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1. Introduction
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During the operation of commercial vehicles, drivers are usually exposed to long-term vibrations and acquire several health
problems. Moreover, the end-stop impacts caused by large-magnitude vibrations or shocks may affect driving performance and
result in injuries. A study of magnetorheological (MR) seat suspension controlled by a novel tuning control strategy is conducted
in this research to reduce vibrations and avoid end-stop impacts. First, the MR damper’s characteristics are tested, and
a mathematical model of MR seat suspension is established. Then, an improved tuning control strategy is designed based on this
model. The proposed strategy has three control stages that can be adjusted according to the suspension stroke to improve seat
comfort or avoid end-stop impacts. Each part of the control strategy is designed separately, and the vibration attenuation
performance of this seat suspension is evaluated with a simulation for three excitations, i.e., harmonic excitation, bump excitation,
and random road excitation. Finally, an experiment is conducted to verify the conclusion of the simulation. The seat suspension
with the proposed control shows good performances on vibration attenuation and end-stop impact reduction. Compared with
a passive seat, the vibration level is reduced by around 27% and end-stop impact is avoided when semiactive suspension with the
proposed strategy is used. It also shows the best overall performance among the three experimental algorithms. Both the
simulation and the experiment results indicate that the vibration attenuation performance of the seat suspension can be greatly
improved with the improved tuning control strategy.

main categories of seat suspension systems: passive seat
suspension [4-6], semiactive seat suspension [7-9], and

Drivers of commercial vehicles such as trucks or agricultural
vehicles are frequently exposed to various vibrations
resulting from poor working conditions. These vibrations
can lead to several health issues, including lumbago and
backache [1, 2]. Prolonged exposure to vibrations can also
result in driver fatigue, which can negatively impact con-
centration and driving performance [3]. As a result, it is
critical to prioritize driver protection and mitigate the ad-
verse effects of vibrations

One effective approach to address this issue is the de-
velopment of vehicle seat suspension systems. Seat sus-
pension plays a pivotal role in enhancing driver comfort and
reducing the transmission of vibrations. There are three

active seat suspension [10-12]. Among these, the semiactive
seat suspension system proposed by Karnoop [13] has
garnered significant attention due to its adaptability to
different working conditions and favorable cost-
effectiveness compared to active systems [14]. One prom-
ising technology in this realm is the application of mag-
netorheological (MR) damper [15-17], which enables fast
response and a wide force range [18, 19]. Extensive research
has been conducted to enhance the performance of MR seat
suspension systems. Song proposed new control strategies
and comforts with consideration of MR suspension [20]. The
authors of [21] studied a seat suspension system based on
a rotary MR damper in conjunction with fuzzy control.
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In addition to the mechanical system design, consid-
erable efforts have been devoted to the control strategy of
MR seat suspension systems. Traditional approaches such as
Skyhook control [13] and acceleration-driven-damper
(ADD) control [22] have been employed, but they have
limitations in addressing different frequency ranges of vi-
brations [23]. To overcome these limitations, the Sky-ADD
control strategy was developed to combine the advantages of
both approaches across different frequency ranges [23].
Additionally, challenges related to jerking motions caused by
binary logic control have also been tackled. A continuous
Skyhook control strategy was proposed to mitigate these
issues [24]. Moreover, advanced techniques such as hard-
ware-in-the-loop simulation (HILS) and nonlinear control
have been explored and applied to enhance control per-
formance [18, 25, 26]. Furthermore, modern control algo-
rithms, including linear quadratic regulator (LQR) [27], Hoo
control [24, 28], sliding mode control, and fuzzy control
[29, 30], have been utilized to improve accuracy and per-
formance. In recent years, the emergence of artificial in-
telligence and deep learning has led to the exploration of
intelligent control strategies for seat suspension systems
[31-33]. Through artificial intelligence, more accurate model
and control predictions can be accomplished.

According to the above research, it is crucial for seat
suspension systems to provide appropriate damping charac-
teristics according to different working conditions while
maintaining smooth damping variations to reduce jerk effects
during vibrations [34]. However, when a seat suspension
system with low damping encounters high-magnitude vi-
brations or severe shocks, the available stroke may become
exhausted, leading to end-stop impacts. These impacts directly
transmit shocks to the driver, causing significant discomfort or
harm [3]. Therefore, it is necessary to impose high damping
when the seat suspension reaches stroke saturation. The
primary objectives of seat suspension control are to reduce the
vertical acceleration of the seat and prevent end-stop impacts.

This paper presents a study of an MR semiactive seat
suspension system controlled by an improved tuning control
strategy. By changing different control stages according to the
relative displacement of the seat suspension, the MR seat
suspension system can reduce the vibration and avoid end-
stop impacts under different working conditions. Section 2
describes how a mathematical model of prototyped seat
suspension is established with the performance test of the MR
damper including the dynamic analysis of the suspension.
Then, the detailed logic and design of the proposed control are
presented in Section 3. An experiment with a vibration test
bench is also conducted to verify the MR damper with the
improved tuning control, which is presented in Section 4.
Finally, Section 5 gives the discussions and conclusions.

2. Mechanism and Modeling of the Seat
Suspension System

2.1. Characteristics of the Seat Suspension System.
Figure 1 shows the prototype seat suspension, which in-
cludes guiding mechanisms, an air spring, an MR damper,
and limit buffers. The tension-compression deformation of
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the air spring and the damper in this seat is not linear with
the change in the relative height of the suspension top plate
and base plate due to the complex structure. To improve the
accuracy of the algorithm, a physical model reflecting the
movement characteristics of the air spring and the damper is
used, as shown in Figure 1(b).

