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YARI VE TAM AKTIF SUSPANSIYONUN YOL BiLGiSi ONGORUSU ILE
KONTROLU

OZET

Calisma Groupe Renault’'nun Vehicle Motion Control projesi kapsaminda diisey
eksende, tasitin kontrol edilerek seyir ve siiriis dinamiklerinin iyilestirilmesi amaci ile
2019 haziran ve 2023 yillar1 arasindaki dort yillik ¢alismanin sonucunda ortaya
¢cikmustir.

Gunumuz tasitlarinda konfor beklentisi giderek artmakta, artan sayida arag iireticisinin
de pazara girmesi ile rekabet de giderek artmaktadir. Pasif siispansiyon sistemlerinin
performansi, arag govdesi ve lastigin titresimlerinin soniimlenmesi igin tek bir eyleyici
kullanilmasi ve bu nedenle ikisi arasinda bir denge saglanarak, sabit bir sontime kalibre
edilmesi sebebi ile sinirlidir. Damperin performansinin artirilmasi amaci ile degisken
soniim oranli elektronik kontrollii sispansiyon sistemleri gelistirilmistir, iki kademeli
ve ardindan daha gelismis siirekli degisken yari-aktif siispansiyon sistemleri tasitlari,
hem spor hem konfor odakli karakterize etmeye olanak saglamistir. Aktif slispansiyon
sistemleri ise ireticiler tarafindan genellikle iist simif araclar igin gelistirilmektedir.
Yari-aktif stispansiyon sistemlerin, marketin talebine bagli olarak daha alt siif
aracglara da entegre edilmesi beklenmekte ve bu sistemlerin rekabet agisindan 6Gnemi
daha da artmaktadir.

Yari-aktif slispansiyon sistemleri iizerine yapilan ¢alismalar, sadece otomotiv
endustrisinin degil ayn1 zamanda akademinin de uzun siredir ilgisini gekmekte, bu
alanda pek ¢ok calisgma ortaya konmaktadir. Glinimizde tasitlarda giderek artan
elektronik donanimlarin etkisi ile birlikte artan sensor miktari, direksiyon, fren, dort
ceker kontrol, igten yanmali veya elektrikli tahrik sistemlerinin yari-aktif ve aktif
stispansiyon sistemlerinin etkilesimi ayrica bu alanin 6nemini artirmaktadir.

Ileri siiriis destek sistemleri, aracin ¢evresinin algilanmasi saglamasi ile birlikte aracin
ondndeki yol profilinin algilanmasina ve bu sayede suspansiyon sisteminin yol
profiline bagl olarak 6ngoriilii kontrol edilmesine olanak saglamistir. Caligmanin ilk
bolumunde, geri beslemeli yari-aktif stispansiyon kontrol yontemleri incelenmis ve
araca uygulanmasi i¢in yontemler birbirleri ile kiyaslanmistir. Ardindan, siiriis destek
sistemi elemani olan ©6n kameradan, testler vasitasi veri toplanmistir. Kamera
tarafindan dretilen ham yol profili 6lgciimlerinin, verimli sekilde islenmesi igin
DBSCAN yontemi ortaya konmus ve diger yontemlerle kiyaslanmustir.  On gorli
yari-aktif slispansiyonu kontrol amaci ile MPC yontemi ile tam tasit modeline
uygulanmistir ve geri beslemeli SH kontrol yontemleri ile kiyaslanmistir. Sonrasinda
sanal tasit modeli, yedi serbestlik dereceli dinamik tasit kullanilarak, kamera
tarafindan taranmis veya bilinen bir yol profili iizerinde tasitin dniinde ayn1 hizla giden

XiX



bir dinamik modelin ¢iktilarin1 kullanarak ziplama, kafa vurma ve yalpa hareketleri
birbirlerine gore 6nceliklendirilmesi arastirilmstir.

Yari-aktif suspansiyon sistemleri ile ilgili son kisimda ise MPC igerisine dahil edilen
7 serbestlik dereceli modelin, sanal s6niim oranlar1 SH ydntemine benzetilerek
optimize edilmis, bu sayede sistemde manipiile edilen degisken sayis1 3’e indirilmistir.
Agirlik merkezi civarinda hesaplanan kontrol kuvvet ve momentleri IDT yontemi ile
yari-aktif damperlere aktarilmistir.

Yari-aktif ve aktif kontrol yontemleri, yiiksek serbestlik dereceli tasit modeli ve test
pistinin numerik hali kullanilarak IPG Carmaker ve Matlab ile ortak simdle
edilmisledir. Yapilan similasyonlar sonucunda, 6ngorili kontrol yontemleri ile geri
beslemeli kontrol yontemlerinin birbirilerine yakin performans gosterdigi tespit
edilmigtir. MPC kontrol yonteminden elde edilen sonuglarin umut verici oldugu,
performansiin artirtlmasi i¢in daha hassas tasit, lastik modelleri ve yol profiline
ihtiyag oldugu ¢ikarimi yapilmistir.

Anahtar kelimeler: Skyhook, MPC, Yari-aktif damper, Aktif-sispansiyon, Siiriis,
Seyir
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SEMI-ACTIVE AND ACTIVE SUSPENSION CONTROL WITH ROAD
PREVIEW

SUMMARY

This thesis presents the four-year work on improving vehicle ride and handling with
vertical vehicle control between 2019 and 2023 as part of Groupe Renault’s Vehicle
Motion Control Project. The comfort expectation and competition in today’s vehicles
are increasing with the involvement of many automobile manufacturers in the market.
Passive suspension systems have limited performance, since there is only one actuator
that dampen the body and wheels, thus, the damper has to be calibrated with a constant
damping coefficient considering the balance between the body and the wheels.
Electronically controlled dampers with variable damping ratio have been developed to
improve damper performance. First, two-stage, then an improved continuously
variable dampers were developed, and this system made possible to change the vehicle
characteristics between comfort and sport.

Active suspension systems are generally developed by manufacturers for high-end
vehicles. On the other hand, semi-active suspension systems are expected to be
integrated into lower class vehicles because of its lower cost compared to active
systems and depending on market demand. Thus, the importance of these systems in
terms of competition is increasing.

Studies on semi-active dampers have long been of interest not only to the automobile
industry but also to researchers in academia, and plenty of studies have been presented
in the field. Ever-increasing electronic components in vehicles nowadays increase the
number of sensors in vehicles, and the interaction of steering, braking, four-wheel
control, conventional or electric engines’ traction systems with semi-active dampers
increases the importance of this field.

Advanced driving assistance systems made it possible to detect the environment of the
vehicle as well as the road profile in front of the vehicle and to control the suspension
systems with this preview information. At the beginning of this study, feedback control
methods were examined and compared with each other in terms of their performance
and applicability to the vehicle. Later in the tests, road data was acquired with a front
camera. For efficient evaluation of raw data that produced by the camera, the
DBSCAN method were proposed and compared with the existing method. Model
Predictive Control (MPC) method with semi-active dampers were applied to the full
vehicle model and compared with Skyhook control methods. Then, a 7-DoF virtual
vehicle model was moved at the same speed as the vehicle on the camera-detected road
profile. Thus, the outputs of virtual vehicle were examined to be used in prioritizing
the vehicle motions such as bounce, pitch and roll.
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In the last section, SH-like derivative MPC controller was introduced to control the
vehicle body by controlling global forces and moments instead of forces on the
actuators. Calculated forces and moments around the CoG were distributed to the
dampers by the IDT method.

Semi-active and active control methods were co-simulated using high fidelity IPG®
Carmaker® models and Matlab®. The simulation results showed that the preview and
feedback model performances were similar. The results of the MPC were promising,
and it was deduced that a more accurate vehicle model, tyre model and road profile
information may be needed to improve its performance.

Key words: Skyhook, MPC, Semi-active damper, Active-suspension, Ride, Handling.
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1. INTRODUCTION

1.1 Scope

The development of vehicles, especially due to the increase in the use of electronic
components in the last century, forces vehicle manufacturers continuously improve the
technological level of their vehicles due to high customer expectations. Comfort and
safety are the forefront facts of the customer expectations and quality perception.
Therefore, in this direction, especially ABS and VSC systems have become an industry
standard, and many studies have been carried out on suspension systems related to
comfort and safety. Suspension systems play an important role in vehicle design in
terms of ride and handling. The main goal of the suspension system is to isolate the
vehicle from road disturbances and to ensure the contact between the tyre contact patch
and the road surfaces. In this context, the suspension system concept is designed at an
early stage, depending on parameters such as type, dimensions, weight, engine power
of the vehicle. Predefined characteristics determine whether the vehicle is comfort or
sport oriented and are fixed for the life of the vehicle. However, controllable
suspension system has been used for the last four decades to dominate one of the
conflicted characteristics such as comfort and sport. Configurable, that is, controllable
suspensions can change the ride and handling characteristics according to the vehicle

states and the selected mode. Therefore, it enhances safety and comfort.

One step further to improve comfort is to take into account the states of the vehicle by
sensing the vehicle itself and its environment, and to adapt the vehicle to

environmental disturbances with appropriate decisions using the preview information.

In this study, it was aimed to improve comfort and safety by controlling semi-active
and active suspension systems with preview information. In this context, research was
carried out mainly in these areas with the aim of focusing on Skyhook control. Later,
it was decided to integrate the environmental sensing system into the research by
comparing the current technological level of the competitors and the literature surveys.
First, the conversion of the output from the advanced driver assistance system (ADAS)

into a preview road information was studied. An environmental sensing system was

1



selected, and road tests were conducted to collect road information. Second, the
recorded test data was used to develop the algorithm to generate a preview road profile.
Then, the mathematical model of the vehicle was developed, and the actuators were
identified. Some well-known control logics such as Two-state Skyhook, Continuous
Skyhook, centralized and decentralized skyhook, Active Driven Damper (ADD),
Power Driven Damper (PDD), mixed Skyhook-ADD, skyhook-PDD and Model
Predictive Control (MPC) were developed. The developed control logics were
simulated and compared with a high-fidelity vehicle model in a highly realistic
simulation environment. As a result, the agreed control logics were tested in a real test

track to complete the study.

1.2 Literature Survey

1.2.1 Brief vehicle dynamics — approach to comfort measure

Vehicle dynamics examines the vehicle performance, ride and handling dynamics.
Performance refers to longitudinal dynamics and measures acceleration, braking, fuel
consumption, climbing under different conditions due to driver input. Handling, on the
other hand, defines the vehicle’s response and stability under the steering, road and
environmental inputs. Ride (Comfort) refers to the isolation performance of the vehicle
due to the disturbance from the road in addition to the vehicle manoeuvring responses.

Since the vehicles move under different road conditions and different driving
conditions, they are affected by a wide spectrum of vibrations. These vibrations are
transmitted tactilely, visually and audibly to the passengers and the driver. Ride terms
are mainly tactile and visually related. Vibrations in the range of audibility are
classified as noise. In other words, Vibrations can be divided into two parts according
to their frequency range. The 0-25Hz range is classified as ride and 25-20000Hz range
is classified as noise and harshness. 25Hz is almost the lower frequency threshold of
hearing, as well as the upper frequency limit of simpler vehicle vibrations (Gillespie,
1992). The perceived vibration sources are road roughness, tyre and wheel, gearboxes,

transmission and engines (Wong, 2008).



Main responsibilities of a typical suspension system can be expressed below
(Rajamani, 2012).

e |solating the vibration coming from the road to provide good comfort,

e Providing good road holding for turning, braking, acceleration and reducing
vertical normal force variation on the tyre

e Provides good handling dynamics and minimizes roll and pitch motions during
cornering

e Supporting the static weight of the vehicle

Determining human ride comfort and discomfort zone under vibration inputs is
difficult due to human tolerance difference and lack of common criteria (Wong, 2008).
Human physiology and dimensional differences are at the forefront of individual
differences. The natural frequencies of human organs are particularly in the range of
3-6Hz. Therefore, vibrations in this frequency range may cause discomfort and
sickness (Table 1.1). Dimensional differences from person to person also requires

consideration of a wide frequency range.

Table 1.1: Human body resonances, reproduced from (Mastinu & Manfred, 2014).

Excitation Frequency Human Body Response
(Hz)
3-4 Strong resonance in the cervical vertebrae
3-6 Resonance of the stomach
4 Peak resonance of the lumbar vertebrae
4-5 Resonance in the hands (difficult to make aiming motions)
4-6 Resonance in the heart
5 Very strong resonance in the shoulder girdle
5-20 Resonance in the larynx (voice changes)
5-30 Resonance in the head
10-18 Resonance in the bladder (urge to urinate)
20-70 Resonance in the eyeballs (difficult to see)
100-200 Resonance in the lower jaw

Although it is a difficult problem to evaluate the response of the human body to
vibration within a generally accepted standard due to the abundance of subjective
parameters, there are various comfort evaluation criteria developed by different
researchers in the literature, which take into account a small number of objective
parameters. In the evaluation of vibration, in addition to the acceleration in the vertical
axis, jerk, which is the derivative of the acceleration with respect to time, has also been

developed as an evaluation criterion (Eager et al.,, 2016). The Janeway comfort



criterion depends on three basic relationships, each of which is related to specific
frequency ranges. According to this, in the 1-6Hz range, the peak value of the jerk
should not exceed 12.6m/s"3. The peak value of acceleration in the 20-60Hz range
should not exceed 0.33m/s"2. In the 20-60Hz range, the peak velocity value should
not exceed 2.7mm/s as shown also in Figure 1.1 (Janeway, 1975).
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Figure 1.1: Vertical axis vibration limits for passenger comfort by Janeway (Wong,
2008).

The ISO 2631 standard is also used to determine the frequency-dependent quantities
of vibrations that affect human health and comfort and are associated with motion
sickness (1ISO 2631, 1997).

1.2.2 Basic vibration theory

A complete suspension system in a vehicle is a complex structure that provides
comfort and handling under vibratory environments and includes masses, spring,
damper, visco-elastic bushings, bump-stops. A complete analysis of the system may
require a multi-body dynamics approach. However, many times, even single-degree-
of-freedom models can be quite useful, for example, for determining the role of a

damper in a vibration system.



e Free vibration of undamped system (1DoF)

It is a simple vibration system with mass and spring, without dampers. The mass has
only vertical translation and the linear spring is positioned between the mass and the
ground. If the mass is vertically translated by a distance z from its initial position, the

spring force will react in the opposite direction.

| Y/ (1.1)
The motion of the body can be calculated by Newton’s second law,

myZ=F (1.2)
Then, the Equation 1.1 turns into the well-known differential expression as in Equation
1.3,

5. IE =0 (1.3)

mS
By defining the circular frequency w, by the equation mn2=%, in (radians/second) as

a positive quantity, since the spring constant and mass are positive, the differential

equation can be solved to obtain the Equation 1.4.

7=7, sin ( ®,t+0) (1.4)
Physically, it means that the mass is freely excited sinusoidally under constant

frequency and phase angle, @ , depending on its initial position.

From the natural period of the idealised system’s oscillation, the natural frequency can

be expressed in Hertz depending on the mass and spring stiffness.

_ 1 / s (1.5)
fN_Zn mg

e Free vibration of damped system (1DoF)

The vehicle body tends to vibrate around its natural frequencies, some damping must
be added to control this (Dixon, 2007). Damping dissipates the energy in the system.
In other words, vibrations in the system can be removed with dampers. A linear damper
is integrated into the suspension system and the damping force is expressed as in

Equation 1.6.

Fd:-CSZ (16)



The negative damping sign indicates a force against the direction of motion. The

parameter c, is the damping coefficient, and its unit is Ns/m.
If the mass is displaced, the net force acting on the mass is given as in Equation 1.7,
F o=k z-csZ (1.7)
Call Newton’s second law and
my7=-k,z-C,Z (1.8)

Then, the equation of motion equation can be arranged and solved

Lo ke,
+t—z+—2z2=0 (1.9)
mg  mg
& ko dc
a2 m, " dim, 0 (1.10)
S_bz-\/4ac (1.11)
dt 2a
d ¢ cs \2 Kk
R + - — =gt o2+, 2 1.12
dt 2m, <2ms> mg Voo, (1.12)

a is the real part of the root and called the damping factor. It is a negative value, and
its unitis 1/s. w, is undamped natural frequency (rad/s). The solution will be complex,
i.e. the oscillation will be damped. When w, > — a , in which case there is an
undamped natural frequency w,, a damping ratio ¢ and a damped natural frequency

wq. The basic form of the equation including these terms is

7 +2lw, 770, =0 (1.13)
O,= /E (1.14)

1TIS

R
mk, (1.15)
0=, 1-(;2 (1.16)

The actual displacement at time t may be expressed as

7=z €"'sin (04t+0) (1.17)



Parameters a and w4 depend on the system properties. The amplitude z, and phase
angle @ depend on initial conditions. As for vehicle dynamics terminology, basic ride
motion is less than critically damped since subcritical damping provides a good
balance between ride and handling (Dixon, 2007). It should be noted that the damped
natural frequency is derived from the undamped natural frequency If damping is
critical ((=1), the undamped natural frequency goes to zero. The additional
exponential term e* removes the free oscillation, and it was the purpose of the

damping.

1.2.3 Passive suspension systems

The suspension system, which has the task of absorbing and damping the vibrational
inputs included in the vehicle system from the road and the environment, consists of a
classical spring and damper, and is called passive suspension with no external

intervention in the system.

Vehicle suspension plays an essential role in providing compromise between better
comfort and a good handling especially during manoeuvres with road irregularities
that cause the body to pitch and roll. In the next decade, the suspension will become
increasingly important in ride comfort since the human role in vehicle control will
become less than today (Iskander et al., 2019). This will take more attention to human

comfort and requires different perspectives for performance evaluation.

The use of springs to ensure vertical movement of the wheels relative to the chassis on
rough roads extends to horse-drawn carriages. Therefore, this well-known old method
improved ride in the early history of the automobile. A damper was introduced
between the unsprung mass and sprung mass to dampen the oscillation and control the
movement (Milliken, William F. Milliken, 1995).

Telescopic type dampers have been used in modern passenger cars since the 1950s

(Dixon, 2007). The telescopic type of damper can be categorised as

e Through-rod (Double-ended)
e Mono-tube

e Dual-tube

Through-rod damper has the advantage of volume as the rod passes through the

chamber, while its seal is disadvantageously under high pressure. The dual tube



telescopic damper consists of two concentric tubes, with some gas at the end of the
tube to adjust the displacement. Mono tube damper can contain some gas along with

oil, the chamber is divided into two sections by floating piston as shown in Figure 1.2.

£

Figure 1.2: Basic types of telescopic dampers from the left; through-rod, dual tube,
monotube.

A viscous fluid oil is used inside the damper, and the fluid passes from one chamber
to the other through channels. Depending on the design of the flow channels, a damper
has soft or hard characteristics (Luczko and Ferdek, 2020). The damper is
characterized by dimensions, force characteristic and other factors. The passive
damping characteristic is usually explained by the relationship between force and
stroke speed, F(V). The relationship between the damper F(V) characteristic and the
P(Q) characteristics of various valves is quite straightforward, in principle. For
incompressible flow, a given damper speed results in a volumetric flow rate through
the relevant valves. The damper forces can be deduced from the valve P(Q) curves as
they allow the various chamber pressures (Dixon, 2007). P(Q) curve can also be seen
in the Figure 1.3. A typical damper force-velocity characteristic can be seen in Figure
1.4.
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Figure 1.3: Typical valve test result reproduced from (Dixon, 2007).
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Figure 1.4: Example damper force velocity loop, F(V), resulting from stiffness
reproduced from (Dixon, 2007).

The damping characteristic must be designed considering the ride and handling
requirements in order to apply damping where it is needed. A study revealed that
damping characteristics must be aligned with stroke rather than just stroke speed.
Hence, optimum damping characteristics could be defined(Fukushima et al., 1983).
The brief findings and handling and ride methodologies used in Fukushima’s study

were as follows:

e Handling

8-turn and lane change manoeuvres are defined as a simulation input for handling.
When slow steering speed is applied, spring force rate is greater than the damper force.
On the other hand, if the steering speed increases, in the case of a lane change

manoeuvre, the rate of damper tends to increase.

e Ride

According to the study, damper force rate is 90% on a smooth road while damper force
rate is still 75% on a rough road. This result indicated that the damper force excites the

body and therefore reduces comfort.



