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ABSTRACT

A new nonlinear model for a semi-active damper which
describes a broad variety of hysteresis effects is pre-
sented in this paper. The novel part of the model is that
the few parameters can be identified easily and cost ef-
fective for the automotive industry. Despite the few
amounts of parameters, the validation of the model
shows, that it describes the behavior of a real semi-
active damper with strong hysteresis effects very well.
Additionally, the influence of the unknown parameters
is discussed in a detailed parameter study. In order to
consider the hysteresis in the current control, the model
is embedded in a dynamic feed-forward control struc-
ture.

Keywords: Damper model, hysteresis, dynamic feed-
forward control

1. INTRODUCTION

The fundamental objectives of a car suspension are the
isolation from vibrations introduced by the road irregu-
larities and the improvement of road handling by means
of a spring and a damper element. The suspension sys-
tem supports the weight of the vehicle, provides direc-
tional control during handling maneuvers and provides
effective isolation of passengers from road disturbances.
These goals are generally at odds, so that the tuning of
parameters in the suspension design involves finding a
compromise.

The limitations of passive suspension can be enhanced
by mechatronic systems, which can ease the conflict of
the objectives ride comfort, ride safety and limited sus-
pension deflection. In the last years, fully active suspen-
sion systems have been intensively studied. However,
because of high costs and high energy demand their ap-
plication in production vehicles is limited. Instead, be-
cause of the relatively low requested power, semi-active
dampers are primarily integrated, which offer perfor-
mance advantages over passive devices, see e.g. Ahma-
dian (1999). These suspensions feature "smart" shock
absorber, which can vary the damping characteristic de-
pending on the control strategy, mainly skyhook based
comfort or handling oriented control laws. The generat-
ed force follows the passivity constraints, thus no ener-
gy can be introduced into the system. For more infor-
mation and an overview on the semi-active control de-
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sign refer to Guglielmino et al. (2008) and Savaresi et
al. (2010) and the references therein.

Because of the complex damper mechanical construc-
tion and the switching elements in the valve, the beha-
vior is highly nonlinear (see Duym and Reybrouck
(1998) and Savaresi et al. (2010)). To exploit the poten-
tial of modern semi-active dampers a detailed damper
model based on the static characteristics is desired, in
order to be able to incorporate static and dynamical ef-
fects, such as hysteresis. In some works an approxima-
tion of the damper dynamics has been considered intro-
ducing first order lag elements (see e.g. Koch et al.
(2010)). In the literature several models have been pro-
posed to capture the hysteresis effects: A survey is giv-
en in Visintin (1994) and in Sain et al. (1997). To dam-
per modeling purposes the Bouc-Wen model is fre-
quently adopted. More details can be found in Gugliel-
mino et al. (2008) and in Sain et al. (1997) and the ref-
erences therein. A review of several idealized mechani-
cal models for electrorheological and magnetorheologi-
cal dampers based on a Bouc-Wen model is presented
in Spencer et al. (1997). The models found in the litera-
ture are not able to reproduce the behavior of the twin
tube hydraulic semi-active damper with internal switch-
ing valve.

The aim of this work is to model the adopted electro-
mechanical device with strong hysteresis effects due to
the design specifications and the interaction between
fluid and moving mechanical components (valve). The
parameter identification of the model is kept easy and
only the measurement procedure adopted to obtain the
static characteristics are utilized in order to produce no
additional costs in the development process of the au-
tomotive industry. A model which fulfills these re-
quirements is presented and the parameter influence on
the model behavior and on the hysteresis shaping is dis-
cussed.

The remainder of the paper is organized as follows: The
physical effects due to the fluid dynamics, the electro-
mechanical valve effects and the construction characte-
ristics are introduced in Section 2. In Section 3 the static
damper characteristics are presented and compared to
the measured damper forces. Based on the resulting in-
sights the hysteresis model is presented in the same Sec-
tion together with the validation of the damper model.
In Section 4 a model based force tracking control in or-



der to reach the desired force considering the nonli-
nearities is presented. In Section 5 the measurements
results are discussed.

