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Abstract: Throughout the years, many control strategies for adjustable dampers have been proposed, designed to boost the performance
characteristics of a vehicle. Comfort control strategies such as Skyhook (SH), acceleration-driven damping or power-driven damping have
been tested many times using simulation models of vehicles. Those tests, however, were carried out using simplified damper models
- linear or simple bilinear with symmetric characteristics. This article presents the results of examination of the influence of using more
complex damper models, with friction, hysteresis and time delay of state switching implemented, on the chosen dynamic responses
of a suspension system for excitations in the typical exploitation frequency range. The results of the test are compared with those found
in the literature and with the results of simulations performed with a simplified version of the advanced model used. The main conclusion
is that friction and hysteresis add extra force to the already existing damping force, acting like a damping increase for all analysed control
strategies. The actuation delays limit the effectiveness in a sense of comfort increasing to only some frequencies. The research shows
the importance of including the proposed modules in testing for both adjustable and passive dampers.
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1. INTRODUCTION

The basic task of a suspension system is to ensure safe inter-
actions between vehicle wheels and the road surface while provid-
ing satisfactory ride comfort and working in a designed motion
range. Oftentimes, satisfying all those needs at once proves
impossible [1] as different parameters of suspension elements
have different optimal values for safety and comfort. Also, the use
of a damper in a typical configuration between sprung and un-
sprung masses in some situations helps dampen vibrations, while
in others, it induces them. The need to change the way in which a
damper works in different situations led to the creation of adaptive
or semiactive suspension systems. They allow for changing some
parameters or switching the damping force during one cycle of
vibration. The idea is not new — the patent for adjustable hydraulic
shock absorbers was granted in 1957 [2], while control strategies
for computer models of vehicles were studied as far back as 1973
[3]. The first widely used control was the comfort-oriented
Skyhook (SH) strategy [4], which since then was implemented
numerous times in simulations and real-life applications [5-7].
Since then, many more control strategies have been proposed [8],
including safety-oriented Groundhook [9], acceleration-driven
damper (ADD) [10, 11, 12] and power-driven damper (PDD) [11,
13].

The ADD control strategy minimises the vertical body acceler-
ation (comfort objective) when no road preview is available. Unlike
the SH control, the ADD control suppressed the resonance and

amplitude in the middle- and high-frequency bands [12]. This
strategy uses the same sensors as the SH algorithms and a sim-
ple two-state controllable damper.

The PDD control strategy provides results comparable with
those of the ADD control strategy, avoiding, at the same time, the
chattering effects of the damping control valve [11].

Although much research in that field is conducted purely on
theoretical, simplified vehicle models, the real-life implementation
of said strategies, while not unseen [14], remains rare. The simpli-
fied suspension models use simplified models of damping forces,
often utilising the linear damping coefficient [11]. More advanced
models include nonlinear characteristics and/or asymmetrical
characteristics. In some cases, dry friction is added, while taking
damping force hysteresis into account is rare. The same is true for
properties connected with damping force adjustment, especially
the delay time between the control signal and damping character-
istic change.

The authors decided to research into the influence of every
additional feature of the damper model on the effectiveness of the
damping control strategy in comparison to the model used as the
reference model. The subject of research was transfer functions of
a quarter car model with different damper models (with internal
friction, hysteresis and activation delay implemented) tested with
the use of a chirp signal within a frequency range of 0.01-25 Hz.

The present study aims to test the amount of difference in
chosen dynamic responses when using a more advanced damper
model in simulations, with internal friction, hysteresis and activa-
tion delay implemented. Simulations using models with such
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features have been carried out before [15, 16]; however, the aim
of these models was different from that attempted in this study.

2. RESEARCH METHOD

The current research used computer simulations of a vertical
dynamics model of a quarter car implemented in
MATLAB/Simulink software. In this research, a set of modified
quarter car models with different damper models were used for
the different cases of advanced shock absorber models, as pre-
sented in Tab. 1.

Tab. 1. Shared features of a quarter car model used in research

Case Nonlinear Friction Hysteresis Delay
no. | characteristic
1 v - - -
2 v v -
3 v v -
4 v v
5 v v v v

Case number 1 was chosen as the easiest way to model real
damper characteristics as static characteristics. Case numbers 2—
5 were also tested in two variants — once without any of the con-
trol strategies and once with one of the three tested strategies —
SH, ADD or PDD. Other parameters of a suspension were shared
between all versions of a model - linear stiffness characteristics of
a tire and suspension (Tab. 2).

Tab. 2. Shared features of a quarter car model used in research

Parameter |Unsprung| Sprung Tire |Tire damp-|Suspension
mass mass | stiffness ing stiffness
Unit (kg) (kg) (kN/m) (Ns/m) (kN/m)
Value 50 400 200 350 30

The tested models were subjected to excitation, enabling the
calculation of dynamic responses of suspension in the form of
transfer functions between excitation and responses important to
the evaluation of the suspension dynamic performance:

— suspension deflection for the evaluation of the necessary
rattle space,

— sprung mass acceleration and sprung mass displacement for
evaluation of ride comfort, and

— cumulative tire force for the evaluation of safety potential.

