15)

Among the newly added parameters, c1 represents the viscous damping coefficient in
the low-velocity region and k1 represents the rigidity of the nitrogen compensator. In the
phenomenological model, if the three parameters α, c0, and c1 are changed linearly with
the applied voltage value, the peak value of the damping force is also changed linearly
with the applied current value based on the experimental curve in Figure 1. Therefore, we
can assume that the above three parameters change linearly with the applied current value
with the following relation:

α = αa + αb I, c1 = c1a + c1b I, c0 = c0a + c0b I (16)

4. Verification and Discussion of Models
4.1. Validation of Models

It is necessary to identify the parameters of all the models. In this paper, the least-
square method is employed to identify the parameters of the four models. The function
containing the parameter vector is f (p, x), where p is the unknown parameter vector, x
represents the input to be fitted to the target, the cost function is L, and the target output is
y. The principle of the least-square method is to minimize the following cost function (L)
by determining the parameter vector:

L =
n

∑
i=1

(yi − f (p, xi))
2 (17)

After obtaining the corresponding parameters for the four parametric models, the
models are validated by comparing the results calculated from the models with the ex-
perimental results, as shown in Figure 5, (the electric current: 0 A, 0.2 A, 0.4 A, and 0.6 A
correspond to Figures 5a, 5b, 5c and 5d, respectively). From Figure 5, it can be seen that the
hysteresis bi-viscous model exhibits a strong linear relation in both the low-velocity and
high-velocity regions; however, it cannot smoothly transit from the low-velocity region to
the high-velocity region. Besides, since the experimental results still have a certain degree
of hysteresis in the high-velocity region, the hysteresis bi-viscous model can only linearly
fit the high-velocity region of the damping force-velocity curve and cannot characterize the
hysteresis in the high-velocity region. Therefore, the hysteresis bi-viscous model has certain
limitations. Compared with the hysteresis bi-viscous model, though the viscoelastic-plastic
model can describe the nonlinear damping force–velocity relation in the low-velocity
region, it cannot describe the hysteresis characteristics in the high-velocity region.
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Figure 5. Comparison of the model results with the experimental results. (a) Hysteretic bi-viscous
model; (b) Viscoelastic-plastic model; (c) Bouc–Wen model; and (d) Modified Bouc–Wen model.

Both the Bouc–Wen model and the modified Bouc–Wen model can achieve the non-
linear fitting in the low-velocity region and describe the hysteresis characteristics in the
high-velocity region. However, when the Bouc–Wen model is fitted to a current value of
0.6 A, the width of the hysteresis cycle in the low-velocity region is narrower than the ex-
perimental result, while the peak value of the damping force is larger than the experimental
result, leading to a more significant fitting error with the Bouc–Wen model for this current.
Compared with the other three models, the modified Bouc–Wen model best agrees with
the experiment on the hysteresis characteristics in the high-velocity region and nonlinear
characteristics in the low-velocity region.

4.2. Comparison of Models

The damping force errors of the four models at different currents are shown in Figure 6.
In this figure, y = 0 represents a straight line with a damping force error of zero, which is
employed as a reference line to evaluate the fitting error of each model; the closer the error
line of the model fitting result to the straight line, the higher the fitting accuracy of the
model to the experimental result. As shown in Figure 6, since the nonlinear curve in the
low-velocity region is more difficult to fit than the linear curve in the high-velocity region,
the error in the low-velocity region is more significant than that in the high-velocity region,
especially near the low-velocity region with a velocity of zero.
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Figure 6. Damping force errors of four models at different current values. (a) The damping force
error at 0 A; (b) The damping force error at 0.2 A; (c) The damping force error at 0.4 A; and (d) the
damping force error at 0.6 A.

Since the hysteresis bi-viscous model is described linearly in the low-velocity region,
the prediction accuracy with the model significantly deviates from the experimental results
for the nonlinear hysteresis cycle, leading to a higher damping force error in the low-velocity
region. For the viscoelastic-plastic model, when the low-velocity region is transiting to the
high-velocity region, the velocity reduction described for the damping force is slower than
the experimental result, while the hysteresis cycle curve is broader than the experimental
curve near the velocity of zero. For the Bouc–Wen model, the hysteresis cycle width of
this model in the low-velocity region is narrower than the experimental curve, and the
peak value of the damping force at the forward velocity is higher than the experimentally
measured damping force. The damping force error curve of the improved Bouc–Wen
model under the same excitation current is relatively closer to a straight line than other
models with zero error and a higher description accuracy.

From the mechanism of the damping force of the MR damper acting on the mag-
netic field, it is known that the damping force mainly includes friction damping, viscous
damping, shear damping, as well as elastic damping and inertial damping. Among these
damping items, friction damping, viscous damping, and shear damping characterize the
general trend of the magnetorheological damping force changing with velocity, while the
elastic damping and inertial terms, especially the elastic damping, are affected by such
nonlinear items as magnetic field changes, temperature changes, and the continuity of
the flux linkage. Due to the influence of factors, the damping force is more obviously
affected at a low velocity, and it shows an obvious creep behavior when it is hysteretic. The
question of how to model the hysteretic behavior at a low velocity and accurately describe
the mechanical behavior of the magnetorheological damper in the low-velocity region
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constitutes the current difficulty in modeling. Therefore, the fluctuation of the damping
force description error with the velocity is caused by the models themselves rather than
imperfect measurements. This performance is not random, it is mainly related to the
change of material elasticity when the magnetorheological fluid is under the excitation
state at a low velocity, and it follows at least a statistical change law.

