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A cab seat suspension with a magneto-rheological (MR) fluid damper is introduced in this
paper. A unified-format model for the MR damper is proposed to describe the dynamic
characteristics of the MR damper. Also, a simple force-inverse model and a viscous
damping tracking model are used for the coil current solution. A digital integrator and an
extended Kalman filter are respectively adopted to obtain the vibration velocity of the chair
frame and the relative motion velocity of the MR damper piston. A new skyhook control
base with viscous damping tracking is applied to the semi-active seat suspension. In the
simulation, compared with passive seat suspension under different displacement
excitation (2, 4, 6, 8 Hz-sine, and random), the acceleration root mean square of the
seat suspension with the MR damper is reduced by 52.2%, 32.2%, 41.3%, 50.8%, and
34.6%, respectively. In the experiment, the acceleration root mean square is reduced by
11.2%, 41.2%, 45.8%, and 31.5%, respectively under different displacement excitation (2,
4, 6, and 8 Hz-sine).

Keywords: magneto-rheological damper, semi-active seat suspension, skyhook control, Bingham model,
Bouc-Wen model, viscous damping tracking

INTRODUCTION

Many drivers suffer from occupational diseases, including stomach disease, heart disease, and anxiety
disorder. Part of those diseases are caused by the vibration of a cab. In recent years, the application of
cabs has increased, so it has become necessary to reduce the vibration of cab seats by adopting some
additional controllable components, of which the magneto-rheological (MR) damper is a superior
candidate. An MR damper has been applied to many aspects of engineering (Choi et al., 2016),
because of its advantageous features including low-power consumption, force controllability, and
rapid response. The MR damper mainly consists of MR fluid which is a designable and controllable
smart material whose apparent yield strength can be changed sharply within milliseconds, by the
supply of an external magnet, from a free-flowing viscous liquid to a semi-solid one (Rabinow, 1951).

The nonlinear dynamic characteristics of the MR damper limit its application in engineering. In
recent years, scholars have completed an extensive amount of research on the dynamic
characteristics of MR dampers. Among this research, the Bingham model (Nishiyama et al.,
2002; Sun et al., 2010; Fusi et al., 2014) and the Bouc-Wen model (Spencer et al., 1997;
Ikhouane and Rodellar, 2005; Bahar et al., 2009; Rodríguez et al., 2009) are commonly used in
applications. The Dahl model, which is used to describe solid friction (Dahl, 1976), has also been used
by some scholars to describe the hysteretic characteristics of the MR damper (Spencer et al., 1997;
Ikhouane and Rodellar, 2005; Bahar et al., 2009; Rodríguez et al., 2009). Neural networks models have
also been applied in the modeling of anMR damper. However, the neural network lacks the necessary
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physical meaning when describing the hysteresis model of the
magneto-rheological damper. In most engineering applications of
magneto-rheological dampers, the desired damping force needs
to be converted into electric current. Therefore, an inverse model
of magneto-rheological dampers is essential. Tsang et al. (2006)
gives a simplified dynamic inverse model of an MR damper based
on the Bingham model and the Bouc-Wen model. Also, neural
network models have been widely used in dynamic inverse
models (Xia, 2003; Karamodin et al., 2007; Gao and Wang,
2008; Bhowmik et al., 2010).

In semi-active seat suspension vibration isolation control, the
skyhook control is still one of the main methods of the
engineering application (Hatwalane, 2016). Lee and Jeon
(2002) uses a 2-state skyhook control (on-off skyhook control)
for seat suspension with an MR damper. Choi et al. put MR
dampers into commercial seats applying the skyhook control. In
Choi and Han (2007), a no-jerk skyhook control was proposed to
reduce acceleration jerk. A sliding-mode control based on a
human body model was used in MR damper seats in Choi
and Han (2007), but it is difficult to realize in engineering.
The H∞ control was applied to the vibration isolation control
of the seat suspension with an MR damper by Yao et al. (2013).
Bai et al. (2016) and Bai et al. (2017) put a rotary MR damper into

the seat suspension for both longitudinal and vertical vibration
attenuation. A variety of advanced controllers were designed for
seat suspension withMR dampers by Phu et al. (2017), Xuan et al.
(2017), and Phu et al. (2019).