The suspension height is Hy, OA=0B=I[1; and
OC=0D=12. The horizontal distance between A and the
centroid at the top plate is I5, and the horizontal distance
between the air spring installation points G and C is 6.
OF =13, OE =4, the metal structures OE and OF are sim-
plified as light rods, and their angles with OB are y and 7. The
angle between BC and the horizontal direction is o, the angle
between the air spring EG and the horizontal direction is ¢,
and the angle between the damper and the horizontal di-
rection is 6.

“The air spring pressure can be adjusted using a button,
while the initial seat height is set in the middle stroke po-
sition. The seat suspension consists of beams 1 (BC) and 2
(AD) connected to the seat, with a hinge at point O. Fixed
joints A and C are vertically aligned, and the air spring EG is
connected to BC. The damper DF is also connected to BC and
mounted on the slider D. Vertical excitation causes relative
movement between the top and base plates, and the MR
damper is compressed and stretched dissipating vibration
energy. The damping of the MR damper can be adjusted by
changing the current applied to it, which is controlled by
a controller based on different working conditions. Therefore,
the damping of the seat suspension can be controlled by
adjusting the damping of the MR damper.”

2.2. Characterization of MR Damper Prototype. A schematic
of the MR damper is shown in Figure 2. The MR damper
consists of a piston, guide frame, shaft, floating piston, and
MR fluid. By applying current, the coils generate a magnetic
field, allowing for adjustable damping. To accurately model
a seat suspension system, a mathematical model is needed to
evaluate laboratory tests on an MR damper.

To verify the damping of seat suspension, the prototype
is characterized by testing, which is shown in Figure 3.

The MR damper is attached to an MTS system controlled
by a computer. The MTS landmark load frame 370.1 is
utilized, providing a maximum output of 100kN and
a vertical test space of 1283 mm. Force data are recorded and
saved by a computer connected to the MTS system. The MR
damper is excited using a harmonic signal with an amplitude
of 10 mm. Current inputs of 0 A, 0.4 A, 0.8A, 1.2A, and
1.6 A are applied to the MR damper, while the frequency of
the harmonic signal is set to 1.6 Hz, 2.4 Hz, 3.2 Hz, and 4 Hz,
respectively. The results are presented in Figure 4.

Figure 4 shows the force-speed loops becoming smooth
with the rising of the excitation frequency. The enclosed area
of the force-displacement curve increases when the current
rises. Then, the damping force with the same current is
slightly different up to 10% during the varying excitation
frequency. Hence, the influence of the vibration frequency
on the damping force is ignored to reduce the computational
difficulty.
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FIGURE 1: MR seat suspension prototype. (a) Photo of the MR damper seat suspension. (b) Conceptual diagram of seat suspension. (¢) MR
damper picture.
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FIGURE 2: Schematic of the MR damper.

In this study, a hysteretic model [35] for MR fluid is used With the fitting tool in MATLAB, relationships between
to identify characteristics of damping variability. A sche-  each parameter value and the current can be generated with
matic plot is shown in Figure 5, which can be presented as (e =0.0005- I +0.0004
follows: 0 ' ’

k,=—0.0015-I+0.0022,
F=cox +kox+atanh (Bx +dsign(x)) + f,, (1) { =0.2061-1* +0.0919 - I +0.0908, (2)
where ¢, and k, are the viscous and stiffness coefficients, « is B=-0.0337-1+0.0849,
the scale factor, tanh (Bx + dsign (x)) is the hysteretic vari- 8= —0.3669 - I + 1.1665.
able, and f; is the damper force offset. All of the parameters )
are identified by MATLAB, and the results are shown in The damping force F can be calculated according to the

Table 1. hysteretic model with
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FIGURE 3: MR damper test system.
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FIGURE 4: MR damper test results. (a) Force-displacement curve (1.6 Hz). (b) Force-speed curve (1.6 Hz). (c) Force-displacement curve

(2.4Hz). (d) Force-speed curve (2.4 Hz). (e) Force-displacement curve (3.2 Hz). (f) Force-speed curve (3.2 Hz). (g) Force-displacement
curve (4Hz). (h) Force-speed curve (4 Hz).
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FIGURE 5: Hysteresis model.



6 Structural Control and Health Monitoring

TaBLE 1: Parameter fitting values of a hyperbolic tangent model.

I Co ko o B é fo
0 0.000449 0.002172 0.08836 0.08409 1.137 0.00062
0.4 0.000539 0.001489 0.1675 0.07201 1.0856 —0.00038
0.8 0.000898 0.00126 0.29 0.06225 0.8572 —0.00257
1.2 0.001184 0.000211 0.4992 0.0431 0.678 —0.0003
1.6 0.001217 0.000249 0.7658 0.03119 0.607 0.00506
F=0.005+(0.0005-1+0.0004)-x+(—0.0015-1+0.0022)-x
(3)

+ (0.2061 I +0.0919-1 + 0.0908) -tanh (( - 0.0337 - I +0.0849) - % + ( — 0.3669 - I + 1.1665) - sign (x)),

where units of the speed x, displacement x, and damping
force F are mm/s, mm, and kN, respectively.