Fukushima studied the necessity of damping in various driving conditions. The
function of the damper is to damp the sprung and unsprung mass motions when the
vehicle rapidly steered, to damp body roll and pitch motion, and to damp unsprung
mass to keep the tyre-road contact. On the other hand, low damping improves the

comfort on the smooth road.

According to Figure 1.5, the piston stroke is large when steering, but small when
driving on a smooth road. For the same piston velocity, if the damping force is
increased when the piston stroke is large and decreased when the piston stroke is small,
an improvement in ride can be achieved without reducing performance. This result

leads to optimum damping characteristics depending on the piston stroke in Figure 1.6.
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Figure 1.5: Damper operating range (Fukushima et al., 1983).

10



5
= Charocteristic on large siroke
@

o 04 Rapid )f P

5 apne Lt Criving on rough
£ 04 -l-;:Jnq.:eh.‘mrm‘hEi dl road

E’ . Ropid occeleraticn Rapid deceleration

I

02} r Characteristic an small stroke

& Driving on smooth
¢ rood Bump passing
1 1 i i T

o o1 02 03 04 05 08 o7

Fiston velocity {m/sec)

Figure 1.6: Optimum damping characteristic depending on piston stroke (Fukushima
etal., 1983).

In view of the optimum damping characteristics, it seems that obtaining these different
damping values under various conditions with a conventional damper is not an easy
task. However, different types of semi-active dampers can change the damping ratio,

and easily overcome the above-mentioned challenge.

1.2.4 Electronically controlled suspension system types and classification

Although there are many mechanical and elastic elements in the suspension system of
a modern vehicle, the two important elements that will be examined within the scope
of the study are springs and dampers. While the vehicle body is suspended by the
spring, road-induced disturbance inputs are damped by the dampers. The suspension
system is subjected to a wide range of vibration inducing inputs. For this reason, it is
expected that these vibrations in a wide range are isolated by the suspension system,
so that the driver and passengers can travel as comfortably as possible, while providing
good road holding and reducing the vehicle body movements such as roll and pitch
(Els et al., 2007). Car manufacturers have offered the controllable suspension system
in high-end vehicles dealing with conflicting parameters of road holding and comfort
(Soliman and Kaldas, 2021). Controlled suspension systems can be divided into two
groups as active and semi-active suspension systems according to their functions.
Active suspension systems are divided into two groups as slow active and fully active.
The most important differences between fully active and slow active systems are

energy consumption levels and control bandwidths.
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Energy consumption levels of fully active systems are in the range of 5-10kW, while
slow-active systems are in the range of 1-5kW, and systems in this group can operate

with linear electric motor, fluid or air. (Fischer and Isermann, 2004; Koch et al., 2010).

Another component of controllable suspension systems is semi-active dampers. In
classical systems, fully active systems correspond to spring, semi-active systems
correspond to dampers. Vehicle height and spring coefficient can be changed in fully
active systems. However, only the damping coefficient can be changed in semi-active
systems. Semi-active dampers control the system by converting road-source inputs
into force without external energy. This control is provided by valves that can change
the damping ratio. The damping ratio change is provided in the order of 10-20W with
much less energy compared to active systems (Fischer and Isermann, 2004; S. Savaresi
etal., 2010).

Approximate energy consumption values depending on the control bandwidth are
presented in Table 1.2. Low energy consumption has led researchers in the field of
vehicle dynamics and control to be particularly interested in semi-active systems
(Tseng and Hrovat, 2015). Semi-active dampers can be used with passive springs or
with fully active suspension systems. If the vehicle is equipped with a fully active
suspension system, semi-active dampers can be designed as integrated or independent
with fully active systems, depending on the design and control bandwidth of the fully

active actuator. (Gohrle et al., 2015).

Table 1.2: Energy consumption and control bandwidth of active and semi-active
suspensions.

Class Control Bandwidth Energy Consumption
Semi-Active 30-40Hz 10-20W
Slow Active 1-5Hz 1-5kW
Fully Active 20-30Hz 5-10kwW

Another classification fact is the force-generation limits of semi-active suspension
systems in certain regions, which are seen in Figure 1.7, and this is expressed as the

passivity constraint in the literature (S. Savaresi et al., 2010).

12



Figure 1.7: Left: active suspension, middle: semi-active suspension, right: passive
suspension system.

The passivity constraint given by Equation 1.18 shows that the force of semi-active
dampers can develop force in the grey areas of the graph given in the middle of the
Figure 1.7.

F4.V>0 (1.18)

Semi-active suspension systems, simply dampers, change the damping ratio with
various technologies. The orifice between the chambers of the classical passive-type
damper determines the characteristic of the damper. Electro-hydraulic dampers are
hydraulic actuators like conventional dampers, but unlike conventional dampers, they

change the damping ratio by using a solenoid valve located between the chambers.

A schematic representation of an electro-hydraulic type of damper can be seen in
Figure 1.8. Variable damping occurs when the viscous fluid in the damper, which is
connected to the vehicle body and the wheel joint, passes over the valve(s) from one

chamber to another during the movement of the piston.
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Figure 1.8 :Schematic representation of an electro-hydraulic type damper.
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Figure 1.9 : Electronically controlled semi-active dampers. Right to left,
Electrohydraulic ~ damper  with  Solenoid valve  (Sachs),
Magnetorheological damper (Delphi), Electrorheological damper
(Fludicon) (S. Savaresi et al., 2010).

Magnetorheological fluids are obtained by suspending ferromagnetic particles in a
carrier fluid. These fluids exhibit rheological properties that can be controlled by the
magnetic field effect. This feature is used to provide different damping forces
according to the magnetic field formed inside the damper. (Song et al., 2005).
Electrorheological fluids belong to a class of colloidal suspensions * that exhibit large
reversible variations in their behaviour when exposed to external electric fields (Choi
et al., 1998). Three dampers which have different damping technology can be seen in

Figure 1.9.

1.2.5 Modelling methods of semi-active dampers

In semi-active suspension systems, the bi-viscous behaviour of the fluid, temperature-
dependent viscosity variability and hysteresis cause nonlinear behaviour of the damper
and make modelling difficult. Although many approaches are used in modelling,
basically three types of models are used: static, dynamic, nonlinear and nonlinear black
box. (S. M. Savaresi, Bittanti, et al., 2005). The static with coulomb friction and with

hysteresis and and first order nonlinear dynamic models are defined as follows:

e Static Model (with Coulomb friction)

F=c(Dx-cS¥m(T)|%|+c"(I)y/[X[sign(%) (1.19)

! Colloidal suspension: a very finely dispersed mixture so that the particles do not tend to settle in
any way.
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In the static model, the parameters c, c$¥™, c™ depend on the damper control
parameter I. This model presents the static friction coefficient as a function of stroke
speed (S. Savaresi et al., 2010)

e Static Model (with Hysteresis)

V(I Vo
F,=A(I) tanh [A3 M (x+ XZEI; x)] A (D) (x+ XZEI; x) (1.20)
e First order nonlinear dynamic model
{ Fy=co(Dx-ko(D(x-x") + ()2 (1.21)
=B |zl | 2" [-3(D)(x) + A(Dx ‘

In the dynamic model, the parameters that depend on the damper control input | are
{co, ko.x°,v,B,8,A,n}. Z is the internal state parameter that expresses the hysteresis (S.
Savaresi et al., 2010).

1.2.6 Suspension mechanisms

Suspension mechanisms are the elements that provide the connection between the tyres
and the chassis. Different types and geometries of suspension mechanisms are used in
vehicles. Vehicle suspension systems can be divided into three classes: solid axle
(dependent suspension), independent suspension and semi-independent suspensions.
As an example of the semi-independent type shown in Figure 1.10, twist or torsion
beam suspension allows the tyres on the axle to move in the opposite direction with
the flexibility provided (Dogru, 2017). Rear axle arrangements of this type of
suspension systems are widely used in middle segment front wheel drive vehicles due

to their advantages such as packaging and easy assembly (Albak et al., 2021).
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trailing arm

Figure 1.10: Torsion beam rear axle Wolkswagen Golf IV (Schramm et al., 2014).

Independent suspension mechanisms allow the tyres to move independently of each
other, depending on different road inputs. Although there are different types of
independent suspension systems, the most common and simple mechanisms are the

double A-arm/wishbone and McPherson strut as shown in Figure 1.11 (Jazar, 2017).

wheel carrier
anti-roll bar
wishbone
damper housing
suspension spring
steering lever
tie rod
steering rack
chassis
0 wheel
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Figure 1.11: McPherson type Suspension Mechanism (Schramm et al., 2014).
1.2.7 Environmental sensing systems

Although the idea of predictive control emerged about half a century ago (Bender,
1968), non-contact measurement systems could not be used in practice due to the lack
of desired technological level at that time (Hac, 2007). Sensors developed in the last
quarter century; thanks to lidar, stereo and mono cameras, it has been possible to detect
the vehicle’s surroundings. The first use of environmental sensing systems in the

suspension system started in 1988 when Nissan integrated sonar technology into the
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vehicle and used the active suspension system for control. (Kishi and Yamamoto,
1985). Then, one of the first studies on suspension control was proposed by Mercedes
Benz to measure the road profile by lidar (Streiter, 2008). The stereo camera, on the
other hand, was first used by Mercedes Benz to measure the road profile and to provide

predictive control of the suspension system (Weist et al., 2013).

As a result of the examination and comparison of environmental sensing systems in
terms of suspension system requirements, it has been stated that lidar and camera
systems are advantageous compared to radar and ultrasonic systems in terms of
measurement distance, angular resolution and sampling time. When lidar and camera
are compared, the measurement tolerance of lidar is less than 2mm, which is stated as
its biggest advantage over the camera. (Schindler, 2009a). On the other hand, lidar is
quite costly compared to cameras. However, while lidar causes us to perceive objects
in high resolution, we cannot perceive the images of objects, or rather their colours, so
we perceive, for example, a cardboard box on the road as a complete obstacle.

Thanks to image processing, objects can be distinguished by their colour and are
similar to the perception of the human eye. The disadvantage of the camera compared
to lidar is the inability of distinguishing the light refraction, shadow, etc., so that the
image formed as a result of shadows is perceived as real (Staniek, 2017). In addition,
the camera only works in daylight. Nevertheless, the existing use of the ADAS
infrastructure in the vehicle has reduced the cost of suspension-specific environmental
sensing, making the multi-purpose camera preferable for environmental sensing
(Missel, J. Mehren, D. Reichmann M., Lallinger, 2013). Along with the cameras,
which are a part of driving support systems, whose integration into vehicles has
increased rapidly in the last decade; pedestrian detection, lane keeping assist, traffic
sign detection, collision avoidance systems, etc. usage is increasing (Ziebinski et al.,
2016)
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Figure 1.12 :Continental "ContiGuard” stereo camera (Coxworth, 2022).

Road profile detection with the camera is done in two ways, depending on the number
of cameras. The first of these is based on the creation of a depth map by obtaining an
image of disparity between the two images by establishing a mathematical relationship
between pixels on images obtained from different perspectives (stereo camera-
depending on focal length) (Labayrade et al., 1998; Saxena et al., 2007). The second
method accomplishes to create a depth map by obtaining disparity from consecutive
images captured with a monocular camera. (Kaneko and Yamamoto, 2017). Disparity,
by definition, is the difference in the image position of the same three-dimensional
point from two different camera angles. The typical stereo and monocular camera can
be seen in Figures 1.12 and 1.13, while Figure 14 shows the stereo camera principle in

detail, respectively.

Figure 1.13: ZF monocular camera (ZF, 2022).
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Figure 1.14 : Stereo camera schematic physical point and camera axes schematic.

Equations 1.22 and 1.23 are obtained for the right and left camera, respectively, due to
the perspective projection. f,.f,,f, focal lengths are the distance between the image

X5y

plane and the projection centre. u; — u, is the disparity value.

(ul,vl)=(fx§,fy§) (1.22)
-b
W)= 6 2) (123)

The coordinates of the point (x,y,z) are calculated by the equations 1.24 to 1.26.

D) (1.24)
U-u;
_ bfi(v)
. fy(ul'ur) (125)
by
7= £, (u-uy) (1.26)

In the next step, the images obtained with the right and left cameras are matched with
each other. For example, part of the image from the left camera will be matched with
the image from the right camera. For this purpose, different matching methods are
used; one of them is the sum of absolute differences given by the Equation 1.27 (SAD:
Sum of Absolute Differences) (Hamzah et al., 2010). E,(i,j)and E,(it+k,j+1) are the left

image pixel and its conjugate in the right image, respectively.
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SAD= Z |Ei(i,)) - E.(it+k,j+1)| (1.27)
i) ER

Pitch, roll or bounce movements of the vehicle will change the perspective of the
acquired images and cause distortions in the creation of the disparity map. For this
reason, these vehicle movements must be taken into account during the matching.
(Shen et al., 2014). In a study with lidar, angular position changes due to body
movements were calculated with a gyroscope placed near the lidar and correction was
made when mapping point clouds (Gong et al., 2019). By comparing the consecutive
images obtained with the camera for a similar purpose, the angular and positional
differences between them were calculated and ego-motion estimation was made (Stein
et al., 2000). Depending on the disparity, a road elevation profile is generated as a
result of matching the images. In order to optimize the calculation time, the profile is
generated on the projection of the road surface in front of the vehicle and the wheels
shown in Figure 1.15 (Shen et al., 2014).

Road surfaces on the LH wheels trajectory

[P ——

_________

Road surfaces on the RH wheels trajectory
Figure 1.15: Areas measured on the wheel projection in front of the vehicle.

The accuracy of the camera's road profile elevation calculation depends on the texture
of the road surface, light reflection, weather condition, and ego-motion. Therefore, a
reliability value calculated by many different methods is also assigned to each
measurement value (Pfeiffer et al., 2013). Left-right difference and naive peak ratio
are the methods which are used to calculate the reliability value (Hu and Mordohai,
2012). When the confidence values decrease, the effect of low confidence values can
be reduced by using statistical methods to calculate a more reliable road elevation
profile. The first step of a road profile detection procedure is the image processing
processes and the creation of the elevation profile, while the second step is the

conversion of the obtained measurement points to the road elevation profile.
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In this context, it is seen that the studies in the literature are mostly focused on image
processing (Deigmoeller et al., 2018; Lee and Yoon, 2018; Suhr and Jung, 2015).
There are very limited resources in the literature on the problem of how to combine
available measurement points in the most efficient way. The general method
mentioned in the literature is to divide the cloud of measurement points evenly along
the x-axis and transform the points in each window into a road profile by statistical
operations (Gohrle et al., 2015; Schindler, 2009b).

1.2.8 Vehicle model

One of the purposes of vehicle models is to have sufficient DoF to examine a specific
vehicle motion and enable efficient analysis of the system’s response. For example,
suspension parameters which are damping coefficient and spring stiffness can be tuned
to obtain the required damping characteristics for a vehicle. At the same time, one of
the purposes of the vehicle model is to use it as a plant to design a controller. In order
to design a controller for vertical motion control, it is essential to understand the
vehicle dynamics and obtain the plant model that best reflects the control requirements
of the system. For this reason, a vehicle dynamics model must be developed to
calculate the vehicle's responses to external and internal inputs. The non-linear
behaviour of vehicle elements such as spring, damper and bushing in the suspension
system and the non-linearity of the suspension kinematics increase the complexity of
the modelling (Blundell M. & Harty D., 2017). Because linear plant models are
developed for linear systems, they can be easily designed with most controller design
tools. Half, full and quarter vehicle models are commonly used in the literature. The
rigid vehicle body has three rotational and three translational degrees of freedom (DoF)

as shown in Figure 1.16.
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BOUNCE

SIDE SLIP

Figure 1.16: Degrees of freedom of a vehicle in space.

The vehicle dynamics terminologies that define the subject of motions in relation to
the DoF are given in Table 1.3.

Table 1.3: Degrees of freedom of a vehicle (Bayar, 2006).

FREEDOM SUBJECT
BOUNCE RIDE

SIDE SLIP HANDLING
FORE AND AFT PERFORMANCE
YAW HANDLING
PITCH RIDE

ROLL HANDLING, RIDE

1.2.8.1 Quarter car model

The quarter car model is one of the most used models to examine the basic suspension
characteristics because it does not include the complex kinematics of the suspension
system, roll and pitch movements (Maher and Young, 2011). Thus, the linear quarter
car model can be considered to provide important information about the problem,
although it is quite simple to make a comprehensive analysis of the vehicle's motion
(Turkay and Akcay, 2005). The main advantages are as follows (Maher and Young,
2011):

e The relationship between comfort and performance is easily understood

¢ Includes several design parameters

22



e Single input system

e Control theories can be easily applied and their characteristics evaluated.

The quarter-car model includes two-degree-of-freedom model road inputs and force

inputs of an actuator such as active and semi-active damper, and the quarter car

equipped with semi-active damper is shown in Figure 1.17. It allows to examine the

vertical axis movements of the sprung mass (Body) and the unsprung mass (Wheel)

(Maher and Young, 2011).
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Figure 1.17: Quarter car model and its decomposition.

It is possible to obtain the equations for the quarter car model by applying Newton's second

law. f; andf, are suspension spring and damping forces, depending on stroke and stroke speed,

respectively, as given in equations 1.28 and 1.29 f; and f, are the spring and damping force

of the tyre as the tyre is modelled linear spring and damper with a point contact, as given in

equations 1.29 and 1.30. Since the tyre-road relationship is represented by point contact in this

type of model, the enveloping effect of the tyre cannot be obtained.

fi :ks (Zs-Z,)
£,=Cy(Zs-Z,)
3=k (Z,-Z,)
f,=Cy(Z,-Z,)

(1.28)
(1.29)
(1.30)

(1.31)

Equation 1.32, which describes the motion of the sprung mass, is obtained by summing

the forces acting on the sprung mass. Equation 1.33 is provided in the same way for

the unsprung mass. The input Fy, is integrated into equations 1.32 and 1.33. It can
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then be defined as semi-active damper force or active suspension force for different
purposes.

Mszs:'ks (Zs'Zu)'Cs(Zs'Zu)'Fd (132)
Muzu:'kt (Zu'Zr) 'Ct(zu'zr)+ks (Zs 'Zu)+Cs (Zs 'Zu)+Fd (1 ' 33)

The system can be expressed in state space representation by defining the states as

follows,
X1 %]
XZ — | Zs |
X, [ZJ (1.34)
X4l 17,

The damping characteristic of the tyre can sometimes be neglected for convenience,
but this parameter will be taken into account as an option in this study. Therefore, the
state space representation of the system with tyre damping is given in equation 1.35
while the option without tyre damping force is given in equation 1.36. In case the tyre-
damping force is neglected, the input matrix size is reduced from 3x1 to 2x1, and the
element of matrix A(4,4) is also changed. The output Y matrix gave the body
acceleration, stroke and wheel deflection speed.

0 1 0 0 r 0 0 01
X -k, -C k C -1
o1 _s - = _s X 0 0 —I|[z,
Xy Mg Mg M, M, X, N M, z
X |0 0 0 EAXs| o o offe (1.35)
o | & xkooclll (oo 1R
(M, . M, M, M, M, M,J
X 'ks 'Cs ks Cs Xl 0 0 _01
) s s s s
X,-X | = M, M, M, M,[[X2 N 0 0 v [Zr] (1.36)
X 1 0 -1 o[|%Xs 00 0 Fy
3 o o o Xl |5 g
0 1 0 01 r 0 0 7
)k S ko Gl |, oL
X2 — Ms Ms S Ms XZ + Ms [Zr] (137)
X3 0 0 0 1 ||X3 0 0 |1Fq
o [k o &kl [k 1
. My, M, M, (M, M,

(1.38)
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Xz —_— —_— —_— —_— '1

X,-Xs|=|Ms Ms Mg M X2[ |0 M Zr]
% 10 -1 0][X% 0 0 Fq
3 o 0o o Xl |5 o

1.2.8.2 Half car models

In the literature, half-car models are generally used for pitch or roll motion evaluation
in addition to bounce (Krtolica and Hrovat, 1990; Prabakar et al., 2009; Wakeham and
Rideout, 2018). A typical half-car model for bounce and pitch motion evaluation can
be seen in Figure 1.18. It is less complex than the full-car model and does not consider
complex kinematics of suspension systems as in quarter car models. Ly and L,. are the
distance between front and rear axles and the CoG while I,,,, refers to the pitch moment
of inertia. Equation 1.39 and 1.40 define the total front and rear suspension forces.
Equations 1.41, 1.42 and 1.43 define the front and rear unsprung masses, pitch and
bounce acceleration, respectively. The term(Mshg)a, was considered in the vehicle
model and it defines the moments around the y-axis resulting from longitudinal

acceleration or deceleration.