In this paper, the MR damper is applied into commercial air-
spring cab seats. The structure of the seat suspension used in the
paper is shown in Figure 1. The main contributions in this paper
are given as follow: 1) a unified-format model for an MR damper
combining the Bingham model and the Bouc-Wen model is
proposed; 2) a viscous damping tracking model based on the
Binghammodel is applied into a skyhook control; 3) an improved
on-off control is proposed for comparison; and 4) a low-cost 3-
sensor semi-active seat structure is put forward, in which the
digital integrator and an extended Kalman filter are adopted for
signal processing.

The paper is organized as follows: System Configuration and
Modeling mainly introduces the system structure and system
modeling; a new skyhook control is introduced in Vibration
Isolation Control; the simulation results of sine displacement
excitation and random displacement excitation are discussed
in System Simulation; the signal processing of the sensor is
given in Signal Processing; and the experimental results are
shown in Experiment.

FIGURE 1 | The structure of the scissors-linkage seat suspension and experiment setup: (A) seat photo; (B) the structure of the scissors-linkage seat suspension;
(C) the experiment setup.
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SYSTEM CONFIGURATION AND
MODELING

System Configuration
The structure of a scissors seat in this paper is given in Figure 1B.
From Figure 1B, we can see that a scissors seat is mainly
composed of a shear bar, an air spring, and an MR damper.
The shear bar is mainly used to keep the seat mechanism stable,
and the air spring is used to provide seat support rigidity. The
MEMS (Micro-Electro-Mechanical System) acceleration sensor is
used to measure the acceleration of the chair frame and the base,
and MEMS has the advantages of long life, small size, and low
price. The resistance ruler, whose accuracy can reach 0.01 mm, is
used to measure the stroke of the MR damper. Also, compared to
other types of displacement sensors, the resistance ruler is cheap
and suitable for the market.

A coil current driver is used to provide a controlled current for
the MR damper. The current driver used in this paper is
composed of a power circuit, a microcontroller (MCU), a
bootstrap circuit, and a H-bridge drive circuit. The
microcontroller selects STM32F401 of ST Co., and its main
frequency can reach up to 84 MHz. Figure 2A shows the PCB
board of the current driver designed in this paper.

In simulation, the current driver of theMR damper is regarded as
a typical 1-st system, and its transfer function is given as follows:

Tcs(s) � 1
τcss + 1

(1)

where, τcs is the time constant of the coil current driver
(τcs � 1e − 3 s). The 1A-step response of the coil current driver
is shown in Figure 2B.

Modeling for the Magneto-Rheological
Damper System
Unified-Format Model for the Magneto-Rheological
Damper
In order to facilitate the discussion, an unified-format model is
established for an MR damper.

Fd � kzd + c _zd + fc�ϖ (2)

In Eq. 2, zd is the relative displacement of damper piston, and zd is the
relative velocity; k is the stiffness of the compensator in the damper
(straight single-rod damper), c represents the equivalent viscous
damping coefficient of the MR damper; and fc is the coulomb friction.

When the model takes the Bingham model (Zhu et al., 2019),
�ϖ � sign( _zd).

Fd � kzd + c _zd + fcsign( _zd) (3)

where, sign(·)represents the sign function.
When the model takes the normalized Bouc-Wen model (Zhu

et al., 2019) and there is

{Fd � kzd + c _zd + fc�ϖ
_�ϖ � ρ[ _zd − σ| _zd||�ϖ|n−1�ϖ + (σ − 1) _zd|�ϖ|n] (4)

FIGURE 2 | Current driver: (A) PCB board; (B) step response.
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In Eq. 4, ρ, σ, and n are the shape parameters of the normalized
Bouc-Wenmodel. And the normalized Bouc-Wenmodel is stable
and dissipative when ρ> 0, σ > 0.5, n≥ 1. It is not difficult to
identify the parameters using the method in Zhu et al. (2019) and
the comparison between the predicted and experimental data
(normalized Bouc-Wen model) is given in Figure 3.

