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ABSTRACT

THEORETICAL AND EXPERIMENTAL ANALYSES OF ACTIVE SUSPENSION
USING LQR, GROUNDHOOK AND SKYHOOK CONTROL METHODS
Suspension systems are used to isolate vehicles from road disturbances and allow

damping of the incentives in vehicles. In this system, the wheel, axle and vehicle body

are connected together. It is necessary to maintain a constant contact between the tires
of a vehicle and the road. At this point, passive suspensions and handling are
insufficient for driving comfort. The fast growing developments specially in the fields
of computer, electronics and control systems have been very important in optimizing
and developing the systems that contain performance, safety and comfort clements in
vehicles One of these important systems is vehicle suspension systems. The aim of this
proposed research is to design and implement lincar quadratic regulator (LQR),

Skykook and Groundhook algorithm for active suspension control. For the purpose of

this study the performance of LQR, skyhook and groundhook controlled active

suspension were compared by using Quanser active suspension test device's quarter
vehicle model. In this study, MATLAB-SIMULINK was used to carry out the control
algorithm. Quarc Toolbox connects the Quanser Active Suspension unit to MATLAB,

The differences between the active and passive suspension were tested by the

equipment in the simulation system.

Key Words: Quarter Car, Active Suspension System, Skyhook, Groundhook,

Quanser, LQR.




KISA OZET

LQR, GROUNDIOOK VE SKYHOOK KONTROL YONTEMLERI
KULLANARAK AKTIF SUSPANSIYONUN TEORIK VE DENEYSEL
ANALIZLERI

Stispansiyon sistemleri, araglari yoldaki rahatsizhiklarindan izole etmeye yarar ve
araclardaki titregimlerin séniimlenmesini saglar, Bu sistemde tekerlek, aks ve arag
govdesi birbirine baglanir. Bir aracin lastikleri ile yol arasinda stirekli temasi saglamak
gerekmektedir, Araglarin siispansiyon sistemleri, daha fazla konfor ve giivenlik igin
gelistirilmis ve tiretilmistir. Bu noktada siiriig konforu igin pasif stispansiyonlar ve yol
tutus yetersiz kalmaktadir. Ozellikle clektronik ve bilgisayar teknolojisindeki
gelismeler ve kontrol alamindaki galigmalar araglardaki glivenlik, performans ve konfor
bilesenlerini igeren sistemlerin gelistiriimesinde ve optimizasyonunda Kkilit rol
oynamistir. Bu onemli sistemlerden biri arag siispansiyon sistemleridir. Onerilen bu
arastirmanin amact, aktif siispansiyon kontrolii i¢in lincer quadratik regiilatér (LQR),
Skykook ve Groundhook algoritmasini tasarlamak ve uygulamakur. Aragtirmanin
amacina yonelik Quanser aktif stispansiyon deney cihazinin geyrek arag modeli
kullanilarak LQR, skyhook ve groundhook kontrollii aktif siispansiyon sistemlerinin
performanslar kargilagtirilmistir. Bu  ¢ahgmada, MATLAB-SIMULINK  kontrol
algoritmasini yiiriitmek igin kullanilmistir. Quarc Toolbox, Quanser Aktif Siispansiyon
iinitesini MATLAB'a baglar. Agik ve kapali siispansiyon arasindaki fark, déngii

simiilasyon sistemindeki donanim tarafindan test edilir.

Anahtar Kelimeler: Ceyrek Arag Modeli, Aktif Siispansiyon Sistemi, skyhook,

groundhook, Quanser, LQR.
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I. INTRODUCTION

In this section, firstly, general information about the subjects determining the
thesis study is given. Then, the importance of the thesis topic is mentioned. Previous
researches have been put forward. In this study, the results of the literature survey about
the subjects are given in the related sections. Finally, in the scope of the thesis, what is

explained in the sections that constitute the content of the thesis is given in general.

1.1. Literature Research

Active suspension systems can be examined in two groups. The first one is fully
active systems and the other is slow active systems.

In fully active systems, the vehicle suspension has a very advanced dynamic
behaviour. An electromagnetic linear motor operates parallel to the springs in this
system. This motor controls the system by applying a control force for damping. The
actuator, which can be an electromotor or hydraulic cylinder, can adjust the spring
assembly to form the desired system for each wheel in slow active suspension. This
system reduces rolling movements of the vehicle.

We can show the suspension system control in vehicles in two groups as linear
and non-linear. Examples of linear control methods include PID control, Skyhook
control, Groundhook control, He control and LQR method [1]. Nonlinear systems are
generally obtained according to Lyapunov s theorems [2]. In the study conducted by
Foda, fuzzy logic and PID controller were compared for quarter vehicle active
suspension system and fuzzy logic controller was superior [3]. In the study conducted
by Gysen and his friends, forward and reverse feed control was performed for a

different electromagnetic active suspension system. According to this study, good



reference tracking i i .
g1s provided for driving comfort and safety [4]. In the study conducted

' Van d S
by Van der Sande etal., A robust Hoo dynamic output feedback control was designed

for the contr i : .
ol of active suspension system and a comfort increase of approximately

40% was achieved [5]. In the study conducted by Fateh and his friends, the impedance

of the hydraulic system in the suspension system was controlled [6]. A successful
formula for passenger comfort and driving safety has been developed and successful
results have been presented with respect to passive suspension. Emura and colleagues
in their work with the vehicle body of the ideal skyhook suspension damper suspended
at the same speed moving the air suspension system with the help of a virtual damper
modelled [7].

In practice, the skyhook damper must be mounted between the wheel and the
wehichle body assembly since it is not possible to be connected an airborne point. The
required damping force is also applied by this new damper.

Ahmadian also mentioned groundhook suspension control, which isolates the
wheel assembly from road influences. Groundhook Suspension control is in principle
similar to skyhook control. Alternatively, the damper is connected to a virtual reference
point on the ground surface, not the air [8]. In the study conducted by Agharkakli and

his friends the active suspension system LQR controller was designed with the ready

MATLAB Iqr command [9].

1.2. Definition of Suspension System

Suspension is the system consisting of springs, dampers and other components
providing the movement between the vehicle and the wheels by connecting the body of
a vehicle to the wheels. In short, all the parts connecting the wheels to the vehicle are

called the suspension system.



(V%]

Suspension systems are designed to provide good road holding and improve ride
comfort. Passengers inside the vehicle are not disturbed by road noise and vibrations in
the vehicle. Therefore, the suspension must be properly adjusted. One of the most
important tasks of the suspension is the contact of the wheel with the road surface.
Many forces act on the vehicle to reduce wheel contact with the road. Accidents can
oceur as a result of reduced tire contact with the road surface. Due to the good
suspension system, it is protected in the transported goods inside the vehicle. It may

show differences in the front and rear side of the suspensions in vehicles [10].

1.3. Basic Suspension Movement

A vehicle in motion is affected by a lot of forces due to bad road and adverse

weather conditions. These forces cause some oscillations in the vehicle as shown in

Figure I-1.

Pitching

o QI E
\V'I.A

N

Figure I-1.Vehicle axis system



The movement around the longitudinal axis is called Rolling. When the vehicle is
turning or moving on a broken road, the spring on on¢ side of the vehicle shortens whilc
the other begins to grow. As a result, the body of the vehicle makes lateral movements
from one side to the other.

The movement around the vertical axis is called yaw. it is a completely up and

down movement of the vehicle. It occurs when the vehicle is driven at high speeds on
rough roads.

The movement around the lateral axis is called pitching. The front and the back of
the vehicle is moving up and down according (0 the centre of gravity- This jerking
occurs in  particular when the  vehicle is used on rough and

pot-holed roads [1].

1.4. Classification of Suspensions

A normal car suspension consists mainly of a spring and a shock absorber. When
the spring is selected solely on the weight of the vehicle, the damper must isolate the
passengers from low-frequency road disturbances and absorb high-frequency road
disturbances.