The excitation used was a vertical sinusoidal displacement
with a constant amplitude of 3 mm, which had variable frequency
starting from 0.0001 Hz up to 40 Hz (Fig. 1). The frequency in-
creases were as follows:

1. from 0.0001 to 1in 100 s — 0.0099 Hz/s,

2. from 1 Hzto3Hzin60s-0.0333 Hz/s,

3. from 3 Hz to 10 Hz in 100 s — 0.07 Hz/s and
4. from 10 Hz to 40 Hz in 80 s — 0.375 Hz/s.

Important frequencies when analysing suspension dynamics
cover a range from 0.5 Hz to 25 Hz. The frequency values change
in a nonlinear fashion in order to allow more cycles in a lower

range to occur, which in turn gives better results when calculating
transfer functions. Frequencies, both below 0.5 Hz and above 25
Hz, were added to the simulation in order to further stabilise re-
sults of the tfestimate MATLAB function used to estimate the
transfer function of suspension.

40

Frequency [Hz]
%] [#%)
o o

(=}
T

0 S - . . . .
0 50 100 150 200 250 300 350

Time [s]
Fig. 1. Changes of the frequency of the input signal over simulation time

2.1. Advanced adjustable damper model

The damper model for all cases, in addition to case no. 1 (la-
belled as ‘linear), had a nonlinear, asymmetric characteristic,
which was identified after empirical testing of damping forces for
different levels of control current and averaging these forces to get
static characteristics [1], as presented in Fig. 1.

To simplify modelling of the influence of control current on a
damping force characteristics, the medium static damping charac-
teristics, between the lowest and the highest, were used as a
base characteristic and multiplied by a specific number dependent
on the control current and whether the damper was compressed
or extended (Fig. 2), resulting in a force that is within the range
defined by maximum nonlinear and minimum nonlinear character-
istics on the graph. This allowed to model damping forces due to
control strategies changing only control current as the input.
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Fig. 2. Damper model static characteristics

All the versions of a damper model, in addition to case no.
1,included a model of an adjustable damper with hysteresis,
friction and actuation delay modelled (switched off individually for
particular tests). The implementation of this model, based on the
study mentioned in Ref [17], was described in the study men-
tioned in Ref [16] and is shown in Fig. 3.

A total of three main modules to model the total damper force
were applied:
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— static damping force,
— hysteresis force, and
— friction force.
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Fig. 3. Damper model diagram

The module generating the biggest forces in the damper mod-
el is the static damping characteristics module, which is modelling
damping force as a function of deflection speed, differing for the
compression and rebound, and also on the control current if it is
electrically adjusted damper. For linear and symmetrical charac-
teristics, its damping force can be modelled by simple equations
(it was applied for a linear damper for case number 1):

Fy = ci (1)

acta mechanica et automatica, vol.17 no.1 (2023)
Special Issue "Machine Modeling and Simulations 2022"

where c is the damping coefficient and x is the damper compres-
sion/extension velocity.

In cases of nonlinear and asymmetrical characteristics (in
case numbers 2-6), nonlinear equations or interpolation of exper-
imental characteristics can be used. Implementing a damper
model in a MATLAB/Simulink software via the lookup table block
can be used for the interpolation of the damping force value.

For the adjustable damper, the interpolation is also necessary
for the value of damping force in relation to the control current. It
too can be carried out with a lookup table block (two-dimensional)
for the three-dimensional shock absorber characteristics. In case
of a linear relation between control current and damping forces,
the medium damping F s ,, static characteristic can be used, and
the coefficient to increase or decrease damping force according to
the value of valve coil current and state of damper work — com-
pression or rebound:

Fus 1 =Fasm " K; ()

where F;  ; is the interpolated value of damping force from static
characteristics for given current, F4s p,, is the middle static char-
acteristics damping force (for the middle value of valve cail cur-
rent), and K, is the coefficient to increase or decrease damping
force according to the value of valve coil current and state of
damper work — compression or rebound. For modelled shock
absorber, formulas for calculating K, values according to the
current value I, (0.6 < 1. <1.6 [A]) were determined for com-
pression and rebound, respectively, as follows:

KIC =5 _OSSIC + 1.59 and KIR =5 _O7llc +1.74 (3)

The Simulink implementation of implementation of Egs (2) and
(3) is presented in Fig. 4.
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Fig. 4 Damping force calculation subsystem

The damper hysteresis module is important for high damping
forces and high velocities. A simple model based on the work
mentioned in Ref [6] is proposed to model the hysteretic force—
velocity characteristic of the damper. This model is given by the
following formulas:

Fp=kx+az 4)
z = Fy - tanh(Bx + Ssign(x)) (5)

where k is the stiffness coefficient which is responsible for the
hysteresis opening found from the vicinity of zero velocity; a large
value of k corresponds to the hysteresis opening of the ends; z is
the hysteretic variable given by the hyperbolic tangent function; 8
is the scale factor of the damper velocity defining the hysteretic
slope, and the large value of 8 gives a step hysteretic slope; 6 is
the factor determining the width of the hysteresis through the term
0sign(x), a wide hysteresis resulting from a large value of 6; and a
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is the scale factor of the hysteresis that determines the height of
the hysteresis, and its value depends on the control current.

