242 | https://doi.org/10.3311/PPtr.18593
Creative Commons Attribution ®

Periodica Polytechnica Transportation Engineering, 49(3), pp. 242-249, 2021

Vehicle Semi-active Suspension Control with Cloud-based
Road Information

Hakan Basargan'™, Andras Mihaly?, Adam Kisari2, Péter Gaspar?, Olivier Sename3

' Department of Control for Transportation and Vehicle Systems, Faculty of Transportation and Vehicle Engineering, Budapest
University of Technology and Economics, H-1111 Budapest, 2 Stoczek street, Hungary

2 Systems and Control Laboratory, Institute for Computer Science and Control (SZTAKI), E6tvOs Lorand Research Network (ELKH)
H-1111 Budapest, 13-17 Kende street, Hungary

3 GIPSA-lab, INPG, Université Grenoble Alpes, 38402 Grenoble, 11 Rue des Mathématiques, France

* Corresponding author, e-mail: hakan.basargan@kjk.bme.hu

Received: 18 May 2021, Accepted: 15 June 2021, Published online: 04 August 2021

Abstract

Adaptive suspension control considering passenger comfort and stability of the vehicle has been researched intensively, thus several
automotive companies already apply these technologies in their high-end models. Most of these systems react to the instantaneous
effects of road irregularities, however, some expensive camera-based systems adapting the suspension in coherence with upcoming
road conditions have already been introduced. Thereby, using oncoming road information the performance of adaptive suspension
systems can be enhanced significantly. The emerging technology of cloud computing enables several promising features for road
vehicles, one of which may be the implementation of an adaptive semi-active suspension system using historic road information
gathered in the cloud database. The main novelty of the paper is the developed semi-active suspension control method in which
Vehicle-to-Cloud-to-Vehicle technology serves as the basis for the road adaptation capabilities of the suspension system. The semi-

active suspension control is founded on the Linear Parameter-Varying framework. The operation of the presented system is validated

by a real data simulation in TruckSim simulation environment.
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1 Introduction
Cloud computing has turned out to be a key topic along
with the development of network systems. It is a signifi-
cant technology for the application of optimization com-
putations and advanced vehicle control. The vehicles,
which have advanced technology consist of hundreds of
embedded electronic control units (ECU). The substantial
onboard computing power and storage is necessary due to
advanced algorithm usages. But computing power and stor-
age is not cost-effective, thus cloud computing is a solution
for the huge algorithm load and database complexity.
Suspension system design has a significant role in
vehicle technology. A well-designed suspension sys-
tem radically improves both road holding and driving
comfort. Estimation of the road condition is necessary
to design an adaptive semi-active suspension system.
Reconfiguration of the suspension system is possible at
different road irregularities. This reconfiguration finds a

trade-off between driving comfort and road holding. This
reconfiguration is based on the road condition and perfor-
mance importance of the vehicle. The cloud technology
enables the receiving of road conditions and information
for the suspension system.

The suspension control from the perspective of Vehicle-
to-Cloud-to-Vehicle(V2C2V) methods have been stud-
ied recently, (Guanetti and Borelli, 2017; Li et al., 2014;
Li et al., 2015; Mihaly et al., 2017; Zheng et al., 2019).

This paper presents a novel method of a cloud-
based adaptive semi-active suspension control system.
The reconfigurable semi-active suspension system has
been developed by using V2C2V technology, where adap-
tation of the vehicle for the road irregularities is possible.
The advantage of the proposed method is the adaptation to
the road conditions without using hardware-related tech-
nology, which may cost more.
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Several researchers have already developed semi-active
suspension systems based on the quarter-car model with
very different approaches. A skyhook control strategy has
been widely used for the semi-active suspension control
(Liu et al., 2019; Moaaz and Ghazaly, 2019; Shimoya and
Katsuyama, 2019), where the strategy is based on design-
ing the semi-active suspension control so that the chassis is
linked to the sky to reduce the vertical accelerations of the
chassis and of the axle independently of each other. It is easy
to implement, however it disrupts the dynamic tire load.
The model predictive control (MPC) (Rathai et al., 2019a;
Rathai et al., 2019b) method is also widely used but it lacks
robustness properties. Unlike previous approaches, control
method (Ye and Zheng, 2019; Yu and Zhang, 2019) guar-
antees ride comfort, road holding and vehicle stability per-
formances, however dynamic control reconfiguration is not
possible due to the fixed weighting of the performances. Due
to reconfiguration importance in the semi-active suspension
control, the control method, which has availability for real-
time reconfiguration has to be considered. Thus, the control
is founded on the Linear Parameter-Varying(LPV) frame-
work in this paper due to its availability for the dynamic
configuration by modifying the scheduling variable, see
(Basargan et al., 2021; Basargan et al., 2020a; Basargan et
al., 2020b; Morato et al., 2019; Pham, 2020).