As the suspensions carry the vehicle body, they transmit all the forces coming from
the road into the vehicle. The damping coefficients for the spring and shock absorbers
are selected according to the vehicle's handling and driving comfort. Only these selected
coefficients can produce a balance between the driving comfort and the handling of the
vehicle. However, it cannot be adjusted according to all kinds of road conditions. With
the development of microprocessors and sensors starting from the 80s, works for the
production of intelligent suspensions began. With the advancement of the actuator

technology, the state of the springs and shock absorbers can be controlled according to



the road conditions, Intelligent suspension systems can be classilied into two main
groups. These are semi active ang fully active suspension systems respectively.

Since active suspensions generate force according to the road condition, encrgy
usage is also high. This is achieveq by the force exerted by the actuators. Totally active
suspension is much better in terms of driving comfort than passive and semi active
suspension, but it is limited because it is an expensive system. In 1982 Lotus car

designed active suspension for Formula I vehicles. But then this prototype active

suspension was banned.

In 1987, Mitsubishi developed the first electronically controlled semi active
suspension system in the world and used this system in the Mitsubishi Galant model.
This system with low energy requirements in the following years, the trademarks like
Audi, Ferrari, Chevrolet has been applied to some models. the 90s, Nissan increased
the price of its luxury vehicles by twenty percent and optionally included active
suspension in these vehicles. However, this Active suspension system was operating in
the low band range.

In conventional mechanical and semi-mechanical suspension systems with
hydraulic and pneumatic shock absorbers, the tire reacts instantly to the vehicle when
it touches a different surface.

Even if most of this message is damped by the suspension system, some of it is
transmitted to the vehicle. This causes jerking in the bend and the vehicle to lie in bends.
Recently, fully active suspensions produced by Bose Corporation use DC motors
instead of hydraulic or pneumatic actuators. Electromagnetic motors on each wheel
independently operate on electric power These engines were powered by amps and the

vehicle was constantly under control. The entire weight of the vehicle was under
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suspension -
p control during bumps and turns h i i
ooy , 50 the system officially resisted the rules
ysics. The Bos i
¢ aclive suspension system is controlled i
] ntrolled by a brain and cach
netic mo .
or can be intervened separately. In thi ion i
_— y. In this way, cach suspension IS
v .
cvaluated according to the ground conditions
The control
computer checks th
e stat ion in milli i
B . ¢ of each suspension in milliseconds, which
ows the tire to ad :
apt to the different ground as soon as it touches the tire.
Comparisons on th
ead H
vantages and disadvantages of Yue et al., determining criteria
for comparison i
of :
passive suspension semi active suspension and fully active
suspension are shown in Table I-1
Control engine i i
gineers are involved in an intelligent suspension design. In order to
improve driving comfort ing, i
and good road holding, it is necessary to first model the
vehicle's dynami it i
ynamic model. Then, it is necessary to select and design adjustments in

control strategies to balance driving comfort and handling



Parameters Passive
Suspension
Structure Simplest
Weight or Lowest
Yolume
Cost Lowest
Ride Bad
Comfort
Handling Bad
performance
Energy No
regeneration
Reliability Highest
Dynamic Passive
performance

Commercial Yes
Maturity

Semi active

Suspension

Complex
Low
Low
Medium
Medium
No

High
Passive

Yes

Table I-1. Suspension Systems

Electromagnetic

Active Suspension

Simple
Highest
Highest
Best
Best
Yes
High
Good

No

Hydraulic or
pneumatic active

suspension

Most complex
High

High

Good

Good
Medium
Medium

No

Yes

The dynamic model of intelligent vehicle suspensions is very important. It is

necessary to design a model that is very close to the real vehicle. Thus, the controller

must provide good performance in real-time control. The mass of the vehicle body

varies in most vehicles. The mass of the vehicle will vary depending on the number of

passengers boarded or the load it carries. Therefore, determining the vehicle body mass

in the vehicle's dynamic model will not be sufficient to determine the vehicle's dynamic

behaviour.

Sensors, controllers and actuators in intelligent suspension systems are in a closed

circuit. Time may be delayed during measurements. This time delay is often neglected

because it is a very small value. Time delay in active suspensions may cause the vehicle
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to become unstable. There is not energy input in the semi-active suspensions. Therefore,
there is no stability problem in the vehicle,

The decrease in the performance of the semi active suspension results from atime
delay. The active suspension components are affected over time by road conditions.
Faults in these components should be dealt with in a timely manner. Otherwise, the

vehicle loses its stability and cannot achieve the desired performance with active

suspension [15].



b

Il QUANSER AVCIVE SUSPENSION SYSTEM

2.1. Introduction to the Quanser Active Suspension

Quanser Active Suspension is a test device which is used in the quarter car model.
The model of the Quanscr Suspension test device is shown in the Figure I1-1. The plant
has three overlapping plates. The top Plate represents the vehicle body. This plate is
connected with two springs and placed on the middle plate. An Accelerometer for
measuring the acceleration of the Vehicle Body is hung on this plate [12]-

A high performance DC motor is placed between the middle and top plates to
simulate a semi active or active suspension mechanism. The wheel of the vehicle is
represented the middle plates. The middle plate is hung on the bottom plate with two
springs.

The bottom plate represents the bottom plate. This plate connects to another quick-
response DC Motor which enables it to produce different road profiles.

These three plates can slide linearly along a stainless shaft. When the DC motor
rotates, a torque is generated on the output shaft. This torque is converted to a linear
force that causes the bottom plate to move along the lead screw. High resolution optical
encoders in the centre monitories the movements of the top plate while other encoders
measure the movement of the bottom plate. To investigate active control algorithms
was used this quarter car structure.

The purpose of the active suspension experiment is to design and implement an
observer-based state feedback controller for a quarter-car model. In this system, there
are two masses supported by spring and shock absorber. One of these masses m;

represents the mass of the vehicle body. The other mass my represents the wheel mass.



Figure I1-1. Quanser Suspension Plant.



The suspension spring coefficient k, represents the stiffness of the springs
physically used in the suspension, Since the ky value of the suspension springs cannot
change afier production, they are manufactured with certain performance criteria in
mind during production. Suspension damper coefficient b, represents the stiffness of
dampers or dampers physically used in the suspension. Since the bs value of the
suspension dampers cannot change afier production, they are manufactured with certain
performance criteria in mind during production. The wheel spring coefficient ki
physically represents the stiffness of the wheel. The tire coefficient by represents the
stiffness of damper in the tire. The shock absorber constant in the wheel is very low,
which is often neglected. The LQG control optimizes a variety of performance
parameters in a quarter-car model. In this approach, the performance criteria are
formulated into a mathematical model. This mathematical representation is then
optimized while considering the control actuator limitations. The performance
measures that have to be minimized are listed below.

@ Avoiding unwanted forces from the road is often referred to as ride quality.
When measuring the ride quality, vertical acceleration of the vehicle can be considered
as a performance parameter. A good suspension system should minimize the
acceleration (%) of the unsprung mass, that is the vehicle body consisting of jolts on
the road.

@ The suspension system assists in the static load stability of the vehicle, usually
on curved roads and bends. This property is related to the impact of the suspension; It
facilitates the rotation by providing the transfer of weight from the high side to the low

side of the vehicle at turns. This weight transfer can also be measured by minimizing

the suspension deflection (zs-zu) mentioned.
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® The criteria for road handling are basically the ability of the vehicle to tum and

to brake. These criteria can be achieved in order to be very good performance by
minimizing the amount of load on the wheels. This is because all the horizontal and
vertical forces generated by the wheel are directly linked to the wheel load. Thus, the
road handling of vehicle is directly related to the deflection that occurs in the vertical
direction and can be defined as z,- z, [12].