On the base of an analysis of the dynamic characteristic of
tested shock absorber, a formula for the relation between the
scale factor a and valve coil current I, was developed:

where «, is the scale factor a of the hysteresis for middle static
characteristics damping force.

The hysteresis force value was dependent on both the sus-
pension deflection and its velocity, as well as on the control cur-
rent value and a number of empirically obtained parameters [19].

The internal friction module is modelling force Fr, and it con-
sists of two elements — the value of kinetic friction force and a
signum function due to the model friction force with the opposite
sign to the damping force.

The module modelling response time of a shock absorber is
based on the model presented in the study mentioned in Refs [7,
8] and consists of two blocks modelling the delay for the damping
force increase:

— dead time Ty,
— time delay with a time constant T,.

Considering that the time response of tested shock absorbers
depends on the stroke direction and the valve operating state,
including switching direction (from soft to hard, or vice versa), the
four different time delays with use of different values of T, and T,
are calculated in the model and is used according to compres-
sion/rebound movement and switching direction. For tested shock

absorber, these values were determined to be the same for com-
pression and rebound directions; for switching from soft to hard,
they were Ty=4 ms and i T,=5 ms, and for switching from hard to
soft, To=2 ms and i T,=3 ms.

This shows that the transfer functions obtained and analysed
in the research will not be the same as those in the simpler model,
for example, [11]. However, their general course of variability
should remain the same with slight changes. The aim of the re-
search designed and presented in this article was to check the
qualitative and quantitative influence of taking into account friction,
hysteresis and delay time on the transfer function obtained for
some comfort-oriented semiactive control strategies for suspen-
sion damping.

Lastly, the friction force calculation depended on the suspen-
sion deflection velocity; if it was greater than a given threshold,
then the friction force had a value equal to defined kinematic
friction (35 N), and if it was smaller, then the kinematic friction
value was multiplied by a ratio of current suspension deflection
velocity to the threshold value (Fig. 1).

35 lf vdefl > 0.1 m/S
Ff - {35 . Zdeft lf vdefl <0.1 m/S [N] (7)

0.1
All the versions of a model that had a control strategy imple-
mented also had a delay module, which caused the current
change to occur over a given amount of time. The three modules
— friction, hysteresis and delay — could be turned on or off to test
their impact on the model behaviour.
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Fig. 5. Friction force calculation subsystem

As stated previously, there were a few versions of a quarter
car model; two static versions, one was set to maximum damping
force and one with minimum force; and three versions that had
different control strategies implemented. The strategies were SH,
ADD and PDD. For reference, there were also simplified versions
for each of these, which did not have hysteresis, friction or delays,
as well as a version with a fully linear characteristic, which was
used to determine the influence of previously mentioned modules
in the most basic damper model. These three control strategies
can be found in many studies, for example, studies given in Refs
[6,7,11,19].

3. TESTING AND SIMULATION RESULT ANALYSIS
METHODOLOGY

In the cases analysed, a quarter car model was used contain-
ing a nonlinear damper model with controllable friction and hyste-

resis modules, which could be turned on or off. In addition to the
damper module, the rest of the model was linear, with the pa-
rameters of the model presented in Tab. 2. For each variant, the
same excitation was applied — a changing frequency sine wave of
amplitude 3 mm, with the course of frequency variability shown in
Fig.1.

The influence of implementing friction, hysteresis or both the
factors simultaneously was analysed for three indicators — sus-
pension deflections, cumulative force between the tire and the
road surface, and sprung mass accelerations for passive dampers
and semiactive dampers controlled with different strategies. Ana-
lysed indicators allow for the suspension performance evaluation
in terms of ride comfort, ride safety and kinematic limitations
caused by the finite work range of the suspension.

Because these indicators are not defined by a single value,
but rather as a function of frequency, the tool chosen for the anal-
ysis was the transfer functions between the given indicator and
kinematic excitation.