The exponential function is used in the parameter fitting and
the fitting results are shown Table 1.

c(I) � c1(1 − e− λcI) + c0 (5)

fc(I) � f1(1 − e− λf I) + f0 (6)

ρ(I) � (ρ1 − ρ0)(1 − e−λρI) + ρ0 (7)

where, I represents the coil current of the MR damper.
The fit curves of parameters (ρ, σ, and n) are shown in Figure 4 and

fitting values are in good agreement with the experimental values.
When the current is small, the parameters (c and fc) have a

linear relation with the coil current of the MR damper.

c(I) ≈ kcI + c0 (8)

fc(I) ≈ kf I + f0 (9)

Force-Inverse Model of the Magneto-Rheological
Damper
The expected force of the MR damper is noted as fe and the form
of the force-inverse model is given in Eq. 10.

Ie � F−1
d (fe) (10)

where, Ie is the expected current of the MR damper and F−1
d (·) is

the inverse model representation of the MR damper.

Fd( _zd , �ϖ, I) � c(I) _zd + fc(I)�ϖ (11)

At the same time, under the condition of a small current, the
equivalent viscous damping coefficient c and coulomb friction
force fc still meet the linear relationship in Eqs 8 and 9. The
expected current of the MR damper can be expressed as

FIGURE 3 | Comparison between the predicted and experimental data (normalized Bouc-Wen model): (A) the damping force vs. time; (B) the damping force vs.
stroke; (C) the damping force vs. velocity.

TABLE 1 | Fitting results of MR damper parameters.

Para Value Unit

c1 1984.8 N · s/m
c0 638.55 N · s/m
λc 1.5353 —

f1 1336.4 N
f0 60.331 N
λf 1.1943 —

ρ1 7,018 m−1

ρ0 44,836 m−1

λρ 4.0485 —

kc 1864.9 N · s/(m · A)
kf 1041.9 N/A

Frontiers in Materials | www.frontiersin.org November 2020 | Volume 7 | Article 5912834

Zhu et al. Semi-Active Scissors-Seat Suspension with MR Damper

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles#articles


Ie � fe − c0 _zd − f0�ϖ
kc _zd + kf �ϖ

(12)

When the model takes the Bingham model, �ϖ � sign( _zd), then

Ie �
⎧⎪⎪⎨⎪⎪⎩

0, | _zd|< εv or ( fe − c0 _zd − f0�ϖ) _zd < 0
fe − c0 _zd − f0�ϖ

kc _zd + kf sign( _zd), others
(13)

where, εv > 0 velocity threshold constant.

Viscous Damping Tracking
Due to the energy consumption characteristics of the MR
damper, it is impossible to generate the active force, so the
expected force of the MR damper is the viscous damping
force, which is:

Fe � Ce _zd (14)

where, Fe is the expected damping force, and Ce is the expected
viscous damping coefficient.

Also, according to Eqs 8 and 9, the expected current form of
the MR damper is:

Ie � (Ce − c0) _zd − f0�ϖ
kc _zd + kf �ϖ

(15)

When the model takes the Bingham model, �ϖ � sign( _zd), then

Ie � (Ce − c0) _zd − f0sign( _zd)
kc _zd + kf sign( _zd) � (Ce − c0)| _zd| − f0

kc| _zd| + kf
(16)

FIGURE 4 | Parameter fit curve: (A) nonlinear fitting of parameter c; (B) nonlinear fitting of parameter fc; (C) linear fitting of parameter c; (D) linear fitting of
parameter fc.