The table II-1. containing all components of the Quanser active suspension system
is given below. The components of the Quanser Active Suspension test device in Figure
11-1. have an identification number (ID). These are as shown in Figure [1-2., Figure 1I-

3., Figure 11-4., Figure I-5. and Figure 11-6

Table II-1.List of parts of Quanser Active Suspension

Definition

1 Top Plat Bu, Mass of ehicle 2 Accelerometer Gain Potentiometer

Body)
'3 Middle Plate (Red, Massof \ 4  Suspension Encoder
Vehicle Tire ) .
5 Bottom Plate (white, Road) 6  Suspension Motor Capstan Cable

7 2 Adjustable Springs (Springs of 8  Spring Holder Set Screw
\ Vehicle Suspension) ‘
| | ) O — I
9 2 Adjustable Springs (Vehicle 10 Linear Bearing Blocks
Tire Spring)

~ ‘i

e Bottom Plate Encoder Connector | 12 Top Plate Encoder Connector
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23

25

27

29

31

o

Bottom Plate  Counter Weight 14
Springs

Active Suspension DC Motor 16
Bottom Plate Servo Motor 18
Encoder Thread 20
Accelerometer 22
Plant Top Cover 24
Plant Handles 26
Limit Switch Push Key 28
Movable Spring Holders 30
Suspension Motor Connector 32
Encoder Thread Anchor 34

13
Payload Mass
Bottom Plate Encoder
Lead Screw
Stainless Steel Shafts
Accelerometer Connector
Limit Switch Safety Lights
Bottom Plate Motor Connector
Safety Rod
Safety Limit Switch

Suspension Encoder Connector

7T0p Plate Encoder
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Figure 11-2. Top Plate of Quanser Active Suspension System

Figure 11-3.System Inputs
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Figure I1-5. Bottom front View of Quanser Active Suspension System
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Figure 11-6. Bottom back View of Quanser Active Suspension System

2.2. Description of Quanser Active Suspension Components

2.2.1. Active Suspension DC Motor
The Quanser Active Suspension test device includes a Faulhaber Coreless DC
Motor (3863V006), as represented in Figure 1I-2. by component #15. This DC motor

model is a high efficiency low inductance motor resulting in a much faster response

than a classic DC motor [12].

2.2.2. Road Simulation Brushed Servo Motor

The Quanser Active Suspension Device includes a Magmotor Brushed Servo
Motor, as shown in Figure 11-6. by ID #17. The motor has a power of 70 Watts. The
motor is connected to the lead screw through the geared pinion and cable transmission.
The lead screw converts the rotational motions of the motor into the linear motions of

the bottom plate. Some of the motor characteristics are included in Table 11-2. [12].
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Table 1-2.Brushed Servo Motor Characteristics [ 12].

Frame Neack

N engih Vriction  [Thermal Re-hmmt\' " Mar Winding frwer Yelght
Torque  kRm) Oc/Watt Recommended  [Temperature () flange (W)l h
[\peed Rpm
S23 (100
5 Hs 1000 155 [70

2.2.3. The lead screw

The lead screw, shown by ID #18 in Figure 11-5. circulates through a ball nut, that
is attached to the bottom of the bottom plate and is rotated by the motor. The lcad screw

has a pitch of 1.27 cm. Thus the road simulation plate moves 1.27 cm, per single ball-

screw revolution [12].

2.2.4. Middle Plate Encoder

Digital position measurement of middle plate vertical motion is obtained by using
a high-resolution quadrature optical encoder. The encoder has a resolution of 1024 lines
per revolution. In quadrature mode this gives 4096 counts per full rotation of the
encoder shaft. The effective resolution, i.e. minimum linear position that can be
detected, of the stage displacement is 4.87 pm.

The inertial wiring diagram of the encoder is depicted in Figure I1.5. The encoder

standard 5-pin DIN connector, shown in Figure I1-2, is also pictured as component #12.



ELP-COM-ENCITER

ELP-SCKT-RDIN-5-180 FLP-ENC-UCD-E2-1024

Figure 11-7. Encoder Connection Diagram [12]

2.2.5. Suspension Encoder

The high-resolution digital optical encoder performs digital measurement of the
movement of the suspension, This optical encoder is mounted on the behind of the
active suspension DC motor. The motor encoder has a resolution of 1000 lines per
revolution. In quadrature mode this gives 4000 counts per full rotation of the encoder
shaft. The effective resolution, i.e. minimum Jinear position that can be detected, of the
stage displacement is 9.42 pum.

The encoder standard 5-pin DIN connector is pictured as component #4 in Figure
11-2. Pushing the middle plate and top platc towards each other should result in negative

change of encoder reading.

2.2.6. Bottom Plate Encoder
The high-resolution digital optical encoder performs digital measurement of the
movement of the bottom plate. This optical encoder is mounted on the behind of the

brushed servo motor of active suspension. Digital positon measurement of bottom plate
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is obtained by using a high-resolution quadrature optical encoder. The optical encoder
is directly mounted on the rear of the brushed servo motor. The motor encoder has a
resolution of 2048 lines per revolution. In quadrature mode this gives 4096 counts per
full rotation of the encoder shaft. The effective resolution i.c. minimum linear position
that can be detected, of the stage displacement is 2.19 pm.

The encoder standard 5-pin DIN connector is pictured as component #16 in F igure

1I-6. Pushing the bottom plate upwards should result in positive change of encoder

reading.

2.2.7. Springs
The following sets of springs are supplied with Active Suspension Plant as shown
in Table 11.3. Moreover, two springs are installed on the device upon delivery. These

springs are used to compensate for the weight of the three moving plates and reducing the

pressure on the servo motor.

Table 11-3.Active Suspension Spring Characteristics.

Name Application | Length Quantity Color Stiffness
per spring

FUF- Suspension | 0.128m 2 Black(installed | 490N/m

14 128-A upon delvery)

FUF- Suspension | 0.128m g Orange 1020N/m

14 128-B

FUF- Tire 0.115m 2 Black 570N/m

14 115-A

FUF- Tire 0.115m 2 Orange(installed | 1250N/m

14 115-B upon delivery)




20

2.2.8. Accelerometer

To measure {} i
e Y v acenls H M H i j '
vertical acceleration of the vehicle body, there 1s a biaxial

ADXL210E accelerometer under the top bluc plate, It is shown with 1D #21 Jabel in

Figure 11-4,

The accele . - , -
accelerometer has the capability to measure both AC/dynamic acceleration

(c.g. vibrations) and DC/static accelerations (e.g. gravity). The arrows represented on
the accelerometer, and depicted in Figure 114, show the positive direction of the AC
acceleration sensor measurement on its axes of sensitivity. To best measure the Active
Suspension top plate (vehicle body) vibration, the accelerometer is mounted such that
its x-axis is longitudinal to vertical direction. Quickly pushing the top plate (component
#1) upwards should result in an initial negative measured acceleration voltage. In order
for the accelerometer reading to be consistent with the encoder measurements its sign
should be negated in the control software.

The sensor has a range of £10 g and its noise, in the operating range of the top
plate, is approximately 5.0 mV, i.e. £5.0 mg. This analog sensor is calibrated such that
1 Volt equals 1 g, or 9.81 m/s?. Although the Active Suspension accelerometer has
already been calibrated at the factory, the signal conditioning circuit properties may
vary depending on the external conditions (e.g. humidity, temperature). Therefore, you
may want to adjust the Offset potentiometer (shown as component #2 in Figure 11.2)
such that it reads approximately zero Volts with zero acceleration (i.c. sensor resting

flathorizontally) [12].

2.2.9. AMPAQ Power Module
The AMPAQ Power Module, shown in Figure 11-8., is a pulse-width modulated

current amplifier. It is used to drive the two motors of Active Suspension Plant. The
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S
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acquisition board are
1o be connected to the Input connector. The Sense coanector

outputs the curren i
P t- measured in the attached motors. The Enable connector socket of

AMPAQ receives digital input signals from the PC in order to enable or disable the

power module. Finally, the amplifi

ed current is sent from the Output connector

Figure 1I-8. Quanser AMPAQ with the wired cables.