<8
lyy, Ms —- ) 12
ksr§ /%/'Cg,r kS;f% %)CS,]C
Mu Zu,r Mu j u,f

Figure 1.18: Four degree of freedom half car model

Fs,f:'ks,f(zs'Zu,f'Lfe)'Cs,f(Z S'Zu,f'Lfé)'uf (139)
Fs,r:'ks,r(zs'Zu,r'Lre)'Cs,r(Z s'zu,r'Lré)'ur (140)
.. 1 . .
Zu{i}:—Mu{i} [kegiy Zegiy-Zugip) iy Zegiy-Zugiy)Fo iy (1.41)
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(1.42)

.1
0= I_ [-Lf(FSFL+FSFR)+Lr(FsRL+FsRR)'(MShS)aX]
» (1.43)

1
ZS =M [FS,f+FS,I']
S

1.2.8.3 Full car model

A rigid vehicle body in space, has three translational and three rotational degrees of
freedom (Bayar, 2006). This means that a rigid vehicle body itself has 6 DoF.
However, generally, a vehicle model developed for vertical motion control includes
bounce in the z-axis, roll movement around the x-axis, pitch movements around the y-
axis of the body. Additionally, in the vertical motions control-oriented models, the
movement of the unsprung mass, which includes the sum of tyres, axles, rims, hubs,
brake calliper and discs, adds 4 more degrees of freedom to a 2-axle, 4-wheel vehicle
model (Zhao et al., 2014). In the literature, many vehicle models have been developed
for ride and handling dynamics studies separately (Kissai et al., 2019; Poussot-Vassal
et al., 2008). But for some cases, lateral and/or longitudinal (2 DoF of rigid body’s 6
DoF) motions are also needed to be controlled within vertical motions control-oriented
model, simultaneously as in this study (D. Chen et al., 2021). The vehicle model in
this study, as shown in Figure 1.19, was developed based on the ISO axis system and
it contains 7 equations of motion as the vehicle body has 3 motions and unsprung mass

has 4 degrees of freedom.

)

Figure 1.19: Full vehicle model for suspension control.
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1 (1.44)

7= ML [Fspr +Fspr TFore +Fsrr]
S
L1
= [L(F gy o)+ Lo(F Fogn)-(Mihy)ay (1.45)
Yy
.1 o[-te t
= I_ [7 (F - -Fypr)t E (FSRL’FsRR)'(Ms(hcog'hrol)ay] (1.46)
XX S
) 1 .
Zu{i,jf—Mu{iJ_} [Ketis ZrigyZagig) iy ZegigyZugig)Fs | (1.47)

{1,}=FL,FR,RL,RR

Equations 1.44 to 1.46 refer to the vehicle body and 1.47 is used for the four unsprung
masses. Equation 1.48 to 1.50 represents the suspension forces at each corner
considering body movements such as roll, pitch, roll rate and pitch rate. When
Equations 1.48 to 1.50 are integrated into equations 1.44 to 1.47, a 7-DoF vehicle
model can be generated. These equations are combined in state space matrix form as
in Equations 1.52 to 1.55. This state space system has 14 states and 10 outputs.

te il .t 1.48

FopL=-Kepr (Z-Zypp -LeO+ 5 @)-CspL(Z-Zypr -LO+ 5 @-up) (148)
t; . Ctp

Forr=-Kspr (Z-Zpr-L0- 5 @)-Cspr (Z-Zypr-L10- 5 P-ugg) (1.49)
t .. ot

Fopt =kt (Z-Zopi L0+ — B)-copr (Z-Zoyri +L 0+ — B-

RL=KsrL( wrL L0 ) ?)-cero( wre L0 5 P-ugy) (1.50)
tr . Ctp

Frr=-Krr(Z-Zrr-L0- 5 @)-crr(Z-Zrr-Ls0- > @-ugg) (1.51)
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i 0 1 0 0 0 0 0 0 0 0 0 0 0
-2(kgrtker) -2(cgtey) 0 0 2(Lksr-Likg,) 2(Lgegp-Lecg,) ker Csf kef Csf kor Csr ko
Mg Mg Mg Mg Mg Mg Mg Mg Mg Mg Mg
0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 koplte ket )F eoilty ) tog(t )’ 0 0 ktr  Cotty kate oty ketr  Cofly
) . AR ) . ) . ) . ) . ) . ) .
0 0 0 0 0 1 0 0 0 0 0 0
Z(Lfksf‘ersr) 2(Lfcsf‘chsr) -2kgp(Lg )2+2ksr(Lr )2 -2¢s(Lg )2+2Csr(Lr )2 -Lkgr -Lcgr -Lkgr -Lcsr Lok LiCs
2lyy 2lyy 2y 2y 2lyy 2y 2lyy 2y 2lyy 2y
0 0 0 0 0 0 0 1 0 0 0 0
Kot Ssf Keity Csflf Lok Lecy Kk s 0 0 0 0
Mys Mye 2Myf 2Myf Myr Myr Myr Mys
0 0 0 0 0 0 0 0 0 1 0 0
Kot S Kitr sttt Lok Lecy 0 o Krkd oo 0 0
Mys Mye 2Myf 2Myf Myr Myr Muyr Mys
0 0 0 0 0 0 0 0 0 0 0 1
kg Cor ks;tr ﬂ L. ksr L. Cyr 0 O 0 O M -ci
Myr Myr 2Myr 2Myr Myr Myr Myr Mys
0 0 0 0 0 0 0 0 0 0 0 0
kgr Csr Kertr ~Corty L; ksr L, Cor 0 O 0 O 0 O
My, My, My 2Myr My, My
(1.52)
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C is identity matrix 14 by 14, and D is zero matrix 14 by 10.

1 -« 0

C=|]: (1.54)
0 - 1
0 - 0

D=||: ] (1.55)
0 - 0

1.2.8.4 Simplified and externally excited full car model

Some states may not be considered as output since they are not used in control. For instance,
the body's vertical position, wheel positions, roll and pitch angles can be eliminated. The
body's vertical velocity, roll and pitch rates and unsprung mass vertical speeds can be
considered as output. Thus, the number of controlled parameters was reduced from 14 to 7. It
is also possible to add external forces and moments acting on the system around the CoG. F,

is the force in vertical direction, and the moments are M, and M,, around x and y axis.

In this way, the system can be considered as 7 inputs and 7 outputs. While these inputs

can be used simultaneously, some cannot.

g (1.56)
7= M. [Fspr tFsprtFsrLtFsrrt+ Fl

S

i L (1.57)
b= T ['Lf(FSFL+FsFR)+Lr(FsRL+FsRR) +M]
yy
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L1 t
¢g=—|=(F -Fgp)t=(F sRL-Fsrr)TMy
Ixx 2 sFL 2

(1.58)

The new body equations 1.56, 1.57 and 1.58 were combined with equation 1.47 for the
four unsprung masses. Then, the matrix B and C were obtained. Matrix A was same
as previous and matrix D is 7 by 11 zeros. The reason for adding external inputs is

explained in section 3.3.

-0 0O 0 0 0 0 0 0 0 0 1
0 o o0 o o 1 1 1 1 1
M, M, M, M, M
0 0O 0 0 0 0 0 0 0 0
0 0 0 0 1 0 tr te t, t,
Ly 20, 2L, 2L, 2l
0 0O 0 0 0 0 0 0 0 0
B 0 0 0.4 1 I I 1, 1,
Iyy Iyy I}’Y I}’Y Iyy
0 0O 0 0 0 0 0 0 0 0
B=|Kr 0 0 0 0 o ! 0 0 0
Muf Muf
0 k(:f 0O 0 0 0 0 (1) 0 0 (1.59)
0 M 0O 0 0 0 0 o 0 0
0 0O 0 0 0 0 0 0 0 0
0 0 Kt 0 0 0 0 0 . 0
L\ M,
0 0O 0 0 0 0 0 0 0 0
0 0 0 Kt 0 0 0 0 0 !
! My, \Y/
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O 001 00 0O 0 O O0O0UO0OTUO0OTFO
000001 0O0O0OO0OTUO0OTUO0OTUO0O0
C=fo 0 000001 00 O0O0UO0O0
O 0 00O 000 OT1TO0UO0UO0TO0 (1.60)
O 0000 000 O O0OO0OT1TUO00O0
0 0 0 0OOOO O OO0 O0O0TO0 1
1.2.9 Tyre models

While Pneumatic Tyres create the forces and moments necessary for movement on the
tyre contact patch, they also have the important function of isolating some of the road-
induced vibrations. There are different tyre models in the literature and the model
complexity is determined by the frequency range of interest (Schmeitz, 2004). Some

of the tyre models can be shown in Figure 1.20.
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Figure 1.20: Some of the well-known tyre model figures (Schmeitz, 2004).

Simple point contact tyre models are generally used in the low and mid frequency
range. Point-contact tyre models include a linear spring and a linear viscous damper.
These models are considered relatively good approximations for representing low
amplitude long wavelength path profiles. Since the models do not include the tyre
geometry and elasticity, the enveloping effect of the tyres is not taken into account in
these models (Schmeitz, 2004). Although deformation is not included in the model,
point contact is not limited to the vertical axis. Thus, the contact point can be moved

longitudinally and filter out short wavelength bumps. (Badalamenti and Doyle, 1988).

Radial spring models contain a certain number of springs and dampers in the radial
direction. The vertical and longitudinal forces on the axis are obtained by summing
the horizontal and vertical forces resulting from the deformations on the local radial
springs. However, the independent movement of the springs in the model from the
neighbouring springs reduces the accuracy of the model. This problem occurs when
the ground or bump does not fully support the tyre. Later, with the addition of
intermediate springs, the model was able to show the tyre enveloping behaviour for
aircraft tyres by working in conjunction with adjacent springs (Badalamenti and Doyle,
1988).

There are different models in the literature for non-smooth surfaces such as solid ring
models, Multibody models, Finite Element Models. The requirements that the models

must meet can be expressed as reliability of the calculated loads originating from the
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road —tyre interface, low computational load, and easy parameter acquisition
(Schmeitz, 2004).

The rigid ring model neglects the deformation of tyre belt by considering the primary
tyre modes. The ring is attached to the rim, elastically by spring and damper elements
to represent the stiffness and damping characteristics of the pneumatic tyre. In general,
there are two models used to represent the contact for the interface between the tyre
and road surface; an enveloping model to consider micro and some macrotexture of

road surface and a slip model (Schmeitz, 2004).

Multibody models include point masses, springs, dampers and tread elements as shown
in Figure 1.21.

e mass point
* stiffness f
(" rotational stiffness .- §

tread elements

Figure 1.21 Three-dimensional multibody tyre model (Schmeitz, 2004).

The tyre belt is expressed as a three-dimensional mass point system. The model
reduces the elasticity of the belt to a ring of mass points connected by tension and
torsion springs. The sidewall is considered massless and is connected to the point
masses by tension and torsion springs. In the lateral direction, the belt consists of
elastic rings connected to each other by tension and torsion springs. Tyre treads, on
the other hand, are modelled as elastically deformable brushes by sticking or slipping
on the road surface. (Eichler, 1997).

One of the known commercial tyre models is FTyre® and it offers the simulation
analysis up to 250Hz inputs. (Cosine scientific software AG, n.d.). Another
commercial model frequently used in the literature is MF SWIFT. Since Magic
Formula (MF) tyre model was first introduced by Pacejka in 1987 (Bakker et al.,

1987), it has become almost the most popular tool in vehicle handling simulations.

The MF tyre model is now able to handle combinations of brake slip, lateral slip,

camber, tyre pressure effects and transient responses up to 8 Hz. In the 90s, Delft and
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TNO started to work on developing a driving tyre model for rough road surfaces.
Especially in vehicle dynamics models where active control systems such as ABS,
ESP, ASR, TCS will be considered, the frequency values that tyre models can address
are expected to be greater than 8Hz and at least 30Hz for wavelengths shorter than
0.2m. For this purpose, MF-SWIFT was developed as a short-wavelength, medium-
frequency tyre model (Schmeitz et al., 2007). Finite element models are unsuitable for
vehicle dynamics simulations due to their computational load. On the other hand, due
to their highly non-linear structure, they are particularly suitable for examining the

tyre's response to small roughness. (Schmeitz, 2004).

1.2.10 Road

Studies in the literature generally use simple sinusoidal (Figure 1.22) or Chirp-
increasing sinusoidal (Figure 1.23) path inputs to examine the relationship between the

input and output of control systems.
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Figure 1.22: Sinusoidal input.
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Figure 1.23: Chirp input with increasing frequency.
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However, road surfaces have a very broad frequency spectrum. Road roughness is
defined as the elevation profile on the surface with which the tyres of the vehicle are
in contact. Road profiles generally fit into the category of broadband random signals.
Therefore, profiles are defined by their statistical properties. One of the most useful
presentation methods is the Power Spectral Density (PSD) function. Like any random
signal, the elevation profile measured along the path is converted into sine curves by
the Fourier transform. It is expressed as amplitude versus spatial frequency with a PSD
plot. Spatial frequency is expressed as the wavenumber and in units of cycles/meter.
(Gillespie, 1992).

Simple sinusoidal profiles are practical for evaluating input-output relationship,
especially for studies in the frequency domain. On the other hand, ISO profiles have
a more complex frequency content than sinusoidal inputs. ISO road profiles have
classes from A to H, very good to bad, as shown in Figure 1.24. These classes give the
flexibility to test a system in a wide range and against a standard. However, they have
stationary characteristics (Loprencipe and Zoccali, 2017). Stationary characteristics
may be misleading in interpreting results since both sinusoidal and ISO profiles are
artificial. Artificial means they do not include road slopes or non-symmetrical
variations on the horizontal and lateral plane as in a real road profile.
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Figure 1.24: 1SO Road Class (ISO 8608:2016(E), 2016).
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In addition to standard road profiles, Daimler AG developed Curved Regular Grid
(CRG) to use high precision measured road surfaces for tyre, vibration and driving
simulation purposes and later made it available to the public as open source (ASAM
OpenCRG®, n.d.). The open source CRG file format, which can also contain the
digital road surfaces of the tracks belonging to the vehicle manufacturers' own test
tracks, can be edited or used in an environment such as MATLAB® (Figure 1.25), or

commercial vehicle dynamics software.

Figure 1.25: Belgian Block X, Y and Z coordinates in Open CRG Matlab®.
1.2.11 Sensors

Depending on the methodology, semi-active damper control methods require knowing
the stroke, stroke speed, sprung mass and unsprung mass velocity, and acceleration.
Therefore, these parameters need to be measured. Accelerometers, as in Figure 26, are
widely used for these purposes (Carratu et al., 2017; Thenozhi et al., 2012). It can be
used to measure sprung and unsprung mass acceleration, then the accelerations can be
converted into velocities. Thus, stroke speed can also be obtained. Alternatively, a
stroke sensor can be used to measure stroke and the stroke can be converted into
velocity. It should be noted that the stroke sensor option still requires knowing at least

the sprung mass speed.
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Sensorposition

Figure 1.26: Continental Chassis Acceleration Sensor.

Figure 1.27 shows a stroke sensor between the chassis and suspension lower arm where
it can be placed. Since the assembly position of the sensor is not aligned with the
suspension, a geometrical transformation is needed to calculate the suspension stroke.
One of the purposes of stroke sensors is to estimate the levelling of vehicles in order

to adjust the headlight to prevent glazing.

Figure 1.27: Stroke sensor Hella®.

As shown in Figure 1.28, eight accelerometers need to be placed on the sprung masses

and unsprung masses at the four corners of the vehicle.

FL Sprung mass
RL

FL Unsprung mass

Figure 1.28:Sensor architecture in a chassis
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Velocity can be obtained through the integration of acceleration since it cannot be
measured directly. However, the accelerometer is fixed not only to the vehicle
reference system but also to the road reference system. Therefore, accelerometers are
affected by road slope. The road slope offsets the measurements. Moreover, the

velocity signal may drift and includes offset as a result of the integration.

It has been reported that the calibrations of each automotive sensors produced must be
interchangeable within +1 % difference of each sensor, and the automotive
environmental operating requirements are very severe, with vibrations up to +10g
(Fleming, 2001). The measurement should ideally have zero offsets and bias, i.e.,
aligned to zero. If there is some offset, a wrong direction can be obtained. A high pass
filter can be used to remove the offset in the acceleration signal. Above the correctly

chosen cut-off frequency, a low pass filter can be used as an anti-drift integration.

e Reducing the number of sensors

Even though sensor costs tend to decrease with advancing technology and high-
volume production, it is still a substantial cost factor for automakers. Therefore, some
OEMs and researchers have studied to reduce the number of sensors for suspension

control or remove them altogether.

A group of researchers used a single sensor per quarter car model to estimate stroke
speed with the Kalman Filter (G and Serpa, 2010). Another study estimates vehicle
body attitude states based on wheel speed variation by wheel speed sensors (Liu et al.,
2015). Another study controlled the dampers based on wheel rotation speed,
considering the potential performance degradation of slow communication cycle of

wheel speed sensors in-vehicle network (Hironobu and Kazuaki, 2022).

e Virtual sensors

Recent developments on deep learning and neural network allows to build a connection
between measured and estimated information by fusing already available sensors to
have virtual sensors for external outputs. In this way, significant advantages emerges
to estimate some of information which is highly infeasible to measure in a serial

vehicle and eliminate current sensors in the system (Sabanovi“c, E.; Kojis et al., 2021).
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1.2.12 Performance evaluation methods

Comfort expectation may differ significantly for passengers and drivers. While the
driver wants to take all the necessary steps to control the vehicle depending on the road
and vehicle conditions, the majority of passengers tend to demand smoother cruising

and driving.

In this context, a comfortable vehicle for passengers can actually be described as a
comfortable living space, namely a house on wheels (Mastinu and Manfred, 2014).
Certainly, the performance of a suspension system is the most important criterion in
evaluating the level of comfort that can be provided. Subjective and objective
evaluation methods are used in the literature to evaluate suspension performance.
(Demic¢ et al., 2002; Els, 2005).

1.2.12.1 Subjective evaluation

Subjective rating is the oldest method used to evaluate comfort. The human body is
equipped with a large number of different biological sensors to detect quantities within
its physiological limits, and experienced evaluators use these biological sensors
effectively. The following basic rules were adapted from (Mastinu and Manfred,
2014).

1. Clear definition of evaluation criteria and precise definition of evaluation
conditions.

Comfort is multidimensional. This means that several independent criteria need to be
defined and separated from each other. For each criterion, there must be a task critical
or boundary condition where the differences between good and bad design are evident.
Many benchmarks require real driving exercises on the test track.

2. Reference vehicle.
Comparing two vehicle is much easier than evaluating a single vehicle and makes the
assessment more meaningful.

3. Descriptive rating scale.

The rating scale should be clearly defined. It is important that all raters have the same

understanding of a given rating level.
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4. Customer-oriented weighting.

The multidimensional comfort rating must be combined with an overall score for each
vehicle. A representative picture can only be obtained if all the important comfort
elements are captured and weighted according to customer preference for the particular

vehicle type.

5. Trained evaluators

The evaluator needs a lot of experience, the ability to focus on specific aspects, and
the ability to distinguish differences caused by boundary conditions from differences

in performance.