The damping model can be established with MATLAB
with the above equations, and modeling results are com-
pared with the experimental results, as shown in Figure 6.
Both inputs are measured from the test bench surface. Both
sets of results exhibit good agreement with the force-
displacement and force-speed loops while jerks are ob-
served due to poor flow of the MR fluid under the influence
of a strong magnetic field, leading to the formation of
cavities in the damper (Figure 6(b) shows this occurrence in
the 1.6A case). These inconsistencies are not accurately
reproduced in the model loops. Despite the potential for
damping control errors, they are acceptable as they only
occur at the highest current and relatively low-frequency
conditions.

To verify the model, a 2.4 Hz harmonic signal is given as
the input in MATLAB. Figure 7 shows the results in
comparison with the experiment. Although the displace-
ment data are not exactly coincident because of the me-
chanical errors of the test bench during vibration, all results
still have good agreement for the force-displacement and
force-speed loops. Consequently, the mathematical model
can predict the MR damper force in a satisfactory level.

2.3. Mathematical Modeling of the Seat Suspension. The seat
suspension and the passenger on it can be simplified to the
model as shown in Figure 8 [18]. m;, and m, represent the
masses of the human and the seat. k., and ¢, are the
equivalent stiffness and damping coefficients of the human
body. k.s and c. are the equivalent stiffness and damping
coeflicients of the seat suspension.

The c, value can be calculated by the MR damper model
shown above with the MR damping force. The air spring
force Fp is given by

air spring is not installed vertically, which means the air
spring force cannot act on the top plate directly. During the
suspension working, the angle ¢ and the direction of the air
spring force acting on point E are changing. Hence, in order
to reduce the dynamic model of seat suspension to Figure 8,
the equivalent spring force F,. acting vertically on the
suspension top plate is calculated with the air spring
force and a changing function related to the changing angle
o and ¢.

(I, cos g sin ¢f +1, cos o cos @)
I, cosaf

=F E > (5)
where f is the rolling friction coefficient at sliders B and D
and ((I; cos osin ¢f +1, cos o cos ¢)/1; cos of) reflects the
nonlinear structures of suspension, which can be generated
according to force and moment balance on suspension
beams 1 and 2. In the above equations, all the required
parameters can be measured from seat suspension or read on
specification, as shown in Table 2. Additionally, m, is the
average adult male weight, and it is 70 kg according to adult
male body size. The curve of F is shown in Figure 9. Then,
the equivalent stiffness k., is equal to the slope of the curve
of Fi..

The accuracy of the model is verified by applying various
harmonic signals with different frequencies in MATLAB.
The simulated results are compared to the experimental data,
as depicted in Figure 10. For the excitation frequency of
1.8 Hz, which is close to the resonant frequency of the seat
suspension, slight differences are observed between the
model and experimental results for seat displacement and
relative displacement of the seat suspension. These dispar-
ities can be attributed to initial conditions and steady-state
vibration of the test bench. The difference in seat dis-
placement is approximately 7.8%, while the difference in
relative displacement of the seat suspension is approximately
7.6%.

Fy=PA Figure 11 shows the results when the excitation fre-
quency is 4 Hz, which is a relatively high frequency for

PyVo A (4) human bodies. It is observed that the difference in relative

- (Vo+Ax)" displacement of the seat suspension is small, while the

where P and A are the air pressure and effective area of the
air spring. Py and V) are the pressure and volume of the air
spring at the initial moment. According to Figure 1(b), the

difference in the seat displacement is relatively large. The
red box in Figure 11(a) shows some abnormalities of the
test bench during vibration, causing the curve to go up
and down. This scenario can also be depicted by the
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FIGURE 6: Results comparison for the experimental excitation signal. (a) Force-displacement curve (1.6 Hz). (b) Force-speed curve (1.6 Hz).
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TABLE 2: Parameters of seat.

Parameter Data
L (m) 0.17
lz (m) 0.17
I3 (m) 0.004
Iy (m) 0.007
Is (m) 0.21
le (m) 0.12
m, (kg) 18
A (m?) 3.972x107°
H, (m) 0.06
n 1.38
y () 40.5
H () 31
Vo (m?) 6.725x107*
F 0.05
my, (kg) 70
Py (MPa) 0.35
1400

Z 1200 |

L

&

g

£ 1000 t

o0

£

800 |

g

<

Z

5. 600t
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FIGURE 9: Equivalent spring force curve.
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FIGURE 10: Model results comparison at 1.8 Hz. (a) Seat displacement (1.8 Hz). (b) Relative displacement of seat suspension (1.8 Hz).
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MATLAB model. Hence, the accuracy of this model is
considerably enough to reflect the behavior of the seat
suspension, and the model can be used to design the
further control algorithm.

3. Control Strategy Design

3.1. Block Diagram of the Controller. To reduce vibration and
avoid end-stop impacts, an improved tuning control strategy
based on single-sensor control [36] is selected for this study.
The strategy is divided into three control stages in accor-
dance with the relative displacement of the seat suspension,
as shown in Figure 12.

If the relative displacement of the seat suspension is
lower than the setting threshold, the control strategy based
on single-sensor control is in the comfort stage, which could
provide a good vibration attenuation performance. Fur-
thermore, when the suspension is approaching the maxi-
mum and minimum stroke, a high damping force should be
provided to reduce the relative displacement and avoid end-
stop impacts for the emergency case. In the middle stage, the
vibration amplitude is relatively high so that the damping
force will increase smoothly according to the relative

displacement of the suspension and attempt to reduce the
suspension stroke slowly back to the comfort stage. The
block diagram of this control strategy is shown in Figure 13.
When the seat suspension is working, the control stages will
be adjusted by controller 1 according to the data measured
by sensors, and the damping force will be given to the MR
damper inverse model by controller 2 according to the logic
of control stages. Then, the desired current will be calculated
and applied to the MR damper, and as a result, the MR
damper can adjust the damping according to different
working conditions.

