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A REVIEW ON MODELLING AND CONTROL OF
MAGNETORHEOLOGICAL DAMPERS

Summary

The inherent nonlinear nature caused by the hysteresis characteristics of the force-
displacement and force-velocity relationships poses a challenge to the modelling and control of
magnetorheological (MR) dampers. In this review, two types of modelling methods,
parametric modelling and non-parametric modelling, are critically reviewed and discussed,
with a focus on how to improve modelling accuracy. Although the force-displacement
behaviour is well represented by most of the proposed dynamic models for MR dampers, no
simple parametric models with high accuracy can be found for MR dampers. In addition, non-
parametric modelling methods can improve the accuracy of the model, but the complexity of
the model and the computational burden cause difficulties in designing the closed-loop
controller. Finally, the control methods based on different modelling methods are discussed,
and future research directions are also recommended.
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1. Introduction

The MR damper as shown in Figure 1 is an excellent damping device used to mitigate
the adverse effects of equipment when subjected to shock and vibration [1]. Due to the
advantages of the large viscosity control range, relatively low cost, lower power consumption,
fast response time (a millisecond range) [2], and a smaller size [3, 4], an MR damper is widely
used in vehicles, construction, and medicine [5, 6, 7, 8]. MR fluid is an innovative type of
intelligent material that was first discovered by Rabinow [9]. This material is mainly
composed of a liquid carrier (accounting for about 50-80% by volume) [10], magnetic
particles (about 1-10um in size) [11], and some other attachments. In the absence of an
external magnetic field, MR fluids exhibit Newtonian-like properties [12, 13], in which
magnetic particles can flow freely in the liquid [14]. However, in the presence of a magnetic
field, there is a mutual interaction among the magnetic particles, forming a chain structure
that transforms fluid properties into a state with considerable yield stress, which is known as
the magnetorheological effect, as shown in Figure 2.
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Fig. 2 Magnetorheological effect

The classic MR fluid operation modes are divided into four types: the flow (valve) mode,
the shear mode, the squeeze mode and the pinch mode [15-18], and their structures are shown
in Figure 3. It is worth mentioning that only the flow (valve) and squeeze modes have been
commercialized, and the two other modes are still in the research stage [19]. By controlling the
internal magnetic field, the damping force of the MR damper is adjusted to change the viscosity
of the MR fluid [20, 21], thereby achieving the control of the damper. An increase in current in
the coil leads to an increase in the magnetic field, which in turn increases the resistance of the
MR fluid flowing through the orifice, thereby increasing the damping force. On the other hand,
a decrease in current will reduce the damping force. In addition, if the control module or power
supply fail, the MR damper will become a passive damper and continue to provide basic
vibration damping functions [22], which gives the MR damper good controllable continuity in
both on and off states.

However, the complex rheological properties of MR fluids make it difficult to model their
dynamic properties [23]. Therefore, many MR damper models considering hysteresis
characteristics have been studied, such as the Bingham model [24,25], the Bouc-Wen model
[26], the neural network model [27], etc. These models can be classified as parametric and non-
parametric models based on different modelling methodologies. In addition, the control
strategies can be divided into the model-based control strategy and the soft computing-based
control strategy. The model-based control strategy is applicable to a type of situation where an
accurate model of the controlled object has been established, such as the Clipped optimal
control [28] or the Lyapunov control algorithm [29, 30]. When it is difficult to establish an
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accurate model, control strategies based on soft computing will be adopted, such as the neural
network control [31] and the fuzzy control [32, 33].
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Fig. 3 Working mode of MR fluid (a) flow (valve) mode (b) shear mode
(c) squeeze mode (d) pinch mode

Due to the inherent nonlinear hysteresis characteristics of MR dampers, it is necessary
to establish a model and effective control strategy that can accurately describe the
characteristics of MR dampers, so that their controllable characteristics can be fully utilised
in practical applications. In this study, different types of models and control strategies are
compared and summarised. The paper is organized as follows. Section 1 introduces the
structure of an MR damper and the composition, characteristics, and working mode of the
MR fluid. A detailed analysis of parametric and non-parametric models is given in Section 2.
The control strategies related to two categories, i.e., the model-based control strategy and the
soft computation-based control strategy, are introduced in Section 3. Section 4 summarises
the main conclusions and puts forward some suggestions for the future research of the MR
damper.