§ sciendo

DOI 10.2478/ama-2023-0001

These functions were calculated using the response signals
(deflection, cumulative tire force and sprung mass acceleration)
obtained during simulations, as would be performed for a real-life
experiments. The transfer functions between these responses and
kinematic excitation were then calculated in MATLAB using the
tfestimate function for the nonlinear, passive model without fric-
tion, hysteresis and actuation delay modules, which served as a
reference to which results for other variants were then compared
to. The reason why these functions were not calculated based on
the element characteristics was the nonlinear characteristic of
control strategies. The resulting transfer functions were then
plotted as graphs, showing their magnitude as the function of
frequency, with the range of frequencies from 0.5 Hz to 25 Hz
being investigated.

The results for the relative values between a given case and
the reference model were represented as bar charts to show the
values for four chosen frequencies — near first resonant frequency
(ca. 1 Hz), 3 Hz, second resonant frequency (around 10 Hz) and
maximum tested frequency 25 Hz.

4, RESULTS

4.1. Influence of friction, hysteresis and actuation delay
on the SH strategy

The first tested control strategy that was the SH strategy. The
friction and hysteresis affect the work of a damper, as if the damp-
ing force increased the, causing the magnitudes for road excita-
tion to suspension deflection transfer function to decrease (Fig. 6).

For transfer functions between road excitation and both cumu-
lative tire force and sprung mass acceleration, friction and hyste-
resis caused minor changes in the magnitude - dropping by at
most 5 % in comparison to reference model. The increase is
slightly more significant, especially in the range of 3 to 4 Hz,
where friction causes a 10% increase, and the hysteresis contrib-
utes to a 20% increase. These values drop significantly, being on
par with the reference model for cumulative tire force, while for
sprung mass acceleration, after decreasing to around 102%-—
104% of reference value in the range of 9-10 Hz, it increases
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again to a maximum tested frequency of 25 Hz. A delay of 30 ms
did not have much of an impact on a lower frequency response,
as expected. With the growing frequency, its influence increases,
which could be observed for sprung mass accelerations and
cumulative tire force with the relative increase in magnitude of
frequencies in the range of 1.5 Hz to 6 Hz. For suspension deflec-
tions, the changes become apparent around 4 Hz value, when
relative magnitude starts dropping quickly, reaching 75% for 10
Hz. For higher frequencies it starts going back up, reaching 102%
for 25 Hz. The drop in value is visible for other analysed values as
well, along with the increase in relative magnitude for values over
10 Hz. Because of the nature of excitation, which is periodical,
researchers theorise this behaviour is caused by the fact that the
delayed response first starts to act in counterphase to the intend-
ed changes, but after reaching a certain threshold, the change
from a previous cycle starts to coincide with the next excitation
cycle, making the strategy work better. This is supported by a test,
in which a 60-ms delay was added, and the results between
30 ms and 60 ms were plotted; it was noticed that for 60 ms, the
analogous changes were happening for lower frequencies. The
effects of friction, hysteresis and delay combined added up to the
total effect in the model with all three being active.

Tab. 3 and Fig. 7 present absolute and relative values of
transfer functions of suspension deflection for damper model with
the SH control strategy. Frequency ranges chosen for analysis
included characteristic frequency bands, such as first and second
resonant frequencies or maximal tested frequency.

This way of result presentation was also chosen for the rest of
results to minimise number of charts in the article and for easier
interpretation of the obtained results.

For the SH control strategy, suspension deflections were
mostly influenced by hysteresis for sprung mass resonant fre-
quency and delay in actuation for unsprung mass resonant fre-
quency. Friction had a less impact on transfer function values
overall. It can also be noted that all three factors combined
caused a larger difference in the transfer function value than the
sum of their individual influences. Fig. 8 presents transfer func-
tions between road excitation and cumulative tire force. Tab. 4
and Fig. 9 present absolute and relative values of these transfer
functions for the damper model with the SH control strategy.

Magnitude [m/m]

04

0z

3

Reference
Friction
Hysteresis
Delay

Friction, hysteresis & delay

1 | 1 1 | 1 1
4 5 6 7 8 9 10 12 15 20 25

Frequency [Hz]

Fig. 6. Transfer functions between kinematic excitation and suspension deflection for the SH (SkyHook) control strategy

for advanced and simple damper models. SH, SkyHook
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Tab. 3. Absolute values of transfer functions from road excitation to suspension deflection (m/m) for SH, SkyHook

1st resonant freq. —1 -3 Hz 2nd resonant freq. Max. tested freq. 25
Hz —10 Hz Hz
Reference 0.82 1.08 115 0.18
Friction 0.77 1.08 1.01 0.18
Hysteresis 0.65 1.07 0.96 0.16
Delay 60 ms 0.8 1.08 0.87 0.19
Fric. + Hyst. + Delay 60 ms 0.6 1.06 0.63 0.16
5822
[T}
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Fig. 7. Relative values of transfer functions from road excitation to suspension deflection of advanced and simple damper models for SH control
strategy. SH, SkyHook
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Fig. 8. Transfer functions between kinematic excitation and cumulative tire force for SH control strategy. SH, SkyHook

