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Abstract: This paper deals with the modelling of a magneto-rheological damper as a component
of a quarter-car model. The objective is to provide an analysis of the transient and frequency
behavior of the suspension system in order to evaluate the inherent linearities of two identified
models: a complex one and a control-oriented one. The models have a common structure but
the effect of the current and the dynamic behavior has different principle. The results show
that the design of experiments is a key issue in the identification process. A quarter of a vehicle
which includes a control-oriented damper model is identified as well-suited for the synthesis of
controllers that perform well in terms of accurate frequency response when compared with that
of a quarter-car with a semi-active suspension simulated with experimental data.

Keywords: Modelling, Identification, Semi-active Suspension, MR Dampers.

1. INTRODUCTION

The Magneto-Rheological (MR) damper is a non-linear
component with dissipative capability used in the control
of semi-active suspensions, where the damping coefficient
varies with to the applied electric current. The accurate
modelling of the transient response and the force-velocity
curve are not a trivial task. There are different approaches
for modelling and simulation of this device as: physical
meaning of the model parameters, Spencer Jr et al. (1997),
parameters linked to the force-velocity curve, Guo et al.
(2006), black-box approach, Savaresi et al. (2005). These
models are able to simulate the non-linear, saturation and
hysteresis behavior with good precision. The model ap-
proach considering the stiffness of the internal accumulator
and static damping, Choi and Sung (2008), performs a
good force magnitude estimation. However these models
are not easy to use in the control design stage. Guo et al.
(2006) propose an elegant and simple structure but the
electric current is not present as an input. A common
practice is to perform a polynomial dependence on the
electric current of each parameter, obtaining good simula-
tion results but this is very involved for control design.
This paper deals with:

(1) The comparison of two MR damper models: a semi-
phenomenological and a control oriented model.

(2) The analysis of a quarter-car suspension model well-
suited for the synthesis of controllers that performs
good tracking in terms of accurate frequency response

⋆ Thanks to the CNRS, France and CONACyT, Mexico for the
support under the Postgraduate Cooperation Project 2007-2011.

when compared with semi-active suspension simu-
lated with experimental data.

The limitations (for controller synthesis) of the MR
damper models usually given in the literature are here
overpassed through a MR damper model which can be
included in a quarter of vehicle (QoV ) in a linear manner.
The objective is then to provide an analysis of the transient
and frequency behavior of the suspension system in order
to evaluate the inherent linearities of two identified models:
a complex one and a control-oriented one. The models have
a common structure but the effect of the current on the
MR damper has a different principle. Four experimental
dataset, two with the classical configuration in the litera-
ture and two with the new proposals are used to evaluate
the models.

This paper is organized as follows. Section 2 specifies the
semi-active damper, the experimental phase and the de-
sign of experiments. The semi-active modelling approaches
are presented in section 3. Section 4 discusses the influence
of the experimental dataset on the identification. The
frequency response of three quarter of vehicle using semi-
active suspensions are analyzed on section 5. Section 6
concludes the paper.

2. THE SEMI-ACTIVE DAMPER AND THE
EXPERIMENTAL SYSTEM

The selected semi-active damper is a commercial MR
damper, which was tested in the automotive laboratory of
Metalsa 1 . This damper is a component of the intelligent
suspension in the vehicles CadillacTM 2009, see Fig. 1.a.
1 www.metalsa.com.mx



The experimental system is made up of three parts:
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Fig. 1. MR damper and experimental system details.

acquisition, actuation and control. The acquisition system
captures 3 signals: (a) the displacement, (b) the generated
force, and (c) the electric current through the MR damper
coil. The systems operation is done via a Supervisory
Control System (SCS), which it is based on National
Instruments TM and LabViewTM . The actuation system
is a MTSTM equipment that includes: an actuator of
3000 PSI with a 15 Hz bandwidth, a controller hardware
unit Flextest GT, a software Station ManagerTM and a
MultiPurpose TestWareTM . The load capacity is 25 KN
at 3,000 psi. The stroke is 150 mm, see Fig. 1.b. The span
of the piston deflection is ±12.5 mm. An electric current
driver adjusts the electric current. The span of the electric
current command is from 0 to 2.5 A, see Fig. 2.

Four Design of Experiments (DoE ) for training are ana-
lyzed. The experiment inputs are: the displacement defined
as the movement of the damper piston, and the electrical
current through the coil. The output is the force delivered
by the damper according to the inputs. The experiments
are named experiment 1, 2, 3 and 4:

a. Experiment 1 is characterized by a displacement with
amplitude modulation and increased clock period signal
- (ICPS) electric current. 10 frequencies were tested in
the span 1.40-14 Hz, see Fig. 2.

b. Experiment 2 is characterized by a Chirp sinusoidal
displacement with constant current.

c. Experiment 3 is characterized by a Frequency modulated
displacement and constant current.

d. Experiment 4is characterized by a Frequency modulated
displacement with ICPS electric current, getting two
replicates.