2. MR damper model

Due to the nonlinear hysteresis characteristics of force-displacement and force-velocity
relationships of MR dampers [34], it is critical to develop accurate models of MR dampers to
maximise their unique performance [35]. So far, various models have been established to
simulate the behaviour of MR dampers. Based on different modelling approaches, MR
damper models can be categorised into parametric models and nonparametric models [36].

2.1 Parametric model

Parametric modelling describes the device as a collection of linear or nonlinear springs,
dampers, and other physical elements [37], where the MR damper is treated as a theoretical
shock absorber composed of ideal mechanical elements [38].
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Table 1 MR damper model
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2.1.1 Bingham model

To characterise the rheological behaviour of electrorheological (ER) dampers, Stanway et
al. [39] developed the Bingham model in 1987, which includes a viscous damper placed parallel
to the Coulomb friction unit [40], as shown in Table 1a. The force of the device is given by

F = f.-sgn(x)+cyx (1)

where F'is the output damping force, £ is the Coulomb friction force, sgn is the signum function,
co 1s the damping coefficient, x is the velocity. It should be noted that when the speed of the piston
at any point is zero, the force applied is equal to the force generated in the friction device [41].

At present, the Bingham model finds extensive application in the modelling of both ER
and MR dampers [42-46]. This model is relatively simple and easy to implement, which can
accurately predict the magnitude of the damping force [47]. However, it does not fully take the
pre-yield viscoelastic properties of the MR fluids into account, so it cannot completely describe
the hysteresis behaviour of dampers [48]. Especially at low speeds, the performance is not
satisfactory when hysteresis characteristics are displayed. To solve these problems, Zhang et
al. [49] proposed a new nonlinear Bingham hysteretic model as shown in Table 1b, which can
not only represent the hysteresis traits of the force-velocity relationship loop, but also describe
the nonlinear behaviour at lower speeds. The force generated by the MR damper is written as

kxl+(cl+cz|x2|+c3|x2|2)x2+f0 ,

kx| <
F:| 1| fy Q)

fy Sgn(x2)+(cl+62|x2|+c?) |X2|2))'C2 +f0 ,

|kx1|2fy

where k is the equivalent stiffness of the MR damping spring element, x; is the Coulomb element
displacement, ¢|, ¢, and c5 are the constant term, the primary term and the secondary term of the
nonlinear damping coefficient of the MR damper, respectively, f, is the yield force of the MR
damper, and fj is the initial pre-tension.

Liu et al. [50] designed a fractional derivative Bingham model with fewer parameters.
The model takes the changes of pre-yield and post-yield viscoelastic properties of the damper
into account, so that the damping force-displacement and damping force-velocity relationships
of the MR damper are well-fitted. The equation is described as

F=/, sgn(x("’))+c0x(<") + 3)

where x(?) represents the ¢ order derivative of the displacement.

In addition, Guo et al. [51] constructed an extended Bingham model that can
simultaneously characterise the hysteretic and bi-viscous behaviours of MR dampers
[52, 53]. This model demonstrates superior accuracy compared to the Bingham model in
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characterising the behaviours of dampers. The extended Bingham model of MR dampers is
often expressed as

F = 4, tanh| 4, x+ﬁx +4, x+ﬁx 4)
Xo X

where 4; is the dynamic yield force of the MR fluid, 4, is the correlation parameter of the
viscous damping coefficient after yield, 4;is the correlation parameter of the viscous damping
coefficient before yield, ¥V} is the absolute value of the hysteresis critical velocity, X is the

absolute value of the hysteresis critical displacement, and x is the displacement.

2.1.2 Bouc-Wen model

In 1976, Wen [54] enhanced the hysteresis semi-physical model proposed by Bouc in
1971 [55]. As shown in Table 1d, the Bouc Wen model used to characterise the hysteresis
characteristics of nonlinear components has been widely applied in many engineering fields.
The Bouc-Wen model is written as

F=cyx+k(x—xy)+oz &)
where z is governed by
z=—yli|z |2 = Br|[" + 4x 6)

where & is the scaling factor, 7, fand 4 are the model parameters, X is the initial deflection of
a linear spring, and z is the evolutionary variable.