Tab. 4. Absolute values of transfer functions from road excitation to cumulative tire force (N*10%/m) for SH, SkyHook

1st resonant freq. -3Hz 2nd resonant freq. Max. tested freq.
—1Hz —10 Hz 25Hz
Reference 0.36 0.82 3.05 2.39
Friction 0.37 0.90 2.85 2.38
Hysteresis 0.37 1.03 2.98 2.37
Delay 60 ms 0.37 0.88 2.65 2.37
Fric. + Hyst. + Delay 60 ms 0.37 1.20 253 2.30
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Fig. 9. Relative values of transfer function magnitudes from excitations to tire force cumulative for the SH control strategy

and different shock absorber models. SH, SkyHook

Cumulative tire forces for the SH strategy were mostly influ-
enced by hysteresis for 3 Hz and delay for 10 Hz. The highest
changes, in general, were seen for the 3 Hz range, where imple-
mentation of all three advanced options in the damper model
caused the transfer function value to increase by over 40% com-
pared with the reference model; apart from that, for other frequen-
cies, the change was no larger than 13%.

Fig. 10 presents transfer functions between road excitation
and sprung mass accelerations, and Tab. 5 and Fig. 11 present
absolute and relative values of transfer functions of sprung mass
accelerations for the damper model using the SH control strategy.
The influence on sprung mass accelerations of all three factors for
both resonant frequencies was small, reaching 6% at most; how-
ever, it could be much more clearly seen for 3 Hz and 25 Hz. As
could be expected, the higher the frequency, more the delay in
actuation, contributing to over 30% higher transfer function values.

Magnitude [(m/szllm]

»

100 |

|
1

The influence on sprung mass accelerations of all three fac-
tors for both resonant frequencies was small, reaching 6% at
most; however, it could be much more clearly seen for 3 Hz and
25 Hz. As could be expected, the higher the frequency, the more
delay in actuation of shock absorber valves, contributing to over
30% higher transfer function values.

The increase in magnitudes of transfer functions between
road excitation and cumulative tire force and between sprung
mass acceleration is significant in the range of 3—4 Hz, where
friction causes a 10% increase and hysteresis contributes to a
20% increase. These values drop significantly being on par with
the reference model for cumulative tire force, while sprung mass
acceleration after decreasing to around 102%-104% of the refer-
ence value in the range of 9-10 Hz, they increased again up to a
maximum tested frequency of 25 Hz.

Reference
Friction
Hysteresis
Delay
Friction, hysteresis & delay
1 | I
5 6 7 8 9 10 12 " 20 25

3 a
Frequency [Hz]

Fig. 10 Transfer functions from kinematic excitation to sprung mass acceleration for the SH control strategy. SH, SkyHook

Tab. 5. Absolute values of transfer functions from road excitation to sprung mass acceleration the for SH control strategy for different damper models

Values in (m/m/s?) 1st resonant freq. —1 Hz -3 Hz 2nd resonant freq. —10 Hz | Max. tested freq. 25 Hz
Reference 90 190 460 205
Friction 90 205 465 225
Hysteresis 90 230 475 235
Delay 60 ms 90 200 470 270
Fric. + Hyst. + Delay 60 ms 90 265 485 325
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Fig. 11. Relative values of transfer function magnitudes from excitations to sprung mass accelerations for the SH control strategy

for different shock absorber models. SH, SkyHook

A delay of 30 ms did not have much of an impact on lower
frequency response, as expected. With the growing frequency, its
influence increased, which could be observed for sprung mass
accelerations and cumulative tire force as the relative increase in
magnitude for frequencies in the range of 1.5-6 Hz. For suspen-
sion deflections, the changes caused by delay became apparent
around 4 Hz value, when relative magnitude started dropping
quickly, reaching 75% for 10 Hz, after which frequency it started
going back up, reaching 102% for 25 Hz. The drop in value is
visible for other analysed values as well, along with the rise in
relative magnitude for values over 10 Hz. Because of the nature of
excitation, which is periodical, researchers theorise this behaviour
is caused by the fact that the delayed response first starts to act in
counterphase to the intended changes, but after reaching a cer-
tain threshold, the change from a previous cycle starts to coincide
with the next excitation cycle, making the strategy work better.
This is supported by a test, in which a 60-ms delay was added
and the results between 30 ms and 60 ms were plotted; it was
noticed that for 60 ms, the analogous changes occurred for lower
frequencies. The effects of friction, hysteresis and delay combined
once again added up to the total effect in the model, with all three
being active.

4.2. Influence of friction, hysteresis and actuation delay
on ADD strategy

The second analysed strategy was ADD, and similar patterns
emerge when analysing the transfer functions (Fig. 12), with
slightly different values.