2. PHYSICAL EFFECTS CAUSING THE NON-

LINEAR BEHAVIOR

In this Section, according to Duym and Reybrouck
(1998), Lang and Segel (1981) and White (1986), some
hydro-mechanical and thermodynamical aspects, which
are able to modify the damper response, are considered.
According to models of physical phenomena already
described in the literature, a damper model is presented,
which considers the major physical aspects in order to
explain the measurement data which is shown in the
next Section. Comparing the measurement results to the
model output, the model performance is considered as
basis for decision making of introducing or overcoming
a physical effect. Aspects like model costs and com-
plexity, time calculation needed for the determination of
parameters, computer memory requirements and numer-
ical problems in the simulation have been considered
and thus only relevant effects are included in the model-
ing.

A common way to describe the behavior of a dam-
per is the static force velocity characteristic which is
shown in Figure 1. But as it can be seen in measure-
ments (see e.g. Figure 3), the static relation is not suffi-
cient to completely describe the coherence between the
relative velocity and the damping force. In order to re-
produce the real damping behavior, the physical charac-
teristics of the fluid are taken into account. The oil
flowing through the valve on the piston rod and build-
ing up pressure in the compression and rebound cham-
bers is considered compressible and its impact can be
modeled by a spring with linear stiffness. The oil com-
pressibility leads to a lag of the pressure build-up in the
tube and a phase loss of the damper force especially vis-
ible in the high range of velocity measurements.
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Figure 1: Static damper characteristic

As already analyzed in Duym and Reybrouck
(1998) and Lang and Segel (1981), due to the damper
design materials, the mechanical components are not
perfectly rigid. Above all the rigidity of the cylinder
walls has a direct effect on the oil pressure in the cham-
bers. Their effect is similar to the oil compressibility
and can be modeled as well as a spring. The two effects
are considered together and will appear in the model as
a spring component.
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In addition to the mechanical friction also a hydro-
dynamical friction exits, which appears in elements
moving in a viscous medium. This effect is known as
Striebeck friction, Beitz and Kiittner (1994). This kind
of friction probably emerges between the valve
mounted on the damper rod and the cylinder. Consider-
ing a standard Striebeck friction curve it can be ob-
served, that the friction has a nonlinear dependency on
the velocity and on the oil viscosity. Therefore, the
amount of required parameters for modeling the friction
is high and taking the minor effect on the damping force
into account, friction is neglected for the presented
model. Additionally, it has to be noted that the viscosity
and density depend on the temperature in the chambers,
which either has to be measured or estimated in order to
consider these dependencies. As this would require high
costs and efforts, it is assumed that the damper is heated
up at a constant working temperature and thus tempera-
ture effects are also omitted.

The complete behavior of the damper depends not
only on the characteristics of the fluid and the gas, but
also on the mechanical switching element. By adjusting
the rod valve, in order to change the damping coeffi-
cient of the damper, it can be noticed that the force be-
havior in this case also depends on the damper state.
Defining the switching time, the time lapse in which
90% of the final force is reached it can be noticed that it
varies between 10ms and 30ms. According to Heifling
and Ersoy (2007), it depends on the absolute value of
the damper velocities, on the rebound or compression
direction as well as on the switching direction (from
soft to hard or vice versa). This effect has to be imple-
mented in the damper model because it describes the
relation between the damper velocity (which is general-
ly not the velocity of the oil through the valve assem-
bly), the valve adjustment point (that means the current
applied to the valve) and the resulting damping force.
This phenomenon is strong nonlinear and very difficult
to describe. In the presented model the switching time is
approximated with a first order lag element for both di-
rections and both switching directions.

Moreover, the structure of the inner valve assem-
bly, which consists of different check valves, intake
valves, port restrictions and blow-off valves (e.g. Duym
and Reybrouck (1998)) is strongly nonlinear. The rod
and the base valve assemblies are responsible for the
static force velocity characteristic of the damper (Figure
1). In order to avoid switching noises of the valves, the
pressure gradient is reduced by a damping element,
which leads to a delay time while opening and closing.
This effect causes nontypical hysteresis effects and
peaks in the damper force, especially at high frequen-
cies or high velocities. In order to improve ride and
acoustic comfort, a special mount is attached between
the damper and the chassis. This element is a flexible
compound of metal and rubber and is designed in order
to isolate the chassis from high frequency vibration in-
duced by the damper (Heiling and Ersoy (2007)). How-
ever, this flexibility causes an additional stiffness,
which also affects the damper force. As the measure-



