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Abstract In this paper, a damping force tracking con-
trol strategy ofmagneto-rheological damperswith non-
linear and hysteresis characteristics is proposed, in
which a modeling-free inversion-based iterative feed-
forward control (MIIFC) scheme is designed. The
adopted MIIFC scheme utilizes only online input–
output data of the controlled system, and achieves the
desired performance by iterations. The property of dis-
turbances or noises attenuation, i.e., convergence anal-
ysis is explicitly addressed accordingly. The validity
of the adopted MIIFC scheme was verified by simu-
lation experiments and hardware-in-the-loop tests on
a seat suspension test rig installed with the magneto-
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rheological damper. The experimental results show that
the desired damping force can be effectively tracked
with the MIIFC scheme.
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Seat suspension

1 Introduction

The magneto-rheological (MR) fluid is a typical smart
material [15], whose shear yield stress is adjusted
through the strength change of the external magnetic
field. The adjustment process only takes a fewmillisec-
onds [1,15]. An MR damper has many advantages, for
example, easy control, fast response, simple structure,
low energy consumption, and large and continually
adjustable scope [1,10]. Thus, MR damper is widely
used in fields of vehicles, buildings, and medical treat-
ment [1,5,10,15].

Modeling of MR damper can be roughly classi-
fied into parametric and non-parametric models. The
parametric models include Bouc-Wen model [12,24],
phenomenological model [3,8], and Dahl model [16],
etc. Normally, an inverse model is chosen as feedfor-
ward controller of an MR damper [13,17,20] in order
to obtain the required current in terms of the desired
damping force and piston motion state [17,20]. The
feedforward control has a simple control structure and
fast response [13]. However, in general, it is difficult to
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obtain a parametric inverse model since there are many
parameters to identify [17].

Non-parametric models adopt schemes of numeri-
cal fitting or data training by taking the displacement,
velocity and current of an MR damper as inputs and
the measured damping force as outputs to approxi-
mate dynamic characteristics directly. The accuracy
of non-parametric models depends on the authentic-
ity of the experimental data, which reflect the rela-
tionship between the displacement, velocity and the
damping force. The typical non-parametric models of
an MR damper contain polynomial model [19], neural
network model [4], and fuzzy system [7], etc. The exis-
tence of disturbances [17] and continuously mechani-
cal wear in shock absorber/damper test systems leads
to a large number of complex constraints, which signif-
icantly reduces the robustness and adaptability of the
system [14]. For example, factors such as load pertur-
bations cause mismatches of the non-parametric neural
network model [20], which affect the generalization
ability of the neural network, and reduce the control
accuracy of the inverse model accordingly.

In real-time control of seat suspension systems
equipped with the magneto-rheological damper, an
inverse model of the MR damper converts the desired
damping force into control current [21], whose accu-
racy directly determines the tracking accuracy of
inverse-model-based control methods. In order to deal
with nonlinear hysteresis modeling, an iterative learn-
ing control scheme is proposed in [2], which treats the
hysteresis nonlinearity as disturbances in the process of
iteration. However, parameters of the iterative learning
controller still depend on the specific dynamic charac-
teristics of the MR damper. With the development of
control theory, data-driven or model-free approach is
proposed [22], which uses the input and output data of
the plant to design controller directly.

In this paper, themodeling-free inversion-based iter-
ative feedforward control (MIIFC) scheme proposed in
[11] is successfully used on the damping force track-
ing control of an MR damper, whose design parame-
ters only depend upon input–output data of the con-
trolled system [23]. By using measured input–output
data to update the inverse model at each iteration, the
MIIFC scheme improves the quality of the inverse
model accordingly. Furthermore, influences of distur-
bance/noise are explicitly addressed in the convergence
analysis of the MIIFC scheme.

The organization structure of this paper is as follows:
Sect. 2 introduces the MR damper experimental plat-
form. Section3 designs the modeling-free inversion-
based iterative feedforward controller of the MR
damper, and analyzes its convergence. Section4 ver-
ifies the effectiveness of the MIIFC scheme by the
damping force tracking experiment of the MR damper
in Matlab/Simulink environment. In Sect. 5, physic
experiments are conducted. Finally, conclusions are
drawn.