Since the Bouc-Wen model can describe well the characteristics of force-displacement
and force-velocity relationships of the MR dampers, it is widely used in the hysteretic
simulation of MR dampers [56, 57]. However, this model has too many parameters, so
Rodriguez et al. [58] normalized this model to eliminate the problem of over-parameterisation.
To enhance the accuracy of predicting the damping response, Spencer et al. [41] developed an
improved Bouc-Wen model which is shown in Table 1e and the damper force is given by

F=c,p+k(x—x) (7

where z and y are governed by

t=—yli—g|z|o = BE-3)|A" + 4k - ) (8)
) 1 )
y:Ch+Cl (az+cox+k0 (x—y)) 9)

where ¢, and ¢; are the viscous damping at high speed and the viscous damping at low speed,
respectively, y is the internal displacement of the damper, k is the stiffness at high speed, and

ky is the stiffness of the accumulator.
Due to the large number of parameters, the computational efficiency of the improved
Bouc-Wen model is relatively low. To address this issue, Rosli et al. [59] employed dynamic

cuckoo and adaptive cuckoo search algorithms to optimise the improved Bouc-Wen model [60].
In 2007, Kwok et al. [34] used a strategy of adjusting velocity values when calculating
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hysteresis variables and proposed an asymmetric Bouc Wen model. This model takes the
asymmetric hysteresis phenomenon not mentioned in the initial Bouc Wen model into account,
reduces the errors caused by the hysteresis phenomenon [61, 62], and improves the accuracy of
the model. The damping force in this system is usually expressed as

F=cyx+kx+oz- f, (10)
z':(A—(,B+ ;/sgn(zx))|z|”)x (11)
X (%—psgn(x)) (12)

where £ is the adjusted scale factor.

2.1.3 Bi-viscous model

The model mentioned above, such as the Bingham model [39], assumes that the fluid is
rigid in the pre-yield condition and cannot describe the characteristics under the condition of
low shear rate in practical applications. Therefore, Snyder et al. [63] employed the nonlinear
double-viscous model developed by Stanway et al. [64] to characterise MR dampers, which
assumed that the MR fluid exhibits plastic behaviour in both pre-yield and post-yield
conditions. In addition, this model can capture the double-viscous behaviour of MR dampers
[51]. The damping force is expressed as follows:

CrogitF,  x2i

pos y
F(1)=1Cppei —i, 2023, (13)
Cpoi—F,  ¥<-¥,

where F (t) is the output damping force at the time 7,C,,;, and C,,,, are the pre-yield and post-
yield damping coefficients, respectively (C,,, should be assumed to be much larger than C,, ),
x, is the yield velocity, and F), is the yield force of the MR damper, which is represented by the

yield force and the asymptotic intercept of the velocity and the force axis, as shown in Table
If.

However, the above model can only represent the symmetric hysteresis characteristics.
To describe the asymmetric hysteresis characteristics of MR dampers, Zhao et al. [65] proposed
a model based on generalised hysteretic bi-viscous operators as shown in Table 1g. The
modified model of MR dampers is expressed as

Chosn* =1Ly X< X x>0
Chea(x=xy1) x<x<x; >0
P Crosizx+ 1Ly X3 <x x>0 (14)
Crosizx+ 1Ly Xy <X x<0
Cpre4(x—x02) xX<x<x, x<0
Crosn*— 1Ly X< Xy x<0

where L, and L, are the constants derived from the projection of the yield curve at x=0.
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However, the model cannot accurately describe the characteristics of MR dampers when
the damping force saturation value is reached. Therefore, scholars use the improved particle
swarm optimisation algorithm to carry out a weighted superposition and optimise the weights
to achieve an online adjustment of model parameters and weights. The model combines the
advantages of parametric modelling and non-parametric modelling and can better simulate the
characteristics of MR dampers.