3.2. Comfort Control with Frequency Selector. The comfort
control strategy is used to reduce seat acceleration, which
can make people feel comfortable according to ISO 2631
[37]. In order to analyze the vibration patterns of general
suspension, in this part, a normal seat suspension is reduced
to a single degree of freedom system, and the transfer
function can be written as follows:

k+Cs

G(s)=—F5—,
ms* +k+Cs

(6)
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where k, m, and C are the stiffness, mass, and damping of the
system. Therefore, this kind of system follows the same rule
with harmonic excitation acting on the bottom, as shown in
Figure 14(a).

The vibrating amplitude has different trends with the
damping C changing on both sides of the point (i.e.,
turning point) in the red circle in Figure 14(a). When the
vibration frequency is smaller than the turning point, the
amplitude is reduced when C increases, and when the
vibration frequency is larger than the turning point, the
amplitude is increased when C increases. This conclusion
also can be extended to 2-DOF systems such as the human-
seat suspension system, which is shown in Figure 14(b).
Therefore, different damping values are needed with dif-
ferent vibration frequencies to achieve good vibration at-
tenuation in place of the fixed value to dampen the system.
A frequency selector proposed by Savaresi and Spelta [36]
in single-sensor control is used to meet this requirement,
which is given by

. ) 2 2
€4 = Crmax> 1f(z -a’z )SO,

if (22 —azz'z) >0,

(7)
€4 = Crin>
where ¢, is the target damping of the seat suspension; Z and z
are the acceleration and velocity of the suspension top plate;
and a is set according to the resonance frequency g (rad/s) of
the seat system, which is defined as a = v/2q. The q term can
be experimentally measured. In this study, g = 11.3rad/s
(i.e., 1.8 Hz), and then, a ~16rad/s.

From equation (7), the maximum damping and mini-
mum damping are applied to the seat suspension by
comparing the vibration frequency of the suspension and the
target point a. However, huge jerks are caused by the binary
logic of this control strategy during applications, as shown in
Figure 15.

The acceleration curve simulation of the seat with
random road excitation via equation (7) shows some time
regions reflecting the damping force switches quickly when
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FiGure 16: Simulation results of equation (7) in the frequency
domain.

the frequency selector (£*—az?) changes and crosses the
zero. Figure 16 gives the correlated power spectral density
(PSD) function in the frequency domain.

Figure 16 gives a sense of the jerks in the PSD plot. The
high-frequency components (noted in the red box in Figure 16)
could cause the low-frequency some jerking effects, especially
the resonant frequency [34]. The jerks in the high frequency
may not appear in reality circumstances, but the impact will
cause the binary control logic and make passengers feel un-
comfortable, which has been discussed by paper [34]. Hence,
an analytic continuous function is employed to make the
damping force change smoothly, which is given as follows:

Cy=Coins if (2 —a’2*) >0,
i ( ) ®

%) 2.2 . ®) 2.2
Cq=cmn +K|E* —a’2’|, if (£ —a’2%) <0,

where the K is a constant gain. For this control strategy, the
damping force is related to the frequency selector, and the
jerks can be reduced with the continuously changing
damping force, as shown in Figure 17.

By comparing with the original logic in equation (7), the
improvement of the control strategy has relatively poor
vibration attenuation performance. It is observed that there
is no obvious jerk appearing during the simulation. This can
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FIGUure 17: Simulation results comparison.
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FIGURE 18: Simulation results in the frequency domain.

be also found in the PSD plot in the frequency domain, as
shown in Figure 18. The high-frequency components are
reduced well in the red curve of improving strategy.

3.3. End-Stop Impact Countermeasures. The main control
target of the middle stage and emergency stage is the re-
duction of the relative displacement of the seat suspension.
The comfort control strategy can provide a suitable damping
force for acceleration attenuation, though it cannot deal with
emergencies appearing during driving such as a sharp shock
caused by a bump or pit in the road. The frequency selector
will choose a low damping force when the seat vibrates at
a relatively high frequency. End-stop impacts may easily
happen at this time if there are terrible shocks acting on the
seat suspension. Additionally, the end-stop impacts will
easily happen when the seat height is set too high or low so
that there is not enough space for vibration. Hence, in the
middle stage, the control strategy should keep reducing the
relative displacement of the seat suspension to avoid end-
stop impacts. To ensure good vibration performance without
the serious jerks shown in Section 3.2, the damping force is



12

designed to rise smoothly with the suspension stroke, and it
should be at a maximum if the suspension is too close to the
top or bottom limits.

An exponential function E1("-4») is added into equation
(8) to meet the above requirements, and this is shown as
follows:

ca=cmn +K|¢'|, ife' <0,

€4 = Conin> ife>o,

¢ = (2-b20), ©
b=a*+E1U) pep

where d,, is the threshold of the comfort stage, b,, is the
maximum value of b, h is the suspension stroke from the
neutral position, and the frequency selector is improved to
¢'. Eand q are constant gains for adjusting the raising speed
of b. In this control strategy, the comfort stage is combined
with the middle stage using the function E9("-4») The
E4"=4) curve is presented in Figure 19. When h<d,,, the
value of E1"-4x) is extremely close to zero so that b = a?,
and the damping force control can follow the nearly same
rule as equation (8). At this time, the control strategy is in
the comfort stage. When h>d,, this value for
b=a?+ E14) will rise quickly; therefore, the frequency
selector &' = (22 —bz?) will preserve ' <0. Hence, a large
damping force will be experienced by the seat suspension,
the stroke will be reduced, and the control strategy will be
in the middle stage.