2 System description

The experimental data selected in this paper are the
input–output data of an MR damper measured on the
seat suspension experimental system. The seat suspen-
sion experimental systemequippedwith anMRdamper
shown in Figs. 1 and 2 is employed.

The system consists of three main components, i.e.,
an electric motor power system, a data acquisition and
control system, and a seat suspension system with sen-
sors. The motor is manufactured by Yaskawa Electric
Corporation of Japan, with a rated power of 400W , a
stroke of 200mm, a rated output of 5.8kN , and a maxi-
mum instantaneous output of 17.4kN . The motor pro-
vides the actuating force for the seat suspension exper-
imental system to simulate different road surfaces.

The hardware of the data acquisition and control sys-
temmainly consists of upper and lower industrial com-
puters, data acquisition cards, and current drive boards.
The upper computer uses Windows operating system,
with an Intel Core i5 CPU, 250G memory and Mat-
lab 2015a installed, mainly used for controller design-
ing and data processing. The lower computer uses Dos
operating system, with the same CPU type as the upper
computer, and 8G running memory. The board card
installed in the industrial computer is NI PCI-6229M,
which provides 32 analog input ports, 4 analog output
ports and 48 digital input/output ports. The board card
has an internal clock frequency of 80MHz, two 32-bit
counters/timers and digital triggering function, which
can add sensors and voltage measurement functions.
The control current of the MR damper is provided by
a self-developed current drive board, which is powered
by an 18 − 24V voltage. The drive board can output
a control current based on the input voltage, with a
maximum output current of 2A. Damping control can
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Fig. 1 Experimental setup

Fig. 2 The principle of seat
suspension experimental
system

be achieved by sending a voltage signal to the drive
board.

The MR damper installed in the seat suspen-
sion experimental system is the RD-8041-1 from
LORD Corporation. Two ADXL335 accelerometers
are equipped to measure the sprung acceleration and
unsprung acceleration, respectively. The displacement
sensor used is R38S-6G05E for measuring the rela-
tive displacement of the piston rod for the MR damper,
and the force sensor used is DMYH-106 for measuring

the output damping force of the MR damper. Accord-
ing to the stroke of MR damper, the test amplitude is
in the range of [−20mm, 20mm]. The displacement
excitation is adopted in the experiment and the piston
stroke is selected as sinusoidal signals with frequencies
of 0.414Hz, 1.043Hz, 2.085Hz, and 4.170Hz, respec-
tively. The corresponding maximum piston velocities
for the four groups are 0.052m/s, 0.131m/s, 0.262m/s,
and 0.524m/s, respectively, as shown in Table 1. The
initial position of the piston rod is in the middle of
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Fig. 3 Characteristic curve of MR damper at the maximum velocity v = 0.131m/s

Table 1 Input signal information

Frequency (Hz) Dynamic stroke (mm) Maximum
speed of pis-
ton motion
(m/s)

0.414 40 0.052

1.043 40 0.131

2.085 40 0.262

4.170 40 0.524

MR damper. The input current ranges from 0 to 1A.
In compliance with JB/T 13513-2018, the relationship
between the piston motion speed, dynamic stroke, and
frequency can be described as follows [6]:

v = π · s · f (1)

The characteristics of the MR damper with the pis-
ton velocity of 0.131m/s is shown in Fig. 3. Figure 3a
shows that theMR damper has good energy dissipation
characteristics, i.e., the damping force increases with
the increase of current at each excitation velocity. Fig-
ure 3b shows that the damping force of the MR damper
has obvious hysteresis characteristics as the velocity
changes, and the hysteresis phenomenon intensifies as
the current increases.

From the above analysis of the external character-
istics of MR damper, it can be seen that MR damper
has not only good energy dissipation characteristics,

but also obvious hysteresis characteristics. The con-
trol objective of the MR damper is to reduce the influ-
ence of hysteresis nonlinearity on system performance,
allowing for quicker and more accurate tracking of the
desired damping force.