2.1.4 Dahl model

The Dahl model [66] was proposed to describe the bearing friction, but it was found that
this model could also be used to describe the hysteretic characteristics of dampers. In 2002,
Zhou et al. [67] developed an improved Dahl model as shown in Table 1h, which required fewer
model parameters to be determined than the commonly used Bouc-Wen model. The damping
force is shown as follows:

where z is governed by
z=yx(l-zsgn(x)) (16)

where f, is the adjustable Coulomb friction force.

Considering the asymmetry of the hysteresis loop of the MR damper experiment, Garcia-
Banos et al. [68] proposed an improved viscous Dahl model based on the viscous Dahl model
proposed by Ikhouane et al. [69]. The model combines the change of friction coefficient and
displacement, and the theoretical hysteresis provided by the model closely matches the actual
hysteresis. The equations describing the damper model are as follows:

F(t)=F,(t)+F, (1) (17)

(1) = p(£(0) ¢ () w(0))

18
-1<w(0)<1 ()

where F,, () represents the viscous friction, F; (¢) represents the dry friction, p is a constant

greater than zero, and w s an internal variable.

2.1.5 Hyperbolic tangent function-based model

In 2006, Kwok et al. [48] constructed a model based on the hyperbolic tangent function
as shown in Table 1i. Since the model only contains one hyperbolic tangent function, this
function has high efficiency in parameter identification and control. However, there were some
differences between the simulation results and experimental data. The model is written by

F=cyx+kx+oaz+ f, (19)

z =tanh(Bx+ysgn(x)) (20)

Meng et al. [70] developed a new model based on the arc-tangent function, which has
fewer parameters and a clearer physical definition. Subsequently, Zhang et al. [71] further
improved the model by analysing the sensitivity of each parameter to the model output using
neural network methods. The damping force is expressed as
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F =ay tanh (a, (X +orx) )+ a3 (% +ax) + / (21)

where g 1s the scale factor, a, and a5 are the damping coefficients affecting the regional
variation of the pre-yield and the post-yield region, respectively.

2.1.6  Quasi-static magic formula model

The quasi-static model has been introduced to determine the hysteretic characteristics of
MR dampers [72]. Although the model is simple and computationally efficient, it cannot
effectively predict the relationship between the damping force and the velocity under dynamic
excitation. In 2021, Bui et al. [73] employed the mechanical parameters of the magic formula
to characterise the dynamic response of MR dampers, thereby compensating for the limitations
of quasi-static models [74, 75]. The model introduces two new independent parameters S, and

S, in the hysteresis component, which enables the model to describe high asymmetric
hysteresis behaviour. The model is depicted by

F = Fyg -sin(Aarctan(y(l—ﬂ)p+Barctan(7/p))) (22)

where p is derived by

x+S,x for x=0
P=y. ” (23)
x+Syx for x<0

where Fjg is the damping force obtained by the quasi-static model, p is the displacement
variable dependent on the acceleration direction, and B, S, and S}, are the model parameters.

It can be seen from the above analysis that the simplicity of the parametric models is
usually achieved by decreasing the number of parameters. However, this simplicity is based on
the cost of reducing the model accuracy. In addition, the MR damper is too idealised, and the
influence of the temperature factor is usually ignored in parametric models. The adaptability
and accuracy of the model can be improved by considering the temperature factors.

2.2 Nonparametric model

Nonparametric modelling is another modelling method for MR dampers. Being different
from the parametric modelling method, it is based on the test data analysis and the working
principle of the components, and it uses analytical expressions to describe the characteristics of
the components [37].

2.2.1 Polynomial model

The polynomial model is a widely used mathematical model, which has great advantages
in dealing with nonlinear problems [76]. In 2000, Choi et al. [77] constructed a polynomial
model to represent the hysteresis behaviour of the damper as shown in Table 1j. The model
partitioned the hysteresis characteristics into two domains i.e., positive acceleration and
negative acceleration [78], and these domains were represented by a polynomial function based
on the power of piston velocity. The parameters in this model are insensitive to the input current,
which makes the model more convenient for implementing an open-loop control system. The
model is depicted by

n
F=Y (bj+c/)x (24)
i=0

TRANSACTIONS OF FAMENA XLVIII-3 (2024) 61



Z. Fu, X. Zhang, A Review on Modeling and Control
Z. Zhang, D. Zhao, Y. Yin of Magnetorheological Dampers

where b;and c; are the coefficients obtained by the experiment and / is the current.