Simulation results for middle-stage control under ran-
dom road excitation are presented in Figure 20. It can be
observed that both of the governing equations (equations (8)
and (9) have similar results in Figure 20(a), while several
small jerks appear at peaks of equation (9) curve. These jerks
are caused by the damping force raising when the relative
displacement of the seat suspension is larger than the
threshold of the comfort stage. Otherwise, the suspension
stroke (relative displacement of seat suspension) of equation
(9) goes lower than that of equation (8) as shown in
Figure 20(Db).

In the emergency stage, the seat vibration amplitude is
relatively large, and the suspension stroke occupies a large
proportion of all available strokes. The maximum damping
force should be given at this time to dissipate the vibration
energy and avoid end-stop impacts. According to all the
control logic above, the study proposed a modified mutistage
control strategy, which can be defined as follows:

€= Crin> if [¢'>0nh<d,],
cg=Cmn +K|e'|, if [¢ <ONh<dy], (10)
€4 = Coans ifh>d,,

where d,; is the threshold of middle-stage control and ¢y is
the MR damping with the maximum working current, which
is 2A in this study. The d; is designed to dissipate all the
vibration energy with the maximum seat velocity and
maximum operating current, and it can be calculated

roughly by
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—m =2\l —-d >0),
F+F,, +mg [l = da| (v 20)

where v,, is the maximum seat velocity and 1,,, is the largest

suspension stroke. All the parameters of the control strategy
are optimized experimentally, as shown in Table 3.

3.4.  Numerical Simulation Results and Analysis.
Numerical simulations based on the mathematical model in
Section 2 are conducted using MATLAB/Simulink to
evaluate the control performance of the MR seat suspension.
Three types of excitation, namely harmonic, bump, and
random road excitation, are chosen to simulate different
working conditions of commercial vehicles. In order to get
the correct excitation acting on seat suspension, a 1/2 truck
dynamic model is used as a filter as shown in Figure 21.
Three types of excitation above will act on the tires of this
model, and target signals can be measured from the cab part.
To prove the effectiveness of the damping variability, some
control strategies of the seat suspension are compared,
which are noted as follows:

(1) Passive seat case. I = 0.9A is set as the current input to
represent a passive suspension with constant
damping. The seat performance is roughly similar to
the same seat with the original passive damper.

(2) Improved tuning control case. The damping is
controlled by the MS strategy in this case.

(3) Skyhook control case. The damping is controlled by
the Skyhook strategy in this case. I=0A and I=2A
are set as the minimum and maximum damping in
this control logic.

(4) Single-sensor control case. The damping is con-
trolled by the original single-sensor control strategy
in this case. The parameters for the frequency se-
lector are the same as those for improved tuning
control, in which I=0A and I=2A are set as the
minimum and maximum damping in this
control logic.
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FIGURE 20: Simulation results under random road excitation in comparison with equations (8) and (9). (a) Acceleration time history.

(b) Relative displacement of seat suspension time history.

TaBLE 3: Parameters of the improved tuning control strategy.

Parameter Value
d,, (mm) 10
dy (mm) 48
E 2
K 300
q 3500
a 11.3

3.4.1. Simulation of Harmonic Excitation. Harmonic signals
simulation is provided to investigate the performances of the
frequency selector to ensure the control logic performance at
a specific frequency. Two typical frequencies are chosen as
1.8Hz and 4Hz. These two cases reflect two different
conditions during seat suspension work in that the seat
resonant conditions at relatively low and high frequencies
affect driver health and ride safety performance.

The detailed simulation is shown in Figures 22 and 23. The
passive seat case is compared with the other three control
strategies (improved tuning control, Skyhook, and single-
sensor). Apparently, the three control strategies have better
performance, and the seat acceleration amplitudes are largely
reduced by approximately 30%. The single-sensor and sky-
hook cases have obvious jerks in each period caused by binary
control logic, while the improved tuning control has better
performance. Consequently, the improved tuning control is
effective to improve the jerk effect. In addition, the three
control strategies have similar performance compared with
the passive seat case, as shown in Figures 22(b) and 22(c). This
could be the reason for improved tuning control and single-
sensor control having similar control logic to Skyhook control
when the seat vibration frequency is lower than the frequency
set in the frequency selector.

In the 4Hz case, as shown in Figure 23, the vibration
control performance is also improved in the Skyhook, MS,
and single-sensor cases compared with the passive seat case.
However, the problem of jerking becomes worse with the

frequency rises, and the proposed control maintains a good
performance in that no jerks appear in the improved tuning
control curve, as shown in Figure 23(a).

The transmissibility defined as the displacement am-
plitude ratio of the seat to the floor for each case is shown in
Table 4. The Skyhook and single-sensor control have similar
transmissibility in comparison with the passive seat control.
The transmissibility of the improved tuning control case
remains the lowest at both 1.8 Hz and 4 Hz, indicating the
best vibration attenuation performance.

