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Abstract

In this paper, the Independent Component Analysis (ICA) was proposed to be integrated with a semi-active control in order
to improve the vehicle performance in real time. In fact the ICA was used to estimate the road profile variability. Taking into
account the estimated road information, a skyhook controller was allowed to switch its control gain. It acts accurately in real
time to eliminate the vibrations and ensure passengers comfort. This control was used due to its simplicity and efficiency. It
depends only on the speed of the sprung mass which is affected by the type of road profile. The studied profile consists of a
series of random roads selected according to the ISO 8608 standard. Only two measurements are required in the proposed
coupling method: the sprung mass variation and the vehicle speed variation. The numerical results in time and frequency
domain show that the modified ICA method ensures the passengers comfort and enhances the required performances.

Keywords Modified ICA - Semi-active control - Vehicle model - Passenger comfort

1 Introduction

Car manufacturers are considering ensuring the reliability
of vehicles to avoid customer dissatisfaction, ensure their
safety and provide the desired comfort. Since the automo-
bile is subjected to different levels of vibration generated by
different sources of excitation mainly the road roughness,
it is equipped with a suspension system. This system has
to ensure not only the comfort of the passenger but also
allow for the control of the vehicle mainly in critical situa-
tions [1-3]. To this end, the customer’s requirements for his
driving comfort and the safety of modern cars are getting
better and better. However, this represents a real challenge
when designing the automobile. While improving these per-
formances, designers integrate more components and sub-
systems into a single concept to provide more functionality
and meet the customers’ needs [4]. This increases the level
of complexity of the suspension system [4]. For example,
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some researchers propose the use of pneumatic cylinders and
controlled dampers to optimize comfort. However, all these
concepts face a common limitation which is their inability
to function properly until they are able to meet the imperfec-
tions of the road [4].

Recently, a semi-active suspension has been integrated
into a vehicle with a look-ahead controller that is able to scan
the road [5]. The road information will then be transferred
to a cloud service for a change in the suspension damping.
An adaptive hybrid control system is created to provide the
value of the hybrid coefficient dynamically of semi-active
suspension based on optimization of the performance of a
classical hybrid control system. A new road estimator com-
bined with a classification method was proposed [6, 7]. It
aims to detect the road profile level referring to Adaptive
Neuro fuzzy Inference System and wavelet transforms for
adaptively change the control gains. A new fuzzy sliding
mode controller with a disturbance estimator is introduced
to improve semi active control performances in the pres-
ence of uncertainties related to the model errors and external
disturbances [8].

Despite all these advantages, the aforementioned tech-
niques are complicated and the tuning process is not straight-
forward. In addition, their implementation requires expen-
sive equipment.
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The road profile estimation is another aspect that has
become crucial to allow better vehicle performances. In
the literature, the road profile is the severe factor that influ-
ences the suspension dynamic response. For this reason, all
the proposed strategies rely on identifying these exogenous
sources to be used as additive information for changing the
damping gains. The collection of information on the road
profile is carried out using different techniques: Some,
like the profile analyzer and the profilograph, use direct
measurements [9, 10] while others are based on numerical
estimation based on the knowledge of the vehicle dynam-
ics. Recently, an online algebraic road profile estimator
with straightforward calibration was proposed [11]. It just
requires a specific choice of a sliding window to obtain bet-
ter estimation results. Similarly, [12] suggested an online
estimation method which uses the transmission character-
istics of the vehicle and the estimation of the PSD of the
road profile. The “Augmented Kalman filter” was applied
to identify the road variability and proved the efficiency of
this method to estimate the road profile. Nonetheless, it is
sensitive to high vehicle speed variations [13]. As introduced
by [14] another technique based on a statistical analysis of
the dynamic response of the vehicle allows us to estimate
road surface type. Then, the collected information will be
integrated to an adaptive damping control technique for a
vehicle suspension that facilitates the selection of the sus-
pension damping setting.