The polynomial model proposed by Choi et al. [77] is a higher-order polynomial model.
In 2015, Arias-Montiel et al. [79] investigated a lower-order (second-order) polynomial model
as shown by the following expression:
) .
e (b2p +czp1)x +(b1p +clp])x+(b0p +c0p1) for a>0 29)
(byy + 2D )52 +(Byy, + 11 ) 5+ By, +copl) for a>0

wherea ,b; and c; are the coefficients obtained by the experiment.

This model is simpler than the higher-order polynomial model and requires less hardware
to process data in the control system. However, the peak stage is less precise in predicting the
damping force compared to the higher-order polynomial model.

2.2.2  Fuzzy model

The fuzzy model describes the nonlinear system with a set of IF-THEN fuzzy rules [80].
It analyses the input and output data through appropriate algorithms and finally obtains an MR
damper model represented by a polynomial equation. In 2009, Du et al. [81] established a fuzzy
model of the MR damper using the Takagi-Sugeno (T-S) fuzzy modelling technology to reduce
the impact of earthquakes on building structures. The fuzzy rules are represented as follows:

IF & is M;, and ... and & is M,
THEN f; (1) =a;x(t)+ayx(t)+byu(t) , i=1,...r

where the damping force in this system is expressed as
F(t)=2 A(E)i ()= 2 4 (&) (ax (1) + ay (1) + byu (1)) (26)
i=l i=1

where M;is the fuzzy set,ris the fuzzy rule number, u (¢) is the instruction signal, £ is the

premise variable, f; () is the fuzzy rule output force, and a;; , a,; and by; are the linear result
parameters.

Some scholars combined a neural network and a fuzzy model to form a neural fuzzy
model, such as the fuzzy model mentioned in literature [82, 83], which can well describe the
characteristics of MR dampers, but high-impact loads may fail to predict the peak force. To
solve this problem, Arsava et al. [84] proposed a neural fuzzy model, which can effectively
simulate nonlinear behaviours under high-impact loads, and the accuracy of the peak prediction
force exceeds 97%.

2.2.3 Neural network model

The neural network model can approximate any function with any accuracy and is usually
composed of three layers of neurons, i.e., the input layer, the hidden layer, and the output layer,
where the hidden layer can systematically learn nonlinear relations [85]. When a neural network
is used to model an MR damper, it can predict the best damping force based on the response or
excitation. This model can also be called a positive neural network model [86]. According to
the ideal damping force predicted by a trained neural network model, a suitable control voltage
or current can be generated [87], which is also called the inverse neural network model [88].

Non-parametric models typically use functional approximation or data-driven methods to
describe the dynamic behaviour of MR dampers [89]. Unlike parametric models, they do not
rely on specific physical parameters, but fit based on actual data, which can better describe the
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system behaviour. However, this modelling method requires a large amount of experimental
data for training and learning and the preliminary preparation is more complicated.

3. Control strategy of an MR damper

The semi-active control system of an MR damper includes three parts, i.e., a sensor, a
controller and an actuator. The controller calculates the information from the sensor, and the
actuator achieves precise control of the output damping force of the MR damper through the
calculation results [38]. It is noteworthy that the MR damper cannot directly regulate the
magnitude of the damping force output. Typically, a conversion algorithm or an MR damping
inverse model are employed to manipulate the voltage or current signal to control the output
damping force [90]. The control strategies can be divided into the model-based control and the
soft computing-based control.

3.1 Model-based control strategy

The model-based control is a method of using relatively accurate mathematical
expressions to describe physical characteristics of controlled objects and perform a
corresponding control on them. The model-based control of an MR damper is shown in
Figure 4.