6. Sufficient evaluation.

Even trained evaluators do not always come to the same conclusion. However, fewer
observations are required compared to regular customers. For an appropriate comfort
assessment, it is necessary to cover a certain range of the population with a certain
number of selected assessors, as comfort performance in some comfort respects, such
as vibration damping, postural or lateral support, also depends on the size of the

occupant.

1.2.12.2 Objective evaluation methods

e Root Mean Square (RMS) value

Calculating the root mean square value of a variable is a method used, for example, to
measure the amplitude of a wave that oscillates in the positive and negative direction.
It is widely used especially in the evaluation of the performance of the suspension
system. (Akcay and Tirkay, 2008; Tudon-Martinez et al., 2013).

RMS values of n number of values, {a? + a5+....a2}, are calculated by equation 1.61.
(1.61)

n
2492 2
lz ,  [|artayt...ag
n

¢ Nonlinear Frequency Response
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The performance of a semi-active suspension system can be evaluated in the frequency
domain by the relationship between output (control system response) and input. The
suspension model or control method may not be linear, in which case the closed loop
control system will also not be linear. Bode diagrams cannot be used in non-linear
situations. In order to examine the frequency response of nonlinear systems, an
algorithm called variance gain, whose output is pseudo bode, has been developed. (S.
M. Savaresi, Silani, et al., 2005). The variance gain procedure is expressed in the

following order (S. Savaresi et al., 2010).

1. According to this algorithm, the closed loop system is fed with N number of
sinusoidal inputs at increasing frequency.
Z.()=Asin(w;t) ;i=1,2,...,N t€ [0,T] (1.62)

2. The output signal is recorded. For each input, the output signal such as body
acceleration is measured.

Z.(t)=A sin(w;t) ;i=1,2,....,N t€ [0,T] (1.63)

3. The approximate variance gain can be expressed with the equation 1.64. The

discrete Fourier transforms, and PSDs of the input and output signals are

. 1.64
Facc(w;)= %foi(zg)z i=1,2,3.N .
?fo (Zri)2

Although the RMS value is an effective method for calculating the amplitudes of

calculated.

signals that change direction, it hides the details of the signal, which includes a wide
frequency range. For this reason, although the RMS value gives an idea in general, it
IS necessary to make detailed analysis over the entire frequency range with variance
gain and similar approaches in order to make a detailed analysis depending on the

frequency.

e Power Spectral Density

A power spectral density (PSD) is a measure of the power content of the signal versus
frequency. PSD is typically used for characterising random wide bandwidth signals.

The amplitude of the PSD is normalized with spectral resolution to digitize the signal.
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The unit is g>/Hz for the vibrations. A random signal usually has a finite average power

and can be characterized by its average power spectral density (PSD) (Stocia P., 2005).

The discrete-time signal {y(t); t=0,+1,+2,...} is assumed to be a sequence of random

variable with zero mean:

E{y(t)}=0 for all t (1.65)

E{.} denotes the averaging operator. The autocovariance sequence of y(t) is defined

as

r(k)=E{y(Dy*(t-k)} (1.66)

The autocovariance sequence r(k) has useful properties given in equation 1.67 and
1.68.

r(k)=r"(-k) (1.67)
£(0)=|r(k)| for all k (1.68)

The covariance matrix of {y(t)} was defined as follows

r(0) r*1) - r¥@m-1) y*(t-1) (1.69)
Rp= r(sl) O sy |EY]E | D]
r(m-1) - (1) r*0) y*(t-m)

Equation 1.69 is positive semi-definite for all values of m. A Hermitian matrix M is
positive semi-definite if a* Ma > 0 for every vector of a. Since equation 1.70

satisfies rule where z(t) as in equation 1.61 thus; R,,, is positive semi-definite for every

m.
y*(t-D) (1.70)
a*R,a=a*E [y(t-1)...y(t-m)] p a=E{z*()z(t) }=E{|z(t)|*}>0
y*(t-m)
z(t)=[y(t-1)...y(t-m)]a (1.71)

The PSD is defined as discrete time Fourier transform of the covariance sequence:

B(0)=Yp . r(k)e ™ (Power Spectral Density) (1.72)
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| , :
r(k)=— f B(w)e*dw (1.73)
2n ),
The equation 1.64 is obtained after inverse transform for equation 1.73.
1(0)=1- 7 B(o)do (1.74)

Since r(0)=E{]y(t)|?} measures the average power of E{y(t)}, the @(w) is called PSD

and it shows the average signal power over frequencies.

1.2.12.3 Control methods

A significant milestone for the control of a semi-active damper was the development
of skyhook (SH) control, in particular the idea of using the semi-active suspensions as
force generators (Karnopp et al., 1973). Skyhook was a simple feedback control logic
with unique advantages for noise attenuation around the vehicle body resonant
frequency (Emura et al., 1994). After the first conceptual idea, various SH control
methods have been developed to solve different problems. For instance, to balance the
trade-off between sprung and unsprung mass, the SH damping force equation was
modified, thus the damping force was shared between sprung and unsprung mass
(Besinger et al., 1995). The skyhook control strategy was completely modified and
adapted for road holding, then called ground-hook control (Valasek et al., 1997). When
SH control was introduced, the semi-active damper technology was not mature
enough, and the damping coefficient could only be changed between minimum and
maximum. With the improvement of damping technology, an infinite number of
damping has been allowed to be applied. After that, SH-continuous was introduced (S.
Savaresi et al., 2010). Later, gain adaptive SH control was introduced, the gain was

modified according to the estimated road condition using a sensor (Hong et al., 2002).

Then, the researchers focused on extending the control zone of the SH control and
bringing it closer to the optimal bound. A new approach called acceleration driven
damper (ADD) was proposed using the Pontrygain’s maximum principle. ADD
improved the comfort by minimizing vertical acceleration and could reach the
optimum bound beyond the resonant frequency (S. M. Savaresi, Silani, et al., 2005).
Next, the researchers mixed the SH and ADD and introduced SH-ADD to reach the
optimum bound for comfort for the entire frequency range (S. M. Savaresi and Spelta,
2007). Although the semi-active damper has many advantages such as energy
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consumption and cost, an important disadvantage is its dissipative constraint. A semi-
active suspension system has a limited force generation capability, due to the
dissipative constraint, in other words, depending on the extension and compression of
the damper and the requested force direction. Because semi-active dampers generate
discontinuous forces, the control logic requires switching with respect to both body
and wheel speed directions. Discontinuous force and system dynamics (instantaneous
relations of damper and spring forces) may cause chattering (Margolis and
Goshtasbpour, 1984). The SH control causes jerk and unwanted audible noise due to
the sudden release of energy stored in the suspension elements. Therefore, the
conventional SH control policy was modified. The modified control policy allowed
the damper to release force in a controlled manner between high and low damping to
reduce sudden force changes and jerk (Miller and Nobles, 1990). Since ADD uses
acceleration directly as a switching parameter, it is quite sensitive to generate jerk in
the case of sensor noise. The researchers proposed power driven damper (PDD)
approach based on the control of the Port Hamiltonian system to solve the existing jerk
problem in ADD (Morselli and Zanasi, 2008). The PDD approach improved the
comfort beyond the body resonant frequency range as in ADD. Then, a mixed SH-
PDD approach was introduced to extend the control range. Some filtering methods
were also proposed to smooth the control forces by modulating the control force
(Ahmadian et al., 2004; Liu and Zuo, 2016; Stamatov et al., 2008). Then, the energy
driven damper (EDD) approach based on optimal control theory, which considers the
kinetic energy of the suspension system, was introduced (Li et al., 2020).

While the SH and its variants remain popular and attractive to many researchers, many
different control methods have been used for semi-active and active suspension
control. Optimal control methods were used to optimize ride and handling behaviour,
simultaneously (Brezas et al., 2015; Hirao et al., 2018). It has also been reported that
the clipping method cannot ensure the performance and robustness of the controller,
since dissipative constrains are not taken into account in the design (S. Savaresi et al.,
2010). Further, H-infinity-LPV (Linear Parameter-Varying) approach has been used
in many studies to build the robust controller considering the dissipative constraints in
the design (Do et al., 2010; Tudon-Martinez et al., 2013).

The estimation of the road surface characteristic helps to improve the comfort by

means of controller’s gain adaptation. Some of these studies were rely on vibration-
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based approaches such as evaluation of RMS on the vehicle body and wheels (Qin et
al., 2015; Ward and lagnemma, 2009). Although vibration-based approach is very
helpful, they naturally yield the results as soon as the tyre passed over a vibratory input
such as speed bump or pothole on their trajectory. In these methods starting from the
moment that notable input can be detectable visually, there is an important time gap
without any automatic control action. In fact, this gap can be transformed into a highly
valuable period with some accumulated data depending on the preview information of
the road profile characteristics, therefore, further improvements can be done on the
level of comfort. At this point, preview control logic has been introduced as an
acceptable improvement to the system. However, the idea of preview control logic was
first developed by Bender (Bender, 1968) almost five decades ago. At the time, the

contactless measuring technology was not at the desired level (Hac, 2007).

Recently developed sensing devices, such as Lidar, Stereo and Monocular cameras,
have made the estimation of road profiles before passing the vehicle over its trajectory,
possible (Oniga et al., 2007). However, early research studies in preview control have
mostly been focused on the basic principles and improvement of the control logic and
preview control as in these examples (Mehra et al., 1997; Tseng and Hrovat, 2015). A
research study conducted on road profile implementation for the preview control was
studied by (Streiter, 2008). Then, another research focused on the road profile
generation with lidar measurement (Schindler, 2009b). Next, another study focused on
the active suspension control using Model predictive control (MPC), with preview
information by the sensor at the windshield (Géhrle et al., 2013). The main advantages
of the MPC controller are that it can consider the constraints as hard or soft in the cost
function (Hrovat et al., 2012). Therefore, for example, in the case of active suspension,
the suspension stroke can be restricted to prevent reaching the bump stopper. Similarly,
dissipative constraints can also be considered, this time for semi-active suspension
case. The same researcher studied model predictive control of semi-active and active
suspension together with road preview (Gohrle, 2014; Gohrle et al., 2013). In another
study, the researcher compared MPC versus skyhook and feed forward controller
performances by providing a methodology for how preview information is
transformed into a road profile for low bandwidth active suspension (Gohrle et al.,
2015). In the PhD thesis of the same researcher, it was concluded that MPC and
Skyhook showed the same performances for active suspension. It was reported that the
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Skyhook controller was selected because of the modular nature of the Skyhook and
the computational cost of the MPC (Gohrle, 2014). Semi-active dampers are nonlinear
and their characteristics change depending on stroke speed, sign, and the compression
or extension (Pellegrini, 2013). Therefore, the damping force can be linearized to use
in linear MPC. It is also possible to formulate the nonlinear damping characteristic into
a cost function. Another study used nonlinear MPC with imperfect preview
information and nonlinear damping characteristics. It was reported that the test results
were worse than the simulation results but better than the passive damper (Kjellberg
and Sundell, 2018). Online optimization complicates the real-time implementation of
MPC as the computational cost is high. One study implemented region-free (also
called regionless) explicit MPC for an active suspension with preview. The problem
was solved offline, and the solutions were mapped, the optimal control inputs were
stored. Moreover, this study decentralized the controller, i.e., each corner of the vehicle
was controlled independently, thus reducing the computational cost. It should be noted
that a precise solid state lidar was used for road profile measurement in this study
(Theunissen et al., 2020).

The front camera accuracy is imperfect. A stereo camera accuracy was reported * 2
cm in a study from (Gohrle et al., 2015). Moreover, another study shows that elevation
profile measurement accuracy decreases with the length of the measured distance
(Shen et al., 2014) as in table 1.4.

Table 1.4: Measurement accuracy variation with respect to measured surface length
(Shen et al., 2014).

Downrange Distance Height Measurement Variance
5m to 8m +/- 1.2cm
8mto 12m +/- 2.1cm
12m to 16m +/- 3.7cm
16 to 21m +/- 5.8cm
21t0 28m +/- 8.8cm

MPC is the best candidate to implement preview control in a semi-active damper
because only MPC can consider passivity constraint in control methods. The MPC has
two-way preview capability to consider potential outputs of the model on the future
horizon as well as considering the vehicle states and disturbances, i.e. the upcoming

road profile. Thus, it makes the MPC sensitive to the measurement variance at the
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centimetre level as preview control relies on an estimation of vehicle system behaviour

based on disturbance in receding horizon and that may cause significant errors in

control. In this section, different semi-active damper control methods were examined

regarding advantages and disadvantages based on the literature survey. The

aforementioned control methods’ significant attributes were summarized briefly in

terms of performance, calibration complexity, and application easiness in Table 1.5.

Table 1.5: Common control methods known for semi-active suspension.

Control
Method

Advantages

Disadvantages

Skyhook (Two-
state)

Skyhook
(Continuous)

Skyhook
(Global)

Skyhook ADD

Skyhook PDD

LQR

H-infinity LPV

MPC (with
Preview)

MPC (Without
Preview)

MPC (Linearized
stroke)

Explicit MPC

High damping around the body resonance frequency
Easy to calibrate and apply
Does not need a system model

Infinite number of damping compared to two state Skyhook
thanks to continuously variable damping

No abrupt transitions between High-Low Damping

Easy to calibrate and apply

Does not need a system model

Since it has global control, roll and head movements can be
controlled with separate gain coefficients.

Easy to calibrate and apply

Prevents integral wind-up by considering the passivity
constraint.

Does not need a system model

Performance closes to optimal bound in the mid-frequency
region

Possibility of control with a single accelerometer

Easy to calibrate and apply

Prevents integral wind-up by considering the passivity
constraint.

Performance closes to optimal bound in the mid-frequency
region

Robustness to the sensor noise

Less Jerk

Easy to calibrate and apply

Prevents integral wind-up by considering the passivity
constraint.

No excessive calculation cost

Preview capability

Prevents integral wind-up by considering the passivity
constraint.

Robustness

Preview capability

Prevents integral wind-up by considering the passivity
constraint.

Prevents integral wind-up by considering the passivity
constraint.

Linearized constraint
Relatively simple optimisation problem

Computationally less expensive compared to MPC

High transmissibility in the mid
and high frequency regions
causes Jerk
Global control is not possible

Requires some of system
parameters (vehicle dimensions)
to ensure force distribution

Not robust against to sensor
noise and causes jerk

Due to the low damping at mid
frequency range, bump stops
prevent coupling.

Too much control parameter
compared to SH continuous

Less robust as passivity does not
considered

Calibration and application is
difficult

Calculation cost or memory
requirement

Application is difficult compared
to SH

Calculation cost or memory
requirement

Application is difficult compared
to SH

No preview capability
Calculation cost or memory
requirement

Application is difficult compared
to SH

Less accurate results and
sometimes no feasible solution
can be found

. Standard explicit MPC
requires much memory

46



2. METHOD

In the method section, the study focused on the perspective of how the control methods
would be applied to the vehicle. Therefore, preview and non-preview control methods
were examined in detail. The non-preview semi-active suspension control methods
were also examined in terms of energy perspective. Then, the study was conducted to
obtain the preview information and data acquisition from the vehicle body for feedback

control.

2.1 SH Control Principle

The well-known SH control principle can be defined as a fictitious damper mounted
between the sprung mass and the virtual reference plane in the sky. The advantage of
this method can be explained in the 1 DoF vehicle model with conventional and SH

controlled suspensions as in Figure 2.1.

AL LSS

P

Figure 2.1: 1 DoF quarter car model; left: conventional, right: SH control.
The conventional quarter car model transfer function is as follows.

Z _ cstk (2 ) 1)

Z, " Ms2testk
The transfer function of the SH-controlled quarter car model is as follows

z__k (2.2)

Z, Ms2+es+k
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As can be seen, the transfer function of the SH-controlled suspension does not include
damping coefficient in numerator since there is no damping between the road surface
and the mass. On the other hand, in conventional quarter car, it is seen that the
numerator has s, and the denominator has s2. Therefore, it shows that conventional
transfer function has 20dB/decade attenuation rate. Since SH does not include s in
numerator, it has 40dB/decade attenuation ratio. This is the key factor of SH control
(Duven, 2007).

As mentioned earlier, the SH damper is a fictitious damper and is assumed to be
suspended in the sky. Since it is not possible to do this, a damper, which is mounted
parallel to the suspension spring mimics the behaviour of a fictitious damper as shown
in figure 2.2.

Fictitious Reference Plane
SIS
Fictitious Damper

{Skvhook Damper)
T T ,
:
I
:Mi.mic:s the behaviour
k<= |lls :
Semi-active Damper
k t C[j

Figure 2.2: Quarter car model Skyhook control.

FCSky:CskyZS (233.)
Fd:Cs(Zs'Zu) (23b)
Mszs:'ks (Zs'Zu) 'Fd (24)
(2.5)

Mu 2u =+kt (Zu 'Zr)+Ct(Zu 'Zr)+ks (Zs 'Zu) +Fd
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The skyhook damper force request, Fy, is calculated in proportion to the sprung
mass velocity, Z, as given in Equation 2.3a. Then, the expected force Fesky IS
reproduced by the semi-active damper as the Fy4 force in equation 2.3b. Reproduction
depends on the body and stroke speed signs criteria. If the criteria are satisfied, this
means that the semi-active damper can reproduce the skyhook damper force in the
same direction, as shown in conditions 1 and 3 in Figure 2.3. Otherwise, the semi-
active damper applies the minimum force (conditions 2 and 4).

Fictitious Damper Compressed Fictitious Damper Extended
— T / T
lrsiiiia LLLLLL, LIS, p i SISLSSL,
Coiy H Fesky E Frsiy Fesiey ﬁ Fesky
+
4z M M
l Ms | STS ? M Lo M L
s B, i EE E0Y TR
Zu
M,
My | T e LI v E S
|l M,
N / |
kt Ct Semi-active Damper Extension Semi-active Damper Compression i
_T ZT Semi-active Damper Extension

Figure 2.3: SH control criterions.

The skyhook-continuous method is defined in equation 2.6. If the term (CS"—yZ IS

sT4u)
replaced by the maximum damping coefficient, ¢, , then, a two-state skyhook is

obtained.

Cskyzs > > >
Cs: (Zs'zu), &ZS(ZS_ZU)EO

Cmin ) &ZS(ZS'Zu) <0

(2.6)

While the two-state target is to reduce the body speed to zero as much as possible, the
SH-continuous damps the body motion in proportion to the vehicle body speed. The

SH criteria were converted to a truth table for clarity, as seen in Table 2.1.
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Table 2.1: SH conditions truth table.

Condition Z Z Suspension Stroke Body  Movement  Virtual Damper
-1, Speed (Ms)
1 + + extension Body direction + Skyhook Damper

Compression

2 + - compression Body direction+ Skyhook Damper

Compression

3 - - compression Body direction- Skyhook Damper Extension

4 - + extension Body direction- Skyhook Damper Extension

Semi-active dampers have limited force generation capability, and this requires
switching with respect to body and stroke speed direction. Hence, sudden changes in
the damping coefficient between maximum and minimum cause force discontinuities
depending on the relationship between spring and damping force. Therefore, this
phenomenon has been reported as chattering or jerk in the literature (Margolis and
Goshtasbpour, 1984). It was also reported that phenomenon causes unwanted audible
noise due to the sudden release of the energy stored in the suspension elements. To
reduce jerk and sudden force changes, Miller (Miller and Nobles, 1990) modified the
SH procedure and designed the logic to have controllable force release. Some other
jerk reducing, and signal filtering methods were also proposed to smooth the control
force by manipulating the control policy and modulating the force request (Ahmadian
et al., 2004; Collette and Preumont, 2010; Stamatov et al., 2008). However, it was
reported that semi-active dampers have a time delay, and the damping properties
cannot be changed instantaneously as in theoretical studies, and this may reduce

chatter and jerk to some extent (Liu et al., 2005).

2.2 Active Driven Damper (ADD)

After the development of the SH concept, ADD was introduced like many other
approaches. However, ADD had a significant difference with a new approach
proposed to reach an optimal bound using Pontryagin’s maximum principle. ADD
improved comfort by minimising vertical acceleration and was able to reach the

optimum bound beyond the resonant frequency (S. M. Savaresi, Silani, et al., 2005).
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The ADD approaches, given in Equation 2.7, use body acceleration, Z, instead of the
velocity variable of SH. While it may seem like an advantage to use acceleration
directly without converting it to velocity, acceleration data requires some noise
filtering due to measurement noise, drift and offset.