FIGURE 5 | Simulation results of viscous damper tracking.
FIGURE 6 | The schematic diagram of the seat system: (A) the structure
of the scissors-linkage seat; (B) the schematic diagram of the skyhook control
for the seat suspension.
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The Bouc-Wen model is used as the accurate model of the MR
damper, and the viscous damping tracking simulation is carried
out under different control frequencies (20, 50, and 100 Hz). The
simulation results are shown in Figure 5, and when the current
control frequency is small, the Fd- _zd curve shows obvious serration.
It is evident from Figure 5 that the higher the control frequency,
the better the viscous damping tracking effect.

Modeling for the Seat Suspension System
The schematic diagram of the seat suspension model is shown in
Figure 6. In the schematic diagram, the seat suspension system is
regarded as a 2-DOFs system.

According to the Newton formula, the dynamic equation of
the seat suspension model is established as follows:

{m2€z2 � −K2(z2 − z1) − C1( _z2 − _z1)
m1€z1 � −K1(z1 − z0) − C1( _z1 − _z0) + K2(z2 − z1)

+C1( _z2 − _z1) + Fd (17)

where m1 and m2 are the mass of the seat and the driver,
respectively; z0 is the base displacement input, and z1
represents the displacements the seat; K1 and K2 represent the
stiffness of airspring and cushion respectively.⎧⎪⎪⎪⎨⎪⎪⎪⎩ Fd � −


l 2d − D 2

d

√
ld

(c _ld + fc�ϖ)
_�ϖ(t) � ρ[ _ld(t) − 0.5

∣∣∣∣∣ _ld(t)∣∣∣∣∣|�ϖ(t)|n−1�ϖ(t) + 0.5 _ld(t)|�ϖ(t)|2]
(18)

In Eq. 18, ld represents the length of the MR damper and _ld is
the time derivative of ld ; D is the distance constant which is
defined in Figure 6. The expressions of ld and _ld are given as
follows:

l 2d � D 2
d + (z1 − z0 +H10)2 (19)

_ld �

l 2d − D2

√
ld

( _z1 − _z0) (20)

The parameter value of the seat suspension system for the
simulation is given in Table 2.

In the above table, Cd is the viscous damping coefficient of the
passive hydraulic damper, which is used for comparison with the
effect of the MR damper.

VIBRATION ISOLATION CONTROL

Skyhook Control
Skyhook control (SH) is one of the most widely used control
strategies in suspension control. As shown in Figure 6B, a
hypothetical ceiling damper is placed between the seat
frame and the ideal ceiling, and its damping coefficient is CSH.
The expected force of continuous skyhook control is noted as FSH.

FSH � −CSH _z1 (21)

Considering the nonlinear dynamic characteristics of the MR
damper, the expected current of the MR under continuous SH
control is:

ISH � F−1
d ( − FSH) (22)

where, F−1
d (·) is the form of the force-inverse model which is

given as Eq. 10

On-Off Control
When the skyhook damping coefficient CSH tends to infinity, the
control strategy is an on-off control strategy, and the control
output switches between the maximum and theminimum. This is
also called a two-state skyhook control in some literature (Choi
and Han, 2007).

Ie � { Imin, _z1 _z10 ≤ 0
Imax, _z1 _z10 > 0

(23)

In order to avoid frequently switching the current output, the
above formula is improved as follows:

Ie �

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Imin, _z1 _z10 ≤ 0

Imax, _z1 _z10 > 0 and | _z1|> εa and | _z10|> εr
Imin + | _z1|

εa
Imax, _z1 _z10 > 0 and | _z1|< εa and | _z10|> εr

Imin + | _z10|
εr

Imax, _z1 _z10 > 0 and | _z1|> εa and | _z10|< εr

Imin + | _z1 _z10|
εaεr

Imax, others

(24)

Where, εa > 0 is the absolute velocity threshold constant; εr > 0 is
the relative velocity threshold constant is the form of force-
inverse model is given in Eq. (10). And, the larger the values
of εa and εr , the smoother the current output.