Each motor-driving amplitied current signal from each Output socket of the AMPAQ
has its own indicator LED. When a particular Output signal is enabled. such that its
corresponding motor, to which it is connected, can be actuated. then its corresponding LED
lights up. When a particular Output signal is disabled, that is its connected motor cannot be
actuated. then its corresponding LED stays oft. For example, it the AMPAQ's Output
47 is enabled. then a motor that is connected to the Output 2 socket will be actuated;
furthermore, the Normal #2 LED will become lit. If, however, Output #2 is disabled,

then LED 2 will not light up, and the corresponding motor to Output #2 socket will not

be actuated.
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Syl Description Value | Unit
AMPAO Moo ' a
ttlevels $ will result in unique voltage
/\Ml’/‘\Q_Mnximum Input Current 25 mA
Nm(,:: llusf value is for reference only; particular
:l(:ﬂdlng will result in unique clectrical current
sc.
AMPAQ Enable Ribbon Cablc Signal's Voltage | 0to5 [ V
Range
AMPAQ Enable Ribbon Cable Signal’s [ mA
Electrical Current (Absolute Maximum Valuc)
External Power Source RMS Voltage Required | 120/240 f 'V
to Operatc AMPAQ
[External Power Source Voltage Frequency 60/50 | Hz
Required to Operate AMPAQ
VA SUP [ AMPAQ Supply Voltage 27 \4
VA_RNG | AMPAQ Voltage Input Range £10 \4
Ka AMPAQ Gain 0.5 | ANV
IMAX AMPAQ Maximum Peak Output () A
Note: This value is for reference only; particular
motor resistance and loading will result in
unique electrical current sourcing levels
IMAX, AMPAQ Continuous Output Current 2.15 A
CONT
B Current Amplifier Bandwidth 500 Hz

2.3. Active Suspension Model Parameters

Table 11.5. below lists and characterizes the main parameters (c.g.
electrical specifications, conversion fact

System. Some of these para

as well as to obta

in the system Equations of Motion (EOM). [12]

mechanical and
ors) associated with the Active Suspension

meters can be used for mathematical modelling of the plant
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~ Shaft Radius Of Suspension Motor

" Bottom Plate Encoder Resolution

* Middle Plate Travel Range

" Bottom Plate Travel Range

i §h§p€n§iom Travel Raﬁée

Table [1-5. Actrve Saspension Systemn Paremeters.

n I rl l

Structure Total Werght

Top Plate with Attached Equipment Tonal Mass
Middle Plate(Red) with Attached Equipment
Total Mass

Linear Stiffness Constant of Passive Suspension
Linear Stiffness Constant of Tire

Damping Constant of Suspension

~ Damping Constant of Tire

' Torque Constant of Susf:énéion Motor

~ Suspension Encoder Resolution

Valoe

Middle Plate Encoder Resolution

m

m

2
‘38

Nm

Nsm

‘Ns'm

N.m/A

m

m/count
mcount

m/count
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2.4. Communication wig, computer and Programs

2.4.1. Matlab

In this thesis T .
€315, MATLAB is used for applying control algorithms. MATLAB is a

high-performance : .

BiP ¢ software for technical and scientific calculations, mainly involving
umeri : ; :

numerical calculation, graphical data representation and programming. Typical
applications of Matlab are; mathematical and computational operations, algorithm

development, modelling, simulation and pre-typing, Data analysis and visual effects

supported representation, scientific and engineering graphics, application development

[13].

2.4.2. Quarc

Quarc is an integral part of Quanser’s lab workstations and the comprehensive
courseware with Simulink-based lab exercises that accompany them. QUARC user
interfaces are easy to understand. We can work with controllers that are clear and match
standard system block diagrams used in textbooks we can tune parameters of the
running model by changing block parameters in the Simulink diagram, view the status

of a signal in the model and stream data to MATLAB workspace or to a file for off-line

analysis [14].
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L. MODELLING OF SUSPENSION SYSTEM

3.1, Quarter Car Model of the Active Suspension

In this section, the active suspension system is considered as a double mass damper
system and dynamic equations are obtained. In the quarter car model, the vehicle body
and the axle and wheel arc represented by sprung mass and unsprung mass
corresponding to approximately one quarter car. The dynamic model of a system helps
us simulate the real system and test control strategics. The method of frec-body diagram
is used to obtain the dynamics of the active suspension system as a double mass spring
model. In this approach, the two inputs to the system are considered to be control command

F. and the road surface position z.. In The Figure III-1. is shown quarter car Model of active

Suspension system.

A Zs

ms <_—|

bs Fe
ks § el /®2F

Zu

My AI

bt
=

4__1‘2;

T~ T

Figure [11-1. Quarter Car Model of Active Suspension System

Furthermore, it is reminded that the reference frames in Figure IIL.1 are used to
b

ie. zs and z.. The generalized coordinate z,

choose the genemlized coordinates,



Toresoms the T dsolnon
SINAITIM - e . o .
ol and 2, represents vehicle boady displacement all with

et 10 the sromnd.

ans of motion (EOM) for this system, the free-body diagram for

zush mEss ondd he Jatarsd
determinad. There are two masses in the . The forces
masd 20 each mass
ss should be drawn on the diagrams. we should have two equations

of modon. The fesd o
on. The Tree-body dizgram for m, is shown as in the Figure 111-2.

FalsiE) be(2 — 2,) Fe
A A I
1
| Zs
!
Ms ‘ A
| <——|
i
l |
msg
Figure I11-2.Free-body Diagram of Sprung Mass
The equation of motion for the model above will be:
d
d’ 2 ) =—g +__+ (H-ZS) bs (EEZU) ¥ kszs  kszy (111D
dez™ ms ms ms mg Mg
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The free-body di; - .
vy diagram for MuWill look like the Figure 111-3. below:

ko(z. —
t(zr ZU) bu(zr - 2-:u)

My

{_Aium m
FE———

ks(zs mgg bs(zs . Zu) F
Figure I11-3.Free-body Diagram of Unsprung Mass

The equation of motion for the model above will be:

d
d? E. (=bs—b (%Zu) bs (HEZS@) (I11.2)
—Zu —t —g —— + +
dt? my, my my
d
N b, (EEZ') N (—k; — ks)zy 4 kgzs 2 k;z.
mu m‘u mll mu

The gravitational force in these equations only changes the equilibrium points for
the Active Suspension system and does not affect the dynamics of the system. In our
d motion equations, we can set g L0 zero and use these equations for the

basically derive

rest of the curriculum. The generalized coordinates that are used to derive the equations
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cre s
q it car n'l()d(.l are Ch()scn SUCh thcll lhc Sl)ri"gs ks ﬂnd kl arc 0”,)’

relaxed when 2,20, 2=0. In practice, however, the springs are never in their relaxed
position due to the weight of masses ms and my. In other words, due to gravity, the
equilibrium point for (z,, Zs), i.e. (zseqi(t), zu cqa(1)), never collocates with the location
where the springs are relaxed (not loaded). In fact, the equilibrium points will be where
a static balance between the weight of masses and the spring forced exists. The
calculation of the equilibrium points zs equ(t) and z, eqx(t) based on the masses ms and

m,, spring constants ks, and k, and the gravity acceleration g is: After substituting the

changes in equations of motion one will have

d
ksZeqr (£) = KsZeqz () + Myg + Zogy (D¢ +my (E? 0) — b, (% o) (I1L3)
d
Mg + KsZoqa(t) = KsZeqn () +ms (5:0) =0 (111.4)
The equilibrium points will be calculated as follows:
Zogn = — (IILS)
Zeqr = T T Kas -6)