For details on the DoEs, see Lozoya-Santos et al. (2009).

3. SEMI-ACTIVE DAMPER MODELLING

The MR damper can be described by a dynamical model
(eqn. 1) of a damper with a MR fluid, equivalent to two
dampers in parallel: a passive damper and a dynamic
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Fig. 2. Experimental dataset fragment from experiment 1.

damper in the sense of a variable damping coefficient. The
sum of the 2 components yields the MR total damping
force fMR.

fMR = fp(x, ẋ) + fI(x, ẋ, I)

fp = kex + ceẋ

fI = yf (I) · g(ẋ, x) (1)

where x = zdef , ẋ = żdef , fp is the passive damping force,
I is the electric current through the coil, fI is the damping
force due to I, ke is the passive stiffness coefficient, ce is the
passive damping coefficient, yf is the yield point coefficient
of fI , g(·) is a nonlinear function.

This structure is used to study the action of the electric
current on the MR damper force.

3.1 The Semi-Phenomenological (SP) model

It captures the bi-viscous and hysteretic behavior in a
smooth and concise form. The coefficients have a physical
meaning, Guo et al. (2006):

fMR = a1tanh

(

a3

(

ẋ +
a4

a5

x

))

+ a2

(

ẋ +
a4

a5

x

)

(2)

where a1 is the dynamic yield force fMR, a2 is the weight
of the maximum piston velocity in order to compute the
maximum generated force, i. e. post-yield viscous damping
coefficient, a3 is related to the pre-yield viscous damping
coefficient respectively. a4 and a5 are the absolute values
of the hysteretic critical velocity, and the hysteretic critical
displacement respectively when fMR = 0. Each coefficient
can be represented as a polynomial function of the electric
current as:

ai(I) = α5I
5 + α4I

4 + α3I
3 + α2I

2 + α1I + α0 (3)

where αi are constant ∀ i.

3.2 Control-oriented model: a modified SP version

A modified version of the model (2) is presented where the
force of the damper is described by: (a) the force due to
the spring effect of the gas accumulator, (b) the damping



force of the oil, and (c) the MR force due to the electrical
current. This is based on: first, the assumption of the null
effect of the current on the pre-yield behavior, meaning
that when the magnetic links in the MR are broken by
the stress, Jolly et al. (1999), the yield force stands quasi
static until the links are joined, a phenomenon depending
on the velocity. The second assumption is the proportional
effect of the electric current on the force:

fMR = yMR · I · tanh (cMRẋ + kMRx) + cpẋ + kpx (4)

where the constant parameters are: yMR is the yield force,
cMR is the pre-yield damping coefficient, kMR is the post-
yield damping coefficient, cp and kp are the damping and
stiffness coefficients for the passive damper.

4. EXPERIMENTAL TESTS AND IDENTIFICATION

4.1 Exploration of the MR damper characteristic curve

A comparison of the DoEs in the MR damper modelling
is performed in order to define the framework scope of the
obtained experimental dataset. Fig. 3.a shows the maxi-
mum deflection velocity achieved experimentally reported
in the literature, Spencer Jr et al. (1997); Choi et al.
(2001); Savaresi et al. (2005); Guo et al. (2006); Wang and
Kamath (2006) and Shivaram and Gangadharan (2007).
Most of the maximum velocities remain around 0.2 m/s
while the obtained experimental dataset used in this paper
has a maximum velocity of 0.6 m/s, corresponding to the
span of suspension deflection velocity for sedan vehicles,
Bastow et al. (2004). The force-velocity curve for a typical
damper shows 3 different linearity zones in rebound and
2 zones in compression as shown in Fig. 3.b. The higher
velocity in the experimentation, the better the exploration
of the MR damping force on the various nonlinear zones.
The literature experimental datasets remain in the first
zone, while the experiments exposed in this paper explore
two zones. They can be seen of Figure 5 as well, where the
force velocity maps shows two damping coefficients for the
preyield and postyield zones.

The experimental datasets shown in figures 4 and 5 are
those for the lower and higher tested frequencies (1.4
and 14 Hz) for the experiment 1 and the lower and
higher electric currents (0 and 2.5 Hz) for the experiment
2. These experiments show in a clear way the path of
variation in the experimental characteristic curves when
the MR damper is submitted to input changes. The
datasets obtained with the intermediate tested values of
the frequencies and electric currents are not shown for
clarity.