Tab. 6. and Figs. 12 and 13 present absolute and relative val-
ues of transfer functions of suspension deflection for the damper
model using the ADD control strategy. In general, the influence of
friction and hysteresis was comparable with that of the SH strate-
gy, with the exception of hysteresis having a greater impact on
low frequency behaviour, increasing the relative values. Delay, in
general, has less impact on the all analysed transfer functions;
however, interestingly, it causes a slight increase (3%-4%) in the
relative value near the first resonant frequency across the board
and also for the second resonant frequency (2%-3%) in case of
sprung mass acceleration and cumulative tire force. For suspen-
sion deflection, the relative magnitude is lowered by the same
amount of around 3%.

Magnitude [m/m]
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Friction
Hysteresis

Delay

Friction, hysteresis & delay

0
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Frequency [Hz]
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Fig. 12. Transfer functions between kinematic excitation and suspension deflection for the ADD control strategy. ADD, acceleration-driven damper
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Tab. 6. Absolute values of transfer functions from road excitation to suspension deflection (m/m) for the ADD control strategy for different damper models

1st resonant freq. —1 Hz -3 Hz 2nd resonant freq. —10 Hz | Max. tested freq. 25 Hz
Reference 1.28 1.13 1.39 0.19
Friction 1.22 113 1.29 0.19
Hysteresis 1.21 1.13 1.27 0.19
Delay 60 ms 1.33 113 1.35 0.19
Fric. + Hyst. + Delay 60 ms 1.15 1.13 1.16 0.18
120
100
382, 80 g 104 100100100 o3 [ 97 97 96 99
a5 09
S223T 60
- C o o
c@gE g
2 E® ]
Xsgeg ©
—Q 9w 0
SEEZ
S § g 1st resonant freq. ~3 Hz 2nd resonant freq. Max. tested freq. 25
~1 Hz ~10 Hz Hz

W Friction m Hysteresis Delay M Fric. + Hyst. + Delay

Fig. 13. Relative values of transfer function magnitudes from excitations to suspension deflections for the ADD control strategy
for different shock absorber models. ADD, acceleration-driven damper
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Fig. 14. Transfer functions between kinematic excitation and cumulative tire force for the ADD control strategy. ADD, acceleration-driven damper

Tab. 7. Absolute values of transfer functions between road excitation and cumulative tire force (N*10%/m) for ADD

1st resonant freq. —1 Hz -3 Hz 2nd resonant freq. —10 Hz | Max. tested freq. 25 Hz
Reference 0.37 0.57 3.25 243
Friction 0.36 0.67 3.10 242
Hysteresis 0.36 0.71 3.09 242
Delay 60 ms 0.0.40 0.57 3.22 243
Fric. + Hyst. + Delay 60 ms 0.35 0.78 2.90 241
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Fig. 15. Relative values of transfer function magnitudes from excitations to cumulative tire force for the ADD control strategy

for different shock absorber models. ADD, acceleration-driven damper

The ADD control strategy in case of suspension deflections is
less influenced by the addition of damper model elements like
friction, hysteresis and especially actuation delay than by the SH
control strategy. Friction and hysteresis affect the model behav-
iour to almost an identical degree, which does not exceed 10%.

Tab. 7 and Fig. 14 present absolute and relative (Fig. 15) val-
ues of transfer functions of cumulative tire force for various damp-
er models with the ADD control strategy.

In terms of cumulative tire force, the influence of hysteresis
and friction can be seen more clearly, especially for the 3 Hz

higher, when these two model elements are added. The actuation
delay still does not produce a meaningful change in transfer func-
tion values.

Tab. 8 and Fig. 16 present absolute and relative (Fig. 17) val-
ues of transfer functions of sprung mass accelerations for the
damper model with the ADD control strategy.

Sprung mass accelerations are mostly influenced by hystere-
sis, followed by friction. Delay once again almost does not influ-
ence the results. The highest impact is seen for 3 Hz and 25 Hz
as was also the case for the SH control strategy.

range. The transfer function values there are around 15% to 20%

450 T T
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Fig. 16. Transfer functions between kinematic excitation and sprung mass acceleration for the ADD control strategy. ADD, acceleration-driven damper

Tab. 8. Absolute values of transfer functions between road excitation and sprung mass acceleration ([m/s?)/m) for ADD

1st resonant freq. —1 Hz -3 Hz 2nd resonant freq. —10 Hz | Max. tested freq. 25 Hz
Reference 65 135 430 182
Friction 63 155 438 200
Hysteresis 63 168 438 203
Delay 60 ms 66 135 431 185
Fric. + Hyst. + Delay 60 ms 63 180 442 230

10
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Fig. 17. Relative values of sprung mass accelerations for ADD. ADD, acceleration-driven damper

In general, in a case of the ADD strategy, the influence of fric-
tion and hysteresis was comparable with that in the SH strategy,
with the exception of hysteresis having a greater impact on low
frequency behaviour, increasing the relative values. Delay, in
general, has less impact on the all analysed transfer functions;
however, interestingly, it causes a slight increase (3%—4%) in the
relative value near the first resonant frequency across the board
and also for the second resonant frequency (2%—3%) in case of
sprung mass acceleration and cumulative tire force. For suspen-
sion deflection, the relative magnitude is lowered by the same
amount of around 3%.