Skyhook Control Based on Viscous
Damping Tracking
Since K2 ≫K1, the system in Eq. 17 can be approximated as a
single-degree-of-freedom vibration system, there is:

m€z1 � −K1(z1 − z0) − C1( _z1 − _z0) − C10( _z1 − _z0) (25)

where,m � m1 +m2; C10 the virtual viscous damping between the
seat frame and the base, which is produced by the action of the
MR damper.

According to Eq. 20, there is:

TABLE 2 | Parameter value of the seat suspension system.

Parameter Value Unit

m1 15 kg
K1 1.70e4 N/m
C1 1.00e2 N/(m/s)
m2 70 kg
K2 3.02e5 N/m
C2 2.14e3 N/(m/s)
Cd 4.17e3 N/(m/s)
D 0.165 m
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C10 � CSH
_z1
_z10

(26)

In Eq. 26, _z10 is the relative speed of the chair frame to the base,
_z10 � _z1 − _z0.

Since the value of C1 is small, the natural frequency and damping
ratio of the single-degree-of-freedom system is given as follows:

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
ωn �


K1

m

√
ζ � C10

2mωn
� C10

cc

(27)

where, cc � 2mωn, is the critical damping coefficient.

The value range of C10 is defined as C10 ∈ [cmin, cmax]. When
C10 � cc, the system will not generate resonance, so the values
range of C10 is given as:

{ cmin � 0
cmax � cc

(28)

Considering that the value of C10 is close to 0, there is:

C10 �

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
Cmin, _z1 _z10 < 0

CSH
_z1
εr
, | _z10|< εr

CSH
_z1
_z10
, others

(29)

FIGURE 7 | Simulation results of sinusoidal displacement excitation: (A) 2 Hz, (B) 4 Hz, (C) 6 Hz, and (D) 8 Hz.

FIGURE 8 | Expected current of MR damper: (A) 2 Hz, (B) 4 Hz, (C) 6 Hz, and (D) 8 Hz.
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FIGURE 9 | Random input for seat suspension (v � 10m/s, road C): (A) schematic diagram of seat excitation; (B) displacement excitation PSD curve, (C)
displacement excitation time-domain curve, (D) simulation results of seat suspension under random displacement excitation; and (E) expected current of the MR
damper under random displacement excitation.
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Bringing the value range of Eq. 28 into Eq. 29, there is:

C10 �
⎧⎪⎨⎪⎩ cmin, C10 < cmin

cmax, C10 > cmax

C10, others
(30)

According to the seat geometry, the desired damping coefficient
Ce of the MR damper is:

Ce � l2d
l 2d − D2

C10 (31)

According to Eq. 16, the expected current of the MR damper can
be obtained as follows:

Ie � l2d
l 2d − D2

C10| _zd|
kc| _zd| + kf

(32)

If an unidirectional current is applied to the iron core of the MR
damper for a long time, the iron core will have residual

magnetism. In order to avoid residual magnetism of the iron
core, the current direction is continuously changed during
current control in Eq. 33.

Ie � Iesign( _zd) (33)

SYSTEM SIMULATION

Sinusoidal Input
According to ISO2631–1, the sensitive frequency range of the
human body is about 2–8 Hz. Therefore, sinusoidal base
displacement (2, 4, 6, 8 Hz) is adopted to the seat
displacement excitation. The simulation results of the
sinusoidal displacement excitation at different frequencies is
shown in Figure 7. In Figure 7, “HD” represents the passive
hydraulic damper; “SH” represents the skyhook control; “On-
Off” represents the on-off control; and “New-SH′ represents the
skyhook control based on viscous damping tracking.