3 Controller design

MR damper is a single-input single-output system.
Damping force of an MR damper is generated by
repeated movements of the piston rod in the cylinder
barrel when the piston rod moves regularly. To some
extent, the process of a damping force tracking con-
trol can be regarded as a kind of repetitive motion
control, whose tracking performance can be gradu-
ally improved by iterations. The input and output data
are directly used to construct the MIIFC scheme. The
process of the identification of a system inversion is
avoided, and errors caused by uncertainties or model-
plant mismatches are attenuated.

The control structure is shown in Fig. 4, where
Fk−1,n denotes the noise/disturbance at the (k − 1)th
iteration, Fk−1,r denotes the output damping force at the
(k − 1)th iteration, Fk−1 denotes the output damping
force, i.e., the output damping force mixed with mea-
surement noise at the (k−1)th iteration, F∗ denotes the
desired damping force and needs to be obtained by the
current suspension motion state in each iteration. Note
that the principle for determining F* is to minimize the
vertical acceleration of the sprung mass while keeping
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Fig. 4 MIIFC structure of MR damper

the dynamic stroke within the constrained range. Ik−1

denotes the control current at the (k − 1)th iteration,
Ik denotes the control current at the kth iteration, and
MRD is the plant.

The control current is modified by the MIIFC
scheme in terms of the last input current and output
of the damping force in order to improve the track-
ing performance along iterations. The principle of the
MIIFC scheme is expressed as follows:

Ik =

⎧
⎪⎪⎨

⎪⎪⎩

αF∗
k , k = 0

Ik−1
Fk−1

F∗
k , while Fk−1 �= 0,

and F∗
k �= 0 , k ≥ 1

0, otherwise

(2)

where k = 0, 1, 2 · · · denotes the number of itera-
tions.

The initial control I0 of the MR damper is obtained
by multiplying the desired damping force F∗

0 by a pre-
selected parameterα, which can be determined by trial-
and-error, and needs to ensure that the output damping
force follows the trend of the desired force. The ini-
tial output F0 is obtained by implementing I0 into the
MRD. Thereafter, Ik−1/Fk−1 and the control current
Ik for the kth iteration are selected rather than con-
structing an inverse model. Note that at the start of
the iterative process, the real damping force and the
desired damping force from the previous iteration can-
not be zero, as this would lead to undefined values in
the algorithm. During the iterative process, however,
the damping force may become zero, in which case no
current is applied as the damper is inactive.

3.1 Convergence analysis

Denote δ as the ratio of the measurement noise Fk,n to
the desired damping force F∗

k , i.e.,

δ = Fk,n
F∗
k

. (3)

When the piston rod moves repetitively according
to certain principles, the current is the only tunable
variable.

Denote Gd as the transfer function of the open-loop
stable SISO system which is an intermediate term in
the convergence analysis of the MIIFC scheme.

The terms of Fk,r and F∗
k are given by:

Fk,r = IkGd (4)

F∗
k = Ik,dGd (5)

where Ik,d denotes the desired control current. Note
that Ik,d is an unknown term which is only used in the
convergence analysis of the MIIFC scheme.

Theorem 1 [11] Suppose that Gd is an open-loop sta-
ble SISOsystem, and consider the control law (2). Then,
the ratio of the control current Ik to the desired current
Ik,d at the kth iteration is given by

Ik
Ik,d

= Gd

Gd(1 + Sk) + Pk/α
(6)

where Pk denotes the product of δ at frequencies from
ω = 0 to ω = k − 1 and Sk denotes the summation of
the product Pk, i.e.,

Pk =
k−1∏

i=0

Fi,n
F∗
i

(7)

Sk =
{
0 , while k = 1
∑k−1

j

∏ j
i=1

Fk−i,n
F∗
k−i

, while k ≥ 2 .
(8)

Lemma 1 The convergence of the MIIFC scheme is
guaranteed while δ < 0.5.