Based on the system
information
! HA  damper . Model building . Parg meter Controller design
modelling hypothesis © identification ©
Based on the action Parameter
mechanism optimisation

Fig. 4 Flow chart of model-based control strategy

3.1.1 Clipped optimal control

In 1996, Dyke et al. [91] proposed the clipped optimal control (COC) algorithm, which
utilised acceleration feedback to optimise the force by adjusting the control voltage of an MR
damper [92, 93]. When the MR damper provides optimal damping force (i.e., ' =F, ), the
output voltage remains at the present level. If the resulting damping force is less than the
predicted optimal force and both forces have the same sign, the voltage should be increased to
the maximum level. When the force produced by the MR damper exceeds the optimal force,
the command voltage is reset to zero. This relationship is incorporated into the clipped optimal
control method defined by

V=V H (F.—F)F) (27)

where V is the command voltage, F, is the expected optimal control force, and H (-) is the

Heaviside step function.
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The acceleration data required for this control method is easy to obtain, which has been
proven to be a simple and reliable method [94]. However, this approach does not take the
interaction between the actuator dynamics and the control structure into account. In view of this
fact, Du et al. [95] developed a semi-active control method based on the COC theory, which
realized the soft contact technology of a manipulator arm collision buffer using an MR damper
and reduced the contact risk of the manipulator arm during work. Chaudhuri et al. [96] devised
a control algorithm combining the linear quadratic Gaussian design and the COC for structural
shock absorption, which makes it easier to obtain the optimal voltage required by the damper
compared with the traditional optimal control algorithm.

3.1.2 Decentralized output feedback polynomial control

The decentralized output feedback polynomial control method was developed by Cha Y-J
in 2011 based on the relationship between the interstory drift, the interstory velocity, and the
optimal control signal of the MR damper [97]. This method has excellent results in reducing
the response of bridge systems [98], where the voltage is determined by

V= (dl +dyx +dyx* +dyx° ) + (el +e,x+eyx” +e3x3) (28)

where d; ande; are the optimal coefficients of the governing equation.

3.1.3 Sliding mode control

Lee et al. [99] developed a discrete-time continuous sliding mode control algorithm for
semi-active control systems of MR dampers. Distinguished from the traditional sliding mode
control algorithm, the improved algorithm estimates the controlling force based on the feedback
of velocity, acceleration, and current controlling force rather than by calculating the restoring
force and ground excitation [100]. This algorithm is very suitable for structures with elastic and
inelastic characteristics. Luong et al. [101] proposed a control method based on the sliding mode
control, which considered uncertain factors, such as aircraft weight and falling speed, and
effectively improved the impact energy absorption rate of the aircraft during landing. Zhang et
al. [102] investigated a synovial environment shock absorption method based on quasizero
stiffness to reduce the impact of ambient vibration on robot operation accuracy, which has a
good shock absorption ability under different working conditions Bashir et al. [103]
investigated semi-active automotive suspension systems with integrated MR fluid dampers and
proposed an advanced proportional-integral differential sliding mode control (A-PIDSMC).
The A-PIDSMC uses the dynamic response of the controlled object to calculate the desired
damping force and compare it with the actual force to predict the control voltage, which is
mathematically defined by

V 0>V ax

max >
V= Vmin’ f< Vrnin (29)
o, Otherwise

where @ is governed by

6 =G(F,—HF,)sgn(F,) (30)

where F, is the actual damping force, and the values of H and G are decided by using the trial

and error method.
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Compared with a single proportional-integral-derivative (PID) controller and the sliding
mode control (SMC), the input voltage of the A-PIDSMC is relatively continuous and stable in
the same conditions, which improves the ride comfort and safety of the vehicle.

3.1.4 Lyapunov control algorithm

The Lyapunov control algorithm is based on the Lyapunov stability theory [104-106].
The basic idea of the algorithm is to prove the stability of the system by constructing a
Lyapunov function and designing a controller according to the derivative of the Lyapunov
function. Nagarajaiah et al. [107] adopted the nonlinear Lyapunov control algorithm which has
good robustness. The performance of MR dampers is defined by

(31

— {Cmax (wnxa + xa )xr > O

Conin (@, X, +X,) X, <0

where ¢

max and ¢, are maximum and minimum damping coefficients, respectively,

W, = Jiim, x, 1s the absolute displacement, and x,. is the relative velocity.