ment data used in this work has been obtained without
damper mount, it is not considered in the model but it
can easily be approximated by adjusting the upper stiff-
ness ratio. The effect of the damper mount is that a
spring-mass mechanical system is generated due to the
fact that the damper rod is directly connected to the top
mount. By non-optimal design parameters the system
can be excited with high frequency vibration, which can
deteriorate the damping action. Anyway, these frequen-
cies are not in the range of interest, in which the suspen-
sion works. Therefore, the effect is not implemented in
the proposed model.

Serveral major physical effects have been pre-
sented in this Section. However, there exist many other
physical effects affecting the damper force (see e.g.
Lang and Segel (1981), Reimpell and Stoll (1989)).

3. THE NONLINEAR DAMPER MODEL

3.1. Model equations

Figure 2 shows a semi-physical model for a semi-active
damper, where the major physical effects for hysteresis
that have been discussed in the previous Section, are
considered. The stiffness of the cylinder walls, the dam-
per mount and the fluid compressibility are substituted
by a stiffness k and a damping factor b, . This spring-

damper element is connected in series with the main

damper b,;, where the static, nonlinear force-velocity
characteristic (Figure 1) is considered.
NN\
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Figure 2: The nonlinear damper model

In order to take the opening time of the check
valves into account, two relative velocities have to be
distinguished. The velocity between the piston and the
rod of the damper is generally used for calculating the

damper force and will be denoted as v, =2z, -z in

this work. As the check valves do not open instantly,
the effective relative velocity on the main damper v, is

slightly different. A first order lag element
1
Ve = m Vpr
is suggested in order to approximate the coherence of
these two velocities, with 7., being the time constant of

ey

the check valves. This effect is symbolized by the dam-
pers acting on the check valves in Figure 2. Also the
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dynamics of the current can be considered by a first or-
der lag element
1

T, s+1
with the time constant T,

cur *

Balancing the forces and summarizing these equa-
tions leads to the differential equations for the nonlinear
damper model

ieﬁ' - ides > (2)

. k b .
7 == 7 +—"z, (3)
b, +b, b, +b,,
iy :_—Tl oy L i dos )
. k b .
Vg == Ve + 7+ L 5, (5)
B ch ch (bl +bnl) ch (bl +bnl)

where Z,and i, are the inputs of the system and the
damping force

kb, bb, .

amp = - 4+ " z 6
W by T by by ©

is considered as the output of the system.

3.2. Parameter identification
As it is shown in Section 3.4, the hysteresis behavior
can be influenced by the model parametersk ,b;, b

andT

cur*

nl
In order to guarantee the highest flexibility of
the model for different valve currents and therefore hys-
teresis types, it is suggested to introduce a dependency
of the named parameters on the effective current i .

The damping coefficient of the main damper b,; addi-
tionally depends on the effective relative velocity v,

and is determined using the static force velocity charac-
teristic of the damper (Figure 1). Therefore, it is consi-
dered to be known. The rise time of the current 7, de-
pends on the inductivity, the resistance and the control-
ler parameters of the electrical circuit (Savaresi et al.
(2010)). It can be either calculated if the parameters are
known or read from a measured step response of the

electrical system. The remaining parameters k, b, and
T,, are estimated by optimization such that the differ-
ence between the output of the model, i.e. the damping
force, O,,4e and the measured output O, , which can
be expressed in the cost function

RN .
J(k’bl’ch):_Z(Omodel(tj’ZZ’ldes’k’bl’ch)_Omeas(tj))
n =
(N

is minimized for a fixed valve current i, and a given
velocity input z, for all considered time steps ;. The

model parameters are then interpolated linearly for cur-
rents which have not been considered in the parametri-
zation process.