If the variable changes are written in the equations of motion, gravitational forces are

subtracted from the equations of motion.
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The equations of motion for using the new varinbles will be caleuluted #% follows,

d’
(Zu(t) - 25([)),(5 i (Zu(t) — Zr(t))’(u_, +my, -d—,;Zu (l) o=

(11,10)

b, (i zu(t)) ~ (:—,zus(C)) by = F, + b (%zu,(t )) g1l (;——;x,(t ))

d* d J
(25 (t) — 2u(0) ) s + (a-t;zs(t)) = b, (}EZ"(L)) + F, =~ by (;;775(1)) (11,11

We have the active suspension system dynamic where the effect of yrainations

force is eliminated from the equations of motion. In other words, the selared grrition of

the springs, i.e. zs ()=0, Zs (1)=0, will be the equilibrium point of the system. Only ingprsts

to this system are the contro} force and the rozd surface, The two wznsler functions will

be calculated as follows:

B ((Shy + k) Es 4+ m,5% + h.5))
,:—, - ( MysSims ¥ (m.b, b )5* ¥ .
(kyms + koms +h,b 4k )S% w (beks 4 yhe)S ¥ bk, )

(111,12
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ZS (Szh‘bg '+' (b!kﬂ + kth:)S‘f' k[k:) (”l 13)

p—

Zr B ﬂl,l.g4m< + (m'bt + b m + T3 s 2
5 : sm, +m, b.)S% Voot bsmot by Bty k)5S 4
(hoks + kebs)S + keky) =+ ubs) -

3,2. State Space Representation

The Quanser Active Suspension System is modelled as a quarter vehicle model
and allows the real system to be simulated. In order to simulate the real system and to
test control strategies, the state space representation of the Quanser quarter vehicle
model should be derived. State space matrices represent a set of linear differential

equations that define the dynamics of the system. The two equations of motion in the

quarter car model linear and time-invariant are shown as follows.

-:—tx(t) = Ax(t) + Bu(t) (111.14)
y(t) = Cx(t) + Du(t) (11I1.15)
model with

The state-space approach is a convenient way to model the quarter-car

multiple inputs and outpuls. In this representation the states reflect the system

performance parameters that have to be optimized. Moreover, this state space can be

later used for observer and controller design. Due to the existence of four energy storage

elements in quarter car model, the four state variables, inputs to the system, and the

outputs can be defined as follows:

[z, (1)~ 2. ]
d
;;Zx(t) _ ;;_1_ r(t) _ Zs(t)_zu(t) i
il—z,, (1)
dr J
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Where the first state represents suspension deflection. The second state is the verticsl
velocity of vehicle body. The third state is the tire deflection which is a measure of road
handling. The fourth state is the velocity of tire, The first input to the system is the road
surface velocity. The second input is the control action that will be later designed. The first
measured output of the system is the suspension travel. Assuming that the vehicle body is
equipped with an accelerometer, the second measured output of the system will be the body
acceleration [16]. The matrices A, B, C, and D for the state space representation of the

active suspension system will be as follows:

0 10 -1 ]
ks s
kb
m, m m,
A=l F 0 : (I1L17)
kb k(b +h)
om, m,m, m, |
— 0 n
1
B=|_, ”6" (111.18)
bt
| M mu |
| 0 0 0 0 0
C=| kb 0 _bi D=, L (11L.19)

ms M s ms




3.3, System Transfer Functions

The state space representation that we derived in previous section is an ex ample
ofamulti-input and myly. “Output system (MIMO) with tWo inputs, road surface velocity
dz, ()

dt

and controller force

1 H ] SFL ) ~ ‘ . ‘
Fe, and IWo outputs, tire deflection 7, - 7, and acceleration

ol vehicle lmd) -¢ ||7]
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Al (2 &l
IV. CONTROL DESIGN OF ACTIVE SUSPENSION
SYSTEM

A1, Introduetion

The netive suspension system includes a significant balance between the ride
quality, rattle aren ond tire deflection, Advances in any of the three transfer functions
i the passive suspension systems cause distortion in the other two transfer functions.
In order (o be able to design the control, two degree of freedom quarter vehicle models
will be used in this section, The suspension system on each wheel will show the
movement of the axis In one of the four wheels of the vehicle. The quarter vehicle
model conststs of an axle mass along with o quarter of the mass, springs k. defining the

atihess of the suspension, w damper by which provides damping, and an active force

actuator e which can be moved in both directions., The quarter car model is shown in

Figure V=1, The sprong mass i, shows us o quarter of the vehicle body mass. The

WIREUNE DTSS 1y is (he equivalent mass (rom the axle and tire, The vertical stiffness of

(he e s spring ki The variables 7 7o tnd 7 shows us (he vertical displacement from

statle equilibrium of the sprung muss, UNSPrUng s and the road Dilferential

applying the second law of Newton to the model

cquations ol motion can be obtained by

we consider to be the (ree-body diagram.



=
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Figure IV-1.Active Quarter Car Suspension Model [17].

mg Zg + by (Zg — 2,) + ks(z, —2,) = F, (Iv.D)
my Z, + ke(zy — z.) + bs(Zs — Z,) — ks(zs — 2) = —F, (IV.2)

The state space model of the quarter car active suspension system is:

% = Ax + BF, + Lz, (1V.3)

where
_ T
X=[x; X2 X3 X4 ]

X, =Zs—Zy is deflection of suspension,

is the velocity of sprung mass,

=

N)
Il

ey

is deflection of tire,

is the velocity of unsprung mass.
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[0 l 0 R
k b
kg
il 152 & m,
il R I (IV.4)
k. bk _(b,+h,)
L m, m, m, m,
0
1
m,
B= 0 (IV.5)
Ji
mu
| 0 0 0
C= _..E'_ &. 0 .b_‘ (IV.6)
M 1M ns
0 0
D{o b (IV.7)
nis

0
= 4" (IV.6)

-

0

There are two different methods to control active suspension system. The first one

and the second is feedback method. In the feedforward method.,

is feedforward method

controller measures the input signal and calculates control signal according to input

disturbance to cancel the disturbance. In other words, the controlled variable is a
precautionary procedure without further Jeterioration. On the other hand, in feedback
control method. the controller measures the system response of input disturbance and
calculates control signal according to response of system to cancel the disturbance. In
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eorye i eedfonwaed control e
ol method can provide better performance then fecdback

(N”) 'k M 8 s ‘i‘(.l [ '
I "l(.”l(‘d “) i .’i“."" ],' casiIc 'I)“” ’CC(HOI a l

dhod, \ Vg b
method. The transder Rctions o be wsed in his study are given below: [17]
N iiven below:

l\- ' \ ‘
e tmter fanetion of vehicle body aeeeleration is:

la(s) me
A\ 2'(:‘,) (IV.H)
Rattle space transfer function is;

::.(»l) - 2 (s)
My (8) f—_—'—‘!,.(.\-) (1V.12)
Tive deflection transfer function is:

xll(‘\.) - Z,-(.\') (lV.l3)

Hep(§) = 2(8)

T'he purpose of the active suspension system is to minimize the transfer functions

with the selected controller. Therefore, the state veetor matrix is selected to minimize

these values, States (eedback is very important in the control of the active suspension.

All situations must be appropriate when designing the control. 1t should also be possible

(o measure these conditions. These situations can be measured with the help of sensors

i the active suspension system. But it is very diflicult to measure these situations in

the real vehiele, Tn (his study. | will explain my obscrvations using a lincar quadratic

is shown The Simulink model of the active suspension

N N f g )
repulator, Tn the Figuee V=2
ich built by using the above equations 1V-1 and V-2,

system for quanter Gw model wh
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Figure 1V-2.Simulink diagram ol active suspension system
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V. CONTROL METHODS

Linear or non-line
ar
control methods are used for the control of active suspension

systems. There is
y N actuator that can be controlled with feedback between the vehicle

body and the wheels. The linear control method has a low performance compared to
non-lincar control method. For a better driving safety and comfort, a non-linear
controller should be designed. Examples of linear active suspension control methods
are P1D control Skyhook control, Groundhook Control, H o control and LQR method.
Even if the controls applied with these methods reach the performance target, they can

only be performed within a limited frequency range.