C _{Cmin ’ &Zs(zs'zu) <0 (27)
’ Cmax ’ &ZS(ZS_ZU) >0

2.3 Skyhook-Active Driven Damper (SH-ADD)

ADD improves the comfort beyond the body resonant frequency, while SH provides
the best filtering around the body resonant frequency. A simple switching parameter,
a, is designed to combine SH and ADD to provide benefits across the entire
frequency range.

Cowe |2 022 0 A Z(2e2,)>0 | v 222 >0 A 2,(22,)>0 | (28)

C=
| Cuins |27027 20 A 2(2,2,)20 | v |2,7022 50 A Z,(22,)<0 |

2.4 Power Driven Damper (PDD)

Since the conditions of the ADD are directly dependent on acceleration (if the actuator
bandwidth is wide enough), it may cause chatter and a large amount of jerk. Therefore,
the PDD approach given in Equation 2.9 is set to the average damping value during
transients (Zy-Z,)=0 A (Zs-Z,)#0 (Morselli and Zanasi, 2008). PDD requires

additional information on the parameters such as spring stiffness kg Z-Z,,.

Crrax K &( Zo-Z ) Z-Zy) + Conax (Zeo-Zo) <0
c={ Cmin > ky( ZoZ)(ZsZ) + Conin (2220 (2.9)
(Coax + Cumin )2, (Z-Z,)=0 A (Z4-Z,)70
k( Z&-Z)NZsZ,), & otherwise

2.5 Skyhook-Power Driven Damper (SH-PDD)

The PDD control policy improved comfort beyond the resonant frequency like ADD.
A similar approach to that for SH-ADD, the SH-PDD approach has also been proposed

to improve comfort over the whole frequency range. A switching function is
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implemented between SH and PDD to define the operating range. The primary
objective of SH control policy is to dissipate energy from sprung mass as quickly as
possible. On the contrary, ADD and PDD aim to decouple the energy between sprung
and unsprung mass. In some periods, the conflict between SH and ADD/PDD can be
used to switch between SH and ADD/PDD. If the sum of the power of the sprung mass
absorbed by the semi-active damper and the power released by the semi-active damper
to the unsprung mass is greater than zero, the suspension can transfer all the energy
absorbed from sprung mass to the unsprung mass. Thus, SH can be applied in this

period. Otherwise, PDD can be applied as more energy is absorbed by the suspension

(Liu and Zuo, 2016). Consequently, (Z.-Z,)’, is the switching function and the SH-
PDD approach is given by Equation 2.10.

2.6 Explanations Of Logic From An Energy Perspective

(Cmax > Zsz'zu22 0v &ks( Zs'Zu)(Zs'Zu) + Cmax (Zs'zu)2<0
o 2 ogf) . o . 2
CS:{ Cmin > Zs 'Zu <0V &ks( Zs'Zu)(Zs'Zu) + Cmin (Zs'zu) >0 (210)
| k( Z-Z)/(Zs-Z,), otherwise

Giving switching policies based on written explanations with formulas makes it
difficult to understand intuitively. Therefore, it has been found that systematically
making explanations from the energy perspective helps to internalize the physical
insight of logic more easily. The energy perspective approach was introduced by (Liu
and Zuo, 2016).

The equation 2.11 gives the stored mechanical energy of the 2 DoF quarter car model
over a period of time. The kinetic energy of unsprung and sprung mass and the stored
energy in the spring k,, and equivalent stiffness of the tyre, k. were summed. Since
the damper has an energy dissipative functionality, it is not included in the energy

equation.
E(t)= % myz >+ % m,z,°+ % k(zg-2,) >+ % k(zy-2,)? (2.11)

The power flow, in equation 2.12, can be obtained by gathering energy input from road

undulations and the energy output by the damper.

P(O)=kyz2(2-2)-Cy (Zi-Z,) (2.12)

52



The first term of Equation 2.12, k,Z.(z,-z.) is power flow transferred from the road.

The second term, -c, (Z-Z,)’is power dissipated by the damper. According to
Newtonian mechanics, power is equal to force times velocity. The semi-active damper

absorbs the power of the sprung mass as given in Equation 2.13.
Psd:Cs (Zs'zu)zs (213)

The power of sprung mass absorbed by the suspension spring is given in equation
2.14

Pss:ks (Zs'zu)zs (214)
The power released by the semi-active damper to the unsprung mass is shown in
equation 2.15.

Pud:Cs (Zs'zu)zu (215)

The power released by the suspension spring to the unsprung mass is given in

equation 2.16
Pus:ks (Zs'zu)zu (216)
So, the net power on the suspension, P, , can be calculated by Equation 2.17.

Pnet:Psd—i_Pss—i_Puddl_Pus:Cs (Zs'zu)zs +ks (Zs'zu)zs+ (217)
Cs (Zs'Zu)Zu +ks (Zs'zu)zu

e The physical background of SH

As explained in section 2.3, the SH control enforces the semi-active damper to mimic
the behaviour of the fictitious damper hooked to the sky. Hence, equation 2.18 is given

to recover the energy absorbed in the sprung mass by the suspension elements.
Psd+ Pss:[cS (Zs'zu)+ks (Zs'Zu)]Zs (218)

The only controllable feature in equation 2.19 is the semi active damper. It can be
deduced that the damper can dissipate the energy of the sprung mass in the shortest
time by setting the damping coefficient as maximum, C, = C,,,,. A positive P,
satisfies the SH policy, which can be expressed by (Z,-Z,)Z, >0. Otherwise, when the
damper is in the direction of transferring power to the sprung mass, the transmissibility
is reduced to a minimum by setting the damping coefficient to a minimum, C; = Cp;,

as given in Figure 2.4.
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Skyhook &ming, J(Cg £ - Pyt Py) (2.19)

—— *  The energy absorption

Cmax: ZS(ZS - Zu) =0
Chin » ZS(ZS - Zu) <0

—— = The energy transfer

Figure 2.4: Breakdown of SH control from energy perspective.
e The physical background of ADD

The ADD was developed based on the port Hamiltonian technic by targeting to reduce
the sprung mass acceleration instead of the velocity variable of SH. The body
acceleration term, Z, in the policy of the ADD, Z,(Z, — Z,) = 0, is replaced in Equation
2.4 (The sprung mass motion equation), then, Equation 2.20 is obtained. Thus, it can
be inferred that ADD tries to balance the power by considering minimization of the
acceleration with respect to the power of spring as in expression given in Equation
2.22. The alternative (explicit) form of ADD is given in Equation 2.21.

ZS(ZS_ZU): ['ks (Zs'Zu)'Cs (Zs'zu) ](Zs'zu) (220)
(Cain » &Ik (ZeZ)HCs (Z2) W(Zs2,) <0 (221)
S_ {Cmax, &[k (Z¢-Z,)+Cs (Zs-Z,) (Zs-Z,) >0 (2.22)

ADD <:>minCs J(Cs = |Pnet|) € {Cmina Cmax ,}

e The physical background of PDD

PDD behaves like ADD and energy sharing between sprung and unsprung mass is a
capability of the suspension system. If the P, is close to zero, suspension can have
better isolation, which was also addressed by (Liu and Zuo, 2016). Elements of P,
and sign analysis are shown in Table 2.2, always taking into account the positive sign

spring stiffness and damping coefficient.
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Table 2.2: The PDD/ADD conditions truth table (For Equation 2.20).

Condition  k, 7T, L5, G Z-L, Zs-Z, | Poet]
1 + - - + - - >0
2 + + - + - -
3 + - + + + +
4 + - - + - - >0

When P, >0, C, must be set to minimum C,;, for conditions 1 and 4. Spring power
is always negative while damper power is always positive for conditions 2 and 3. To

minimize P, C, must be set to maximum, C,,,, -

If the damper and spring forces are equal, Equation 2.23 can be derived from P,,,;.

k) (2.23)
Zs-Z,
PDD is significantly the same as ADD (alternative form of ADD is given in Equation
2.21), except for one condition, if (Zs-Z,)=0 & (Z-Z,) =0, then the damping is set to
average as Cg =(Cpax + Chmin )/2 , just to smooth out the damping. The expression
2.24 gives the function of the PDD.

PDD &ming, J(C, 2 [Pyel) (2.24)

e The physical background of SH-ADD / PDD

SH or ADD is switched by the design parameter « and SH or PDD is switched based

on the rule Zsz-Zuzz 0. The physical background is the same as the structure of

ADD/PDD, and a detailed explanation is given in sections 2.3 and 2.4.

2.7 Model Predictive Control

Model Predictive Control was developed for chemical process control and mainly for
slowly changing systems. On the other hand, increasing CPU performance and
memory capacity made MPC attractive for chassis control applications due to its
preview capability and flexible structure that enables it to consider actuator constraints
(Hrovat et al., 2012). One of the first MPCs for active suspension control was studied
by (Mehra et al., 1997). They used the road disturbance as a preview information with
multiple point and a preview horizon of 0.32 with 0.02 s sampling time. This study
took into account the bump stop rate and results were compared with LQR control

method. Another research using preview information to account for bump stop in the
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quarter car system model showed that MPC outperformed SH on rounded pulse and
pseudo random road profiles (Cho, 1999). Another research focused on a full car
model using MPC without considering tyre dynamics due to low bandwidth-energy
saving actuators. The control variable was actuator displacement instead of force in
this research, and interestingly, proactive actuator engagement was only obtained,
when the constraints of the actuator displacement rate were included in the
optimization problem (Gohrle et al., 2012). In another study, but this time MPC design
for semi-active suspension control, road profile estimator was used instead of preview,
and the estimator was 10 times faster than the closed loop, and the step time of the
closed loop was 5ms (Nguyen et al., 2016). Implementation seemed infeasible as the
proposed controller had a very challenging step time of 5ms and 0.5ms for the
controller and observer, respectively, in terms of standard vehicle communication

system speed with on-board sensors.

Another research focused on developing different MPCs for active and semi-active
suspension systems with available road profile data. Due to the nonlinear semi-active
damper characteristics considered in Quadratic programming, the first controller was
nonlinear MPC and was referenced in this paper. The second MPC was proposed by
linearizing the semi-active damper characteristics using the approximate stroke speed
calculated with the passive vehicle model on the preview horizon. The third MPC used
the clipping approach, thus unconstrained optimization was performed. It is possible
to calculate and distribute the optimal force to the actuators for the case controlling
both active and semi-active suspensions. However, the authors found it difficult to
combine the active suspension and semi-active damper constraints, simultaneously.
Therefore, they separately optimized both the damper force and the active suspension
displacement. The optimization of both actuators was compared with active
suspension with passive hard and soft damper configurations and the optimized
configuration outperformed the others as expected (Gohrle et al., 2013). The same
authors proposed a model predictive trajectory optimization controller which uses an
inverse vehicle model that optimizes bounce, roll and pitch instead of four actuators.
This was a novel formulation of a nonlinear control method relying on MPC rather
than predictive control. Thus, it reduced the computational complexity (Gohrle, 2014).
Another experimental research focused on implementation of nonlinear MPC for semi-

active suspension control without preview. The authors used chirp road profile
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representing a 5-20Hz and 2.5mm amplitude and a square wave type signal which
represents the speed bump with 7mm amplitude. They achieved only a 3.5% reduction
compared to the SH control; this was interpreted as MPC not having significant
performance without preview information (Madhavan Rathai et al., 2019). Another
study reformulated the semi-active suspension controller problem in the VVolvo S90 by
considering the control variable as damping instead of force for real-time
implementation with the front camera. According to this study, real-time test
performance was lower than simulation results compared to optimally tuned passive
dampers. (Kjellberg and Sundell, 2018). In the studies carried out so far, either no
information was given about the accuracy of the road profile perception, or a perfect
road profile measurement was assumed. (Gohrle et al., 2015) shared a comprehensive
study on road profile estimation with the preview sensor. In the study, they found that
the feedforward with Skyhook and the MPC with preview of active suspension had the
same performance. Another study focused on the effect of actuator limitations on
comfort using linear MPC. Different type of speed bumps, country roads, city roads
were used in the simulations. They found that the suspension rate had more of an effect
than the lower and upper force generating capability to reject the disturbances on the
quarter car model with a 2s horizon and a 10ms sampling rate (Enders et al., 2020).
After promising results with various MPC studies in the literature, the focus of the
research has been moved towards implementing MPC to the vehicle. Thus, explicit
MPC has gained much more importance as they have less computational effort than

implicit ones.

The force-velocity characteristics of the semi-active suspension are highly nonlinear.
Therefore, these curves can be separated to the straight lines and these lines are linear.
Thus, these linear characteristic curves were used as a linear constraint by switching
them according to the stroke speed on the prediction horizon. This approach gave the
opportunity to identify the highly nonlinear characteristic in the quadratic optimization
problem to create the piecewise affine function to build the explicit MPC (Houzhong
et al., 2020)

The MPC controller requires the system model, which can be provided by the
discretized state-space matrix form. A zero-order hold discretization can be used for
this. The plant model can be written in matrix form as in Equations 2.25 and 2.26. It

can then be discretized as in Equations 2.27-2.30. (Camacho and Bordons, 2007,
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Kjellberg and Sundell, 2018) In this study, the sources in which the formulas are given
explicitly were used in writing the MPC formulas.

s=Ax+B[!] (2.25)
v 2.26)
y=Cx+Du @
2.27
Ad=eAT ( )
| (2.28)
Bs=A"'(e*T-1)B

(2.29)

Cd:C
(2.30)

Dd:D

The discretized plant model can be given in Equations 2.31 and 2.32.

x[k+1]=A4x[k]+Bg4ulk] (2.31)
ylk]=Cax[k]+Dqulk] (2.32)

The discretized plant without d subscription can be written in the form in Equations
2.33 and 2.34 for simplicity,

x[k+1]=Ax[k]+Bulk] (2.33)
y[k]=Cx[k]+Dul[k] (2.34)

X is the state vector, A is the state matrix, B is the input matrix, C is the output
matrix, D is the feedthrough matrix, y is the output vector, u is the control signal
vector. The input matrix B can be divided into two parts, B,, and B, as the control
signal matrix and the disturbance input matrix, respectively. Therefore, equation 2.35
and 2.36 are obtained.

x[k+1]=Ax[k]+B, u[k]+B,w[k] (2.35)
y[k]=Cx[k]+Dul[k] (2.36)
e State estimations

The system model in Equation 2.35 can be written over a finite horizon as in Equations
from 2.37 to 2.41. Equation 2.41 inherently includes the previous states, as they are
added into the X[k|k] term. Then the final state vector can be obtained as in Equation
2.41.

R[k+1]k]=AR[k|k]+B,u[k|k]+Bw[k|k] (2.37)
K[k+2|k]=AX[k|k]+B,u[k|k]+B,w[k+1|Kk] (2.38)
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R[k+2|k]=A(AR[k|k]+B,u[k|k]+B,w[k|k])+B,u[k|k+1]+By,w[k|k+1]  (2.39)

R[k+2|k]=A%&[k|k]+AB u[k|k]+AB, w[k|k])+B,u[k|k+1]+B,w[k|k+1] (2.40)
R[k+N|k]=ANR[k|k]+AN"B u[k|k]+AN"' B, w[k|k])

FANZB [k [k 1+ANZB, wik|k+ 1]+, +ByulkN-1[K]+ Bywlk+N-1]k]) (@41

e Output estimations

The output estimation vector includes the concatenated system matrices including the
previous state matrices as in the state estimation equations. Therefore, the output
Equations, from k to k+N, 2.42 to 2.47 are added together in the equation 2.48 which

expresses all outputs in the horizon.

9[k+1|k]=CK[k+1|k]+Du[k+1|k] (2.42)
9[k+1|k]=C(AR[k|k]+B,u[k|k]+B,, w[k|k])+Du[k+1|k] (2.43)
§[k+1]k]=CAX[k|k]+CB,u[k|k]+CB,,w[k|k]+Du[k+1|k] (2.44)

9[k+2|k]=C(A*R[k|k]+AB, u[k|k]+AB,,w[k|k])+

B,u[k|k+1]+By,w[k|k+1])+Du[k+2|k] (2.45)
9[k+2|k]=CA*&[k|k]+CAB,u[k|k]+CAB,,w[k|k]) (2.46)
+CB,u[k|k+1]+CB,, w[k|k+1]+Du[k+2|k]
9[k+N[K]=CANR[k|k]+CAN' B u[k|k]+CAN' B, w[k|k])+
CA™?B,ulk|k+1]+CAN?B, wlk+1|k]+...+CB,u[k+N-1|K] (2.47)

+CB,, w[k+N-1|k]+Du[k+N]|k]
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The output estimations can be written in the matrix form as given in Equation 2.48.

glk+1]k] CA
y[k+2|Kk] CA?
5 =| ¢ | %[klk]
9[k+N|k]l [caN
§ Q)
CB, D 0 ... 0 ulklK]
CAB, cB, D 0 : u[k+1|k]
I w0 : + (2.48)
caAN'B, cA™B, ... - CB,] lulk+NK]
I, i
CB,, 0 w 0 w[k|K]
CAB,, CB, - wlk+1|K]
: “~ 0 :
CAN-1B, CAN2B, - CB,J] lw[k+N-1]k]
'y W

The Equation 2.48 is written in a simple form as given in Equation 2.49.

§=0x[K]+r, 0+r, W (2.49)

Equation 2.49 can be formulated as a quadratic optimization problem to minimize the
output of the system, as given in Equation 2.50.

min§TQy+0 R (2.50)
Q is the output penalty matrix and R is the control signal penalty matrix. Equation 2.49
is substituted into the Equation 2.50 to get the Equation 2.51.

$TQy+0TRi=(0x[Kk]+1,0+r,#®)TQ(Ox[K]+r,i+r,#)+1 Rl (2.51)

The Equation 2.52 is obtained after the modifications in the Equation 2.51.

9TQy+0"RO=(x[k]TOT+0Tr,T+# 1, ") Q(Ox[K] +1,0+1,#) +GTRG  (2.52)

The Equation 2.53 can be obtained after the distribution of the variables in the
parenthesis in Equation 2.52.
9TQy+0TRa=x[k]TOTQ
Ox[k]+x[k]"0TQr,4+x[k]"0TQr,, W+...+1"r,TQ Ox[K] (2.53)
+4"r, TQr, 0+0"r,"Qr,, W+ W', TQOx[K]

+wTr,TQr, 0 +WTr,TQr,w +0TR0
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Equation 2.52 is obtained by subtracting terms that do not depend on the optimization

variable i in equation 2.53.

x[k]T®TQr, 0 + 0'r,TQ Ox[k] + 0Tr,TQr, 0 + - (2.54)
+0'r,TQr,, W +WTr,,'Qr, 0+ a"R0= 4" (r,"Qr, + R) 0 +
N~——————
H

2(x[k]"®TQr, +WTr,,"Qr,) G
F

The problem given in Equation 2.50 can be written as equation 2.55.

mjn%ﬁTHﬁ + fl (2.55)
u

The problem was rearranged to be solved in a quadratic programming (QP) solver. The
Hessian matrix, H, must be positive definite to have a convex optimization problem.
The MPC problem and constraints are generally expressed in the form of Equation
2.56. The constraints Ib and ub are lower bound and upper bound, respectively and are

linear.
mjn%ﬁTHﬁ + fl (2.56)
u

Subject to Ati<b

Ib<ii<ub

2.8 Vehicle Model Validation

The full car model validated using Renault’s high fidelity vehicle model in IPG-
Carmaker®. The CRG digitalized Renault test track was used in simulation for model
validation, and Figures 2.5 to 2.7 show the comparison between the high-fidelity
vehicle model and the estimated vehicle model. The digitalized test track has a wide
frequency spectrum up to 200Hz. Therefore, estimation of the model was not an easy
task. The initial peaks in roll rate and vertical speed were the results of choosing a
constant damping coefficient rather than nonlinear damping. The nonlinear damper
characteristic depends on stroke speed and for a small stroke speed up to ~0.2 m/s; the
slope of the damping coefficient curve is high, and then the slope of the curve is small
to resist more movements resulted by handling and less for bumps. Therefore, having
an average damping value for all regions of damper causes undesirably high forces for

small road inputs. Another reason for the first peak is that the rear wheels start without
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input when the front wheels are started with a non-zero input value, causing an

unbalanced initialization in simulation for the linear vehicle model.
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Figure 2.5: Validation of vehicle model: Pitch velocity.
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Figure 2.6: Validation of vehicle model: roll velocity.
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Figure 2.7: Validation of vehicle model: vertical speed.
2.9 Implementation Of Suspension Control Methods In The Full Car

The suspension system has a complex kinematic structure, and its complexity varies
according to the axle type. On the other hand, the quarter car model approach used in
modelling reduces the three-dimensional interconnected wheel and body motion to
two DoFs, generally. Therefore, the relationship between body, wheel and stroke
motions can be easily investigated. This is the reason that the quarter car has widely
been used to investigate the response of the vehicle system. Moreover, most of the
semi-active suspension control policy has been developed or represented by the quarter
car model, but some control policies developed based on optimality are not suitable
for use with global control logics. Because they operate with maximum, minimum and
some intermediate damping coefficients. On the other hand, the output of the global
control logic is force, not damping, hence it cannot be used in control policies. But it
is also possible to think of a vehicle as four quarter car, i.e., the full car model is divided
into four and each part can be controlled independently (Ahmadian and Blanchard,
2008). Therefore, a “four quarter car” approach was used for vehicle implementation

especially for “optimal” control policies (Buyukkopru et al., 2022a).