The paper is organized as follows: Section 2 presents
the control-oriented quarter-car model and the LPV con-
troller synthesis. Section 3 introduces the architecture of
the cloud application and the designing of the scheduling
variable. Section 4 demonstrates the operation of the pro-
posed method in a high-fidelity TruckSim simulation envi-
ronment with real road data. Finally, concluding remarks
are presented in Section 5.

2 Modeling and control synthesis of the suspension
system

This section contains the modeling of the quarter-car sus-
pension and designing the reconfigurable semi-active sus-
pension control through LPV method.

The layout of the commonly used two-degree-of-free-
dom quarter-car model is shown in Fig. 1. It is widely
used due to its controllability and simplicity. The dynamic
model of the quarter-car suspension system and the actua-
tor is written as Egs. (1) and (2).

m.yq] +bs<q'l _42>+kx<q1 _q2)+Fmr =0
mMQZ +bs (q2 _q1)+kt (q2 _W) (1)
+k.\‘ (qZ _ql)_Fmr :O'
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Fig. 1 Quarter-car model
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Here, m_ is the sprung mass of the quarter vehicle,
m  represents the unsprung mass, k, is the stiffness of the
tire, k_is the stiffness of the spring, b_ is the damping rate
of the shock absorber, while /7 is the control force gener-
ated by the actuator and u is the control input of the system.

Note, that ¢, and g, are the vertical displacement of
the sprung mass and the unsprung mass, while road dis-
turbance is denoted with w. The nominal parameters of
the quarter-car model for the front and rear suspension is
shown in Table 1.

The unmodeled dynamics A are also taken into consider-
ation with |A(w1 )| =25 at low frequencies and |A(w2 )| =1
at high frequencies, and is assumed to be stable with the
norm condition Al <1.

The state vector is selected as with the below elements:

X =49

X =4,

X =4, 3)
X, =q,

xs=F

Next, performance specifications are defined in order to
achieve a desired trade-off between ride comfort and road
holding, while also taking control force into consideration:
» Hence, for the sake of increasing passenger comfort,
the acceleration of the sprung mass must be minimized

with the following optimization criterion: z, = ¢, — 0.

Table 1 Parameters of the suspension

Front Rear

Parameters (symbols) suspension suspension Unit
Suspension stiffness (k) 30 60 kN/m
Tire stiffness (k) 220 220 kN/m
Sprung mass (m,) 214 336 kg
Unsprung mass (m,) 40 40 kg
Time constant (7) 1/30 1/30 s

Damping (b,) 50 50 N/m/s
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» Directional stability is guaranteed with the minimiza-
tion of suspension deflection, hence z, =(¢q, —¢,) — 0.

* In order to reduce variations of side force to guaran-
tee stability, the dynamic tire load must be minimized
with the optimization criterion: z, = (q2 - w) — 0.

e Finally, in order to avoid actuator saturation, the
control force must also be considered with the opti-
mization criterion z, =F, — 0.

These performances are put in a performance vec-
tor z=[zz,2,z,]. The measured signal is the relative dis-
placement between the masses, i.e x, —x, The control input
u=F_is the vertical force generated by the actuator, with
the dynamics listed in Eq. (2).

Next, the system is given with Eq. (1) needs to be trans-
formed into the state-space representation form as Eq. (4).

x=A4 +Bw+Bu
z=Cx+Dw+D,u “4)
y=C,x+ D, w+D,u.

The proposed high-level controller is founded on a
weighting strategy formulated through a closed-loop
architecture shown in Fig. 2.