4.3. Influence of friction, hysteresis and actuation delay
the PDD strategy

The last tested control strategy was the PDD strategy. The
overall impact of friction and hysteresis on the behaviour of the

Magnitude [m/m]

02

o ! !
05 1 2

1
3

model was similar to that of the ADD strategy, with hysteresis
having relative gain slightly lower by around 12% to 14% points
for the first and second resonant frequencies, respectively, for
suspension deflection — Tab. 9. Cumulative tire force and sprung
mass acceleration functions also have slightly lower relative gains
for most frequencies, except for the 3—-4 Hz range, where the
relative gain is actually higher by around 10% points. Delay func-
tions a bit differently; it has almost no impact on any of the dynam-
ic responses. The cumulative effects of all three are as previously
— mostly a sum of individual influences.

The effects of the PDD strategy are similar to those of ADD,
with the difference being that in case of PDD, the influence is on
average 5%—10% higher for hysteresis, while friction and delay do
not change much. The greatest effects are seen for both resonant
frequencies.

Tab. 10 and Figs. 20 and 21 present absolute and relative
values of transfer functions of cumulative tire force for the damper
model with the PDD control strategy.

Reference
Friction
Hysteresis

Delay

Friction, hysteresis & delay

| 1 1 |
4 5 6 7 8 9

Frequency [Hz]
Fig. 18. Transfer functions between kinematic excitation and suspension deflection for the PDD control strategy. PDD, power-driven damper

Tab. 9. Absolute values of transfer functions between road excitation and suspension deflection (m/m) for PDD

1st resonant freq. —1 Hz -3 Hz 2nd resonant freq. —10 Hz Max. tested freq. 25 Hz
Reference 0.78 112 1.08 0.17
Friction 0.72 112 1.01 0.17
Hysteresis 0.58 112 0.88 0.16
Delay 60 ms 0.78 1.12 1.08 0.17
Fric. + Hyst. + Delay 60 ms 0.53 112 0.72 0.15

11
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Fig. 19 Relative values of suspension deflections for PDD. PDD, power-driven damper

Reference
Friction
Hysteresis
25+ Delay
Friction,

is & delay

Magnitude [N/m]

05

o N Oy N AN [

Frequency [Hz]

Fig. 20. Transfer functions between kinematic excitation and cumulative tire force for the PDD control strategy. PDD, power-driven damper

Tab. 10. Absolute values of transfer functions between road excitation and cumulative tire force (N*10%/m) for PDD

1st resonant freq. —1 Hz -3 Hz 2nd resonant freq. —10 Hz | Max. tested freq. 25 Hz
Reference 0.42 0.81 2.68 2.34
Friction 0.42 0.91 2.57 2.34
Hysteresis 0.46 1.12 2.50 2.31
Delay 60 ms 0.42 0.81 2.65 2.35
Fric. + Hyst. + Delay 60 ms 0.46 1.20 240 2.29

1st resonant freq. ~1 Hz ~3 Hz 2nd resonant freq. ~10 Max. tested freq. 25 Hz
Hz

150
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Ratio [%)] of transfer function
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Fig. 21. Relative values of cumulative tire force for PDD. PDD, power-driven damper
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Similarly to suspension deflection, the effects on cumulative
tire strength are comparable for PDD and ADD strategies. The
highest influence is caused by hysteresis, especially for low (1-
3 Hz) frequencies, while friction and delay almost do not play a
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role when it comes to changing transfer function values.

Tab. 11 and Fig. 7 present absolute and relative (Fig. 23) val-
ues of transfer functions of sprung mass accelerations for the
damper model with the PDD control strategy.
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Fig. 22 Transfer functions between kinematic excitation and sprung mass acceleration for the PDD control strategy. PDD, power-driven damper

Tab. 11. Absolute values of transfer functions between road excitation and sprung mass acceleration ([m/s2]/m) for PDD

1st resonant freq. —1 Hz -3 Hz 2nd resonant freq. —10 Hz Max. tested freq. 25 Hz
Reference 60 200 450 248
Friction 58 215 452 260
Hysteresis 57 254 465 285
Delay 60 ms 60 200 442 250
Fric. + Hyst. + Delay 60 ms 56 270 470 305
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Fig. 23. Relative values of sprung mass accelerations for PDD. PDD, power-driven damper

Sprung mass accelerations are slightly less affected by the
advanced damper model elements for the PDD strategy than
those for ADD, but the highest influences can yet again be found
for 3 Hz and 25 Hz. Hysteresis plays the largest role in transfer
function values.