Despite the many control and road profile identification
methods investigated in the above-discussed research stud-
ies, there is still a scarcity of studies that integrate the road
profile estimation in a control law. To achieve better vehicle
performances, this paper aimed to integrate the road pro-
file estimation into a semi-active suspension control. The
Independent Component Analysis (ICA) was proposed as an
estimation technique of the road profile [15, 16]. The advan-
tage of the ICA is that it allows an easy identification of the
excitation knowing the responses that can be measured by
different sensors [17, 18]. The main idea of this paper was to
integrate a switch control law in the ICA. Using the obtained
modified algorithm, the influence of the estimated road on
the choice of the suitable actuators will be taken into account
since it is integrated into the controller. This controller acts
accurately and at the right time to eliminate the vibrations
due to the severity of the road profile. As a result, the ride
comfort criterion is enhanced and the road holding is ame-
liorated. Furthermore, this coupling method is based on the
use of the ICA for short periods of time (few seconds) to
identify the real road among the different types of random
roads defined by ISO 8608 [15] then switch automatically by
choosing the adequate controller (specific gain for each type
of road profile) in order to get the required performances.

The remaining of this paper is organized as follows: Sect. 2
described the system modeling. Sections 3 and 4 detailed the
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new coupling method, then, introduced the studied cases with
the different types of road profile. In Sect. 5, we compared
the passive and semi-active suspension systems to show the
amelioration in the suggested system performance, on the one
hand, and we carried out a robustness study of the coupling
method using the sprung mass and the vehicle speed variation
on the other hand. Section 6 was devoted to drawing the main
conclusions.

2 System modeling

In this section, the quarter car model was studied. This model
has two degrees of freedom as depicted in Fig. 1:

e X;: the displacement of the sprung mass m
e y;: the displacement of the tire m,

This model is equipped by a skyhook control. Most of the
studies indicate that this type of control is optimal in terms of
its ability in isolating the suspended mass from basic excita-
tions [4]. This control was achieved by using a simple speed
feedback law, i.e., the speed of the suspended mass in the case
of the quarter vehicle model. Hence, the force applied by the
actuator is given by the following Eq. 1 [19]:

Fyi = —Cynook Xi (1

LSRG b

tor(t)

Fig. 1 Quarter vehicle model with skyhook damping
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The equation of motion of the quarter car model is writ-
ten as follows (Eq. 2):

m&; + ke (X; — ;) + ¢ (X = 3;) = Fu(®)
my; + ke (v = X;) + ¢ (3 = X;) + ke (= (1) = =F3(0)
@
The choice of the quarter car model (Fig. 1) is based
on the results of a previous article [15], which show that
this model is the simplest and contains the basic charac-
teristics of the full model but it can describe well a full
model in terms of road profile estimation [15]. In order to
slow down the motion of the vehicle, an opposite force to
the direction of motion is produced. Since this is not pos-
sible in reality, we can make a controller to generate the
Skyhook damping force. So, semi-active dampers which
can vary depending on the type of excitation are used.
The values of the gains chosen will depend on the type
of the road profile. The values of the parameters used are
presented in Table 1:

Remark The selection of suspension parameters is an
important step. There are many assumptions that should be
respected: Some references start by fixing natural frequen-
cies of the sprung and unsprung masses [21] and then the
value of damping ratio, can be determined. As we know
when this constant is high, better driving dynamics are
obtained. The lower this constant, the better is the comfort.
In this first study the superiority is given for comfort.

However, it can be noted that, depending on road con-
ditions, the damping ratio should be around 0.2 (for opti-
mum ride) and 0.8 (for optimum handling) [22].

The road profile excitation is considered as random dis-
turbances. The ISO 8608 standard assumes that the roads
are classified in five main classes (from A to E) according
to their roughness (Table 2) using this equation [16-23]:

V() + wyy,. () = \/Sg(L). v. w(t) 3

where y, (t) is the road profile, v is the car velocity, w(t) is the
noise signal and w,=0.2x.v, S, (£)) is the road roughness.

Table 1 Parameters of the quarter vehicle model [20]

Parameters Values Unit
Sprung mass m 317.5 Kg
Unsprung mass m; 454 Kg
Suspension stiffness k; 20.000 N/m
Tire stiffness k; 192.000 N/m
Suspension damping ¢, 535 Ns/m

Table 2 ISO road roughness classification

Road class Roughness degree Sg(£2,) (106 m¥/
cycle/m)
Range Geometric mean

A (very good) <8 4

B (good) 8-32 16

C (Average) 32-128 64

D (poor) 128-512 256

E (very poor) 512-2048 1024

3 Classical ICA method

The ICA aims to reconstruct the source signal knowing
only the vector of the observed signals written as in [24,
25]:

{X} = [Al{S} )

with:

{X}: The vector of observed signals defined by the
sprung mass acceleration in this study.