Here, G is the quarter-car control-oriented model defined
in Eq. (4). K is the designed LPV controller characterized
with the scheduling variable p responsible for control recon-
figuration, u is the control input of the actuator, y is the mea-
sured output, 7 is the measurement noise, z represents the
performance outputs and w stands for the road disturbance.

The uncertainties of the quarter-car model are consid-
ered with weighting function /¥ and A. Note, that weight-
ing functions should be considered as penalty functions,
hence weights should be large where small signals are
desired and vice versa. The aim of weighting function W,
is to represent sensor noises, while weighting function W,

.

v ]

Fig. 2 Closed-loop interconnection

stands for the road disturbances. The goals of weighting
functions given in W areto keep the sprung mass accelera-
tion ), suspension deflection (UPS tire deflection w,)
and control input (Wp,,) small over the required frequency
range. Note, that while W, represents passenger comfort,
W, and W stands for directional stability and dynamic
tire load. Since the predefined performance specifications
may conflict with each other, weighting functions given
in W, must be designed in a manner that an appropriate
trade-off can be guaranteed between them. Moreover, in
order to ensure control reconfiguration in case one of the
predefined performances becomes more important due to
estimated future road conditions, a scheduling variable
p €[0,1] is introduced to shape weighting functions W
W, and W . Hence, these performance weighting func-

tions related to passenger comfort and road holding are
selected in a second-order proportional form as follows:

a,s+1
W, =(1- .
s ( )T35+1
a,s+1
W, =(1-p)% ®)
= )T2s+l
_as+l
T Ts+l]
where a,,, and T}, , are designed parameters. Note, that

weighting functions W..W.,Ww, and W _ are all given in
similar linear and proportional form without containing
the scheduling variable p.

The LPV performance problem is to choose a parame-
ter-varying controller, which guarantees quadratic stabil-
ity for the closed-loop system while the induced L, norm
from the disturbance w to the performances z is smaller
than the value y, as described in (Bokor and Balas, 2005).
Hence, the minimization task is given as:

inf  sup sup [1ll,

=2 <y, (6)
K oebw,#0,weLl[wl,

The solution of an LPV problem is governed by the set
of infinite dimensional LMIs being satisfied for all p € F,
thus it is a convex problem. In practice, this problem is set
up by gridding the parameter space and solving the set of
LMIs that hold on the subset opr, see (Wu et al., 1995).

The result of the presented design is a reconfigurable
LPV controller, where p = 1 stands for a setup where pas-
senger comfort is preferred, whereas p = 0 represents a con-
troller focusing on stability and road holding of the vehicle.
When p is between these edge values, a combination of per-
formances are guaranteed by the controller.



The magnetorheological (MR) damper has a limitation
on the control input force, thus a semi-optimal solution is
given in Eq. (7).

_ F;)pt? if ('}1(q'1 _q‘z)>0
" Fpas’ lfQI(ql_Q2)<0

Here, ¥ and F__ are optimal and passive suspen-
opt pas

Q)

sion forces and ¢, —¢, is the deflection velocity of the
suspension.

3 System integration and decision algorithm

This section consists of the architecture of the system,
integration of the cloud application and designing of the
scheduling variable.

3.1 Architecture of the system

In this research the mentioned capabilities of the net-
work and computing technologies are used to improve
the safety and comfort of such equipped road vehicles.
The whole system consists of the following: the vehicle is
equipped with semi-active suspension system, controlled
by the LPV controller obtained in the previous section;
the cloud system communicates with the vehicle and gath-
ers, processes, stores and distributes the data. The archi-
tecture of the proposed system is depicted in Fig. 3.

The process is the following:

* measurement data is collected by the on-board unit
from the suspension and uploaded to the cloud,

* the road-information database is built by gathering
information from vehicles by the cloud application,

» performance index defines the importance of the per-
formance, between road holding and driving comfort
in the cloud application,

* based on the performance index, road irregular-
ity, vehicle velocity and performance results, the
corresponding scheduling variable is calculated by
the decision algorithm in the cloud.

Cloud

Performance
Index

P| Decision
Algorithm

LPV controlle Fi,vert
K( p) MATLAB

Fig. 3 Architecture of the system
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The cloud part of the system is implemented on a pri-
vate infrastructure cloud, while the introduced architec-
ture could be implemented on the other clouds without
major modifications. MongoDB database engine has been
selected due to its features, where handling geospatial
information is possible. The cloud application is written
in Python and it uses the Flask framework to provide a
RESTful API to the cloud functionality.