3.4.2. Simulation of Bump Excitation. Simulations with
bump displacement excitation are conducted to evaluate the
instantaneous response performance of the seat suspension.
The results are presented in Figure 24. From the general view
of the relative displacement, as shown in Figure 24(a), the
three control strategies cases have much smaller oscillations
than the passive cases. This means that there are fewer
possibilities for end-stop impacts using the three control
strategies. In Figure 24(a), the red box has no effective
performance of all control schemes when the shock acts on
the seat suspension. The suspension stroke becomes larger
than the threshold in the proposed control quickly, so it
most quickly reduces the relative displacement, as shown in
the red dotted box. There is a 46.3% improvement at peak
compared with the passive control seat, which is also slightly
better than the single-sensor case and much better than the
Skyhook case. Then, the improved tuning control goes back
to the comfort stage, and the reducing speed of the sus-
pension stroke slows down, as shown in the black and black
dotted boxes, which is expected according to the design
discussion in Section 3.3. In the meantime, the Skyhook case
and single-sensor cases attenuate faster than the passive seat
and improved tuning control cases.

The acceleration response is shown in Figure 24(c).
There is a signal jerk in the improved tuning control re-
sponse, indicating that the damping force increases at this
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FIGURE 21: The ¥ truck model. k. & c ¢ stiffness and damping of cab front suspension, k. & ¢, stiffness and damping of cab rear
suspension, kpr & cpe: stiffness and damping of truck front suspension, ky, & cp,: stiffness and damping of truck rear suspension, kg & kg
stiffness of front and rear tires, m.: mass of cab, m; mass of truck body, mr & my: mass of front and rear tires.

time, as shown in the red box, which is consistent with the
previous conclusions as designed in Section 3.3. Moreover,
the single-sensor case still has the jerk problem during the
vibration, as shown in the green line in Figure 24(c), while
the MS and Skyhook control cases do not have this issue,
demonstrating the improvement of these two control
schemes, especially the benefit of improved tuning control.

3.4.3. Simulation of Random Road Excitation. The com-
prehensive performance of the seat suspension can be
evaluated with random road excitation. The results are
shown in Figure 25. The acceleration and displacement
responses of the seat in Figures 25(a) and 25(b) are illus-
trated that the seat vibration is reduced with three control
strategies in comparison with the passive control seat. The
improved tuning control has the best performance among all
cases. Although the single-sensor case shows similar results
to the improved tuning control case, it still has a relatively
serious jerk problem, as shown in Figure 25(a). This can be
also observed in the PSD plot of the seat suspension, as
shown in Figure 25(d). The improved tuning control cases
have a 40% reduction compared with the passive control seat
case around the dominant frequency of the vibration at
1.8 Hz. Moreover, the suspension stroke is larger than 0.06 m

in the passive control seat case, as shown in the red box in
Figure 25(c), which is the upper limit of the suspension
stroke. At this time, end-stop impacts appear and the
proposed has the best performance of suspension stroke
attenuation, demonstrating that the improved tuning con-
trol is the best able to reduce the possibility of end-stop
impacts among all control schemes.

An ISO 2631 [36] standard is used to evaluate the
comfort of the seat suspension in this study, which uses the
frequency weighted root mean square (Aw) of seat accel-
eration to evaluate the ride comfort of drivers. Addition-
ally, seat displacement can affect the driver’s ride
performance, while the relative displacement of the seat
suspension can be used as an index to evaluate the pos-
sibility of end-stop impacts. Therefore, the RMS values of
these two indices (RMS rd for relative displacement and
RMS d for seat displacement) are also used to evaluate the
performance of the seat suspension, in which the smaller
RMS value is the better performance of the seat suspension.
These three indices are compared in all cases in Figure 26. It
is observed that the improved tuning control case, repre-
sented by the gray bars, has the smallest magnitude in Aw.
To compare with the passive control seat case, the im-
proved tuning control case reduces the Aw by 28.4%, the
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FIGURE 22: Harmonic excitation simulation results at 1.8 Hz. (a) Seat acceleration at 1.8 Hz. (b) Seat displacement at 1.8 Hz. (c) Relative

displacement of seat suspension at 1.8 Hz.

Seat acceleration (m/s?)

%107

Seat displacement (m)

4 L L L
0 0.5 1 1.5 2 0 0.5 1 1.5
Time (s) Time (s)
—— Improved tuning control - Passive seat —— Improved tuning control ~ =eeeee Passive seat
- -~ Skyhook —-=- Single sensor --— Skyhook —-—- Single sensor
(a) (b)

FiGgure 23: Continued.
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TasLE 4: Transmissibility of simulation at fixed frequency excitation.
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FIGURE 26: Results comparison of three indices (i.e., Aw, RMS rd, and EMS d).

RMS rd by 22.7%, and the RMS d by 36.7%. This is better
than the Skyhook case among all indices. Although the
single-sensor case has similar results to improved tuning
control and has slightly better performances for RMS rd
and RMS d, it has serious jerk problems and cannot cope
with the emergency shock, as stated in Section 3.2 dis-
cussion. All the results indicate that the vibration control
performance can be largely improved by an MR damper
with the proposed strategy in this study.

4. Experimental Evaluation of Seat Suspension

An experiment for seat suspension is organized to verify the
conclusions of the analytical simulation. All the simulation
and excitation cases are included in the test bench vibration
testing.