[A]: The mixing matrix.

{S}: The vector of source signals defined by the kin-
ematic excitation.

The reconstruction process should be achieved under
some assumptions given in [26] as follows:

e The vector {S} must have statistically independent com-
ponents.

e The estimated sources and the observed signals must
have the same number.

e The components of the vector S must have a non-
Gaussian distribution.

Based on these assumptions, ICA computes the separat-
ing matrix [W,| which is equal to [A] ~! after the centering
and whitening the observed signals. Then, ICA estimates
{S} using the deflection method [15, 16]. Estimated signals
are written as:

{sy = [w] {x) )

The computation of [WS] is based on the independence
criterion defined by the maximization of the kurtosis (to
guarantee the non-Gaussianity of the sources) as:

_E{Is1) -22{]9) - ()

©
EX{|5?]}

where E is the orthogonal matrix of eigenvectors of
E{XX"}.
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Observed signal X: sprung mass

acceleration
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Fig.2 Steps of road profile identification

The following diagram summers the steps of ICA to
identify the road profile (Fig. 2)

4 A new modified ICA-algorithm

This method consists of an ICA-Control Coupling. In
fact, in a real context, the vehicle is subjected to road dis-
turbances caused by a succession of profiles (From A to
E) as previously mentioned. Real-time road disturbance
identification remains crucial for the application of the
adequate controller for each disturbance. Indeed, the con-
trol takes into account the road variability and thus acts
on the responses of the vehicle while ensuring the comfort
of the passenger. It is therefore interesting to couple the
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Fig.4 Principle of the Coupling method

ICA with the control. This method makes it possible to
identify the road profile variability by the ICA, on the
one hand, and to choose the appropriate controller accord-
ing to this estimated profile, on the other, to improve the
performance of the vehicle. Figure 3 shows the coupling
principle between the ICA and the control.

The vibratory response of the vehicle is influenced by
the variability of the road profile. It is therefore necessary
to examine this variation by taking samples of duration At
and estimating periodically the road profile using the ICA.
This estimation allows choosing the appropriate control-
ler for each profile. This action will be repeated at each
defined interval of time (IT). Experimentally, these samples
are obtained by direct measurement from accelerometers;
numerically, however, the vibratory responses of the studied
model are calculated using Newmark method as described
in a previous work [15]. Ultimately, it will be sampled. The
principle of the method is presented in Fig. 4.

5 Numerical results

The results of the modified ICA algorithm are detailed in
this section. In the first case, different types of random road
profiles were generated to verify the effectiveness of the
ICA method to estimate the true profile. Then, the robust-
ness of the method was studied by varying the mass of the
sprung (1st case) and the speed of the vehicle (2nd case).
The evaluated performance criterion is the passenger com-
fort presented by the acceleration of the suspended mass.
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The achieved results were compared to the ISO 2631-1
standard for assessing comfort. To ensure that the simplified
model keeps up with the real car performance, the following
assumptions and constraints were considered:

e The vehicle body and chassis are viewed as one rigid
block and the desired performance criterion is the pas-
senger comfort that is presented by the sprung mass
acceleration. To evaluate the comfort obtained by the
semi-active suspension the ISO2631-1 standard was used
[27]. Tt is summarized in Table 3:

e It is assumed that the tires, springs and dampers are
always perpendicular to the ground. In order to ensure
driving safety and road holding stability, the dynamic
load of the tire according to UESAMA criterion [28]
should in no case exceed 80% of its static load.

e The four tires are always in contact with the ground.

e Considering the actuator saturation, the active control
forces have upper limitation of 2000 N.

5.1 A sequence of road profiles with a constant
vehicle speed

The kinematic excitation r(t) due to the road profile was
constructed for a long road as follows: In the beginning, road
A from O to 10 s; then, road B from 10 to 18 s; then, road C
from 18 to 30 s; after that, road D from 30 to 40 s; finally,
road E from 40 to 50 s. The vehicle speed is 15 m/s.