For a cheap parametrization of the model in industrial
application, it is desirable to use no additional mea-
surements than those, which are used to obtain the static



characteristic of the damper. The static behavior is de-
termined by exciting the damper by a sinusoidal signal
with a fixed stroke amplitude and several predefined
velocity amplitudes for fixed valve currents. The damp-
ing force is measured for the point, where the velocity
reaches its maximum what leads to one point in the
force velocity diagram (Figure 1). For further informa-
tion on the routine the reader is referred to Reimpell and
Stoll (1989). In order to excite the hysteresis behavior
of the damper, it is suggested to modify the stroke am-
plitude from 0.05 m to 0.01 m, what can be achieved
easily by today's damper test rigs. The values for the
amplitudes and the resulting frequencies are listed in
Table 1.

Table 1: Input signal for parametrization according to
Reimpell and Stoll (1989) and modified stroke ampli-

tude
Stroke[m] 0.01
Velocity [m/s] | 0.052 | 0.131 | 0.262 | 0.393 | 0.524
Frequency[Hz] | 0.83 | 2.08 | 4.17 | 6.25 8.34

By using the whole signals for the minimization of (7)
instead of only one point of each data set, the parame-
ters k, b, and T,, can be estimated. As this measure-

ment data is sufficient, the requirement of producing no
additional costs for the parametrization is fulfilled by
this procedure.

3.3. Model validation

The model parameters are identified for the semi-active
damper using the input signals according to Table 1. In
order to validate the parameters, the model output is
compared to measurements for different amplitudes and
frequencies of the sinusoidal input signal (Table 2).

Table 2: Input signal for validation

Stroke[m] 0.005
Velocity [m/s] | 0.052 | 0.131 | 0.262 | 0.393 | 0.524
Frequency[Hz] | 1.66 | 4.17 | 8.34 | 12.51 | 16.67

The result of this comparison can be seen in Figure 3
for the maximum damping, in Figure 4 for medium
damping and in Figure 5 for the softest damping.

Fdamp
——

BV —Sim 12571 Hz
Z

Figure 3: Fit to experimental data, i, =0A
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F damp

—Sim 12.51 Hz

zp
Figure 4: Fit to experimental data, i, =0.9A

Fdamp

z
Figure 5: Fit to experimental data, i, =1.84

Table 3: Fit values of the model in [%]

Frequency [Hz] | 1.66 4.17 834 1251 16.67
0A 848 954 91.7 91.1 86.4
1A 90.5 86.9 902 90.7 87.9
1.8A 85.1 92,6 90.9 90.5 86.9

The model output is compared in regions, where the
damping forces nearly match the static characteristic
(low velocities and/or soft damping) and also for in-
creased velocities and damping forces, where minor
(Figure 3, 4.17 Hz) and major (Figure 3, 12.51 Hz) hys-
teretic effects appear. It can be seen, that, in all cases,
the proposed model matches the measurement data very
well. In order to quantify the validity of the model, the
fit value

[Eonas = Foin
||F5im||rms
for each considered frequency and current is given in

Table 3, whereas a mean fit value of 89.4 % can be cal-
culated.

fit=1- )]

3.4. Parameter variation

Depending on the set of parameters, a broad variety
of hysteretic effects can be described using the new
damper model. Figure 6 shows simulation results for
three different parameter sets which result in minimal
hysteresis, common hysteresis and hysteresis with an
additional loop.
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Figure 5: Model possibilities at 0 A and 16.67 Hz
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The corresponding parameters are listed in Table 4 and
it can be seen, that the hysteretic effects can be in-
creased by increasing the response time of the check
valves and reducing the stiffness and damping of the
upper mount.

Table 4: Parameters for Figure 6

k bl ch
minimal hysteresis | 9¢7 | 9e4 | 2e-5
common hysteresis | 5e6 | 5e3 | le-4

strong hysteresis | 4e6 | 2e3 | 2.2e-3

In order to understand how the parametersk ,b;
and T,, affect the hysteresis behavior in the force ve-
locity diagram, parameter variations have been made
and the result is depicted in Figure 7. It can be seen, that
the parameters k and b; have an effect on the general

hysteresis shape of the curve. Rising values of k or b,

lead to a smaller area which is enclosed by the damping
curve. This seems plausible, because increasing stiff-
ness and damping parameters stiffen the spring-damper
element, which is connected in series with the nonlinear
static damping element (Figure 2) and therefore, the in-
fluence of the static damper becomes higher. Most of
the effects are influenced equally by k& and b, , except
for the loop in the compression case, where slight dif-
ferences can be seen. The size of both loops can be ma-
nipulated by the time constant of the check valves T, .
Because the influence of the first order lag element (1)
is getting smaller with lower time constants, the loop
size decreases for faster response times.

