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ÖZET

GÜRBÜZ ELEKTROMEKANİK AKTİF SÜSPANSİYON SİSTEM-

LERİ TASARIMI VE ANALİZİ

Süspansiyon taşıtlarda sürüş konforu ve yol tutuşu üzerinde büyük etki-

si olan bir sistemdir. Süspansiyon sistemi yol üzerindeki kasis ve enge-

belerden kaynaklı titreşimleri en aza indirmek görevlerin yerine getirir.

Bu görevlere ek olarak viraj ve dönemeçlerde aracın kontrolünü arttırma

görevini üstlenir. Sistem içerisindeki yaylar yardımıyla taşıtın yolla kesin-

tisiz temasta olmasını ve yoldan gelen enerjinin depolanmasını sağlar. Sis-

tem içerisinde bulunan amortisör yaya aktarılan enerjinin sönümlenmesi

görevini yerine getirir. Ancak sadece yay ve amortisörden oluşan klasik

süspansion sistemleri değişen ortam koşullarına uyum sağlayamamaktadır.

Bu yüzden aktif ve yarı-aktif süspansiyon sistemleri geliştirilmiştir. Yarı-

aktif süspansiyon sistemlerinde taşıtın hareketinin sönümlenmesi amor-

tisör içindeki elektrik kontrollü bir valfle gerçekleştirilir. Amortisör için-

deki yağın viskozitesinin ayarlanması sayesinde taşıt üzerindeki titreşim ve

taşıtın yol tutuşu kontrol edilir. Bu tür süspansiyonlar dinamik sönümleme

kontrollü sistemler olarak da adlandırılır.

Aktif-süspansiyonlarda ise taşıtın sönümleme katsayısı ve katılığı hali

hazırda buluna yay ve amortisörün yanına ek aktüatör eklenerek kontrol

edilir. Bu sistemlerin amacı güvenlik ve sürüş konforunu birleştirmek-

tir. Gelişen teknoloji ile aktif süspansiyon uygulamaları artmaktadır. Ak-

tif süspansiyonlarda hidrolik, pnömatik ve elekromekanik aktüatörler kul-

lanılmaktır. Bu tezde aktif süspansiyonun türleri olan yavaş-aktif süs-

pansiyon ve tam-aktif süspansiyon için gürbüz kontrolcüler tasarlanmıştır.

Çalışmamızda H∞ kontrol yaklaşımı kullanılmıştır. Kontrolcü optimizas-

yonuda kullanılacak sınırlayıcı faktörler dikey gövde ivmelenmesi, taşıt
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lastiği dinamik sıkışması, süspansiyon açıklığı ve elektromekanik aktüatör

çabasıdır.

Çalışmamızda elektromekanik aktüatör, yavaş-aktif ve tam-aktif süs-

pansiyon modeline uygulanmıştır. Elektromekanik aktüatör; hidrolik, pnö-

matik aktüatörler içeren aktif süspansiyonlardaki pompa ve valfler gibi ek

donanımlar içermediği için avantaj sağlamaktadır. Gelecekte elektrikli oto-

mobillerin yaygın kullanımıyla birlikte elektromekanik aktüatörlere olan

ilginin artması beklenmektedir.

Yarım araç süspansiyon modeli kullanımında, çeyrek araç süspansiyon

sistemlerinin izleyemediği araç ağırlık merkezinin açısal hareketini kont-

rol edilmesi simülasyon ortamında gerçekleştirilmiştir; Ayrıca çeyrek araç

süspansiyon modeline göre daha ayrıntılı şekilde modellenmiştir. Bu sayede

simülasyon temelli bir çalışma olmasına rağmen deneysel ölçüm verilerine

yakın sonuçlar elde edilmesi amaçlanmıştır.

Çalışmamız sonucunda yavaş-aktif süspansiyon sisteminde yol tutuşunda

ihmal edilebilir miktarda düşüş gerçekleşmiştir. Tam-aktif süspansiyon

sisteminde ise yol tutuş performansında gelişme yaşanmıştır. Süspansiyon

sistemlerinin araç gövdesi ivmelenmesi ile sürüş konforunda gelişme yaşan-

mıştır. Araç dikey ivmelenmesinde tam-aktif süspansiyon en iyi perfor-

mansı sergilemiştir. Yavaş-aktif süspansiyon ise tam-aktif süspansiyona

göre düşük performans sergilemiştir. Araç gövdesi açısal ivmelenmelerinde

her iki aktif süspansiyon sistemi yüksek ve birbirlerine yakın performanslar

göstermiştir.

Enerji kullanımı açısından yavaş-aktif süspansiyon tam-aktif süspan-

siyon sistemine göre yüksek performans göstermiştir. Yavaş-aktif süspan-

siyonun enerji gereksiniminin tam-aktif süspansiyona göre yaklaşık dört

kat azaldığı gözlemlenmiştir.
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ABSTRACT

DESIGN AND ANALYSIS OF ROBUST ELECTROMECHANICAL

ACTIVE SUSPENSION SYSTEMS

Suspension is a mechanism that has a significant impact on vehicle han-

dling and comfort. The suspension system is responsible for reducing vi-

brations generated by road curves and bumps. Furthermore, the suspension

system is in charge of improving vehicle control in bends and curves. The

mechanism guarantees that the car maintains constant touch with the road,

and the power from the road is stored using springs in the suspension. The

shock absorber in the system, in turn, absorbs the energy that is transferred

to the spring. Traditional suspension systems, which consist of a spring

and a shock absorber, cannot adjust to changing environmental circum-

stances. As a result, active and semiactive suspension systems have been

created. A semi-active suspension system regulates vehicle damping using

a shock absorber controlled by an electric valve. The viscosity of the oil in

the shock absorber is adjusted to control the vibration and handling of the

vehicle.