If a control policy allows the use of force instead of damping, it is possible to apply
the global control force requests to each actuator. For instance, continuously variable
damping allows an infinite number of damping, can be used in the global frameworks,

and the global control output can be distributed to the actuators.
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e Centralized and decentralized Control Approach

Recently, vehicles have sophisticated chassis control systems to improve vehicle
stability, handling and comfort. Some examples of well-known chassis control systems
are vehicle stability control (VSC), Active suspension system (ASS), Semi-active
suspension system (SAS), electrical power assisted steering system (EPAS), four-
wheel steering control (4WS), and four wheel-hub motor control. These control
systems have been developed by different suppliers to control different components
for different objectives or functionalities. Moreover, these systems operate
independently of each other and cause parallel vehicle control architecture. Therefore,
since vehicle motions in vertical, lateral and longitudinal directions are inherently
interconnected, it is inevitable for such systems to experience interaction and

performance conflicts (W. Chen et al., 2016).

2.9.1 Four quarter car approach

Simplicity is the main reason for using the well-known quarter car model, so it is easy
to define a relationship between sprung and unsprung masses. Therefore, most of the
rule-based control approaches, particularly optimal ones, have been developed based
on the quarter car model. However, the quarter-car model-based control application
does not allow the vehicle to be controlled around the CoG, moreover, each corner of
the vehicle must be controlled locally, which means the decentralization of the control
action. Also, (Hac and Brook, 1994) introduced decentralised controller to decouple
vehicle body dynamics (slow dynamics) and unsprung mass dynamics (fast dynamics)
even in 2 DoF quarter car model to reduce computational effort. A Recent study, called
region-free (regionless) explicit MPC, also used decentralized architecture to reduce
computational cost, controller generation time, memory requirements and
implementation complexity (Theunissen et al., 2020). On the other hand, even though
the decentralized approach allows the control logic development and computational
requirements can be satisfied efficiently, it can be quite difficult to prioritise one
motion over another. For instance, assuming that a vehicle is decelerated by the
adaptive cruise control system while cornering and is simultaneously subjected to body
roll and pitch motions; in this case, it is an open question which motion must be
predominantly suppressed for the non-prioritized option. A typical decentralized

suspension control block diagram can be seen in Figure 2.8. Individual controllers in

64



blue, executes the control action based on the measured outputs of each corner, as

shown in Figure 2.9, then the control force requests, Fd, ;, are transmitted to the

actuators to produce the output forces Fd'; ;.

\_:dividual
Controllers
——————— . Fd :
fl Fd fl
Measured

: Fdfr Fd'

| fr Outputs
™ FR P A » p

| (— Plant .

:

i

Figure 2.8: Decentralized Approach: Four quarter car control.

Controlling the ride dynamics affects the handling dynamics. Controlling the vehicle
roll in corners will affect lateral dynamics because normal forces on the tyres are
changed by lateral load transfer and actuator interventions, active or semi-active
suspension, on each tyre. Therefore, the longitudinal and lateral force generation
capacity of each tyre will be affected. Vehicle handling characteristics will change,
indirectly, i.e., from oversteer to understeer or vice versa. The same situation may
occur as the decentralized control approach aims to reduce undesired motion of the

body in its control zone, which is a quarter of the vehicle.
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Figure 2.9: Four quarter car control-decentralized control.
2.9.2 Global control approach of suspensions

Today, vehicles have made impressive progress towards autonomous vehicle
technology, with the inclusion of environmental sensing systems. As a result, while
comfort requirements change (Iskander et al., 2019), comfort expectations also
change, autonomous vehicle users want to have leisure time in the car while travelling
(Correia et al., 2019). Therefore, it will be a significant advantage for a vehicle to have
proactive vertical control concepts by knowing the upcoming road inputs in order to
adapt itself appropriately to the vehicle trajectory. Proactive adaptation of the vehicle
also includes the possible consequences of future manoeuvres, such as future roll
motion as an output of vehicle cornering. Therefore, execution of proactive high-level
controller requires global control approach to control vertical motions. There are some
studies conducted the motion sickness reduction of the vehicle by considering the
future trajectory (Jurisch, 2021). In the centralized control approach, the high-level
controller-1 calculates the restoring forces, F,, and moments, My and Mgy, around the
CoG. The calculated forces and moments are distributed to the actuators by the Input
Decoupling Transformation (IDT) as shown in Figure 2.10. If the controller has multi-
input-multi-output (MIMO) capability, the force distribution can be done on its own.
MPC can handle difficulties in control design of MIMO systems.
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Figure 2.10: Centralized suspension control.
The full vehicle model in Figure 2.11 has four control inputs as Fdg, Fd, Fd

Considering the control of the four unsprung masses in addition to the body motions
points to the problem of under-actuation problem due to the number of actuators and
the control variable. This problem was solved by excluding the control of the unsprung
mass. The unsprung mass control problem can be solved externally, for example, by

groundhook control. Hence, a four-input three-output control problem was obtained.
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Figure 2.11: Global Control Strategy for SH continuous.

Measured outputs were bounce, pitch and roll velocities multiplied by continuous SH

gains in Equations from 2.57 to 2.59.
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F,=Cyyn Z, (2.57)

Mp=C,,_ .0
0~ skyP (2.58)

M®=CskyR®
(2.59)
Equivalent forces and moments for bounce, pitch and roll motions are defined in
Equations 2.60, 2.61 and 2.62 based on their geometrical relationships. L¢, L, and t;
are the distance of front and rear axles to the CoG and the front axle width,

respectively. For simplicity, it is assumed that the rear and front axle widths are equal.

FZ=-Fdﬂ-Fdfr‘Fdr]'Fdrr (260)
Me: Lf.Fdﬂ +Lf.Fdfr- Lr'Fdrl'Lr'Fdrr (261)
MQZOS tf (-Fdﬂ+ Fdfr'Fdrl+Fdrr) (262)

The equations 2.60, 2.61 and 2.62 were written in matrix form in equation 2.63.

F, -1 1 1 -1 ggﬂ (263)
Mg|=| L Ly L Le || g dfr
Mgl [-05t 05t -05t 0.5t "

Fd,,

The linear equations y=Wx and WeR™" have full row rank, in which the right

inverse (pseudo-inverse) can be calculated aW'=s WT(WWT)'I. Thus, the Equation

2.63 can be transformed to Equation 2.64.

L, 1 1-
2(LetLy)  2(LetL) 2t
Fd, Ly 1 1
Fdg | _[2(LeHL)  2(LetL) 2t (e
Fd, L1 1|y (2.64)
Fd.l |20l 20L) 2¢| °
L, 1 1
[2(Le+L,)  2(Le+L) 2t

(Campos et al., 1999; Ikenaga et al., 2000) first proposed IDT for active suspension
control. Then it was extended to the global continuous SH control (Buyukkopru et al.,
2021). IDT is pseudo inverse and can also be defined as unconstrained control

allocation. There are also some studies using control allocation with optimisation and
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quadratic programming to distribute forces to actuators while considering actuator
constraints (Binder and Khajepour, 2014; Schofield and Hagglund, 2008).

2.10 Road profile generation2

The road surface directly influences the ride characteristics. Knowing the upcoming
road surfaces can significantly improve ride comfort, many studies have been done to
estimate the road surface; some make use of accelerometers where sensor
measurements are evaluated and then an idea of the road characteristic can emerge
(Gonzalez et al., 2008; Wen, 2008; Yang et al., 2022). These studies can be considered
as vibration-based approaches. Most approaches use vibration signals to define
frequency content as they can be constrained to certain frequency bandwidths and then
RMS values or amplitudes can be compared with each other. Vibration based
approaches inherently provide an understanding of the road surface after passing over
a pothole or uneven surface. In this way, a road characteristic can be defined after some
accumulation period and this period is an unused gap without automatic control action.
However, individual road roughnesses such as pothole or bump may need to be
subtracted from the accumulated data prior to evaluation to statistically exclude their
effect on the data (Ward and lagnemma, 2009). Moreover, individual shocks can affect
ride comfort directly and without taking an action. On the other hand, if the road
surface can be measured in the preview, the time gap can be used to improve the
comfort level. At this point, preview control logics can be introduced with the recently
developed sensing devices such as lidar and camera. These devices make it possible to
measure the road surface before the vehicle passes through its trajectory(Gong et al.,
2019; Oniga et al., 2007).

Streiter was one of the first researchers to propose road profile generation study for
preview control of the vehicle body (Streiter, 2008). Then, Schindler introduced the
lidar sensor to have preview information. In his study, a regression analysis method
was developed to construct the road profile from the point cloud of lidar and the least
squares approach was used to match the consecutive sensor measurements (Schindler,

2009a). In another study, a compact ADAS Lidar was placed in front of the radiator

2 Some of work presented in the road profile generation chapter were published with the article
(Buyukkopru et al., 2022b)
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grill, and the scanned raw data was converted into a road profile with statistical and
deterministic sensor models (Bouzouraa et al., 2014). Gong et. al used gyro near the
lidar to compensate for the variation between consecutive measurements. Noise was
removed and the dense point cloud was interpolated to generate a road profile for
recognition of the off-road profile(Gong et al., 2019). Ego motion is an important
parameter for aligning consecutive measurements, because change of sensor
orientation with respect to the road surface is inevitable. Optimal fitting of consecutive
images of a camera allows for estimation of ego motion, as does the least squares
approximation of consecutive measurements and the use of gyro (Stein et al., 2000;
Wu et al., 1995).

Gohrle et al. used a stereo camera to specifically recognize the low frequency and long
wavelength road profile. In this study, as with Schindler’s approach, two consecutive
measurements were used to align the actual and previous approach. This author also
used statistical approaches such as maximum-likelihood and probability density
functions to estimate the probable mean of several measurements of a point in a

measurement window (Gohrle et al., 2015)

Mercedes-Benz has introduced the Magic Body Control based on Active Body Control
with a changing laser sensor with stereo Camera in serial production for the S-Class.
In the study, road surface scanning was performed with a stereo multi-purpose camera
placed on the windshield. The scan of this camera was accumulated during every
60.3ms and the camera was able to scan the front of the vehicle up to 15m and the
accumulated measurements were statistically evaluated to improve the accuracy of the
scan. However, the details of the method have not been disclosed, publicly (Weist et
al., 2013). Deigmoeller et al. of Honda, conducted a study to check the feasibility of
detecting bumpy roads with high accuracy in extreme conditions. They also preferred
to use a stereo camera, as the monocular approach has limited precision and has higher
latency for high speeds than a stereo camera. The stereo camera was able to detect the
events in the range of 5mm and 3 cm with a low false positive rate of 2.5% for the
speed range of 100-150kph (Deigmoeller et al., 2018).

The scanning quality of a camera’s road surface depends on the texture, lighting
reflectance of the road, weather conditions and ego motion. Studies also showed that
accuracy of the road profile generation decreases proportionally with measuring
distance (Shen et al., 2014). Therefore, confidence values were assigned to each pixel
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or a group of pixels to compare the measurement with the ground truth (Hu and
Mordohai, 2010). (Pfeiffer et al., 2013) The literature includes many ways to calculate
the confidence of camera measurements, such as the left-right difference and Naive
peak ratio (Hu and Mordohai, 2012). Thus, statistical methods can be used to reduce
the impact of less confident measurement, if any, in order to have a more reliable road
profile.

e Expected Sensor Output: The road profile

If the road profile recognition procedure by the cameras is handled in two steps, the
first step is image processing and elevation profile creation, and the second step is the
conversion of the obtained elevation data to the road profile. The literature has mostly
been conducted on the image processing step to obtain a height profile. Information
on how to effectively combine height profile data to create a road profile is extremely
limited (Buyukkopru et al., 2022b). Recent research has also highlighted the lack of
research on the effect of road information on the performance of a preview controller
(Theunissen et al., 2021). Suspension control studies in the literature mostly assume
excellent sensor measurements for road information. In fact, the camera measurement

can have significant errors like any other imperfect measurement.

The control target, i.e., the actuator bandwidth, usually gives an idea of the preview
information requirement level. For example, the control bandwidth of industrial slow-
active suspension systems is around 4 Hz, which covers dominant vehicle body
motions. For this purpose, research has been carried out to provide necessary and
sufficient preview information. On the other hand, if the actuator control bandwidth is
greater than 4 Hz, as in full active suspension or semi-active damper applications,
having more accurate preview information provides significant advantages in control.
In this chapter, our motivation is to focus on short-range and high-frequency road
profiles as well as low-frequency content. Due to the dissipative constraint, the semi-
active damper does not allow control under all conditions. In these cases, since the
damper is not energized, changing the damping coefficient can reduce oscillation or

prevent underdamped results.

Accurate detection of a singular object is also quite important for accurate control.
Speed bumps are an example of a singular object, and there are various types of speed

bumps. Since their dimensions and geometries are different, their effects on the vehicle
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are also different. For this reason, the control applied must be specific to each case.
Incorrect estimation can damage the suspension system in case of low damping or

untimely parameter change.

A sensor (camera or lidar) located at the front of the vehicle for preview control
affected by body movement as the vehicle body rotates around CoG or roll and pitch
centres. The sensors are not referenced with respect to the earth reference frame.
Indeed, they are fixed to their own frame of reference and hence to the vehicle
reference frame. As the vehicle moves on the road, the road profile is positioned below
or above the reference plane as shown in Figure 2.12. The reference plane of the sensor
Is the imaginary line passing through the road contact points of the rear and front

wheels.

Zearth

A

bl

A3

earth

o t=i L gt=itl

Earth reference plane _— Xearth

Sensor Reference plane ~ -------------

Figure 2.12: Vehicle and sensor reference systems.

As mentioned above, the vehicle body is suspended by springs and dampers, therefore,
the sensor is translated (in the Z axis) and rotates relative to the centres of rotation.
The sensor measures a certain distance (with multiple measurement points) from the
road surface instead of a single point. This means that the same location on the road
surfaces is measured redundantly as the vehicle moves forward. Therefore, previous
and current measurements can be interrelated, at each time step. This interrelationship
can be very helpful in reducing sensor noise, which will be discussed later. It also helps
correct sensor position changes caused by vehicle body translations and rotations. The
linear regression method can be used to match two successive measurements (Gohrle
et al., 2015; Schindler, 2009a).
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As seen in Figure 2.13, the same or very close points on the road are measured more
than once. Therefore, the new measurement overlaps with previous measurements. As
an advantage, multiple measurement of the same point can be used to reduce sensor

noises.

t=0

t=i

Figure 2.13: Sensor location and sensor measurement on the road profile between time
t=0 and t=i.

e Measurement Point Alignment

The sensor at the windshield scans a certain area and produces a predefined number of
measurement points. Even if the vehicle speed changes, the predefined number of
measurement points is fixed. It should therefore be understood that the relationship of
the measuring points to each other depends on the vehicle speed. The distance between

two successive points can be expressed by Equation 2.65.

At the time t;, the distance between the points X; andX;,; is
|Xi_ Xi+1 |:VJ At (265)

As a constant, At is the processing time, and Z; is the road height at point X;. The
vehicle speed varies in each measurement instance, which means that the distribution
of measurement points in an instance is not uniform. Also, the sensor position shifts
forward as the vehicle moves. This moves the initial point of the following
measurement forward. In such cases, the points in the same measurement set need to
be aligned and measurement sets need to be positioned with each other. The

measurement points in the point cloud can be seen in Figure 2.14.
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Figure 2.14 : Measurement points in the point cloud.

The above-mentioned measurement set positioning is only possible when the
measurement sets are corrected relative to each other. Measurement set matching can
be done by image processing with linear regression or ego motion estimation before
generating a road height profile (Gohrle et al., 2015; Stein et al., 2000).

e Sensor Noise Reduction

The same or very close points on the path are measured multiple times. The position
of the points with respect to the sensor and the distance between the points are known.
But those points may be partially nonuniformly scattered throughout the scanned area.
The term, "Partially", refers to the fact that vehicle speed changes the density of the
points in a region. For this reason, some places are dense, while others are finely

measured.

It is known that the camera produces a confidence value for each measurement point.
If the same points or two very close points are measured fairly frequently, confidence
values can be used to weight more accurate measurements. On the other hand, how to
distinguish the same or closer points in a different set of measurements is an open

question.

Assuming for now that the points are vertically concentric, basically the weighted
arithmetic mean can be used to calculate the probable location of the height values. It
is obvious that the spacing of the successive points increases for higher speed. Under
the assumption that known standard deviations increase with distance, a more complex
statistical approach, such as maximum likelihood estimation, can be used (Gohrle et
al., 2015).
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7 Loz (2.66)

Z?:lmi
Simple weighted arithmetic mean was applied to obtain most probable road height, Z,
given in the Equation 2.66. Weighting factors were selected according to the
confidence values of the points. Weighting factors are w;={w,w3 ..., } and for

w;>0,Z;=1{Z4,Z,,...,Z, } are the measured heights of each of the points.
e Density Based Spatial Clustering of Applications with Noise (DBSCAN)

The measured points in the point cloud are sorted from the first point to the last point
according to the measurement start position. Sorting is required to find the most
probable height. Therefore, the points are segmented to determine the points to be
averaged. Also, the literature in this field is quite limited, and Gohrle’s study appears
to be the only study in which the windowing approach was used prior to this PhD study
(Gohrle et al., 2015; Schindler et al., 2019). For example, a for loop can be used to
group these points into cells for a fixed window length. The window length determines
the resolution of the output profile, as shown in Figure 2.15. If the length is too short,
the number of iterations increases the processing time. Otherwise, a window length
that is too long can reduce resolution while reducing processing time. The windowing
approach does not take into account the proximity of points, and some windows may
have more points than others, and these deviations may cause additional complexity
in the signal, which is a redundant junction (Buyukkopru et al., 2022b). If the distance
between points close to each other in the horizontal direction is less than the theoretical
minimum distance of the two points that the camera can produce, the road signal may
contain additional noise. These redundant junctions cause relatively high frequency
artificial noise due to process. For this reason, the necessity of grouping the points
appropriately has emerged. At this point, DBSCAN is a powerful algorithm that allows
clustering of points due to their position in a plane. DBSCAN has the ability to identify
points as core, neighbour, and noise (Ester et al., 1996). The points to be statistically

averaged or merged, can be grouped with this algorithm.
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Figure 2.15: Windowing approach and DBSCAN comparison.

This technique first checks the proximity of all points and then determines the core
points. Then, neighbouring points are defined around the core points within the radius
(¢) for the neighbourhood range and the minimum point threshold. If the neighbours
are defined around the core point, the points outside the circle are defined as noise. It
should be noted that the point outside the circle is also outside the circles of the other
clusters. Finally, clusters are labelled and at the same time noise and neighbouring
points are assigned by the DBSCAN algorithm as in Figure 2.16.