Compared with seat suspension with passive hydraulic
dampers, the acceleration of the seat suspension with the
MR damper, is significantly reduced under different-
frequency displacement base excitation. Compared with
passive suspension, under 2 Hz-sinusoidal displacement
excitation, the acceleration RMS of the MR damper seat
suspension with different control methods (SH, On-Off, and
New-SH) decreased by 52.0%, 56.9%, and 52.2%, respectively.
Under 4 Hz-sinusoidal displacement excitation, it decreased by
30.0%, 14.0%, and 32.2%. Under 6 Hz-sinusoidal displacement
excitation, it decreased by 38.6%, 5.2%, and 41.3%. Under 8 Hz-
sinusoidal displacement excitation, it decreased by 48.2%,
22.6%, and 50.8%. The following conclusions can be drawn
from Figure 7: 1) the acceleration RMS reduction effect of “SH”
and “New-SH” is similar, but the acceleration peak of “New-
SH” is smaller; 2) the improved on-off control in this paper
performs better in the low frequency (near natural frequency),
but poorly in the high frequency region.

The expected current of the MR damper under sinusoidal
displacement excitation is shown in Figure 8. Compared with
the traditional skyhook control and on-off control, the
expected current of the skyhook control based on viscous
damper tracking is smoother. This is because the SH
control proposed in this paper converts the active force into
the desired damping coefficient of the MR damper, and limits
the value range of the desired viscosity coefficient within a
reasonable range.

Random Input
According to ISO-8608, the displacement PSD (power spectrum
value) of road space surface is:

Gq(n) � Gq(n0)( n
n0
)−W

(34)

In Eq. 34, n represents the spatial frequency (unit: m−1); n0
represents the reference spatial frequency (n0 � 0.1m− 1); Gq(n0)
is the displacement PSD of reference spatial frequency n0

FIGURE 10 | The signal processing diagram and results: (A) the signal
processing diagram; (B) acceleration signal integration results; and (C) EKF
signal fusion results.
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(unevenness coefficient, unit: m2/m−1);W is the frequency index
(empirical value: W � 2).

The vehicle speed is recorded as v and the time frequency is
noted as f .

f � vn (35)

Then the displacement PSD of the road time unevenness is:

Gq(f ) � 1
v
Gq(n) (36)

Using the sine superposition method, it is not difficult to get the
time unevenness of the road surface q(t):

q(t) � ∑N
i�1


Gq(f mid

i

v
) Δfi

v

√
sin(2πf mid

i t + θi) (37)

where, fmid
i is the interval center frequency; Δfi is the frequency

range size; θi is the random phase of the sine wave, which satisfies
uniform distribution on [0, 2π].

The seat displacement excitation z0 is actually the
vibration of the body, which is the result of the action of
the road surface excitation on the vehicle body through the
suspension of the vehicle. Its working principle is shown in
the Figure 9.

The filtering effect of the vehicle body on the road excitation is
regarded as a typical second-order filter, and its transfer function is:

T2nd(s) � ω 2
n

s2 + 2ξωns + ω 2
n

(38)

In Eq. 38, ωn is the natural frequency of the typical second link,
and ξ is the damping ratio. The values of ωn and ξ can be properly

FIGURE 11 | Experimental results of sinusoidal displacement excitation: (A) 2 Hz, (B) 4 Hz, (C) 6 Hz, and (D) 8 Hz

FIGURE 12 | Expected current of the MR damper: (A) 2 Hz, (B) 4 Hz, (C) 6 Hz, and (D) 8 Hz
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selected according to the mass of the vehicle body, and the
stiffness and damping coefficient of the suspension system. ωn �
9.78 rad/s and ξ � 0.4 are taken in this paper.

The displacement PSD of z0 is noted as Gz0(f ) and there is:

Gz0(f ) � ∣∣∣∣T2nd(j2πf )∣∣∣∣2Gq(f ) (39)

when the vehicle speed is 10 m/s and the road type is C. The
displacement PSD curve and time-domain curve is shown in
Figures 9B,C.