Proof Note that if δ < 0.5, then the term of Pk/α in
(6) will converge to zero, i.e.,

lim
k→∞

∣
∣
∣
∣
Pk
α

∣
∣
∣
∣ = lim

k→∞

∣
∣
∣
∣
∣

1

α

k−1∏

i=0

Fi,n
F∗
i

∣
∣
∣
∣
∣
= 0. (9)
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In terms of (6), with the increase of the number of
iterations, the ratio of the iterative control current to the
desired current is

I∞
I∞,d

= lim
k→∞

Ik
Ik,d

= lim
k→∞

Gd

Gd(1 + Sk) + Pk/α
.

(10)

While Pk/α converges to zero, the ratio of iterative
control current to desired current is

I∞
Ik,d

= 1

1 + S∞
. (11)

Assume that δ ≤ ε < 0.5, where ε is a given con-
stant, then

|S∞| = lim
k→∞

∣
∣
∣
∣
∣
∣

k−1∑

j=1

j∏

i=1

Fk−i,n

F∗
k−i

∣
∣
∣
∣
∣
∣

≤ lim
k→∞

k−1∑

j=1

∣
∣
∣
∣
∣
∣

j∏

i=1

Fk−i,n

F∗
k−i

∣
∣
∣
∣
∣
∣

≤
∞∑

k=1

εk .

(12)

As
∞∑
k=0

εk = 1
1−ε

while ε ∈ (0, 1
2 ), (12) can be writ-

ten as

|S∞| ≤
∞∑

k=1

εk = ε

1 − ε
, ε ∈ (0, 1) . (13)

That is, while ε ∈ (0, 1
2 ), |S∞| ≤ 1.

Suppose that the system output Fk is

Fk = Fk,r + Fk,n . (14)

In terms of (4) and (5), the relative tracking error of
the system is

lim
k→∞

∣
∣
∣
∣
Fk − F∗

k

F∗
k

∣
∣
∣
∣ = lim

k→∞

∣
∣
∣
∣
Fk,r + Fk,n − F∗

k

F∗
k

∣
∣
∣
∣

≤ lim
k→∞

∣
∣
∣
∣
Gd

Gd

∣
∣
∣
∣

∣
∣
∣
∣
Ik − Ik,d

Ik,d

∣
∣
∣
∣ +

∣
∣
∣
∣
Fk,n
F∗
k

∣
∣
∣
∣ .

(15)

Considering (6) and (11), the relative tracking error
of the system can be written as

lim
k→∞

∣
∣
∣
∣
Fk − F∗

k

F∗
k

∣
∣
∣
∣ ≤ lim

k→∞

∣
∣
∣
∣
Ik
Ik,d

− 1

∣
∣
∣
∣ + ε

=
∣
∣
∣
∣

S∞
1 + S∞

∣
∣
∣
∣ + ε.

(16)

Due to (12) and (13), while 0 < ε < 1
2 , the relative

tracking error is

lim
k→∞

∣
∣
∣
∣
Fk − F∗

k

F∗
k

∣
∣
∣
∣ =

∣
∣
∣
∣

S∞
1 + S∞

∣
∣
∣
∣ + ε

≤ |S∞|
1 − |S∞| + ε

≤ ε/(1 − ε)

1 − ε/(1 − ε)
+ ε

= 2ε(1 − ε)

1 − 2ε
.

(17)

Since
(
2ε(1−ε)
1−2ε

)′ = 1 + 1
(1−2ε)2

> 0, 2ε(1−ε)
1−2ε will

decrease accordingly as ε decreases.
Furthermore,

lim
ε→0

2ε(1 − ε)

1 − 2ε
= 0 . (18)

That is, the smaller the value of δ, the more signifi-
cant improvement of system tracking performance. As
the value of δ is close to zero, the system’s relative
tracking error is close to zero.

Note that proof of Theorem 1 in [11] and Lemma 1
in this paper show that the MIIFC scheme works for
nonlinear single-input single-output control systems as
well. 
�
Remark 1 Lemma 1 shows that the MIIFC scheme has
a strong ability of uncertainty attenuation.