Summing up, the effects observed in the experimental
dataset are:

(1) The applied current yields linear variation of the
force.

(2) The variation of the displacement amplitude com-
bined with the dynamic electric current ensures the
exploration of the semi-active force-velocity plane
while the larger the frequency of the sinusoidal dis-
placement, the larger the maximum velocity achieved.
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Fig. 3. Comparison of the DoE results with the main
contributions research DoEs. The Fig. (a) shows the
relation between the deflection frequency and ampli-
tude with the deflection velocity. The Fig. (b) shows
the relation force-deflection velocity. The higher the
deflection velocity, the better the exploration of the
nonlinear zones. The experimental datasets in this
paper does a better exploration than the previous
works.

(3) The classical approaches (i. e. experiments 2 and 3)
with sinusoidal displacement and constant current get
local information on the system.

4.2 Identification: parameter values depending on the
experimental dataset

Each model is identified by using the nonlinear least square
curve fit algorithm with the following cost function:

min
θ

||f̂MR(θ, φdataset) − fMR||
2

2
=

min
θ

∑

i

(

f̂MR(θ, φi) − fMRi

)
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Fig. 4. Force-displacement curve of the tested MR damper
for the experiments 1 and 2.
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where θ is the vector of model parameters, φdataset the

input dataset matrix, f̂MR the predicted force, fMR the
observed force, i the ith input dataset row, and φdataset =
[X, Ẋ, I] where X , Ẋ , and I are the column vectors of
the experimental dataset. After the identification of each
model, the Error-to-Signal Ratio ESR and the parameters
are recorded. Each model is identified with each experi-
mental dataset. The obtained parameters values for each
identification are compared in order to perform an analysis
of the effect of the DoE on their variations.

In order to observe the effects of the frequency content
and of the electric current, the parameters of the semi-
phenomenological and control-oriented models are ob-
served under two scenarios: in the first, the displacements
consists in a rich frequency content with a constant sinu-
soidal amplitude and a constant electric current, (experi-
ments 2 and 3), in the second, the sinusoidal displacements
with random amplitude and fixed frequency are combined
with the ICPS electric current (experiment 1).

The application of a constant electric current to a MR
damper allows the change of the dissipative features.
Hence, for every electric current value, a different damper
is obtained. Fig. 6 shows the change of the yield constant
force (a1 or yMR) and the pre-yield viscous damping
coefficient (a2 or cp) for both models. The trend is: the
larger the electric current, the better the realistic meaning
of the coefficient dampers. The plots show realistic values
(in the sense of the physical meaning) from 0.8 to 2.5 A.
The experimental dataset for the experiment 3 at 0.8 A fits
a control-oriented model with good generalized prediction
but it shows some skewness when testing with other
datasets. The rest of the experimental datasets identifies
local models with this classical DoE approach because
when they are tested with other datasets, the prediction
is characterized by high deviations.

The information retrieved by a varying electric current
paired with a displacement shaped by a sinusoidal wave
with a constant frequency and random stepped amplitude
is a key issue in the MR damper identification. This feature
avoids the frequency dependence of the model parameters.
The results offer a realistic model parameterization, see
Fig. 7. The models parameters show good convergence
in the frequency range from 4.19 to 13.97 Hz. Hence,
the experiment 4 identifies generalized models of the MR
damper. Although the frequency displacement remains
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and cp are constants.

constant, the fitted parameter values do not have great
variations from one dataset to another.

The identified parameters have realistic physical meaning,
the parameters of the best (lower ESR) control-oriented
model are: yMR ≈ 400 N/A, cp ≈ 1117 N·sec/m, cMR ≈
9.2 sec/m, kp ≈ −2244 N/m, kMR ≈ −18.5 1/m for
the yield, pre-yield, and post-yield damping coefficients,
and preyield and postyield stiffness coefficients. If the
maximum velocity is 1.0 m/s and the applied electric
current 2.5 A, the maximum force achievable with the
control-oriented model is fMR ≈ 2118 N.

The values obtained for the parameter cMR in the control-
oriented model are shown in the Fig. 8. The value of cMR is
≈ 10±1 which means that under post-yield actuation, the
MR damper force remains quasi-unchanged for variations
in the velocity.