4.1. Testing Setup. The experiment system is shown in
Figure 27. The seat suspension and vehicle seat are attached
to a vibration test bench, which can provide vertical exci-
tation controlled by dSPACE and a computer system. A
human body mass is loaded onto the seat, and the total
weight of them is 88 kg. Two accelerometers (Briiel and Kjer
Model 4382) are set on the test bench platform and sus-
pension top plate to measure the acceleration signals. One
laser displacement sensor (Panasonic) is set behind the seat
to measure the suspension stroke signal. All the signals are
transmitted to dSPACE and recorded by a computer. The
control strategies manipulate the input current based on
real-time analysis results and then pass it through to
dSPACE. After that, the current adjusting commands are
sent to the amplifier to control the currents and applied to
the MR damper. The four cases described in Section 3.4 are
examined in this experiment. The response time of the MR
damper is around 0.45s as measured, which can meet the
control requirement.

4.2. Analysis of Test Results

4.2.1. Harmonic Excitation Test. In contrast to the simula-
tion, harmonic excitations at several frequencies are used in
this test, which are 1 Hz, 1.2 Hz, 1.4 Hz, 1.6 Hz, 1.8 Hz, 2 Hz,
3Hz, 4Hz, and 6 Hz. The seat acceleration responses are
shown in Figure 28. It is noted that the dynamic perfor-
mances of the control strategies are improved with the rise of
the frequency in comparison with the passive control seat.

The detailed results are shown in Figure 29. It is observed
that the seat acceleration is reduced with three control
strategies, and the improved tuning control case has the best
performance, which can reach the maximum acceleration
reduction of approximately 49% at 4 Hz. It is noted that
serious jerking problems appear in almost all the results, as
shown in the red box in Figure 29(b), which are caused by
the mechanical jerking of the test bench and the change in
the damping force. Although the improved tuning control
can deal with some of these problems to make the curve
smoother than other cases, as shown in Figure 29(b), it does
not solve all of the problems at the resonant frequency of the
system (i.e., 1.8 Hz), as shown in Figure 29(a). Moreover, the
seat displacement and suspension stroke are also reduced
with the proposed strategy, except the suspension stroke at
1.8 Hz as shown in Figure 29(e). As a result, the improved
tuning control case has the best performance, which is
slightly better than that of the single-sensor case and much
better than that of the Skyhook case. This is similar to the
conclusion of the simulation in Section 3.4.1.

The transmissibility of the seat suspension is presented in
Figure 30. It can be seen that the improved tuning control
case has almost the lowest transmissibility at all fre-
quencies except the resonant frequency. Otherwise, the
curve of the single-sensor case has a similar trend to the
curve of the improved tuning control. Although the
Skyhook case has good performance around the resonance
frequency, it has the highest transmissibility after 1.8 Hz



Structural Control and Health Monitoring

Seat

Mass

Laser displacement sensor

Accelerometers dSPACE

MR
damper Currents Commands 3
«|| S
— <
SR
Test g" g
bench %118

Power supply

FIGURE 27: Experimental setup with controller and data acquisition system.

FIGURE 28

Seat acceleration (m/s?)

0 50

—— Improved tuning control

--- Skyhook

100 150 200

Time (s)

““““ Passive seat
--- - Single sensor

: Seat acceleration response under different harmonic excitation frequencies.

Seat acceleration (m/s?)

Computer

Seat acceleration (m/s?)

19

15F Ve o b
3k .
2k " L . L N N
115 115.5 116 116.5 117 190.5 191 191.5 192
Time (s) Time (s)
—— Improved tuning control - Passive seat —— Improved tuning control - Passive seat
- -~ Skyhook —=-=- Single sensor --- Skyhook —-—- Single sensor
(a) (b)

FiGure 29: Continued.



20 Structural Control and Health Monitoring

X107 x107
15 T T T
3t 4
10 .
& B
g’ g
: :
© g
5 &
B -5 e
s kS
b &
-10
Y. .
15 L N L L L
117 117.5 118 118.5 119 192.5 193 193.5 194
Time (s) Time (s)
—— Improved tuning control Passive seat —— Improved tuning control Passive seat
- -~ Skyhook —-—- Single sensor --- Skyhook - Single sensor
(© (d)
. x10° x10°
g 15 T T T ) . .
= = 10}
S g 3
o= 10 B !
o o | { ¥ 3 ' [}
g = 5 | | { \ \ I A ? | I
3 5 3 \ | [ | ,f *. [ i\
& & \ | | 1 | | [} [
) o /- \ [ | | | S T B
L] S0 Y Y O A O B O
£ £ ‘ T A W N U A O A
o 5] L 7 | | \ I T |
s -5 s L i v \ \ | { 1
= = 5k | | \ ) \ fo
4 E YERYERY ‘\j \ /
B \ / Y \ \
g1 g y VY Y
ki s -10F 1
2 .15 L L L o . A
118 118.5 119 119.5 120 189.5 190 190.5 191
Time (s) Time (s)
—— Improved tuning control Passive seat —— Improved tuning control Passive seat
- -- Skyhook —-—- Single sensor - -~ Skyhook —- Single sensor
(e) ®

FIGURE 29: The dynamic responses under harmonic excitation in different frequencies. (a) Seat acceleration at 1.8 Hz. (b) Seat acceleration at
4 Hz. (c) Seat displacement at 1.8 Hz. (d) Seat displacement at 4 Hz. (e) Suspension stroke at 1.8 Hz. (f) Suspension stroke at 4 Hz.