4 Experimental results

In order to verify the effectiveness of theMIIFC scheme
designed in this paper, the damping force tracking
experiments of the MR damper are carried out. The
parameter ofα is set as 0.9.DYMH-106pressure sensor
is installed in the seat suspension experimental system,
which accuracy is 0.003N . In order to test the ability of
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disturbance attenuation of the designedMIIFC scheme,
random error with mean 0 and the standard deviation
0.003N is added to the output of the damping force.

Figures 5, 6, 7, 8, 9, 10 and 11 show the simulation
results of damping force tracking experiment, where
the desired damping force is manually specified to test
the tracking performance of the proposed algorithm.
The maximum value of the tracking error in Fig. 10
is less than 0.2kN , and the maximum error percent-
age (maximum error divided by maximum damping
force of 2.5kN ) is about 6.068%,which show that refer-
ence signals can be effectively tracked with the MIIFC
scheme.

The desired frequency signal in Fig. 11 has a large
range of variation over a short period of time.Due to the
hysteresis characteristics of the MR damper, the track-
ing error at the early stage cannot converge quickly.
The tracking error gradually converges to and the fluc-
tuation is within the range of (−0.1,+0.1)kN .

Table 2 shows the maximum error and the mean
square error (MSE) during the first and second itera-
tions, and the error percentage of MR damper when
tracking desired signals at different frequencies. It can
be seen that the MSE of the first iteration is much
larger than that of the second iteration. Furthermore,
for low-frequency signals, for example, 0.1Hz, 0.5Hz,
1Hz, the MSE is reduced from the level of 10−2 to
10−3, i.e., the tracking performance of low-frequency
signals improves significantly by the MIIFC scheme
along iterations. For high-frequency signals (3Hz and
5Hz) and the two complex frequency signals, the MSE
is not greatly reduced along iterations. Although the
MSE increases for higher frequency signals, the MSE
fluctuates are still around level of 10−3, i.e., effective
tracking of the desired signal can be achieved by the
MIIFC scheme.

5 Physics experiment

The effectiveness of the proposed control strategy has
been verified through simulation experiments. In this
section, further physics experiments are carried out,
and the desired damping force is calculated by the
upper-level controller according to the test road sur-
face. In practical applications, the primary method for
controlling MR dampers is the inverse model control
strategy[13,17,20]. To validate the practical viability
of the MIIFC scheme, we conducted a comparative

analysis against the double-hidden-layer BP neural net-
work inverse model of the MR damper as established
in [18]. In the inverse model of the MR damper as
shown in Fig. 12, the input layer has 3 nodes, repre-
senting the damping force F , piston displacement S,
and piston velocity v at the current moment, respec-
tively. The output layer has 1 node, representing the
current I at that moment. Both hidden layers contain
12 neurons. The data used to train the neural network
was obtained from real physical experiments. The tan-
gential sigmoid transfer function (tansig) and linear
function (purelin) are selected as the transfer func-
tions for the hidden layer and output layer, respec-
tively. The Levenberg-Marquardt algorithm (function
trainlm), known for its fast convergence, is chosen as
the training algorithm. The training function learngdm,
which includes a momentum term, is used, and the
mean squared error between the neural network’s pre-
dicted output and actual output is taken as the perfor-
mance metric for the neural network. Damping force
tracking experiments are conducted under three distinct
road conditions, namely sinusoidal, bump and random
road surfaces. Additionally, the impact of temperature
changes within theMR damper on its control effective-
ness is taken into consideration.

5.1 Results obtained under different road surfaces

Tracking experiments of the damping force are con-
ducted on a sinusoidal road surface with a frequency
of 2Hz and an amplitude of 0.05m. The experimen-
tal results under this operating condition are shown in
Fig. 13. In Fig. 13a, the blue solid line represents the
height variation curve of the sinusoidal road surface.
In Fig. 13b, the red solid line represents the desired
damping force, the blue dotted line represents the out-
put damping force with the MIIFC scheme, and the
black dotted line represents the output damping force
with only inverse model control.