(X0 Z; ;) Noise -
Neighbor

Core point -~

1st Cluster 2nd Cluster

Figure 2.16: Different length measurements in X and Z directions with DBSC
clustering.

76



The pseudo code of original DBSCAN is given in the Table 2.3 (Schubert et al., 2017)

Table 2.3 : Pseudocode of original sequential DBSCAN algorithm.

Line  Pseudocode

Input: DB: Database

Input: €: Radius Input: minPts: Density threshold
Input: dist: Distance function

Data: label: Point labels, initially undefined
1 foreach point p in database DB do // Iterate over every point

2 if label(p) undefined then continue // Skip processed points
3 Neighbours N < RangeQuery(DB, dist,p,g) // Find initial neighbours
4 if I[N | < minPts then // Non-core points are noise

5 label(p) < Noise

6 continue

7 ¢ & next cluster label // Start a new cluster

8 label(p) ¢ ¢

9 Seed set S & N\ {p} // Expand neighbourhood

10 foreach qin S do

11 if label(q) = Noise then label(q) ¢ ¢

12 if label(g) undefined then continue

13 Neighbours N ¢ RangeQuery(DB, dist,q,€)

14 label(qg) < ¢

15 if I[N | < minPts then continue // Core-point check

16 S<&<SUN

2.11 Data acquisition and sensors to measure body movements and stroke speed

As briefly introduced in the sensor section, vehicle motions can only be measured with
accelerometers and stroke sensors. Accelerometers are noisy. Thus, proper filtering
should remove bias and drift in the sensor, as acceleration must eventually be
converted to velocity. An additional filter can be designed as the sensor exceeds the
relatively broad spectrum of frequencies more than the controller can. A high pass
filter can reduce the slope effect of the road, drifting and sensor’s bias. A low pass
filter can then be used, acting as an integral to convert acceleration into velocity. An
advantage of the low pass filter is that the phase of the signal is less than integral and
can be tuned to the desired frequency. A typical first order HPF and LPF can be seen

in Figure 2.17.
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Figure 2.17: Basic filter design for transformation of acceleration into the velocity.

Two accelerometers placed on the sprung and unsprung mass can, as a product of
subtracting the two sensor, give the acceleration, velocity of the sprung mass and the
acceleration, velocity and stroke speed of the unsprung mass. The subtraction and
stroke speed calculation must consider the motion ratio of suspension geometry for the

front and rear.
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3. SIMULATIONS AND TESTS

3.1 Road Profile Generation With Monocular Camera

A monocular prototype camera, as shown in Figure 3.1, was used to collect road profile
data from the proving ground at the Renault test centre. The camera had a 100° field
of view and 1820 x950 pixels. Vehicle speed during these tests ranged from 15kph to
44kph.

Figure 3.1Test vehicle equipped with monocular camera.

The first track includes concrete slabs placed side-by-side. The mean confidence value
was greater than 3 in the range of 0 to 5. The camera scanning was stored in a data
logger, and then the data was processed offline. It should be noted that the scanned
surface distance is limited to a few meters. Scanned surfaces are collected
cumulatively as the camera scans continuously after the threshold vehicle speed is
exceeded. Therefore, the graphs show some parts of the total measurements, without
providing information for a single measurement length. It is worth reminding that the
generated road profile does not have road elevation since it is built based on the vehicle
reference system. The raw measurement was processed to compare the DBSCAN and
windowing approaches. Eps, ¢, value and window length were set to 0.015m and
0.005m, respectively. The minpths value for DBSCAN was set to 2. The results of the
first track can be seen in Figure 3.2 and DBSCAN produced smooth profile compared
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to the windowing approach. It can be clearly seen that windowing approach can cause

artificial noises as in the detailed view of Figure 3.2.
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Figure 3.2: Test track concrete blocks, DBSC and windowing approach comparison,
€ =0.015 minpts=2, window length=0.005m on the LH wheel trajectory.

In Figure 3.3, some process noise is clearly visible as a result of the windowing
approach. It can be seen that the distance between the points increases depending on
the sudden changes on the measured surface shape. The fixed length windowing
approach causes a sudden change in profile at 14m. Low amplitude process noise can

also be seen in the entire profile in the detailed view in Figure 3.3.
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Figure 3.3: Test route speed bump, DBSC and windowing approach comparison, &
=0.015 minpts=2, window length=0.005m for a speed bump on the LH
wheel trajectory.

The main problem was aligning and arranging the points based on their confidence
values to find the most probable height. Camera accuracy causes deviations in height
measurements. The use of DBSCAN reduced processing noise and detection of high
frequency road profile contents without any additional filtering and signal loss.

A window length of 0.005m was chosen by trial-and-error method to obtain accurate
results. A larger value will significantly reduce the detection accuracy. However, this
value can be determined by averaging the distances between the points in the point set.
On the other hand, minpts must be chosen at least two. Another point of DBSCAN
was the determination of the radius, e. If the radius is not small enough, the accuracy
of the profile will decrease. However, if it is too small, the number of clusters will be
increased, which may increase the computational cost. The radius can be determined
by averaging the distances in the x and y directions in the point cloud. Since the points
are generated as a result of the vehicle instantaneous speed, the radius € can be
formulated as a function of the vehicle speed. DSBCAN has a significant advantage
over the windowing method as it produces the signal smoothly and uses the elements
of the signal by connecting them in a more natural way. On the other hand, the
significant drawback of DBSCAN is the computational cost, as the preview control
requires fast computation. The resolution of a camera available and the resolution and
computational time requirement in a specific road surface scanning application give

an insight of which method is to be preferred.
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3.2 Actuator Properties And Control

The output of the controller is the force or damping coefficient in high-level control.
However, actuators can be controlled by current and voltage in general. Therefore, the
force or damping request must be converted to current or voltage. In this study, the
semi-active damper was electro-hydraulic type, and the valve could be controlled by
current. The damper force depends on both the stroke speed and the damping
coefficient provided by the valve. The semi-active force - stroke speed curve is highly
nonlinear and continuously variable with an infinite number of damping. On the other
hand, linearization causes significant amount of error. It was decided to use maximum
(Frmax) @nd minimum (F,;,) curves to calculate the equivalent current based on the
force requested (F,qquest) at a given time by using equations 3.1 to 3.3. Thus, the force
was calculated by determining the position of the requested force on the force-stroke

speed map, as shown in Figure 3.4.

I=f'(Fy Zs-Z,) (3.1)
Leontol= o (o) 3.2)
Inax=Tcontroi=Imin (3.3)

Min. Current

Max. Current

Force Request

Force [N]
SRVRK 2NN

‘ . Stroke Speed
" at given time

Stroke Speed [m/s]

Figure 3.4: Semi-active damper stroke speed and force curve — front.

Stroke speed, extension-compression condition, and amount of instantaneous force

request are the parameters that affect the actuator delay. When the settling time is
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examined; Although the time to reach 90% of the damper force occurs at different lag
values in the compression and expansion regions with different speeds of the damper,
it has been determined that the damper generally exhibits 1st order system behaviour.
T=10 ms delay is defined as a first-order system to reflect the above average system

dynamics.

O G4

3.3 Simulations with Quarter Car and Full Car Model for semi-active

suspension®

In this section, it is aimed to present the feedback and preview controller performances
with and without preview information, particularly in semi-active suspension systems.
For this reason, 600m of the CRG road profile was selected and the speed was set to
50 kph. It is worth noting that the selected road profile offers a broad spectrum of road
inputs that excite the body, wheels, engine and other body parts. This road profile is a
digital version of a test track at the Renault test centre in France. Sinusoidal and ISO
profiles are generally used in controller evaluation because the input-output
relationship is simple to understand. ISO profiles are stationary even if they include
more complex frequency content than sinusoidal inputs (Loprencipe and Zoccali,
2017). Thus, CRG gives a more realistic evaluation compared to simple sinusoidal
road inputs or ISO profiles, as both profiles are artificial, stationary and do not contain
road slope and non-symmetrical characteristics. Inclusion of a slope and bank angle in
the road inputs requires some filters to be designed to remove the effect of slope and
bank angle on the sensors, even though the sensors are virtual. In this regard, the
slightly delayed filtering result of imperfect sensor data also contributes to a more
realistic assessment in addition to the high-fidelity vehicle model. Co-simulation was
performed with Matlab-Simulink® and IPG-Carmaker®, and the quarter car and full
car parameters are presented in Table 3.1. Note that the CRG road profiles are not
symmetrical in the lateral axis. The simulation outputs were sampled at 1 kHz and

filtered to ‘window size=15Hz’ with a moving average filter for better readability.

3 Some of work presented in this chapter were published with the article (Buyukkopru et al., 2022a)
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How the front camera can detect the road surface in front of the vehicle is explained
in Section 3.1. A similar strategy must be used to represent the strategy of front camera
in the simulation environment. IPG Carmaker’s library includes a virtual road property
sensor that perfectly represents the road surface at the defined position. However, this
sensor provides road profile data in the earth fixed reference system which includes
the elevation of the road profile. On the other hand, the front camera detects the road
surface with respect to the vehicle coordinate system, by aligning the front and rear

wheels with the reference line, as described in Section 2.9.

Preview Sensor

>| Discrete Shift Register }—

|

Low Pass Filter
Preview Road Profile

Figure 3.5: Virtual Preview sensor signal conditioning.

The output of the preview sensor was discretised first with the shift register, as shown
in Figure 3.5. Then the signals were transferred to the detrend block which removes
the linear trend from the certain length of the input vector. The linear trend, straight
line was calculated by using least square approximation. Since the raw road profile
contains high frequency inputs outside of the control logic, it has been removed using
a low pass filter with a cut off frequency of 20Hz. It was aimed that the preview sensor
strategy used in the simulation is as close as possible to the front camera road profile
estimation strategy. Hence, the converted road profile contained some errors compared

to the original data, especially on sloppy sections of the road profile.
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Table 3.1: Vehicle Parameters.

Parameters
Sprung mass M,=1500kg (Quarter  car
M,=450 kg)
Unsprung mass M,s = M,,=45kg
Spring constant ky=29kN/m , k,,=32kN/m
Anti-roll bar stiffness k. =21kN/m k., =11kN/m
Max and Min. Cinaxtr =4000Ns/m
damping coefficient Crnintr =300Ns/m
front, rear
Front, rear lower and F4¢r=[-550N,-750N;650N,2500N]
upper damping force F4.=[-1000N,-1500N; 1500N,5000D
limits at extension -
compression
Tyre spring constant, kg =350 KN/m, Cy, = 1000Ns/m.
damping coefficient
Distance between L=1.1m L.,=1.8m t;=1.6m
axles and -CoG, and
Axle width

e MPC and Clipped Approach

MPC uses a defined vehicle model inside to estimate the future trajectory of model
outputs, taking into account multi-input multi-output relationships using Kalman
estimators to perform optimal control action. Although a linear vehicle model is used
with some acceptable errors, due to the high nonlinearity and passivity constraints of
the dampers, nonlinear dampers cannot be considered in vehicle models or as a
constraint in quadratic optimization. Therefore, the clipping approach can help design
a controller. In this method, the controller is built without considering passivity
constraints. The required control force is then transferred to the actuators that can
produce the requested force. For this reason, this approach has drawbacks as it is not
guaranteed to produce the requested force, and passivity is not considered in the
optimization step (S. Savaresi et al., 2010). Consequently, using linear MPC with
constant upper and lower constraints, instead of nonlinear passivity constraint as

shown in Figure 3.6, can provide a computationally efficient solution.
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Figure 3.6:Constraints on the damping force of a variable damper.

Another way to incorporate constant linear constraints in the optimization is to use the
force-velocity map of the damper to calculate the lower and upper bound, b < 4 <
ub, in each time step. This methodology is known in the literature as the clipped-
optimal approach for semi-active suspensions (Gohrle et al., 2013). On the other hand,
these methods sometimes give infeasible results since the actuator-dependent lower
and upper bounds changes quickly. This is the period of no control for a certain period
of time and should be considered in applying appropriate damping to prevent
undamped condition as a fail-safe mode. As shown in Figure 3.7, co-simulation was
performed in Matlab-Simulink and IPG Carmaker environments. The full vehicle
model has 14 states. Matlab active-set solver uses the KWIK algorithm (Schmid and
Biegler, 1994).

Feedback

A

Control

N MPC Command IPG Vehicle

Reference | |

Model

Preview Road Profile | |

MATLAB 4 Ne—p
SIMULINK’

Simulink
< J/ &IPG

Figure 3.7: Matlab Simulink & IPG Carmaker interface for MPC control example.
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e Rule based control logics and their tuning

The rest of the semi active suspension controllers desribed in Chapter 2 was also
simulated in the Matlab-1IPG Carmaker co-simulation. As explained in Section 2.9,
some optimally designed methods are not suitable for the global control approach.
Therefore, these methods were simulated with the four quarter car approach. All semi-
active control methods were compared in terms of performance and also motion
priorization capability. It should be noted that SH based approaches are also model-

free and there is no need to use a vehicle model.

SH-Continuous gains were tuned to 32 kNs/m (rotational movements kNms/rad) and
CiyB=Cakyp=Cisiyr Were tuned equally. C,,, Was tuned to 4kNs/m. In fact, there is no
developed method to determine the gain of the SH control, but the control force need
to be tuned within the capabilities. Otherwise, if excessive gain is set, the system will
be overdamped, giving a feeling of discomfort. In a study by Ghasemalizadeh, the
optimal SH gain that minimize RMS body acceleration and suspension stroke was
determined iteratively by testing gains between 0 and 20kNs/m (Ghasemalizadeh,
2016). The four quarter car approach gains were increased until the best value was
obtained thus the best gain was found to be 5 kNs/m.
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Figure 3.9: PSD of roll acceleration.
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Table 3.2: RMS values of the vehicle states according to control logic.

RMS RMS
FL RL
RMS RMS Wheel ~ Wheel RMS RMS RMS RMS RMS RMS RMS RMS
Body body Z Z Suspension  Suspension  Pitch Roll Pitch Roll Pitch Roll
Acc. Jerk speed speed Travel FL  TravelRL  Acc. Acc. rate rate angle angle
[m/s"2] [m/s"3]  [mis] [m/s] Wheel [m]  Wheel [m]  [deg/s"2] [deg/s"2] [deg/s] [deg/s] [deg] [deg]
SH Cont.
32/32/32 kNs/m 0.911 76.950 0.505 0.485 0.015 0.008 39.170 114.000 1.900 2.666 2.056 4.247
SH Cont. 2-
= 100/100/100 1.012 101.100  0.495 0.479 0.013 0.007 46.170 131.500 1.679 2.710 2.062 4.341
] kNs/m
O SH Cont. 4 -
100/100/120 1.005 101.900 0.013  0.007 0.013 0.007 46.930  133.800 1.662 2.688 2.059  4.317
kNs/m
MPC Clipped 1.259 141500 0.494 0.468 0.012 0.006 59.340 149.800 1.939 3.017 2.073 4.368
ADD 5kNs/m 1.098 115600 0.493  0.479 0.017 0.009 43.630  120.200 2.884 2370  2.054  4.309
SH ADD 5kNs/m  0.998 86.390 0.491 0.474 0.014 0.007 44,110 123.200 1.845 2.768 2.056 4.282
= PDD 5kNs/m 1.019 56.720 0.520 0.491 0.021 0.012 40.400 106.800 3.426 3.004 2.065 4.273
O SH PDD 5kNs/m  0.942 57.650 0.518  0.489 0.020 0.010 38.940  108.700  2.947 2.868 2.049  4.270
g SH Cont. 5kNs/m 0.886 61.980 0.512 0.490 0.018 0.009 36.940 107.800 2.246 2.715 2.048 4.240
o
3 i:@’gftate 1.028 95390 0491  0.472 0.013 0.007 47490 126,900 1747 2735 2054  4.304
§ Passive min
(0.32A) 1.077 58.720 0.520 0.491 0.021 0.011 39.840 106.500 3.444 2.995 2.064 4.300
Passive Hard
(1.6A) 1.520 200.800  0.477 0.469 0.010 0.008 74.530 202.900 1.774 3.217 2.057 4.403
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According to the simulation result in Figure 3.8, Passive maximum had the best
performance in damping vertical acceleration between 0.01 and 1.8 Hz, as expected.
Then MPC achieved the second-best performance up to 1.5Hz. SH-continuous-global
had the third best performance around the body resonant frequency. On the other hand,
Passive-maximum and MPC performed worst between 2-10Hz. Passive-minimum had
the worst performance around body resonant frequency but performed best between 2-
10Hz as it had the least transmissibility. ADD and PDD were less effective around the
body resonant frequency, therefore their performance was not adequate as expected.
However, SH-ADD and SH-PDD were significantly better for roll and pitch
acceleration as shown in Figure 3.9 and 3.10, but success was not the same for roll and
pitch rate as these logics were developed with damping of acceleration in mind. PDD
and SH-PDD had superior performance in terms of jerk. SH-continuous-Four-quarter-
car had superior performance in terms of RMS of acceleration according to Table 3.2
but SH continuous-global had better performance around the body resonant frequency.
It can be clearly seen that the SH —continuous-four-quarter-car has less transmissibility
between 2 and 10Hz compared to the SH-global. It seems there were still some margin
to increase SH-continuous-four-quarter-car gain. For comparison, it was decided to
keep the gain of all controllers the same. In terms of handling performance, roll and
wheel deflection can simply be considered as handling performance measures. Based
on the wheel deflection speed results in Figure 3.11, the passive maximum performed
best around the unsprung mass resonant frequency, the same as the passive maximum
performance around the body roll resonant frequency in Figure 3.9. The remaining
controllers did not performed well around the body resonant frequency compared to
the passive maximum, as their concern is to reduce body motions rather than unsprung

mass.

e SH control gain scheduling for motion prioritization: “Virtual Vehicle”

Varying road surface characteristics cause different body motions during vehicle
movement. Having preview road surfaces can be used to anticipate upcoming vehicle
motions. If the road profile is known, a vehicle model representing the real vehicle can
be fed with the road profile data in advance. Thus, potential vehicle motions can be
estimated. Then, SH gains can be scheduled, or any other controller targets or gains
can be tuned to upcoming conditions. Continuous SH is effective around body resonant
frequencies. Therefore the estimated representative vehicle model outputs need to be
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filtered at a certain bandwidth, for example 0.1 to 3 Hz. This is to prevent increased
gain in the ineffective zones of the SH controller. The filtered signals were then used
to calculate the inclusion ratios of each relative to the other. Weighting constants can
then be used to prioritize one motion over another. The block diagram of the strategy
is given in Figure 3.12. 7 DOF vehicle model was discussed in section 1.2.5.4, and
this model was used to estimate bounce, roll and pitch motions. Vehicle speed was
constant 50kph and CRG road profile and second-order band pass filters (BPF) were
used in the simulation. SH continuous was tuned to 64kNs/m. Then, 32kNs/m was
tuned as a basis for adaptive controllers. Another gain of 64KNs/m was shared between

bounce, roll and pitch motions based on their inclusion and weight.

Body

Velocity BeF
Front Road Profile Vehicle N Roll BPF Inclusion

Camera Model L Velocity rate
Pitch BPF

Velocity

SH
Controller

ki

Figure 3.12: Vehicle motion estimation block diagram.

According to Figure 3.13, the results showed that giving the controller high gains as
baseline resulted in significant damping around 1.4 Hz. In addition, roll and pitch
prioritized controllers had more bounce around 1.4Hz. On the other hand, adaptive
controllers had less transmissibility around 2 and 3.5 Hz, as their damping coefficients
(constant: 32kNs/m, adaptive :64kNs/m) were mostly adaptive. The main idea was to
give weight to the rotational movements since they are more annoying for the
passenger and driver. Therefore, pitch and roll were more weighted than bounce.