4.3. Discussion

The literature review shows that these four models are the common and basic models
currently used for the dynamic prediction of magnetorheological dampers. In the past
two decades, according to the modeling methods that the developed models adopted, the
models could be categorized as parametric dynamic models and nonparametric dynamical
models. The parametric modeling technique characterizes the device as a collection of
linear and/or nonlinear springs, dampers and other physical elements. Various kinds of
parametric dynamic models for MR dampers based on mechanical idealizations (mainly
including the Bingham-model-based dynamic models, bi-viscous models, viscoelastic–
plastic models, stiffness–viscosity elasto-slide models, Bouc–Wen hysteresis operator-based
models, Dahl hysteresis operator-based models, LuGre hysteresis operator-based models,
equivalent models and so on) have been explored and validated [17]. In this work, these
four models with the ability to describe the nonlinear hysteretic behavior in the low-
velocity region are the most commonly used and most basic parameterized models, and
these models are often modified to adapt to different damper systems. Therefore, that is
the reason why these four models were selected for the study.

Although the Bingham model and bi-viscous model cannot describe the hysteresis
characteristics and nonlinearity of the magnetorheological damper in the low-velocity
region, the two models are simple and provide the inspiration and theoretical basis for the
complex high-precision models. For example, the hysteresis bi-viscous model considers
the direction of acceleration based on the bi-viscous model and the added parameter v0
in order to exhibit hysteresis characteristics in the low-velocity region. Moreover, the
hysteresis bi-viscous model solves the hysteresis problem in the low-velocity region and is
more appropriate for describing the mechanical behavior of magnetorheological dampers
than the Bingham model and the bi-viscous model. Besides, it has a better accuracy than
the Bingham model and bi-viscous model [11].

The proposed viscoelastic-plastic model employs different assumptions compared
with the Bingham model and bi-viscous model, specifically assuming that the magne-
torheological fluid is a viscoelastic body in the pre-yield region and a viscoplastic body in
the post-yield region, which is a more reasonable assumption than that of the Bingham
model and bi-viscous model. Consequently, it provides a higher accuracy than that of the
Bingham model and bi-viscous model.

The Bouc–Wen model employs different principles and characteristics to describe
the mechanical behavior of magnetorheological dampers using intermediate variables.
Spencer et al. [13] improved the Bouc–Wen model and considered three parameters related
to the voltage value. The improved Bouc–Wen model agrees with the experimental results
more than the other three parametric hysteresis models and considers the relationship
between the parameters and current in order to realize the semi-active control of the
magnetorheological damper. Therefore, the improved Bouc–Wen model has a higher
accuracy, which provides a reference for the subsequent realization of the precise control
design of the magnetorheological damper.

In terms of the complexity and time consumption for each model, for most models,
though the dynamic models for MR dampers with more parameters possess a better pre-
diction accuracy than those with fewer parameters when the parameters are identified
with appropriate methods, the complexity of these models and the consumption of compu-
tational resources are also higher due to the increase in parameters. Sahin et al. [19] also
provided the idea that the differential parametric models showed no appreciable advantage
over the algebraic models at the expense of their complexity and massive time consump-
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tion for finding their larger number of model parameters. Based on this perspective, the
hysteresis bi-viscous model and the viscoelastic-plastic model have an advantage over the
two Bouc–Wen-based models because their models contain more parameters.

In designing magnetorheological dampers, a highly accurate model is required to
achieve the precise control of the magnetorheological damper. In the literature, the para-
metric models for the magnetorheological damper were mainly focused on the Bingham
model or the bi-viscous model. Although the accuracy of these two models is not high
enough, they can meet the requirements of the general engineering applications of magne-
torheological devices. In those applications that have a higher requirement, e.g., flexible
robots [16,17], the accuracy of the model that corresponds to the magnetorheological device
becomes an issue worthy of attention.

5. Conclusions

In this paper, the mechanical properties of the magnetorheological damper are evalu-
ated through experiments, the parameters of the hysteresis bi-viscous model, viscoelastic-
plastic model, Bouc–Wen model, and improved Bouc–Wen model are identified, and the
four models are constructed based on the experiment. The following conclusions can be
drawn:

(1) The hysteresis bi-viscous model, viscoelastic-plastic model, Bouc–Wen model, and
the modified Bouc–Wen model can all approximately describe the hysteresis charac-
teristics of the magnetorheological damper and the nonlinear creep behavior of the
piston in the low-velocity region at both ends. Moreover, they can characterize the
mechanical behavior of the magnetorheological damper. Among them, the modified
Bouc–Wen model can best describe the nonlinear creep behavior in the low-velocity
region.

(2) The prediction error of the damping force of the four parametric hysteresis models in
the low-velocity region is higher than that in the high-velocity region. The modified
Bouc–Wen model provides a more accurate description of the nonlinear creep behavior
of the damping force in the low-velocity region and therefore shows promise for the
realization of the semi-active control of the magnetorheological damper due to the
introduction of the excitation current.
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