Tracking experiments of damping force are con-
ductedwith a speed of 10km/h passing through a bump
with a width of 1m and a height of 0.04m, and the
experimental results are shown in Fig. 14. In Fig. 14a,
the blue solid line represents the height variation curve
of the bump road surface. In Fig. 14b, the red solid
line represents the desired damping force, the blue dot-
ted line represents the output damping force with the
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Fig. 5 Tracking curve and error curve of damping force ( f = 0.1Hz). Solid line: the desired damping force, dashed line: the damping
force generated by the MIIFC

Fig. 6 Tracking curve and error curve of damping force ( f = 0.5Hz). Solid line: the desired damping force, dashed line: the damping
force generated by the MIIFC

Table 2 Maximum error, error percentage, mean square error while tracking desired signals

Frequency First iteration Second iteration Max error Percentage
(Hz) MSE(kN2) MSE(kN2) (kN) (%)

0.1 0.0170 0.0011 0.0785 3.1411

0.5 0.0176 0.0032 0.1421 4.8812

1 0.0184 0.0079 0.1989 7.9550

3 0.0226 0.0131 0.2433 9.7337

5 0.0280 0.0220 0.2871 11.4823

(0.5,3) 0.0587 0.0093 0.1646 6.5828

(0.5,1,3) 0.0243 0.0045 0.1696 6.7848
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Fig. 7 Tracking curve and error curve of damping force ( f = 1Hz). Solid line: the desired damping force, dashed line: the damping
force generated by the MIIFC

Fig. 8 Tracking curve and error curve of damping force ( f = 3Hz). Solid line: the desired damping force, dashed line: the damping
force generated by the MIIFC

MIIFC scheme, and the black dotted line represents the
output damping force with only inverse model control.

Meanwhile, tracking experiments of damping force
are conducted on a Class C road. According to the Chi-
nese National Standard (GB/T 7031-2005), the road
surface is divided into 8 classes, from Class A to Class
H. TheClass C road selected in this paper usually refers
to the lower standard secondary roads or rural roads
which are suitable for testing the performance of semi-
active suspension. The experimental results are shown
in Fig. 15. In Fig. 15a, the blue solid line represents
the height variation curve of the random road surface.
In Fig. 15b, the red solid line represents the desired
damping force, the blue dotted line represents the out-

put damping force with the MIIFC scheme, and the
black dotted line represents the output damping force
with only inverse model control.

Themaximumerror andMSEof the results of damp-
ing force tracking experiments with the above two
methods are shown in Tables 3 and 4.

Based on Tables 3 and 4, both the proposed MIIFC
scheme and the inversemodel control can achieve satis-
fied tracking performance of the given damping force.
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Fig. 9 Tracking curve and error curve of damping force ( f = 5Hz). Solid line: the desired damping force, dashed line: the damping
force generated by the MIIFC

Fig. 10 Tracking curve and error curve of damping force ( f = (0.5, 3)Hz). Solid line: the desired damping force, dashed line: the
damping force generated by the MIIFC

Table 3 Maximum error, mean square error with the MIIFC
scheme while tracking desired signals

Simulated road surface Max error (kN) MSE (kN)2

Sinusoidal 0.1526 3.1137 × 10−3

Bump 0.0707 4.5109 × 10−4

Random 0.2327 7.7216 × 10−3

Table 4 Maximum error, mean square error with an inverse
model control method while tracking different road surfaces

Simulated road surface Max error/kN MSE/(kN )2

Sinusoidal 0.1519 5.2369 × 10−3

Bump 0.0831 7.2555 × 10−4

Random 0.2374 8.8153 × 10−3
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Fig. 11 Tracking curve and error curve of damping force ( f = (0.5, 1, 3)Hz). Solid line: the desired damping force, dashed line: the
damping force generated by the MIIFC

Fig. 12 The inverse model
of the MR damper

Fig. 13 Results of the damping force tracking for a sinusoidal road surface
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Fig. 14 Results of the damping force tracking for a bump road surface