5.1. Controllability and Obscrvability

Before applying a control method, we have to check the states. If there are no
controllable and observable state, system will be controllable and obscrvable. The code
for checking controllubility and observability is given in Appendix A. And the system is

controllable and observable,

5,2, Implementing of Control Methods

In this part of the study, the effect of the LQR, skyhook and groundhook active

suspension system, which is formulated in the Quanser Active Suspension test device,

H ’ 1 2y N ol =3 ’ o M H »
on the performance criterin will be examined. The system’s transition matrix A has

dimensions of 4-by-4, there should be four open-loop poles. Also we can say there are

Rl os 2 .rs. There are 2 different resonant frequencies
4 storage ¢lement 2 springs and 2 dampers. There ¢ q
r. One of them is suspension system

beeause there are WO different spring and dampe

and the other one Is tire.
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Resonant frequency formula is:

Wresnnance = Jg (V-1)

S0 Wresonant OF the ire is 50 and Weesnan; of the suspension system is 19.16.
The Simulink block diagram used in the experiments and simulations is as in Figure
[V.1. It includes experiment part and simulation part. So we can measure both actual

and simulation results together.

Active Suspension - Experiment

Read Suface
Generalor

Active Suspension
Fe_actual Adua Planl @_I_" 7 5.
)]
x=[2s-2us ; 25_dot; zusear; 2us_dot] @_ﬁ =
Soopes? Part

Active Suspension-SimuIatioﬁ il . T
H
K

B
o 4
7]
g

§

V-1. Active Suspension Plant Simulink Blocks

Figure
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Figure V-2, Road Surface Generator Block
The road surface generator block sends the road signal which we desired to Quanser
Active Suspension System’s road profile servo motor. There are two type road profile

signal in the road surface generator block. One of them is random signal which has

changing frequency and the other one is squarc wave signal.

Setpont HL
Forca| 2 f irte
Azl
AV Saturaton
Postion L Wt Araog
gL
HIL Road Encodof ._. wn Velocty
Timebase Road (m1.x1
(HIL-1) Constanl1 Votage
L]
Constantd o -DE
8 Ky
Slider
Grnd PV Controller
Figure V-3. Road Simulator Block
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To have good .

good performance in the Hardware in the Loop simulation, input must be
in our control. It i : .
inou § not enough to give the road signal to the motor. Also we must apply

a control algorithm to get close road signal that we give

HIL
Read 20
Encoder — 1 @
Body wrt base
| countZ2m
HIL Read Encoder
(HIL-1)
o]

Body wrt base1

Figure V4. Vehicle Body Block
In this block we get data from the encoder that measures the distance body to base.

Also we multiply with a constant to change the unit.

N . <2

™D -@ D @)
l\g\iyw(l\'\sn ‘ s Raad

HIL
Read 0 .b . D
Encoder suspension_comp

ocount2m

MIL Read Encoder

(HIL-Y)

comp

Figure V-3. Suspension Block

In this block, we get data from the other encoder and calculate suspension

compression and tire compresston.
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Saturation?

HIL Writa Analog1
(HIL-1)

Figure V-6, Control Actuator Block

In this block we send the control signal 1o control actuator. And control actuator

applics force to the system according to control signal. Again there is a gain because
we want to apply -5 1o +5 voltage to the system and aficr gain there is a saturation block.
It protects the motor and the AMPAQ from high voltage that control algorithm

gencerates,

5.3. Lincar Quadratic Regulator (LQR) Control

In the active suspension system, it is necessary (o minimize the vertical body
aceeleration, suspension deflection amount and wheel deviation amount expected from
the controller, Equations V-1 and V-2 are gencral space state formulations, Where d is
the system of noise input, u control input and the variables z consist of the sprung mass

acceleration, the suspension deflection and the tire deflection,

S Ax 4 Byd A Byu Ae R By e R By e RY (V-2)

7 Cyx A Dyyu C, a Rmxn ., @ pmxl (V-3)
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minimizing z variables. This tvne f
his type of control problems in the literature /1, is called the

optimal control proble = L
p problem [18].The optimization procedure for an LOR controller

consists of determining \ L
& the control input Fe which minimizes the following performance

index:

s —

] _J Z zdt = f[xTCITCIx + ZXTC;’-DIZU + urDlj’z[)’zu]dt (V"4)
0 0

The solution of the LQR problem is given in the solution of the given cquation (V-3).

u =—(D{2D12)"'B3 Px — (D],D;;)? (€] D) x

= —(DI,D12) ' [BIP + (CTDy,))x (V-5)

If the suspension system performance criteria are written to the LQR problem
formulation given by equation (V-3), the equation takes the form indicated by equation
(V-5). The new variables py, p;, p3 and p, can be defined as the weighting coefficients.
According to these coefficients, the order of importance can be listed among the

performance values.

(o]

f= [f 22 + py(zs + 2)* + pp2t + pa(zy — 2,)* + pyzidt (V-6)
0

If this optimization equation is written in the solution given with the equation (V-3).

1
R [k2x? + b2xk + b2x§ + Ff + 2ksbsxsxp — ZlesbsX1 Xy = 2b3x;%4
S

—2ksx1Fy — 2bsxaFy + 2bsxsFy (V-7)




Thus, the equation (V-7 js ensured

=2
Zs + pi(zg = 2,)% + p, 22
s u Przs + Ps(Zu e zr)Z +p42.3 - XTQX+ ZXTNFH + F;,TRFC, (V-8)

The containing s
g system parameters Q. N matrix and R, value used in equation (V-8),

are given in equation (V-8).

2
_,—-»"1" P b"k’ 0 _b.rks r ksz )
o w s
et 5 s b2 b2
— —S+tp, 0 —— s
Q= m? o m? , N =/ m? }andR=-r:—z
0 0 p 0 0 7 (V-9)
bk 3 . b?
s 0 2, -
m m, A L m, )

According to the output given with the equation (V-7), the performance index can be

written again (V-9).

= [Um(xTQx + 2x"Nu + uTRu)dt] ] (V-10)
0

If the optimum control performance problem given by the solution method in the
equation (V-4) is applied to equation (V-9) F; = -kx state feedback solution will be
generated under the noise input by d and minimizing the values indicated by z. The

matrix given by K (V-11) can be defined as feedback matrix which is the solution set

of the Ricatti equation (V-10). This solution set is given in (V-11) equation.
(A—BR™IN)"P+P(A - BRIN)+(Q - NTR™IN)—PBR™'BTP=0  (V-11)

K =R"1(BTP +N) ==
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As seen in the equation given by
. given by (V-11), the K gain matrix consists of two parts,

- T -1 _
R™'B'P and R™" N . R™' N consists of fixed parameters of the system and has 0o
connection with the solution of the Ricatti equation or the w cighting cocfTicients cised
in the performance index.

The result of this is that the K gain matrix depends on the weighting coeflicients
p1» P2, P3 And py used in the first part performance index expressed by R™'BTP and the
second part, expressed as R™' N, is the duty of eliminating the passive forces caused
by the passive spring and damper and expressed by kexy + bs(x2 = Xa)-

Thus, it is concluded that the total force acting on the LQR controlled active
suspension system is independent of the passive elements of the system expressed in k
and b. Even if the values of these passive elements change, the control will be

eliminated by the second part of the law R N [19].

3.3.1. Performance Studies of LQR Control Method

The eftect of the controller on the performance criteria is directly related to the
weighting coefficients used in the performance index. Therefore, different weighting
coefficients were used for the experiments. Adjustments were made according to the
desired performances. Table V-1. shows the weighting coefficients usad in the

experiments with LQR. In these parameters, the acceleration of the vehicle body and

the amount of deflection of tire were analysed.
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Table V-1 Weigh et
“Heighting f
iing coetlicients i | S, besign.