According to Figure 3.14, pitch motion was not well damped compared to the roll
motion in Figure 3.15. The reason may be an insufficient roll damping coefficient due
to the road profile prone to generate significant roll in mixed bounce and pitch. The
virtual sensor placed in the IPG vehicle may have also been affected by the roll motions
when the vehicle motions were coupled, however, we used an equation for each motion
excluding the couplings. Roll prioritized controller remarkably reduces the roll
acceleration around 2 Hz compared to other controllers. There was no obvious
difference of the controller in terms of wheel deflection speed as shown in Figure 62.

It is also worth noting that all controllers were designed for body control purposes.
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Figure 3.13: PSD of pitch acceleration.
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Figure 3.14: PSD of roll acceleration.
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Figure 3.15: PSD of wheel deflection speed.
e SH control forces optimization with MPC

The central continuous-SH-control calculates virtual forces and moments around the
CoG as a result of the virtual damper’s movements with respect to the X, Y and Z
imaginary reference frame in principle. Then, the virtual dampers generate restoring
forces and moments. It is also possible to consider these restoring forces and moments
in an optimization problem. They can be calculated considering that they are
manipulated variables instead of four actuators in a MPC controller, as shown in Figure
3.16. This approach can be a computational cost advantage as one of the manipulated
variables is eliminated. Moreover, MPC provides flexibility to prioritize one motion
over another and allows defining lower and upper constraints for states. Once
optimally manipulated variables are found on a finite horizon, these values can be
distributed to the actuators by the IDT. This approach can be thought of as finding the

optimal virtual damping values of SH.
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Figure 3.16: Scheme of SH control force optimization with MPC.

The 7 DOF vehicle has a total of seven inputs; four for standard actuators and three
for vertical forces and moments about the x and y axis. Global forces and moments are
given priority, as the flexibility of the MPC makes it possible to penalize one actuator

over another. Thus, the system behaves as if it has three inputs.

CRG road profile was utilized as the road input and the vehicle speed was kept constant
at 50kph as before in the simulation. The lower and upper bound of the control forces

and moments were defined using the logic given in Equation 3.5. The body vertical

velocity variable, Z,, in the logic can be replaced by the pitch rate, 8, and roll rate ¢
to have the lower and upper bounds of global moments. This is the way to represent

the virtual skyhook dampers in MPC.

{if 23>0 Fymin=-CayZs (3.5)
ZSSO Fz,max:'cskyzs

SH-continuous was tuned to 64 kNs/m, (rotational motions: 64 kNms/rad) and selected
as the benchmark controller. The lower and upper bound of the MPC controller was
tuned to 64kNs/m to be coherent with SH-continuous. The prediction horizon and
control horizon were set to 10 and 2, respectively. According to Figure 3.17, SH had
better results for vertical acceleration, around 1 and 3Hz. The MPC SH 64 and MPC
SH 128 had similar performance around body resonant frequencies. The performance
difference of the controller in the 4-20 Hz range was not significant compared to the

body resonant frequencies.
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Figure 3.17: PSD of vertical acceleration MPC SH.

SH had better performance in terms of pitch acceleration compared to MPCs around
1-6 Hz, as shown in Figure 3.18.
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Figure 3.18: PSD of pitch acceleration.

SH had better roll acceleration performance around 2-4.3 Hz compared to MPCs, as

shown in Figure 3.19.
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Figure 3.19: PSD of roll acceleration.
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Figure 3.20: PSD of wheel displacement.

All configurations were designed to control body motions. Therefore, there was no
significant difference in wheel deflection speed, as shown in Figure 3.20. The reason

for the gap around 1Hz is the relatively low damping application of MPC.

e Potential reasons for the lack of performance:

The SH-continuous formulation calculates virtual damper forces at global level
without considering the passivity constraint of virtual actuators. Then the calculated
forces and moments were distributed for the actuators and SH rule was applied in this

stage. Therefore, there were no discontinuities in global forces and moments. On the
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other hand, force discontinuity was initiated in the high-level controller when the
virtual force and moment applied as MPC SH control as lower and upper bound.
Therefore, the force distributed to the actuators had lack of damping compared to SH-

continuous. This was one of the reasons for the underperformance.

Second, SH control is effective in the body resonant frequency region. Therefore,
virtual damper forces and moments directly consider the body resonant frequency
region. However, MPC does not focus on a specific frequency range. Another reason

could be an imperfection in the prediction model and inaccurate preview information.

3.4 Simulations with Full Car Model for active suspension

The same section of the road profile was selected, but this time for active suspension
control simulations. Vehicle speed was set to 50kph as in previous simulations. The
prediction horizon and the control horizon were selected 10 and 4, respectively. The
sampling time was 10ms. The lower and upper bounds and constraints of the actuator
were defined as +5000N. The output lower and upper bound, scale factors, and weights
have been tuned until the best results are obtained. For a constant 50kph speed, a 1m
long preview road profile was fed into the MPC controller. As passive dampers, semi-
active suspension was used by keeping the current constant. The damper was tuned to
the comfort characteristic. This damper setting was used during simulation for MPC
and SH. Since the SH control was not capable of considering the actuator constraints
like MPC, a saturation was added to limit the output of each actuator to £5000N. The
road profile was filtered by the LPF with a cut off frequency of 5Hz.

SH active virtual damper gains were tuned to 4kNs/m, 4kNs/m and 4kNs/m for
bounce, roll and pitch motions, respectively. Three scenarios, which are SH -active,
MPC-active with preview and MPC-active with non-preview information, were
simulated. According to the body vertical acceleration PSD in Figure 3.21, the SH
controller gave the best results around the body resonant frequency compared to the
two types of MPC; both MPCs had similar performance across the entire range except
7Hz. The performance of the SH control is significant around 0.5 to 3Hz. According
to the roll acceleration PSD in Figure 3.22, SH control performed best between 1.8Hz
and 4.2 Hz, while the MPCs outperformed SH between 0.8Hz to 1.8Hz. MPC-active
preview and without preview had similar performance around 1.8Hz to 4.2Hz. All

controllers gave similar performance between 4.2Hz and 20Hz.
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Figure 3.22: PSD of roll acceleration.

18

20

20

According to the pitch acceleration PSD in Figure 3.23, MPC active with preview and
without preview had the same and worst result between 1 and 2Hz. The SH controller
performed best at 0.1 to 3Hz. All controllers had similar performance from 5Hz to
20Hz.
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Figure 3.23: PSD of Pitch Acceleration.

According to the wheel deflection speed PSD, Figure 3.24, which can be a measure of
road holding, there was no significant difference between the controllers over the
entire frequency range, although the MPC controller wheel deflection speed outputs

were constrained, and the SH did not have this capability.
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Figure 3.24: PSD of Wheel deflection speed.

It is worth noting that MPC controller performance depends on the optimization
results. Therefore, in some iterations, the results shown in PSD diagrams had
significant deviations indicating that the estimated performance of MPCs may not be

constant. On the other hand, according to the overall results, it can be interpreted that
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the use of imperfect preview road profile as disturbance, may degrade MPC

performance.
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3.5 Overall ride comfort evaluation of semi-active suspension control logics

The evaluation of comfort in the car is a multidimensional problem consisting of
translational and rotational accelerations, jerk, seat vibrations, steering wheel, floor,
and tyre noises that can be heard by the driver and passenger. The standards in the
literature are not sufficient to evaluate all these variables in the problem for comfort
assessment since comfort is studied with limited use cases based on acceleration which
is evaluated depending on frequencies and weights. On the other hand, there are many
real-life use cases for vehicle suspension systems. The suspension system works on
paved, highway, city, gravel, asphalt, and concrete road. There are also individual use
cases on the road such as speed bumps, potholes, and low and high-frequency
irregularities. Often some of the above use cases are combined. Some people are
sensitive to small vibrations causing the audible sounds, while others are sensitive to
peak acceleration. On the other hand, if the vehicle has a controlled suspension system,
the comfort characteristics expected from the vehicle will vary depending on the
vehicle segment and driving mode. The RMS of accelerations in vertical and rotational
directions are reasonable indicators for observing vibration energy on the vehicle body,
but can sometimes be misleading as it does not give the other expected components of
comfort expectations. Nearly undamped soft damping settings usually put less energy
into the vehicle body, and it has the lowest RMS. However, this almost undamped
vehicle body can be quickly noticed by an ordinary driver. Additionally, the nearly
undamped settings allow the unsprung mass to move easily over uneven surfaces.
Thus, even significant noises can be heard in the cabin. Speed bumps, potholes and
any impact input will cause the suspension to reach the bump stop, which for example,
causes sudden shocks. Therefore, the system must be evaluated considering all these
use cases, ideally. However, making such an assessment in this detail would go beyond
the scope of this study. Additionally, there is no ready to use standard since the criteria,
such as weighted RMS in ISO 2631 are based on acceleration measured on seat

surfaces.

Then, other criteria, such as wheel deflection speeds as a measure of road holding,
have not been previously associated with the measurement of comfort in the vehicle
body. It would not be meaningful to obtain a comfort result by weighting the results
that have not been associated with each other in the literature or that have not been
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taken into account by detailed tests and analysis or within the scope of a study.
Therefore, it is more reasonable to expect a minimum value for any parameter for a
fair evaluation than to give unequal weighting factors. For this reason, the average of
the equally weighted RMSs of the relevant parameters was evaluated by ordering them
from the smallest to the largest. The equally weighted RMS parameters are added and

divided by the number of parameters to obtain the average, overall ride value.

The RMS of body acceleration is filtered by Low-pass filters and Band-pass filters to
separate the 0.1-2 Hz and 2-10 Hz region. Only the RMS vertical acceleration is
weighted according to ISO 2631 standard with factors of 0.5 and 0.8 as in Figure 3.25.

0.5 0.8
(0.5+0.8) 0.38 and (0.5+0.8)

Factors were reproduced as = 0.62 according to their

ratios, providing equal weighting with other RMS criteria.
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Figure 3.25 Acceleration frequency weightings for whole-body vibration and motion
sickness as defined in the BS 6481:1987 and ISO :1997 (Griffin, 2007)

RMS vertical acceleration was also kept in the evaluation to have the effects of
vibration beyond 10Hz. Table 3.3 is an extension of Table 3.2 and has a low and
medium frequency range for vertical acceleration. The minimum and maximum RMS
values are dark green and red, respectively. Therefore, the colour scale from dark green
to red also gives the degree of preference of the element under consideration. Table
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3.4 gives the normalized and weighted RMS values. Each RMS value for a
characteristic is multiplied by the weights, then the overall ride values are obtained for
each row at the far-right of the table. Overall ride value metric takes into account the
level of comfort parameters such as body vertical accelerations, jerk, pitch and roll
acceleration and their rates and angles. On the other hand, it also measures handling
parameters, such as suspension stroke speed, vertical wheel speeds as a measure of
road holding, and roll rate and roll angle. According to the overall ride value, the SH
Global has the best performance with 32kNs/m and SH Cont. for quarter car has the
second-best performance with 5kNs/m. There was no significant difference between
the two controllers. All values in Table 3.3 and Table 3.4 are in agreement with the
PSD graphs in Section 3. The passive maximum setting had the worst overall ride
performance except for road holding and the wheel's vertical speed. Similarly, but this
time opposite side Passive minimum setting had one of the worst overall ride
performances. The overall ride performance of any controller can also be seen by its
adaptation capability of changing conditions and minimizing the capability of all
metrics. The Continuous SH-based controllers provided good comfort in the low and
medium frequency ranges by reducing vehicle body motions and not significantly

reducing the road holding metrics.
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Table 3.3: RMS values of the vehicle states according to control logic and their comparison

Global

Four Quarter Car

SH Cont.

32/32/32 KNs/m

SH Cont. 2-
100/100/100 kNs/m
SH Cont. 4 -
100/100/120 kNs/m

MPC Clipped

ADD 5kNs/m

SH ADD 5kNs/m
PDD 5kNs/m

SH PDD 5kNs/m

SH Cont. 5kNs/m

SH Two state 5kNs/m
Passive min (0.32A)
Passive Hard (1.6A)

RMS RMS RMS
RMS  Body FL RL
RMS Body  Acc. RMS  Wheel Wheel RMS RMS RMS RMS RMS RMS RMS RMS
Body Acc [0- [2- body Z z Suspension  Suspension  Pitch Roll Pitch Roll Pitch Roll
Acc. 2Hz] 10Hz]  Jerk speed  speed  Travel FL  Travel RL  Acc. Acc. rate rate angle angle
m/s"2 m/s”2]  [m/s”2]  [m/s™3] [mis] [mi/s] Wheel [m]  Wheel [m]  [deg/s"2] [deg/s"2] [deg/s] [deg/s] [deg] de
0.447 76.950 0.505 0.485 0.015 0.008 39.170 114.000 1.900 2.666 2.056 ﬁ
0.539 101.100 0.495 0.479 0.013 0.007 46.170 131.500 2.710 2.062 4.341
0.566  107.700 0.497 0.479 0.013 0.007 48.030 137.600 2.718 2.064 4.294
1259 0506 0634 141500 0494 | 0468 0012 0006  59.340 149.800 1.939  3.017
1.098 0.494 0.539 115.600 0.493 0.479 0.017 0.009 43.630 120.200 = 2.884 2.054 4.309
0.998 0.424 0.493 86.390 0.491 0.474 0.014 0.007 44.110 123.200 1.845 2.768 2.056 4.282
1.019 40.400 3.004 2.065 4.273
0.942 0.507 0.010 2.868 4.270
0.437 0.018 0.009 2.246 2.715
1.028 0.415 0.531 95.390 0.491 0.472 0.013 0.007 47.490 126.900 1.747 2.735 2.054 4.304
39.840 2.995 2.064 4.300
0.008 1.774 2057 4403
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Table 3.4: Overall ride value, weighted and normalized RMS values of vehicle states according to control logic and their comparisons

108

RMS RMS RMS
Body FL RL RMS
Acc. Wheel Wheel RMS RMS RMS  Roll RMS RMS
[2- z z Suspension Roll Pitch rate Pitch Roll
10Hz] speed speed Travel FL Acc. rate angle angle Overall
[m/s"2] [m/is]  [m/s]  Wheel [m] [deg/s"2] [deg/s] [deg/s] [deg] [deg] ride value
Weights 0.62 1 1 1 1 1 1 1
SH Cont.
32/32/32 kNs/m 0.073 0.084  0.084 0074 0069 0079 0.083
= SH Cont. 2-
§  100/100/100 kNs/m 0.088 0.082 0.083 0.086 0080 0083  0.084 0.085
O SHCont. 4-
100/100/120
kNs/m 0.093 0.083 0.083 0.090 0.083 0.087
MPC Clipped 0.104 0.082 0.098 0.095
ADD 5kNs/m 0.088 0.082 0.083 0.078 0.083 0.083 0.092
SH ADD 5kNs/m 0.081 0.082  0.082 0.080  0.067 0082 0083  0.083
= PDD 5kNs/m 0.084  0.083 0.094
(‘q‘), SH PDD 5kNs/m 0.083 0.088
§  SHCont. 5kNs/m
O SHTwo state
3 5kNs/m 0.083 0.083 0.085
- Passive min
(0.32A) 0.084 0.083 0.094
Passive Hard
(1.6A) 0.083




4. CONCLUSION AND RECOMMENDATIONS

4.1 Conclusion

In this study, four concepts for preview suspension vertical chassis control were
proposed. First, well-known closed loop control logics were evaluated in terms of
different requirements and implementation methods, especially centralized and
decentralized approaches. Then, the process noise preventive road profile estimation
method was introduced. Secondly, the SH virtual vehicle concept was introduced for
scheduling the SH controller’s gain based on the preview road information.
Afterwards, MPC Clipped approach was introduced and compared with closed-loop
control approaches in a high-fidelity simulation environment. Finally, an SH-like
derivative MPC controller was introduced to control the vehicle body by controlling

global forces and moments instead of forces on the actuators.

Of particular interest for this study is to evaluate the controller’s performance as close
to real conditions as possible. For this reason, the CRG road profile was used in the
co-simulations. Furthermore, accelerometers were chosen from virtual sensors of the
co-simulation environment (IPG Carmaker’s virtual sensors) to get closer to reality,
although in fact velocity sensors were already available to provide accurate output. In
this way, the output of the virtual accelerometer was processed, for example, with
high-pass and low-pass filters to remove the effect of road slope.

The passivity constraint of a semi-active damper makes direct preview control
applications extremely difficult. Because the system is usually modelled as an actuator
that can generate force but absolutely cannot. Moreover, the vehicle model in receding
horizon can only be modelled linearly if linear MPC is required. Then, during
optimization, the lower or upper bound is sometimes zero, as it cannot generate
damping forces and it is not possible to find feasible results. If the passivity constraint
is not considered in the problem, the optimizer can find feasible results, while the
damper cannot. This is called clipped approach and can cause instabilityfor semi-active

dampers. The MPC clipped approach was compared with well-known semi-active
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suspension control methods. Therefore, SH control and its variants were also simulated
in a realistic environment. Then, it was found that Global SH control had better
performance compared to other semi-active suspension control logics in terms of

motion prioritisation and overall performance.

To elaborate the study, specifically to indirectly benefit from the preview road profile,
a virtual vehicle model with 7 DOF was moved at the same speed as the vehicle. The
proposal was to pre-determine the skyhook gains according to the RMS of bounce,
roll, pitch rates, which can be considered indirect control. The results were promising,
and it could be seen that it was possible to dampen one motion more than others around

body resonant frequencies.

To further refine the study, specifically combining MPC with SH control and road
profile directly, MPC was utilised to optimize the damping coefficient of virtual
skyhook dampers. Therefore, the external forces and moments were added over the
CoG in the vehicle model, these forces and moments were optimized according to the
vehicle motions taking into account the road profile and constraints of the virtual
damper. This approach somehow mimics the skyhook control. Its performance appears
to lag behind SH control around body resonant frequencies, but it is similar to SH
beyond body resonant frequencies. On the preview horizon, it has still the potential to
optimize virtual damping forces by reformulating the problem considering skyhook
damper in the vehicle model. Preview information was used directly and indirectly in
MPC and SH control, respectively, and it can be seen that preview information can
improve comfort. The accuracy of the vehicle model has a significant impact on the
MPC and indirect control. SH had superior performance around body resonant
frequencies and the resonant frequency region is the highest amplitude that makes the

controller performance is decisive.

After performing various simulations, the Global SH control was found to outperform
other controllers in terms of various requirements; especially its overall ride
performance, adaptability, flexibility, and modularity, which does not require complex
tuning and optimization. Consequently, the above advantages make SH preferable for

active and semi-active suspension systems.

110



4.2 Recommendations

The SH control and their variants consider semi-active dampers as force generators.
Semi-active dampers can produce force, reaction force when they have disturbance.
Moreover, if there is vibration in the vehicle body, the SH control requests force.
Frequently, the controller does not request force or the force generators cannot produce
force. This causes a lack of damping for a while. Therefore, a lack of damping can
result in undamped body and wheel motion. Eventually, it should be noted that a
certain amount of minimum damping is required to guarantee adequate damping for
the vehicle body, wheels and suspension stroke. In the context of SH control, where
ideally zero damping is required, having minimal damping may at first glance seem
like a loss of performance on the indicators. On the other hand, for instance, body
acceleration is not a single indicator that defines comfort, it must be evaluated within
the total vibration and noise environment which includes road induced noise in the
cabin, steering wheel vibrations, the vibrations on the vehicle floor, etc. In summary,
the performance indicators change to "negative” in graphs when the minimum

damping demand is considered.

Complexity of vehicle model in MPC has a significant effect on the state estimation.
The linear damping coefficient creates equal damping force for compression and
extension. At the same time, suspension kinematics and complex tyre behaviour are
not considered. Moreover, the preview information of the camera is not perfect.
Having more accurate vehicle and tyre model and preview information can help
improve performance. More realistic targets, non-zero references, can improve the
performance of the MPC if the controller’s references can be generated taking into

account the upcoming road surfaces.

For future studies, a linear but more detailed and accurate vehicle model will be
designed, including suspension kinematics and tyre contact model. Reformulating the
problem to optimize fictitious damping forces in a preview horizon can improve
performance and provide flexibility as the number of parameters decreases. Another
future study can be the reformulation of same problem but this time is optimization of

fictitious skyhook damper in a vehicle model.
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