Fig. 15 Results of the damping force tracking for a random Class C road surface

5.2 Influence of temperature variations on MR
damper

The inverse model control is widely used in the con-
trol of the magneto-rheological damping force. How-
ever, open-loop control is difficult to deal with distur-
bances. Furthermore, when an MR damper is continu-
ously energized, changes in temperature can affect both
the magnetic and electrical properties of the MR fluid,
which in turn influence the magnetorheological damp-
ing coefficient, and eventually may lead to the mis-
match of the inverse model. Comparative experiments
considering the influence of the temperature change
are conducted under different road surfaces by contin-

uously applying 1A current to the MR damper to heat
up theMR damper [9]. The results of a tracking experi-
mental of a given damping force are shown in Figs. 16,
17 and 18.

In Fig. 16a, the blue solid line represents the curve
of the sinusoidal road surface. In Fig. 16b, the red solid
line represents the desired damping force, the blue dot-
ted line represents the output damping force of the
MIIFC scheme, and the black dotted line represents
the output damping force with only an inverse model
control.

In Fig. 17a, the blue solid line represents the curve
of the bump road surface. In Fig. 17b, the red solid line
represents the desired damping force, the blue dotted
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Fig. 16 Results of the damping force tracking with the heated MR damper for sinusoidal road surface

Table 5 Maximum error, mean square error with the MIIFC
scheme with the heated MRD while tracking different road sur-
faces

Simulated road surface Max error (kN) MSE (kN)2

Sinusoidal 0.1796 4.2064 × 10−3

Bump 0.0831 6.6847 × 10−4

Random 0.2371 9.1401 × 10−3

line represents the output damping force of the MIIFC
scheme, and the black dotted line represents the output
damping force with only an inverse model control.

In Fig. 18a, the blue solid line represents the curve of
the random road surface. In Fig. 18b, the red solid line
represents the desired damping force, the blue dotted
line represents the output damping force of the MIIFC
scheme, and the black dotted line represents the output
damping force with only an inverse model control.

Results of themaximumerror andMSE for damping
force tracking experiments with the heatedMR damper
by the above two methods are shown in Tables 4 and
5. Note that the control currents applied in all of these
experiments are constrained within the range of 0 to
1A.

Tables 3, 4, 5 and 6 show that the inverse model con-
trol leads to a significant reduction in tracking accuracy
after the MR damper heats up. The proposed MIIFC
scheme can effectively attenuate model mismatch of
the inverse model, and achieve satisfied tracking per-
formance that MSEs are less than 10−3.

Table 6 Maximum error, mean square error with an inverse
model control method with the heated MRD while tracking dif-
ferent road surfaces

Simulated road surface Max error (kN) MSE (kN)2

Sinusoidal 0.2930 1.9432 × 10−2

Bump 0.2660 1.9204 × 10−3

Random 0.2598 1.2971 × 10−2

5.3 Performance evaluation of seat suspension with
an MR damper

The robustness of the MIIFC scheme was evaluated on
a successive bump road surface with an MR damper
at high temperature conditions. Note that there are no
temperature sensors on the testbed for the MR damper,
its precise temperature cannot be directly measured.
Applying the maximum current allowed by the testbed
(1A) to the MR damper for 3min leads to a significant
rise in the fluid temperature, which in turn affects the
damping characteristics of the system [9]. The perfor-
mance of the seat suspension system is presented in
Figs. 19, 20 and 21.

At a velocity of 10km/h, traversing successive
bumps with heights of 0.04m and 0.06m, the time-
domain response of the seat suspension system is
depicted in Fig. 19. Figure 19b illustrates the vertical
acceleration of the seat, showcasing that the MIIFC
scheme exhibits slightly superior performance com-
pared to the other two methods. Figure 19c illus-
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Fig. 17 Results of the damping force tracking with the heated MR damper for bump road surface

Fig. 18 Results of the damping force tracking with the heated MR damper for random road surface

trates the damping force tracking curve, revealing
temperature-induced model mismatches at 0.45s and
0.95s. The force tracking performance of the inverse
model control is inadequate, resulting in significant
fluctuations in the suspension stroke, as depicted in
Fig. 19d. In contrast, theMIIFC scheme can effectively
track the desired damping force, ensuring the ride com-
fort of the seat suspension system.