-

’———’_——\\

M pi ; *h“a" g | g |
testy 0.01 m 6001 OIK
E —WW 1 100 | OI;JT
Mests 100 | - 10000 | 100 OWT;
Mtests 200 100 200 f 100 ; omﬁ
B 1 ~ |

According 1o the first weighting coefficients, the acceleration of the vehicle in the
vertical direction and amount of tire deflection zre compared with the passive

suspension system. As can be observed from the Figure V-7. And V-3.

Acceleration of Sprung Mass
104 — 1
¢ i — achve :
! | ——— p=ssve !
1
:l_ !
\\ !
. i

Acceleration [m/s

2 "“’“""‘_,"—_"_—HTO; 102 10*
104
Frequency[Hz]

10

Figure V-7.Vertical acceleration of vehicle body

The active suspension system has a better response in terms of vertical acceleration
eactive )

performance at all frequencies than passive suspension.
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Figure V-8. Tire Deflection

The eflect of active suspension on tire deflection is given in Figure V-8. When the
results are evaluated, it shows that the tire deflection of the active suspension system
decreases in low frequency values. However, in frequency values between 3 Hz and 9
Hz, there was a worse deflection than the passive suspension.

If the acceleration weighting coefficient is increased and the tire deflection coefficient

is reduced in the second weighting coefficients, the results will be shown with Figure
i

V-9. and V-10.
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Figure V-9, Vertical acceleration of vehicle body
In the new welghting coefficients, the acceleration performance of the active
suspension in the vertical direction is better than the passive suspension at frequencics

up to 15112,
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Figure V-10.Tire Deflection
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The amount of tire deflection of active suspension is better than passive suspension
3t frequencies up to 3 Hz and higher than 12 Hz.

According to the third weighting coefficients, If the acceleration weighting
coefficient is reduced and the tire deflection coefTicient is increased, the results will be

<hown with Figure V-11.and V-12.

Acceleration of Sprung Mass
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Figure V-11.Ventical acceleration of vehicle body

According 1o the new weightings, the acceleration performance of the active
o g

jon i ‘o Fieure V-11. Since the acceleration
ion i .1 direction is shown in Figure V-I1. 2
suspension in the vertical direction

e v i :ase it gave se result than passive
performance Jeighting coefficient decrease 1t gave 4 worse 1 p
- J p

i ics hi I Hz.
suspension at frequencics higher than
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Figure V-12.Tire Deflection

The effect of the new controller on the tire deflection is given in Figure V-12.

According to the result obtained, it was observed a noticeable decrease in the tire

deflection amount performance of the system in the low frequency range up o 1 Hz.

However, it can be said that in the frequency range between 1-3 Hz and 8-20 Hz, the

performance better than the passive system.

The last weighting coefficients, the acceleration of the vehicle in the vertical

direction and the tire deflection arc compared with the passive suspension system. I
‘

ient and the tire deflection cocflicient increase equal as can be

the acceleration coeflicic

~ b Y & ,— .
observed from the Figure y-13.and V-14
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Figure V-13.Vertical acceleration of vehicle body

According to the equal weightings coefficient, the zcceleration performance of the

active suspension in the vertical direction is shown in Figure V-13. The acceleration

performance Worse result than passive suspension at frequencies up 10 | Hz and higher

than 12 Hz.

Tire Deflection H(s)
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Figure V-14.Tire Deflection

WA
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In equal weighting coeffici
Cocliic . .
ghting cocflicients, the tire deflection amount of active suspension

system has a better res 3 .
sy esult upto 3 Hz and in the frequencies range 9-20 Hz than passive

suspension.

According t :
g to the selected parameters, it was observed that it was not possible to
provide all four performances continuously at certain frequencies.

The results of the simulation and experiment studies with the different inputs are

detailed in the next part of study.

5.4. Skyhook control

In the Skyhook control, it is aimed to try to damp the movement of the vehicle
body with the help of a virtual damper. A damper, which is considered to be tied to the
sky, has a much better damping than the tire. The Sky-Hook control is used in both
semi active and active suspension systems. Since it cannot provide two-way force in
the semi active suspension system, the optimum performance contribution from the
virtual damper is only possible with the active suspension system. The Skyhook control
method is system feedback as in the LQR control method. Unlike the LQR method,
only the body speed is fecdback and multiplied by a gain factor. The force to be applied
to the system occurs this way. Only the speed of the vehicle can be checked and the
driving quality can be improved, but the performance of other situations in the system

is reduced. The Skyhook Force is calculated as in equation (V-11) [8].

Fsky:—cskyis (V-11)

The scheme of the Skyhook control system is as shown in Figure V-15.
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Figure V-13. Structure of skyhook control

5.4.1. Performance Studies of Skyhook Control Method

Three different cay values were used to see the effect of the Skyhook controller on

vehicle body acceleration and tire deflection. The coefficients are given in the table V-

2. below.

Table V-2. Coeflicients in Skyhook design

Csky Csky

10000 100000

1000

R

The results with the ciy values given in table V-2. arc shown in Figures from V-

16. to V-21.
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The Skyhook controller of the act;
Y ller of the active suspension shows very satisfactory results.

sumount of gain is increase , .
Asthe gainis increased, the vertical acceleration decreases at all frequencies,
it can be said wmore comfortable ride, The effect ofactive suspension on tire deflection

I8 H“‘“‘ result in low ﬁ'cqucncy values. However, there is a worse deflection than the

passive suspension in higher frequency values

5,5, Groundhook control

The Groundhook control method is like the Skyhook control method. Itis designed
with the help of a virtual fixed damper to reduce vibrations in the load of the wheel.
The velocity on the vertical axis of the tire is designed as a control input. The
Groundhook control method is system feedback as in the LQR control and skyhook
control methods. The Groundhook Force is calculated as in equation (V-12) [9]-
Fgnd=cgnar (V-12)

The scheme of the Groundhook control system is as shown in Figure V-22.

AZS
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C gnd Kl

J77777 -
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Figure V-22. Structure of Groundhook control
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5.5.1. Performance Styd;
nce Studies of Groundhook Con trol Method
Ctno

Three different ¢
end Value
S Were used to see the effect of the groundhook controller

on vehicle body accelerat
- A
tion and tire deflection. The coefficients are given in the table
V-3. below.

T g :
able V-3. Cocfficients in Groundhook design

Cgnd T Cgnd Cgnd
100 1000 10000

Tire Deflection Hrp(s)

T ‘J i

10" 10° 10’ i
Frequency[Hz]

Figure V-23. Tire deflection for cgna=100
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Figure V-28. Sprung mass acceleration for cgna=10000

According to the results, the acceleration of the vehicle in the vertical direction

and amount of tire deflection are compared with the passive suspension system. it was

observed that were improvements on the tire deflection. But the acceleration of the

sprung mass of the active suspension was worse than the passive suspension.

As the amount of gain is increased, vehicle body acceleration has increased. The

Groundhook controller improves the amount of tire deflection and cannot improve

vehicle body acceleration.
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VL. IMPLEMENTATION AND EXPERIMENTAL
RESULTS

The responses of the active suspension system with different controllers which
were designed with different weighting coefficients given in TableV-1. were observed.
The obtained results with LQR controller when an input of a squarc wave signal

and a random signal are applied to the system, are shown in the diagrams from Figure

vI-1. up to Figure VI-13. The other obtained results with Skyhook and Ground

controllers are shown between Figure VI-14. and Figure VI-25.
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Figure V[-1.Sprung mass acceleration with square wave signal test]

According to the first test with LQR controller in the test device, vehicle body
=]
sive suspension and simulation.

acceleration was more successful than pas
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According to the second test with LQR controller in the test device, vehicle body

acceleration was more successful than

a4 worse tire deflection than the passive suspension.

passive suspension and simulation. But there is
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Figure VI-4. Sprung mass acceleration with square wave signal tests
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Figure VI-5. Tire Deflection with square wave signal tests
When the coefficient of tire deflection is increased, it is seen that successful
results are obtained in the amount of tire deflection in the third test result with LQR.