1.5 T

compared to the other three control cases. It is noted that
the MS and single-sensor control cases have relatively
high transmissibility at around 1 Hz, and there are several
reasons. First, the accuracy of the frequency selector is
affected by the jerk signal during vibration. Then, the seat
suspension cannot move smoothly because of the friction
and the damping force in some groups of the test, which
causes the transmissibility to become lower than that of
other results.
Figure 31 shows the control commands sent by dSPACE
to control the current applied to the MR damper. When the
seat vibrates at 1.8 Hz, Skyhook control keeps the longest
o > 3 ” 5 p time when current applies to the MR damper as the red
Frequency (Hz) curve shows. While the single-sensor control spends more
time on the current application than the improved tuning
— Improved tuning control Passive seat control, it has too many jerks to maintain the current. As
-~ - Skyhook ~~ Single sensor a result, the Skyhook control shows better performance
than improved tuning control and single-sensor control at
this frequency. It means that high and long-lasting
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FIGURE 30: Transmissibility of seat suspension under harmonic
excitation.
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damping can reduce the vibration at a relatively low fre-
quency, which fits the analysis in Section 3.2. Additionally,
improved tuning control gets good performance with short
current supply without jerks, which means it is efficient.
When the seat vibrates at 4 Hz, it needs small damping to
reduce the seat acceleration and improve comfort as Sec-
tion 3.2 discusses. Obviously, improved tuning control
gives the best performance in Figure 31(b). Only slight
current is applied to the MR damper while two other
strategies are still supplying current. Hence, improved
tuning control gets the best results in the relatively high-
frequency range as Figure 30 shows, and the analysis in
Section 3.2 can be proved.

4.2.2. Bump Excitation Test. The detailed results are shown
in Figure 32. The improved tuning control case has
a smaller seat displacement than the other cases, as shown
in Figure 32(a), which is a 25% peak-peak reduction.
Additionally, a smaller seat suspension stroke range for the
improved tuning control case can be observed in the blue
dotted box in Figure 32(b), which can reach the largest
peak-peak suspension stroke reduction of 35%. This is

much better than the other three cases, which verifies that
the strategy has the best performance in avoiding end-stop
impacts. Although the improved tuning control shows
larger jerks in the acceleration signals than the other cases,
as presented in the red solid box in Figure 32(c), the jerks,
in this case, are reduced quickly, as presented in the blue
dotted box in Figure 32(c). This indicates that the sus-
pension with the improved tuning control strategy can
respond quickly when it experiences a shock or impact. It is
as shown in noted that improved tuning control provides
the longest and most stable current in Figure 32(d). The
current is kept after the largest shock at 40s so that the
relative displacement of the seat is reduced more quickly
than others.

4.2.3. Random Road Excitation Test. The seat acceleration
results are shown in Figure 33. It can be seen that the
improved tuning control produces the lowest seat acceler-
ation and seat jerking in the time domain, as shown in
Figure 33(b). Therefore, the improved tuning control case
shows the best acceleration attenuation performance with
the largest shock, as shown in Figure 33(c), which
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demonstrates that the seat suspension with improved tuning
control can reduce impacts when a serious shock is expe-
rienced. The results in the frequency domain, as shown in
Figure 34, show the same conclusion, and the improved
tuning control cases have a 30% reduction compared with
the passive control seat case around the dominant frequency
of the vibration at 1.8 Hz. The seat displacement and sus-
pension stroke results are shown in Figure 35. It is noted that
the improved tuning control case also has the best perfor-
mance in terms of amplitude reduction, and the effects
increase with the rise of the amplitudes. Notably, the sus-
pension stroke of the passive seat case is larger than 60 mm,
as shown in the red box in Figure 35(a), which means the
suspension stroke is larger than the upper limit of seat
suspension and end-stop impacts. The red box in
Figure 35(a) is an obvious jerk in the acceleration signals
indicating the end-stop impacts. The improved tuning
control case has the best performance in solving this
problem, which demonstrates that seat suspension with
improved tuning control can greatly avoid end-stop impacts.

In Figure 36, the results are similar to Section 4.2.1.
Skyhook control maintains a long-lasting current while
single-sensor control cannot hold it, which causes different
performances of them. Although providing relative short-
time current to MR damper, the proposed tuning control
strategy gives adequate damping force to avoid the end-stop
impact as shown in Figure 34. Hence, it has good perfor-
mance during the test.

The vibration control performances of the seat sus-
pension with different control strategies are compared in
Figure 37 in terms of the Aw, RMS rd, and RMS d as
identified in Section 3.4.3. The improved tuning control case
has the smallest values on all the indices, with Aw, RMS rd,
and RMS d magnitude reductions of 26.6%, 17.9%, and
25.4% compared to the passive control seat case. This verifies
that the improved tuning control can provide the best
performance. As a result, the MR seat suspension with the
proposed control strategy can largely reduce the vibration
level and greatly avoid end-stop impact.

5. Conclusions

A seat suspension system was installed with MR dampers
controlled by the improved tuning control strategy to im-
prove seat comfort and avoid end-stop impacts in this study.
An MR damper was designed and verified the characteristics
via damper performance testing, and the damping force with
the same current is slightly different up to 10% during the
varying excitation frequency. A mathematical model of seat
prototype suspension was established with the measurement
data, and the model could greatly predict the experimental
results with differences lower than 9%. An improved tuning
control strategy based on a frequency selector was proposed
to adjust the damping force of the MR damper, which in-
cludes the no-jerk improvement and end-stop impact
countermeasures. Numerical simulations and experiments
for the harmonic, bump, and random road excitations were
conducted to evaluate the vibration control performance of
the seat suspension. Both the simulations and experiments
prove that the MR seat suspension with the proposed al-
gorithm can largely improve seat comfort and greatly avoid
end-stop impact, which has an approximately 20% im-
provement compared with the passive control seat
suspension.
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