3.1.5 Bang-bang control

The bang-bang control was established by McClamroch et al. [108] and applied to ER
dampers [109]. Aly [110, 111] proposed an improved bang-bang control algorithm motivated
by the quasi bang-bang controller, where the output voltage value is set to0 -V, defined by

YVmax» If sgn(x)=1, sgn(x)=1

. BV maxs  1If sgn(x)=-1, sgn(x)=-1 (32)
AV s If sgn(x)=1, sgn(x)=-1
Vinax s Otherwise

where ¥, , 3.and A, are the parameters and the value ranges from 0~1.

3.1.6 Backstepping control

The backstepping control method is suitable for dealing with uncertainty [112]. Zapateiro
et al. [113] proposed a backstepping control method of the semi-active suspension system,
where the control law is expressed as

(X =Yg ) (1Pl )+ (g + 1y ) 5, + f = g (K S+ Ky 0)
Vg #0,
k@8 (33)

otherwise f,, =0

V=-

where wis the variable of hysteresis dynamics, x,, and x,, are the angular position and the
angular velocity, respectively, k., k,,, and k,,;, are the parameters of the control hysteresis

linearity, x,,,, is the equilibrium point of the system, and £, is the MR damper model.
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3.2 Soft computing-based control strategy

The soft computing techniques simulate biochemical processes of intelligent systems in
nature and ensure the property of robustness [114-116], which is suitable for dealing with the
modelling and control of MR systems.

3.2.1 Neural network control

The feedforward neural network (FNN) (Figure 5) transmits the information from the
input layer to the middle layer and then to the output layer [117]. Wei et al. [118] used the
instantaneous variable constructed by the Hilbert transform to express the instantaneous
characteristics of the excitation and further improved the accuracy of the FNN MR damper
model. In addition, the model adopted an indirect modelling method for reducing the amount
of data required for training the model, and the positive neural network model and the inverse
neural network model are defined by

F(t)= FNN ‘ (34)

where N represents the time span considered by the model corresponding to the input vector, s
is the instantaneous frequency, p is the instantaneous phase,iis the impressed current, d is the

envelope curve, and € represents the weight and bias in the FNN structure.

The inverse neural network model can be written as

i (1-1) ‘FT(t)_FT(t)‘SAF

i (1)1, (1 =1)+ ‘Lz(y)‘__‘ﬁ;g)‘ (imax —15 (£=1)) |FT (1)-Fr (z)| > AFand |Fy (t)| 2 |FT (t)| (33)

0]l )
‘FT (t)‘_‘ﬁmin (1)

i~x (t_l)

‘ (L (=1 =imin)  |Fr (1)~ Fp (1) > AFand|Fy (1) <|Fr (1)

where Fy. (1) is the target control force, F. (¢) is the virtual target force, and; (¢) is the predicted

current.

Output
layer

Fig. 5 Structure of FNN
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Unlike FNNs, recurrent neural networks (RNNs) can feed output from a model back into
its input layer [119], which enables them to address the aforementioned issue. The structure of
an RNN is shown in Figure 6.

Hidden
layer
Input
layer
)
U/

Output
layer

.

Fig. 6 Structure of RNN

In 2004, Wang et al. [120] first proposed an MR damper controller based on an RNN
inverse recognition dynamic model. Compared with FNNs, the damping force generated by the
predicted voltage can more accurately track the damping force generated by the target voltage
[121], where the positive neural network model and the inverse neural network model are
defined as follows.

The positive neural network model can be expressed as
F(t),F(t=1)...F (t=0p +1);
F(t+1)=NN| v(t),v(t=1).v(t =1, +1); (36)

where the neural network has/, + /7 inputs and an output, F (t) is the predicted damping force,
and O is the number of delays that the output of the neural network feeds back to the input layer.
The inverse neural network model can be defined as
v(1),9(t-1)...9(t =0, +1);
V(t+1)=NN|F(t),F(t=1)..F (t=Ip +1); (37)

where the neural network has /- +/, inputs and an output, I}(t) is the predicted voltage, and

(@)

. 1s the number of delays in the neural network model.