However. the same success cannot be seen in the acceleration of vehicle body
9
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Figure VI-7. Tire Deflection with square wave signal tests

The fourth test with LQR shows that when the weighting coefficient of tire
deflection and vehicle body acceleration are taken as equal weight, there is a decrease

in vehicle body acceleration and tire deflection amount compared to passive

suspension.
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Figure VI-9. Tire Deflection with random signal testz
At the random road input of the second test, the acceleration weighted LQR
sive suspension on vehicle body acceleration.
with LOR than the passive suspension. The

ation results are more successful in vehicle body acceleration than the experiment.
O -

¢ is no damper in the test device.
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Figure VI-11. Tire Deflection with random signal tests
When the coefficient of tire deflection is increased, it is seen that successful results
are obtained in the amount of tire deflection in the third test result with LQR. However,
the same success cannot be seen in the acceleration of vehicle body. The simulation

results are more successful in vehicle body acceleration than the experiment. Because

there is no damper in the test device.
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Figure VI-13. Tire Deflection with random signal tests

cighted coefficients of the LQR controller at random road

| on both vehicle body acceleration

The results of the equal w
input show that passive suspension is more successfu

and tire deflection than active suspension.
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Figure VI-14. Sprung mass acceleration with random signal csky=100
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Figure VI-15. Tire Deflection with random signal csky=100
While the skyhook controller at the random input is found to be quite successful
on vehicle body acceleration. the same effect cannot be seen in the amount of tire
deflection. The simulation results are more successful in vehicle body acceleration than

the experiment. Because there is no damper in the test device.
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Figure VI-17. Tire Deflection with square wave signal csky=100

According to the second test with skyhook controller at the square wave input in
o

the test device, vehicle body acceleration was more successful than passive suspension
N¢ )

d simulation. But there is a worse tire deflection than the passive suspension.
an .
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Figure VI-18. Sprung mass acceleration with square wave signal cgnd=100
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Fioure VI-19. Tire Deflection with square wave signal cgnd=100
o
While the aroundhook controller at the square wave input is found to be quite
o
successful in the amount of tire deflection, the same effect cannot be seen on vehicle

body acceleration.
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Figure VI-20. Sprung mass acceleration with random signal cgnd=100
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Figure VI-21. Tire Deflection with random signal cgnd=100
According to the second test with groundhook controller at the random road
input in the test device, tire deflection amount is successful than passive suspension and

simulation. But there is a worse result of vehicle body acceleration than the passive

suspension.
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Figure VI-23. Tire Deflection with random signal cz~=100 and ¢y, =100

Comparing the groundhook and skyhook controllers at random road input, the
skyhook has a successful effect on vehicle body acceleration while the groundhook

controller has a successful effect on the amount of tire deflection.
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Figure VI1-25. Tire Deflection with square wave signal

Cena=100 and ¢4,=100

At the random road input, the skyhook has a successful effect on vehicle body
acceleration while the groundhook controller has a successful effect on the amount of

tire deflection.
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VIL CONCLUSIONS AND RECOMMEND,\TlONS

Vehicle systems are one
Sysiems e o S X .
fthe most affectad SYStems in developing computer and

lectronic - o\ "

lectronic technology, - L

¢ &Y. Therefore, many scientists have been working on active
ension systems. is thes - ‘

uspen ystems. In this thesis, active suspension system is examined and controllers

wn

are designed to improve driving safety and driving comfort

In the first part of the thesis,

and horizontal, lateral and vertical movements of the vehicles are
nsion test device representing the

information is given about the suspension systems

mentioned.

In the second part, the Quanser active suspe
was examined. The parts of the test

quarter vehicle model used in the proposed study
values of the parameters of

device are described as what they represent. The numerical
ed. Matlab simulink program was used as the working

the test device are specifi
as used to provide the connection

environment in the experiments. Quarc toolbox w

between the Quanser active suspension system and MATLARB.,
In the third and fourth part of the study, free-body diagrams were shown for quarter

vehicle model and mathematical modeling was done by using Newton's laws of motion.
The transfer functions of the system and the state-space model were obtained.
In the fifth part of the thesis, information is given about the control of active
suspension systems which are the main subject of analysis. Control methods applied in
the study are mentioned. Then the model of the active suspension system was removed
and the effects of the system parameters were determined. A full state feedback LQR
controller was designed using four different parameters of the active suspension system

and the performance values of the system were compared to big fosivessipsgision
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stem. Sky
system. Skyhook and groundhook controllers, wh;cj
S, Which are

. . an altemnatiye

) . method, .

designed and simulateq according 1g (he param e
eter chan

: ; ge. The perform
: drmance of
active suspension is evalygteq by applying sq he
uare wavye gj

) gnal and random «; -
to the system with the designed control| R
ers.

controllers have a signif;

cant impac
pact on the performance of the active suspension

system. This effect i .
J tis the acceleration of the vehicle body representing drivi fi
Ing comfort

and the vehicle's road holding is evident on the wheel deflection. It has been observed

that the single performance criteria on the active suspension system of the LQR method
give more positive results than the multiple performance criteria. The linear control
used in this thesis improves one or a maximum two of the performance values, while
the third performance value is ejther improved in certain narrow frequency ranges or
completely deteriorated. The Skyhook controller had positive results on vehicle body
acceleration, but not on the tire deflection. The Groundhook controller can be well
controlled on the tire deflection, while it cannot achieve the same success on
acceleration of vehicle body. The effect of combination of Skyhook and Groundhook
on active suspension are worse than their individual effects

Improvements can be made by adjusting the performance weighting coefficients. More
realistic results could be obtained if the full vehicle model was used instead of the
quarter vehicle model used in this study. Considering the overall study, the positive

results in the design of the active suspension system will help further studies in the

following years.
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APPENDIX

One of the used matlab codes i 4 follc
4 W,

v ¢ oy 2 f Y
Desiagn of a 1.O¢ oy
®/ i e

{ar
parameters B =
[ - Q B
ms=2.45 Sprung Mass
g ]
mu=1; Unsprung Mass (V.
| 8¢ )
ks=900; SUSPension Stiffnas

kt=2500; *Tire stiffnega
DS};.?;O suspension Inherent Darr
A=[C -l;-ks/ms -bs/ms N ;" NG confficien,
B=[0;1/ms5;0;-1/mu); /ms 0 bs/ms;0 00 1;ks/my bs/my
L=[0;0;-1:0]; M =Kt /my by fy)
c=eye (4);
p=zeros(4,1);
Cbody=[0 1 0 0];
pbody=0;
sysss=ss(A,L,Cbody,Dbody)
pode (sysss) ;
grid;
hold on
Bfull=[B L];
pfull=zeros(4,2);
pl1=200;
p2=100:
p3=200;
p4=100;
R=1/ms"2;
Q=[(((ks)"2/(ms)"2)+pl) ((bs*ks)/ (ms)*2)
* "~ - 0 -
ébgakg)-f:E:lkii/(?swf”(ms“z (((bs) "2/ (ms)*2) +p2) 0 - (hs)~
; ms) "2 =(bs)~2/(ms)*2 0 (((bs)~2 ~$bs)*2/(ms) 20
N=[-((ks)/(ms)"2);-bs/(ms)"2;0;bs/ (ms)*2]; /(ms)~2)+p4)];
(K1] = 1gr(A,B,Q,R,N) '
sysssc=ss (A-B*K1,L,Cbody, Dbody)
dersys=tf((1 0],1);
syssctf=tf (sysssc)
sysacc=syssctf*dersys
figure
bode (sysssc)
hold
bode (sysacc)
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