The seat suspension simulation results under the above
displacement excitation is give in Figure 9D. It is not difficult
to conclude from Figure 9D that, compared with the traditional
passive seat suspension, the vibration isolation effect of the seat
suspension using the MR damper is significantly improved.
Under the random displacement excitation in Figure 9C, the
acceleration RMS of the seat frame is reduced by 28.0%, 38.9%,
and 34.6%, respectively for those three control strategies (SH, On-
Off, and New-SH).

SIGNAL PROCESSING

Figure 10A shows the block diagram of the signal processing in
this paper. The seat frame acceleration signal passes through the
low-pass filter (LP), high-pass filter (HP), and digital integrator in
sequence to obtain the vibration velocity of the seat frame. The
relative velocity of the piston of the MR damper is obtained
through the extended Kalman filter (EKF).

Acceleration Signal Integration
The transfer function of the first-order high-pass filter is given as
follows:

Thp(s) � τhps

τhps + 1
(40)

where, τhp is the time constant of the first-order high-pass filter.
Through bilinear transformation, it is not difficult to get the

discrete transfer function of the high-pass filter:

Hhp(z) � 1 − z−1

Ts
τhp

+ 1 + ( Ts
τhp

− 1)z− 1 (41)

In Eq. 41, Ts is the signal sampling time.
In signal integration, the following form of the digital

integrator is used:

Hint(z) � Ts(z + 1)
2(z − 1) (42)

The vibration velocity signal measured by the laser vibrometer is
used as a reference signal, and the acceleration signal integration
experiment results are shown in Figure 10B. Figure 10B, vref
represents the velocity reference signal measured by the laser
vibrometer; vint is the velocity signal obtained by integrating the
acceleration signal. vint and vref are in good agreement in
Figure 10B.

Extended Kalman FilterSignal Fusion
The state vector of EKF is noted as xk �[ z1 − z0 +H10 _z1 − _z0 €z1 − €z0 ]Tk and the output vector is
noted as yk � [ ld €z1 − €z0 ]Tk .

The constant acceleration (CA)model is established and TKF is
the sampling period of EKF. The discrete form of the CAmodel is
given as follows:

{ xk � Φk,k−1xk−1 + wk

yk � h(xk) + vk
(43)

In Eq. 44,wk is the state disturbance; vk is the measurement noise;
and Φk,k−1 is the state transition matrix.

Φk,k−1 � ⎡⎢⎢⎢⎢⎢⎣ 1 TKF T2
KF/2

0 1 TKF

0 0 1

⎤⎥⎥⎥⎥⎥⎦ (44)

h(xk) � [ ld
€z1 − €z0

] (45)

ld �

(z1 − z0 + H10)2 + D2

√
(46)

Qk is defined as the covariance matrix of state disturbance wk and
there is:

Qk � E(wkw
T
k ) � σ _a

⎡⎢⎢⎢⎢⎢⎢⎣T 5
KF/20 T 4

KF/8 T 3
KF/6

T 4
KF/8 T 3

KF/6 T 2
KF/2

T 3
KF/6 T 2

KF/2 TKF

⎤⎥⎥⎥⎥⎥⎥⎦ (47)

Hk is defined as the Jacobian matrix of h(xk)

Hk � zh
zxk

(48)

The steps of the EKF algorithm are given in the following
equation:

x̂k|k−1 � Φk,k−1x̂k−1|k−1
Pk|k−1 � λΦk,k−1Pk−1|k−1Φk,k−1 +Qk−1

Kk � Pk|k−1Ηk[ΗkPk|k−1Ηk + Rk]− 1
x̂k|k � x̂k|k−1 + Kk[yk −Ηkx̂k|k−1]
Pk|k � [I − KkΗk]Pk|k−1 (49)

In Eq. 49, x̂k|k−1 is the one-step state prediction; Pk|k−1 is the error
variance of the one-step prediction; Kk is the Kalman filter gain;

FIGURE 13 | The results of the 2–40 Hz frequency sweep experiment.
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x̂k|k is the k-time state estimation; Pk|k is the error variance
estimation; λ is the forgetting factor which is used to improve
the tracking performance of the algorithm; and Rk is the
covariance matrix of measurement noise which is defined in
Eq. 50.