The back propagation neural network (BPNN) uses the backpropagation learning
algorithm to improve connection weights of FNNs, which can realize arbitrary nonlinear
mapping from input to output [122]. In 2013, Fu et al. [123] investigated a semi-active control
algorithm of an MR damper based on a BPNN and a radial basis function neural network, which
is combined with the skyhook control strategy. The experiments showed that this method can
achieve a better shock absorption effect and improve the ride comfort. The method is expressed
by the following formula:
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F(t) F(t-1)
i,=NN| x(t) x(t-1) (38)

x(t) x(t-1)

When using BPNNSs to build forward and inverse models of MR dampers, they are usually
optimised using appropriate algorithms. For example, Xu et al. [124] developed an optimised
BPNN based on the artificial bee colony algorithm, which has higher computational efficiency
and accuracy than the traditional BPNN. An optimisation method combining a BPNN and a
particle swarm algorithm was proposed by Hu et al. [125]. It improved the magnetic field
utilisation rate of the designed MR damper. Compared with that of the originally designed MR
damper without using this method, the output damping force was increased by 91.1% and the
adjustable range of the damping force was also increased by 40.0% under the same 1.8A
current, which greatly improves the performance of the damper. Yan et al. [126] adopted the
optimal genetic algorithm to optimise the initial weight and threshold to make its prediction
more accurate.

3.2.2 Fuzzy control

The fuzzy logic theory is well-suited for controlling time-varying, nonlinear, and purely
lagging systems [127, 128]. A semi-active fuzzy control strategy of MR dampers is developed
in [129] and the control performance of the peak displacement ratio and the peak acceleration
is superior to the COC method [91]. Das et al. [130] investigated a fuzzy logic control algorithm
based on the fuzzification of MR damper characteristics, where the positive fuzzy model and
the inverse fuzzy model are defined by (39) and (40), respectively:

F =W, F,+WoFy +....+ W.E, +....+W, | F,_ +W,F, (39)
V=WV, +WoVy+ oot WV, + .+ W, V. + WV, (40)
where
DW=l i=123..n (41)

where W is the weight.

1

Fuzzy control relies on a set of fuzzy rules without the necessity of constructing a precise
mathematical model of a controlled system [131]. However, it requires complex controller
parameter adjustment. At present, the Takagi-Sugeno-Kang fuzzy inference system [132] and
a fuzzy neural network [133] were proposed to solve this problem.

3.2.3  Support vector machines

The support vector machines (SVMs) can map the nonlinear relationship between factors
related to the characteristics of MR dampers into a high-dimensional feature space and
transform the nonlinear problem into a linear problem [134]. Shi et al. [135] proposed a control
method of the MR damper based on SVMs and took the influence of temperature into account,
which is very rare in the existing MR damper models and control methods. But a temperature
rise is inevitable due to the coil energisation or the friction of particles in the fluid. The effect
of temperature on MR dampers was considered in the literature [136, 137] and the structure is
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shown in Figure 7. Compared with the BPNN without considering the effect of temperature,
this method has better generalisation and approximation ability.

Kernel
function
Force |
ommand
Displacement | signal
l

Velocity |
Temperature |

Fig. 7 SVM damper model considering temperature effect

4. Conclusions

In this paper, the existing models and control strategies of MR dampers are reviewed and
their merits and limitations are analysed. The following conclusions can be drawn:

(1) The reported parametric modelling of an MR damper is mostly limited to inherent
nonlinear nature caused by hysteresis characteristics of the force-displacement and force-
velocity relationships. Such models thus cannot fully describe important effects associated with
variations in many non-modelling factors.

(2) The non-parametric modelling method can improve the accuracy of the model; the
complexity and computational burden of the models make the design of a closed-loop controller
difficult.

(3) The effectiveness of the model-based control strategies relies on the accuracy of the

controlled model, while the effectiveness of the soft computation-based control strategies is
primarily influenced by data quality and adequacy.

The quality and applicability of MR damper models strongly depend on the representation
of the force-displacement and force-velocity relationships. Therefore, further systematic efforts
are needed to derive descriptions of the hysteresis characteristics of force displacement and
force velocity so as to achieve a reliable MR damper model. On this basis, more intelligent
theories will be adopted to achieve precise control.
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