5. PERFORMANCE ANALYSIS OF THE
FREQUENCY RESPONSES OF SEMI-ACTIVE

QUARTER OF VEHICLES

The considered system consists of a simple model of a
QoV with a semi-active damper used in Poussot-Vassal
et al. (2008). The main components are the sprung mass
(ms) and the unsprung mass (mus). The spring with a
stiffness coefficient ks and a semi-active damper built the
suspension between masses. The stiffness coefficient kt

models the wheel tire. The vertical position of the mass
ms (mus) is defined by zs (zus). The variable zr is the road
profile. It is assumed that the wheel contact is assured.
The dynamical equations of a quarter of vehicle are gov-
erned by:

{

msz̈s = −Fspring − FMR

musz̈us = Fspring + FMR − kt (zus − zr)
(5)

where
Fspring :spring force,
FMR:MR damper force,
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zdef = zs − zus: damper deflection (assumed to be mea-
sured or estimated),
żdef = żs − żus:deflection velocity (directly computed from
zdef ).

The quarter of vehicle used in this paper is the Renault
Megane CoupeTM model (see Zin et al. (2006)) whose
specific parameters are: ms = 315 Kg, mus = 37.5 Kg,
ks = 29500 N/m, kt = 210000 N/m. In the following three
cases of quarter of vehicle are considered:

• Semi-Active QoV (SA-QoV): the MR damper force
is computed from the suspension deflection zdef and
the current I using the static maps observed in the
experimental data from 0 to 2.5 A, Fig. 5 top plot.

• Semi-Phenomenological QoV (SP-QoV): the MR
damper force is computed according to fMR from the
semi-phenomenological model (2) with polynomial
dependence (3) on the current of each parameter,
using a total of 28 parameters.

• Control-Oriented QoV (CO-QoV): the MR damper
force is computed according to fMR from the control-
oriented model (4) using a total of 5 parameters.

The frequency response is obtained with a pseudo-Bode
procedure as in Poussot-Vassal et al. (2008). The chosen
Transfer Functions (TF ) in the analysis are: z̈s/zr used
to evaluate the level of comfort, and (zus − zr)/zr used
to verify the road holding capability. The gain of the TF
z̈s/zr must be small in the span of 2-10 Hz. The gain of
the TF (zus − zr)/zr must always be close to 1 in order to
guarantee a good vehicle handling.

The frequency responses of both CO-QoV and SP-QoV
perform good prediction on the semi-active QoV behavior
in the frequencies focused on comfort, Fig. 9. From the
control point of view, the high frequency disturbances
in the MR force could be attenuated. When there is no
current, the prediction of the acceleration in the sprung
mass for frequencies below 2 Hz is quite accurate. A
suggestion to challenge this, is the modeling, as uncertain
parameters, of the MR damper parameters cp and kp. For
2.5 A, SP-QoV presents high deviations in the prediction
of the semi-active QoV while the CO-QoV performs a
better following.
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Fig. 9. Frequency response of z̈s/zr for 0 A (top), 1 A
(middle), and 2.5 A (bottom).

The simulation of the road holding measure has better ac-
complishment for both models, Fig. 10. When the current
is 2.5 A, the SP-QoV shows high errors as for the transfer
function z̈s/zr. Therefore, the polynomial dependence of
the model parameters in semi-phenomenological model
performs a good transient response, however, the result
shows that the current-dependency of all the parameters
could over estimate the damping force.

The control-oriented QoV fits better to the semi-active
QoV (see Table 1). Indeed, it approaches quite well the
sprung mass acceleration z̈s and the deflection zus − zr.
The higher the current in the models, the better the area
covering.
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Table 1. Percentage error in pseudo-Bode of
the quarter of vehicle for both models. The
reference is the quarter of vehicle with the MR

damper experimental datasets.

Transfer function Current CO-QoV SP-QoV

z̈s/zr 0 A -0.1148% -1.6491%
1 A 1.898% 2.2752%

2.5 A 2.4531% 2.6898 %

(zus − zr)/zr 0 A 1.193% -0.31468%
1 A -14.644% -17.88%

2.5 A -8.4813% -13.242 %

6. CONCLUSION

An analysis on the modelling, identification, and perfor-
mances of a MR damper in a semi-active suspension has
been presented. The main results are: the QoV dynamics
include a realistic behavior for the semi-active actuation,
and the most important from the control point of view,
the synthesis of closed-loop controllers for QoV could
be possible. Also, it has been shown that the design of
experiments is a key point in the identification of gener-
alized models. The 5 parameter model of the MR damper
performs an excellent simulation behavior for the semi-
active suspension in the frequencies of interest for comfort
and road holding. The capability of variation with a linear
input of the electric current, Fig. 11, in order to change
the features of the automotive suspension allows the use
of a linear-parameter varying (LPV ) model of a quarter
of vehicle for control purposes.
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