The overall impact of friction and hysteresis on the behaviour
of the model controlled by the PDD strategy was similar to that of
an ADD strategy, with hysteresis having relative gain slightly lower
by around 12%-14% points for the first and second resonant
frequencies, respectively, for suspension deflection. Cumulative
tire force and sprung mass acceleration functions also have slight-

ly lower relative gains for most frequencies, except for the 3—4 Hz
range, where the relative gain is actually higher by around 10%
points. Delay functions a bit differently; it has almost no impact on
any of the dynamic responses. The cumulative effects of all three
are as previously — mostly a sum of individual influences.

5. CONCLUSIONS

In case of simulation testing of the advanced nonlinear model
of suspension (stiffness and damping suspension forces con-

13
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trolled by nonlinear strategies), transfer functions have to be
calculated using response signals (deflection, cumulative tire force
and sprung mass acceleration) obtained during simulations, as
would be performed for real-life experiments. After preparing
simulated signals in the form of time histories, frequency response
evaluation can be made using the quotient of estimator of cross-
power spectral density of kinematic excitation signals and sus-
pension responses signals and estimator of power spectral densi-
ty of kinematic excitation signals. This method can be implement-
ed with the use of ready-to-use software functions used to esti-
mate transfer functions, for example, MATLAB tfestimate, which
was proved in the present research.

The obtained results allow for formulating the following con-
clusions about the influence of friction and hysteresis on transfer
functions for suspension controlled with various control strategies:

SH: Friction and hysteresis increase the damping force, caus-
ing the magnitudes for road excitation to suspension deflection
transfer function to decrease. It has a similar effect on transfer
functions between road excitation and cumulative tire force, as
well as sprung mass acceleration, albeit to a lesser degree.

The decrease in the transfer function of suspension deflection
for only friction added is smaller for the range of 1 Hz (5%) than
for the 10 Hz range (10%). Friction and hysteresis decrease trans-
fer function magnitude, respectively, about 22% and 44%. In the
range of frequencies between sprung mass and unsprang mass
resonance (between 1 Hz and 10 Hz) and over unsprung mass
resonance (about 25 Hz), the influence of friction and hysteresis is
smaller — 3% and 12,% respectively.

The transfer function for tire forces was mostly influenced by
hysteresis (for 3 Hz) and delay (for 10 Hz). The greatest increase
in the transfer function was seen for the 3 Hz range, where im-
plementation of all models friction, hysteresis and delay increased
this function value by about 40% compared with the reference
model; apart from that, for other frequencies, the change was no
larger than 13%.

Actuation delay makes a little difference for low frequencies,
but this influence starts growing once 1 Hz frequency is achieved,
peaking around 3 Hz, when it starts to drop again. In addition to
changing transfer function values, delay also seems to shift un-
sprung mass resonant frequency to lower by around 1 Hz.

ADD: The same effects of adding friction and hysteresis to the
damper model as in SH case can be observed; they act as if
damping force increased. Delay contribution, while acting in the
same manner for unsprung mass resonant frequency, actually
causes the model to behave like damping force was lower for the
sprung mass resonant frequency. In general, compared with other
modules, delay plays a much smaller role in the ADD control
strategy, contributing to at most 5% change for resonant frequen-
cies for either of analysed dynamic responses. Friction, while
mostly having a similar extent of influence on transfer functions,
reaches 10% of change in the value for sprung mass resonant
frequency in the suspension deflection transfer function. The
highest impact on all transfer functions is caused by hysteresis,
exceeding 20% in case of tire force.

PDD: Delay has almost no effect on the transfer functions for
responses in the PDD control strategy. The effects of friction and
hysteresis once again mimic the increase in damping force. Also,
similar to the ADD control strategy, hysteresis seems to play a
much greater role for all analysed dynamic responses, with even
higher relative changes — up to 30% for cumulative tire forces.

The main conclusion is that friction and hysteresis add extra
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force to the already existing damping force, thus acting as if its
value increased for all analysed control strategies. Hysteresis
seems to have higher impact than friction for all strategies, reach-
ing up to a 30% relative change (PDD tire force), while friction
reaches at most 14% (ADD, also tire force). SH and ADD strate-
gies seem to be mildly affected by implementation of actuation
delay, while the PDD strategy remains practically unchanged until
15 Hz, where slight changes (no more than 2% relative value) can
be observed for some of the transfer functions. Its importance can
potentially be higher, if the actuation delay is >60 ms.

The research shows the importance of including proposed
modules in testing for both adjustable and passive dampers. The
combined effects of all three modules often exceed a 40% relative
value change, which might lead to greatly overestimated gains
from implying such theoretically beneficial control strategies. The
inclusion of friction and hysteresis in the equations defining the
strategies, to offset their real-life effects on stiffening suspension,
might yield positive results. As for the effects of actuation delay,
its influence might be diminished by developing forward scanning
sensors, which could prepare suspension for upcoming excita-
tions in advance.
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