5.1.1 Estimated road profiles

Our estimation was performed on a sprung mass accelera-
tion of duration of 50 s which was split into five intervals IT
of 10 s each. The ICA was applied for samples of duration
At=1 s only, which means that we got 5 samples of duration
1 s as presented in Fig. 5.

Once the estimation was achieved, the identified profile
was compared to the five profile types defined by ISO 8608

Table 3 1SO2631-1 Standard [27]

RMS of acceleration (m/s?) Level of comfort

Less than 0.315 Comfortable
0.31520.63 A little comfortable
05al Fairly uncomfortable
0.82a1.6 Uncomfortable
125a25 Very uncomfortable

Greater than 2.5 Extremely uncomfortable

ol 1st sample 2nd sample

4th sample

Sprung mass acceleration (m/sz)

3rd sample 5th sl’ample

'
w

10 20 30 40 50
Time(s)

o

Fig.5 Sprung mass acceleration with constant vehicle speed

by measuring the RMS of the Error (RMSE) between the
estimated profile and the real one defined as:

RMSE = @)

where: S, is the sample of real road profile.
S,: Estimated road profiles.
T: Number of elements in the real and estimated vectors.
The smallest error corresponds to the profile identified by
the ICA. The obtained results are summarized in Table 4.
The smallest error corresponds to the identified pro-
file. From Fig. 6, it can be noticed that the ICA is able to
reconstruct the true profile even from small samples of the
observed signals X(t).

5.1.2 Selection of suitable controller gains

From each type of the identified profile, the corresponding
controller is activated to improve the performance of the sus-
pension system. The chosen gain values for each road profile
are presented in Table 5 [20]. These values were chosen fol-
lowing several numerical trial and error tests. The obtained

Table 4 Identification of the road profile

RMSE Road A RoadB RoadC RoadD RoadE
Samples

1st sample 0.012 0.90 0.98 0.87 0.94
2nd sample  0.85 0.34 0.94 0.91 0.77
3rd sample  0.99 0.99 0.55 0.97 0.91
4th sample 0.84 0.93 0.94 0.23 0.98
Sth sample 0.94 0.83 0.85 0.98 0.83
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Table 5 Values of chosen gains
Road profile level A B C D E
Value of chosen gains (Ns/m) 680 750 2530 3820 4000
Table 6 Improvement of the suspension performance
Controller RMS of the sprung mass acceleration (m/s?)
Road A RoadB RoadC RoadD RoadE

Passive 0.038 0.09 0.174 0.36 0.72
Controller A 0.013 0.38 0.9 0.22 0.59
Controller B 0.014 0.047 0.069 0.21 0.43
Controller C  0.015 0.062 0.06 0.2 0.38
Controller D 0.015 0.065 0.075 0.15 0.38
Controller E ~ 0.015 0.068 0.078 0.18 0.34

results show that each chosen gain is adequate only for one
road profile type as shown in Table 6.

5.1.3 Required performances

As a required performance, the ride comfort presented by
the sprung mass acceleration was chosen. It can be remarked
that for a random road sequence, when the road levels vary,
the skyhook controller performs well for each selected pro-
file (Table 6). Thus the chosen gains are adequate for each
type of well-defined road (Fig. 7).

Figure 7 shows the comparison between the passive and
the semi-active systems in the time domain. From these
results and the RMS values of Table 6, it can be noted that
the ride comfort was improved by 63% for the profile type
A, 47% for type B, 65% for type C, 58% for type D and
52% for type E. So, it can be said that while switching the
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controller from one road level to another its performance
remains good. A suitable damping force is produced for
attenuating unpredictable perturbations. Also, both of the
road profile identification time and the controller choice take
only 0.69 s. Therefore, it can be deduced that this coupling
method is very advantageous in terms of simplicity and com-
putation time.

On the other hand, the introduction of the modified ICA
resulted in a good compromise between the vehicle ride
comfort and the handling quality. As shown in Table 7 the
tire holding has been ameliorated by 13% compared to the
2% achieved by the classical case. Nevertheless, the modi-
fied ICA control deteriorated the suspension working space
by 20% [20].