Rk � E(vkvTk ) � [ rl 0
0 ra

] (50)

where, rl is the measure error variance for the displacement
sensor and ra is the relative acceleration measurement error
variance.

The experimental results of the damper piston relative velocity
is given in Figure 10C. In Figure 10C, “TD” represents the result
of the tracking differentiator (Wang et al., 2003) and “EKF”
represents the result obtained by EKF. The experimental
results show that the noise of the damper piston relative
speed is smaller and the signal has a good tracking
performance. Figure 10C shows that, adopting EKF, the
relative velocity of the damper piston has smaller noise and
a good tracking performance.

EXPERIMENT

Experimental Setup
As it is shown in Figure 1C, the experimental setup is mainly
composed of DC power, a real-time control system (Speedgoat
IO135 with MATLAB/Simulink, Switzerland), a laser Doppler
vibrometer (LDV, type: OFV-505/OFV-5000, Polytec, Germany),
a vibration test-bed, a scissors-seat with anMR damper, and a coil
current driver. As a rapid control prototype, speedgoat is used to
collect and store sensor signals, and output the desired current
signal of the MR damper. The LDV is used to measure the
vibration velocity of the chair surface as a velocity reference to
verify the accuracy of the acceleration signal integration. The
vibration test-bed is adopted to provide displacement excitation
for the seat suspension. The current driver is used to provide
controlled current for the coil of the MR damper.

Sinusoidal Input Experiment
The experimental results of sinusoidal displacement excitation are
shown in Figure 11. Compared with passive suspension, under 2 Hz-
sinusoidal displacement excitation, the acceleration RMS of the MR
damper seat suspension with different control methods (SH, On-Off,
and New-SH) decreased by 11.4%, 12.0%, and 11.2%, respectively.
Under 4 Hz-sinusoidal displacement excitation, it decreased by 38.4%,
−4.9%, and 41.2%. Under 6Hz-sinusoidal displacement excitation, it
decreased by 43.6%, 8.6%, and 45.8%. Under 8Hz-sinusoidal
displacement excitation, it decreased by 31.2%, 30.1%, and 31.5%.

The expected current of the different control strategies under
sine displacement excitation are shown in Figure 12. Experimental
results show that, compared to traditional skyhook control and on-
off skyhook control, the desired current of new skyhook method
based on the viscous damping tracking proposed in this paper is
relatively smoother and smaller, which can reduce system power
consumption to some extent.

Frequency-Sweep Experiment
The 2–40 Hz sine wave sweep excitation put into the seat
suspension, and the acceleration transmission rate in
frequency-domain are defined as follows:

Ta2−a0( jω) � |F(a2)|
|F(a0)| (51)

where, F(·) is the Fourier transform; a0 and a2 are acceleration
the stiffness of base and dummy respectively; Ta2–a0 is the
acceleration transmissibility.

Figure 13 shows the results of the 2–40 Hz frequency sweep
experiment, in which “MRD-0A′ represents the MR damper with
a 0 A current and “MRD-1A′ represents the MR damper with a
1A current. It can be seen from the Figure 13 that, compared with
passive suspension, the seat suspension with the MR damper has
good vibration isolation performance at different frequencies.

CONCLUSION

In this work, a low-cost 3-sensor seat suspension structure with
an MR damper was established, in which a digital integrator and
an extended Kalman filter were adopted to enhance the signal
quality in signal processing. A unified-format model for the MR
damper and a viscous damping tracking model based on the
Bingham model were proposed. Simulation results show that,
compared to traditional skyhook control and on-off control, the
new SH control with viscous damping tracking had a good
performance in reducing acceleration jerk and smoothing the
expected current output. However, in the experiment, the
vibration isolation effect of “SH” and “New SH” was similar,
and the difference between them was that the output current of
“New SH” was small and smooth, which reduced the power
consumption of the system to a certain extent.
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