3. T,y rises

F damp

z2
Figure 7: Influence of the model parameters
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4. MODEL BASED CURRENT CONTROL

4.1. Dynamic feed-forward control

As seen in the previous Sections, the inversion of the
static damping characteristics for a given desired damp-
ing force may lead to an improper resulting force due to
the hysteresis of the damper. The previously described
hysteresis model can be used to consider this nonlinear,
dynamic behavior for the calculation of the appropriate
valve current by embedding the model in a control
structure, based on a dynamic feed-forward control
structure, which has been proposed in Franklin et al.
(2010) and is shown in Figure 8. It can be seen, that the
static inversion of the damping characteristic, which is
calculated in the feed-forward block in Figure 8§, is ex-
tended by a controller, where the current is adjusted
whenever an error between the desired and the calcu-
lated damping force occurs. The sign of the calculated
force is multiplied with the force error because a posi-
tive error must lead to an increased damping, regardless
of whether the damper is in compression or rebound.
The corrected valve current is then applied to the real
damper leading to a lower error between the desired
force and the resulting force of the real damper. Of
course, for proper tracking, it is required that the model
matches the behavior of the real damper and that the
dynamic feed-forward control is fast enough, i.e. the
controller gain is high. A good performance can already
be achieved by a proportional gain, which is also used
in the present implementation. The gain is determined
by optimization using a genetic algorithm such that the
error between the desired force and the damping Force
Fyamp 18 minimized.

FZ 2 feed- o idesL hysteresis
des forw ard (=} model
ides
%controller
TR
=
Fdamp

Figure 8: Dynamic feed-forward control structure

4.2. Numerical results

The dynamic feed-forward control approach is com-
pared to the static calculation of the damper current us-
ing the hysteresis damper model for the simulation of
the real damper. The desired force has been chosen to
be proportional to the relative velocity, which has been
measured from a real road profile. It is noted, that of
course only desired forces, which are between the min-
imum and maximum characteristic of the damper, can
be tracked. The results are shown in Figures 9 and 10
and it can be seen, that the error between the damper
force and the desired force can be reduced significantly
using dynamic feed-forward control. Especially the
force peaks, which lead to high vertical accelerations



and therefore are sensed most by the passenger, are
tracked more accurately. The root mean square value
for the force error is reduced by 38 % from 125.5 N to
77.2 N by using dynamic feed-forward control instead
of the static inversion for this example. In order to esti-
mate the robustness of the controlled system, the para-
meters of the simulated real damper have been varied
by 30 %. The results show, that there is still an im-
provement of the rms value for the force error of 18.9 %
for the variation of k, b;, b,; and T,, in the positive
direction and 5.6 % in the negative direction. A more

detailed analysis of the robustness will be part of future
work.

desired force
- | —— Faamp static I
F damp dynamic

[

T
+—+

1 15 2
time [s]

force

Figure 9: Comparison of absolute forces between static
and dynamic current calculation

error static
error dynamic

force error

time [s]
Figure 10: Comparison of force error between static and
dynamic current calculation

5. CONCLUSION

In this paper, a novel hysteresis model for a semi-active
damper has been presented, which can be used to de-
scribe a broad spectrum of dampers. The advantage of
the model is that the few unknown parameters can be
identified using only measurements, which are already
made in the automotive industry in order to obtain the
static characteristic of the damper. The identification
process has been shown for a real damper with strong
hysteresis effects and the validation showed that the
model matches the measurement data very well. Fur-
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thermore, a study on the parameter variation has been
presented and the influence on each parameter on the
shape of the hysteresis curves has been discussed. Final-
ly, it has been shown that the model can be used in or-
der to improve the force tracking of the semi-active
damper by embedding it into a dynamic feed-forward
control structure.
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