To show the effectiveness of the proposed modified ICA,
we activated the algorithm after 10 s in the case of the road
profile type C and noted its influence on the ride comfort as
shown in Fig. 8.

Obviously, the proposed controller with an online switch-
ing process needs more energy to offer suitable perfor-
mances. However, the classical actuator produces a lower
actuator force than the semi active with the modified ICA
which can be justified by its inability to deal with the road
profile change.

5.1.4 Frequency domain analysis

To further investigate the performance of the semi-active
controller, the frequency domain response plots are dis-
played in Fig. 9. The bode diagrams of the typical trans-
fer functions for sprung mass acceleration, the suspension
deflection and the tire deflection with respect to different
road perturbations are plotted. It can be seen that the gain of
the vehicle sprung mass acceleration of the system with the
proposed controller declined in the low frequency region and
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Fig. 7 Ride comfort improvement in passive and semi-active suspension system
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Table 7 The suspension
working space and the dynamic

Road excitation

Suspension type

Suspension deflection (m) Tire deflection (m)

tire deflection performances Passive

Real profile
Semi-active

Estimated profile Passive

Semi-active (Modified ICA)

0.0204 0.0131
0.0215 (1 5.4%) 0.0128 (1 2%)
0.02 0.0138

0.0251 (1 20%) 0.012 (1 13%)

Actuator force (N)

Classical skyhook

0 5 10 15 20
Time (s)

IActivate modified ICA

(b)

Ride Comfort (m/sz)
o

-0.2
-04+
-06F
Classical skyhook ' Activate modified ICA
-0.8
0 5 10 15 20
Time (s)

Fig.8 a Actuator force in the case of classical and Modified skyhook b Sprung mass acceleration in the case of classical skyhook

then increased with the frequency increase. In the frequency
range of interest 0-20 Hz, the first resonance peak was fur-
ther attenuated with the modified ICA. From the above anal-
ysis, this improvement is related to the right selection of
required damping added within the proposed algorithm. This
analysis validates the correctness of the simulation results
in the time domain that the power demand, which has a sig-
nificant enhancement of the suspension performance in the
observed features of the proposed controller depending on
the type of road excitation.

Table 8 Road profile identification with sprung mass variation

5.2 Robustness analysis

Lastly, in this section, the sprung mass uncertainty and speed
variation were considered to further discuss the robustness
of proposed algorithm.

5.2.1 First case: road profile A-E-B-C-D with sprung mass
variation

e Identification of the road profile
In this case, a random profile consisting of the fol-
lowing road profiles, Road A—road E—road B—road
C and finally road D, was used. A constant speed equal
to 15 m/s was chosen. At a first case, any sprung mass

RMSE Road A Road B Road C Road D Road E

Sprung mass 0 20 40 0 20 40 0 20 40 0 20 40 0 20 40
variation

Samples

Ist 0.012 0.022 0.05 0.9 0.93 0.95 0.98 0.99 1 0.87 0.88 0.92 0.94 0.94 0.98

2nd 0.95 0.97 1 0.85 0.87 0.92 0.74 0.79 0.83 0.98 0.99 1 0.002 0.05 0.07

3rd 0.85 0.87 0.9 0.34 0.42 0.48 0.94 0.96 0.98 0.91 0.93 0.96 0.77 0.78 0.81

4th 0.99 1 1 0.99 1 1 0.55 0.58 0.61 0.97 0.98 1 0.91 0.94 0.96

Sth 0.84 0.89 0.92 0.93 0.94 0.97 0.94 0.95 0.97 0.23 0.26 0.32 0.98 0.99 1
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Fig.9 Bode plots a Sprung mass acceleration b Suspension deflec-

tion and c tire deflection
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Fig. 10 Sprung mass acceleration without sprung mass variation

variation is applied, after that; variations of 20% and 40%
were added to the actual mass of the vehicle to study their
influence on the profile identification and the controller
performance. Before applying the ICA to estimate this
profile, the vector of the observed signals without sprung
mass variation was calculated. It consists of the accelera-
tion samples (Fig. 10).

The ICA profile identification errors results are shown
in Table 8. The Root Mean Square Error (RMSE) defined
previously by Eq. 7 is evaluated.