When the vehicle velocity increases to 30km/h, the
timedomain response of the seat suspension system is
depicted in Figs. 20 and 21. It is observed that the
inverse model method fails to adequately track the
damping force, resulting in suboptimal ride comfort
compared to passive suspension strategy. In contrast,

theMIIFC scheme demonstrates consistent force track-
ing performance and presents notable advantages in
enhancing ride comfort. In conclusion, the presence of
temperature variations, fluctuations inMRfluid perfor-
mance, and other system parameter variationsmay lead
to model mismatches and a deterioration in damping
force tracking accuracy within inverse model control
scheme. Nevertheless, experimental evaluations con-
ducted on a testbed equippedwith anMRdamper under
varying temperature conditions confirmed the robust-
ness of theMIIFC scheme in enhancing seat suspension
performance under realistic operating scenarios. The
maximum acceleration and root mean square results of
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Fig. 19 Time-domain response of the seat suspension at a speed of 10km/h

Table 7 Maximum acceleration, root mean square at a speed of
10km/h

Method Max acceleration (m/s2) RMS (m/s2)

Passive
control

1.9297 0.3272

MIIFC 1.4146 0.3232

Only inverse
model
control

1.938 0.3238

the vertical seat at two speeds are shown in Tables 7, 8
and 9.

As shown in Table 7, for the test speed of 10km/h,
the RMS value of the sprungmass accelerationwith the

Table 8 Maximum acceleration, root mean square at a speed of
30km/h

Method Max acceleration (m/s2) RMS (m/s2)

Passive
control

7.3471 0.923

MIIFC 5.4609 0.6901

Only inverse
model
control

7.498 1.0272

proposed method is slightly lower. However, from the
damping force tracking curve, it can be observed that
due to the model mismatch, the inverse model control
struggles to accurately track the desired damping force.
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Fig. 20 Time-domain response of the seat suspension at a speed of 30km/h

Table 9 Maximum acceleration, root mean square at a speed of 30km/h

Method Max acceleration (m/s2) RMS (m/s2)

Passive control 5.347 2.276

MIIFC 2.651 1.117

Only inverse model control 7.078 2.307

As shown in Tables 8 and 9, for the test speed of
30km/h, the RMS value of the sprung mass acceler-
ation with the proposed method is significantly lower
than those of the other two methods, which verifies the
robustness of the proposedmethod under higher speeds
and varying road conditions.

Remark 2 As shown in Tables 7, 8 and 9, the inverse
model control demonstrates inferior performance com-

pared to passive control. This outcome is reasonable,
as the inverse model is more sensitive to temperature
variations. An increase in temperature exacerbates the
mismatch between the inversemodel and the actual sys-
tem, leading to a degradation in its performance relative
to passive control.

Remark 3 Due to experimental safety guidelines, a
wider temperature variation range was not allowed.
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Fig. 21 Time-domain response of the seat suspension at a speed of 30km/h

Therefore, the robustness of the proposed method was
validated within a reasonable range of temperature
changes.

6 Conclusion

This paper proposed a modeling-free inversion-based
iterative feedforward control scheme for magnetorheo-
logical dampers. On one hand, MIIFC was designed as
a data-driven approach, achieving systemcontrol solely
through real-time input and output data. On the other
hand, the iterative process effectively mitigated the
impact of model uncertainties or external disturbances
on system dynamics, thereby enhancing the robustness.
Through simulations and experiments at different vehi-

cle speeds and with various road excitations, the semi-
active suspension system with the MIIFC strategy was
shown to outperform both conventional passive sus-
pension and semi-active suspension using the inverse
model-based controller. Note that, different from [23],
the proposed MIIFC fits for both linear and nonlin-
ear SISO systems. Future research will focus on the
improvement on tracking accuracy of desired damping
force.
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