As it can be seen in Fig. 3, the vehicle is simulated for
this paper using TruckSim software. The simulation envi-
ronment is integrated with Matlab, where controller test
and connection to the cloud via web API is possible.

The system performs two steps in order to choose the cor-
responding scheduling variable. In the first step, the per-
formance index is defined in the cloud application, while
the decision algorithm defines the p in the second step.

The on-board computer collects the current veloc-
ity, position of the vehicle, deformation of the tire, ver-
tical acceleration of the body, and displacement between
sprung and unsprung masses. All these collected param-
eters are forwarded to the cloud application via a mobile
internet connection.

The performance index is calculated based on previ-
ous measurements, which are stored in the cloud data-
base. According to vertical acceleration and tire deforma-
tion values, the importance of one of these performances
is selected. When new data arrives, the cloud application
calculates the scheduling variable for the LPV controller.
This calculation is based on the performance index. The
calculated scheduling variable is sent to the semi-active
suspension LPV controller in order to calculate corre-
sponding damping forces.

3.2 Design of scheduling variable

Defining the performance index is significant to find the
importance of the two performances. According to the veloc-
ity of the vehicle and performance results, we need to define
which performance is more important than the other one.
Thus, normalized vertical acceleration and tire deformation
values are needed to be calculated for the comparison.

The cloud-based road database has multiple measure-
ments and historical data with different road irregulari-
ties and velocities. These data and measurements are the
type of road irregularity, location of road irregularities, the
velocity of the vehicle, deformation value of the tire, accel-
eration of the body, the displacement between sprung and
unsprung masses at each time step. It is necessary to cat-
egorize and group all these data in order to compare them
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with the data which arrives from the on-board computer.
Thus, root-means-square (RMS) of vertical body accelera-
tion and tire deformation has been calculated with Eq. (8):

L
T,
, @®
1
T

where, R and R are RMS values of vertical acceleration
of body and deformation of the tire, 7 (f) and a(?) are the
time-weighted tire deformation and vertical acceleration,
T and T, is the number of acceleration and tire deforma-
tion values. Their normalized value is calculated as follow
in Eq. 9):

. 100R},

ij k
" Rmax

, ©

where, ( is the normalized value, k €[va,td] is perfor-
mance type, where va is the vertical acceleration perfor-
mance, ¢d is the tire deformation performance, i is the
road type and j is the velocity of the vehicle. In the case of
the velocity of the simulated vehicle which differs from the
cloud, the interpolation method is used to find dedicated
performance values for different velocities and irregular-
ities. Table 2 shows a couple of road data with different
velocities and road irregularities and their RMS value of
performances and normalized values in the cloud. This
cloud data is built by gathering information from vehicles,
which have passive suspension (Basargan et al., 2021).

The first step is finding the performance index (Y),
where it is possible to define the importance between two
performances. The solution is provided by comparing their
normalized values. The performance index Y = 0 stands for
tire deformation consideration (road holding), Y = 1 stands
for the vertical acceleration consideration (driving comfort)
and Y = 0.5 expresses that both performance considerations
should be equal. Here, consideration means that, according
to performance consideration, the designed scheduling vari-
able should be close to zero or one. In the case of vertical
acceleration consideration, the scheduling variable needs to
be close to one, while in the tire deformation consideration
scheduling variable needs to be close to zero. Equation (10)
describes selection of the performance index. This index is
calculated in the performance index block:

0, &ii>¢
Y=q1,  ¢M<gn. (10)

d va

0.5, &5 =6

Table 2 Cloud data

Road 3 va va td td
irregularity Velocity (km/h) R ¢ R 4
20 0.058 439 0.0005 4.54
40 0.115 871 0.0012 10.9
5 cm bump
60 0.217 16.41  0.0022 20
80 0.293  22.15 0.0033 30
20 0.0581  4.38  0.0005 4.54
40 0.1165 878  0.0013 11.82
5 c¢cm pothole
60 0.2178 1642  0.0022 20
80 0.290  21.87 0.0032 29
20 0.081 6.11  0.0005 4.54
40 0.160  12.06 0.0013 11.8
7 cm bump
60 0291 2194 0.0022 20
80 0.401  30.24 0.0033 30
20 0.081 6.1 0.0005 4.54
40 0.1625 12.25 0.0013 11.8
7 cm pothole
60 0.3091 21.31 0.0022 20
80 0.4784  36.07 0.0033 30
20 0.115 8.71 0.0013  11.8
40 0.217 16.4  0.0022 20
10 cm bump
60 0.293 22.1  0.0033 30
80 0.537 40.5 0.0036 354
20 0.115 8.672 0.0005 4.54
10 cm 40 0.22 16.6  0.0014 12.72
pothole 60 0.5042 3802 0.0067 60.9
80 09053 68.1 0.0081 73.3
20 0.370 279  0.0110 100
Multiple 40 0431 325  0.0017 154
bumps and
potholes 60 0.466 352 0.0029 263
80 0.444 335  0.0041 372
20 0.431 32.5 0.007 63.6
40 0.751 56.6 0.002 21.8
Sinusoidal
60 1.122 84.6 0.003 27.2
80 1.326 100 0.011 100

The second step calculates the scheduling variable by
considering performance index and normalized perfor-
mance values in the decision algorithm block. Equation (11)
calculates the corresponding scheduling variable:

¢
i,j i,j
¢
== yop 11
i v .
0.5, Y=0.5

The designed scheduling variable is forwarded to the LPV
controller, where dedicated damping force is calculated.



4 Simulation results

The vehicle selected for simulation is a compact util-
ity truck having independent front and rear semi-active
suspension.

The simulation route is based on a Hungarian highway
road from Gyongyos to Kapolna, which had been imple-
mented in TruckSim environment based on real geograph-
ical data, having the speed limits and road distortions
depicted in Table 3.

The altitude of the 3 kilometer long road section
changes significantly while it contains three bigger curves
as well at around 400 m, 1000 m and 1700 m.

In order to demonstrate the effectiveness of the pro-
posed method two different simulations have been per-
formed and compared, one with the utility truck having
conventional semi-active suspension and another where
it was equipped with the proposed cloud-based adaptive
semi-active suspension. The velocity profile of the simu-
lated vehicles are depicted in Fig. 4.

The result of the cloud-based road consideration can
be observed in Fig. 5, where the scheduling variable p for
the adaptive LPV controller and the nominal controller is
depicted.

The performances of the conventional and the cloud-
based adaptive method are compared next. It is well demon-
strated in Fig. 6, that both vertical and lateral accelerations
have been reduced at the road distortions with the proposed
method, which greatly improves passenger comfort.

Table 3 Road irregularities and designed p

Velocity Location

Road irregularity (km/h) (m) Designed
x)‘gll:(‘fl’;: bumps and 70 150 0.5197
5 cm pothole 55 550 0.447
7 cm pothole 70 900 0.5459
Sinusoidal 70 1650 0.5992
15 ¢cm pothole 80 2300 0.5336

0 500 1000 1500 2000 2500 3000
Distance(m)

Fig. 4 Velocity of the simulated vehicles
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Moreover, tire deformation depicted in Fig. 7 and
suspension deflection shown in Fig. 8 has also slightly
reduced, thus road holding and stability has also been
improved with the introduced method.

Note, that with the smoother operation of the vehicle
suspension, control forces has also been reduced with the
proposed adaptive system. For an example, control forces
of the front-right suspension are depicted in Fig. 9 for
the two simulated cases, showing reduced values for the
cloud-based semi-active controller.

5 Conclusion

The paper proposed a novel cloud-based adaptive semi-ac-
tive suspension system, adapting the controller's perfor-
mance specifications to upcoming road conditions. The
road quality information along with vehicle dynamic sig-
nals had been gathered and sent to the cloud database by
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previous journeys of the vehicles, where the correspond-
ing scheduling variables for given road sections and vehi-
cle velocities have been defined. By this means, the vehicle
is able to adapt its suspension control system in coherence
with oncoming road conditions and current velocity, which
improves both ride quality and stability of the vehicle.
The control reconfiguration has been designed founded on
the LPV framework, while the operation of the proposed
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