Application of the controller

The corresponding controller for each profile type was
activated after each estimation process. The achieved
results are shown in Fig. 11 for the case of 20% variation
and in Table 9 for the case of 40% variation.

It can be claimed that the obtained results are satisfac-
tory since the required performance which is the ride
comfort has been reached and that the modified ICA per-
forms well in spite of the sprung mass variation.

5.2.2 2nd case: road profile C-B-E-D-A with variable speed

Identification of the road profile
In this sub-section, the road profile was constructed
by a series of random profiles Fig. 12 where we varied

Table9 The ride comfort improvement using a 40% variation of the

sprung mass

Controller RMS of the sprung mass acceleration (m/s?)
Road A RoadB RoadC RoadD RoadE

Passive 0.024 0.09 0.06 0.20 0.48
Controller A 0.011 0.039 0.051 0.098 0.32
Controller B~ 0.012 0.038 0.054 0.092 0.34
Controller C  0.012 0.039 0.05 0.094 0.32
Controller D 0.013 0.043 0.056 0.09 04
Controller E  0.014 0.045 0.058 0.11 0.3
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.Tgb'e.go Road Ig"ﬁleh, 1 RMS of the error Road C Road B Road E Road D Road A
1dentification under vehicle V=15m/s V=20 m/s V=10 m/s V=12 m/s V=25m/s
speed variation
Samples
1st sample 0.174 0.99 0.98 0.9 0.98
2nd sample 0.99 0.38 0.95 0.99 0.92
3rd sample 0.98 0.89 0.49 0.97 0.92
4th sample 0.89 0.99 0.97 0.85 0.99
Sth sample 0.99 0.91 0.98 0.99 0.88
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T.able n Improvement. of the Controller RMS of the sprung mass acceleration (m/sz)
ride comfort under vehicle
speed variation Road C Road B Road E Road D Road A
V=15 m/s V=20 m/s V=10 m/s V=12 m/s V=25m/s
Passive 0.174 0.12 0.7 0.32 0.045
Controller A 0.16 0.07 0.39 0.131 0.025
Controller B 0.12 0.054 0.41 0.096 0.026
Controller C  0.058 0.057 0.22 0.09 0.026
Controller D  0.11 0.06 0.21 0.08 0.027
Controller E  0.11 0.064 0.2 0.09 0.028

the speed and kept the duration fixed at 10 s as follows:
Road Level C 15 m/s; Road Level B 20 m/s; Road Level
E 10 m/sec.; Road Level D 12 m/sec.; and Road Level A
25 m/sec. Table10 shows the results of the road profile
identification.

According to the results displayed in Table 10, it can
be noticed that the ICA was able to estimate the road
profile even under the condition of speed variation.

e Application of the controller

Once the ICA has estimated the profile, the suitable
controller of each road is applied in order to improve the
performance. The obtained results are shown in Table 11:

The comparison between the semi-active and passive
suspension systems performances allowed us to con-
clude that the first always yields better results taking into
account the speed variation and the road imperfection.
In addition, the required simulation time to identify the
profile and activate the controller is just 0.73 s. Thus,
this coupling method remains very interesting and really
promising in enhancing the suspension performance.

6 Conclusion

In this paper, a new modified ICA algorithm was proposed in
order to identify the road profile in real time and activate the
suitable controller to improve the suspension performance.

The profile identification results are satisfactory. The ICA
is able to reproduce the real profile even with a sample of
1 s of the sprung mass acceleration. Neither the speed nor
the sprung mass variation affected the estimation process.

Using the skyhook control enabled us to enhance the
vehicle performance. Thanks to this coupling method it
was possible to use an online simple concept which is fast
enough to detect the road profile variation and act on the
adequate controller. Since, the efficiency of the algorithm is
related to the driving speed (v) and the traveled distance (d),
the response time of our algorithm should be lower than the
ratio v/d which presents a limitation, especially when driving
on a short way with high vehicle speed.

It can be noted that in this first study, the chosen passive
damping coefficient is based on ensuring the passenger com-
fort. Such value can influence the choice of damping coef-
ficient in the case of semi active suspension. If the param-
eters of passive damping would be bigger, one can obtain
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different numeric results. So as perspective we propose to
use an optimization algorithm to get the optimal value of
passive damping.
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