These suspensions are also known as dynamic damping controlled sys-

tems. Furthermore, an active-suspension system, in addition to the existing

spring and shock absorber, controls the damping coefficient and stiffness

of the vehicle with the use of an additional actuator. The goal of these

systems is to combine both safety and comfort while driving. Besides,

the use of active suspensions is becoming more common as technology

advances. In active suspensions applications, hydraulic, pneumatic, and

electromechanical actuators are commonly employed. Robust controllers

for full-active suspension and slow-active suspension, both types of active

suspension, will be designed in this thesis. Robust control technique H∞
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control is applied in this study. Vertical body acceleration, tire dynamic

compression, suspension clearance, and electromechanical actuator effort

are all limiting variables in controller optimization.

The electromechanical actuator, which is used in slow-active and full-

active suspension systems, has advantages in terms of hydronic and pneu-

matic components, such as pumps and valves. This additional equipment

is not required for electromechanical systems. Electric automobile usage

is expected to rise in the future. As a result, the importance of electrome-

chanical actuators will increase.

The rotational movement of the car body can be controlled with the

half-car suspension system, but not with the quarter-car model. As with

the quarter-car suspension model, the half-car suspension model is more

detailed. Despite being carried out in a simulation environment, the study

aims to produce results that are comparable to experimental results.

The handling of the slow-active suspension system was reduced notice-

ably, while the handling of the full-active suspension system was increased.

Suspension system acceleration and driving comfort were also enhanced.

Full-active suspension provides the best vertical car body acceleration. The

angular acceleration performance of the vehicle body and systems are sim-

ilar. The systems outperformed the passive suspension system by a wide

margin.

The simulation revealed that the slow-active suspension outperformed

the full-active suspension in terms of actuator effort. The slow-active sus-

pension system required nearly four times less actuator effort than the full-

active suspension system.
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SYMBOLS

cb f : Front suspension damping coefficient [N/m]

cbr : Rear suspension damping coefficient [N/m]

cs : Body damping coefficient [N/m]

Ff : Force acting front of car body [N]

Fr : Force acting rear of car body [N]

Fw f : Force acting front wheel [N]

Fwr : Force acting rear wheel [N]

h : Roadway excitation [m]

h f : Front roadway excitation [m]

hr : Rear roadway excitation [m]

Jy : Pitch moment of inertia [kg·m2]

kb f : Front suspension stiffness [N/m]

kbr : Rear suspension stiffness [N/m]
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ks : Suspension stiffness [N/m]

kw f : Front tire stiffness [N/m]

kwr : Rear tire stiffness [N/m]

kt : Tire stiffness [N/m]

l f : Front wheelbase [m]

lr : Rear wheelbase [m]

mb : Quarter-car body mass [kg]

mw : Quarter-car wheel mass [kg]

Mb : Half-car body mass [kg]

mw f : Front wheel mass [kg]

v : Longitudinal velocity of the vehicle [m/s]

ωb : The natural frequency of the vehicle body [rad/s]

ωw : Natural frequency of wheel [rad/s]

ωd : The damped natural frequency of the vehicle body [rad/s]

ω0,act : Natural frequency of actuator [rad/s]
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ω0,act f : Natural frequency of front actuator [rad/s]

ω0,actr : Natural frequency of rear actuator [rad/s]

zact f : Front actuator spring seat relative displacement [m]

zactr : Rear actuator spring seat relative displacement [m]

żact f : Front actuator spring seat velocity [m/s]

żactr : Rear actuator spring seat acceleration [m/s2]

z̈act f : Front actuator spring seat acceleration [m/s2]

z̈actr : Rear actuator spring seat velocity [m/s]

zb : Vertical body displacement [m]

żb : Vertical body velocity [m/s]

z̈b : Vertical body acceleration [m/s2]

zb f : Front vertical body displacement [m]

zbr : Rear vertical body displacement [m]

zw : Vertical wheel displacement [m]

zw f : Front vertical wheel displacement [m]
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zwr : Rear vertical wheel displacement [m]

żw f : Front vertical wheel velocity [m/s]

żwr : Rear vertical wheel velocity [m/s]

z̈w f : Front vertical wheel acceleration [m/s2]

z̈wr : Rear vertical wheel acceleration [m/s2]

θ : Car body rotation angle [rad]

θ̇ : Car body rotation velocity [rad/s]

θ̈ : Car body rotation acceleration [rad/s2]

σ : Decaying constant

ζ : Damping ratio of LPF

u f : Front actuator signal input

u f : Rear actuator signal input

u′f : Front LPF signal to perfect actuator

u′r : Rear LPF signal to perfect actuator
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ABBREVIATIONS

LPF :Low-pass filter

SAA :Slow-active actuator

RMS :Root mean squared

PSD :Power spectral density

MA :Maximum amplitude
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1. INTRODUCTION

Suspension is a critical component of the chassis. The chassis is a term

that refers to the structure of a vehicle and its components, which include

the suspension system, wheels, brakes, and steering system. These compo-

nents collaborate to carry out the functions of the chassis. In other words,

these roles include ensuring the vehicle’s structural integrity, protecting

the driver and passengers from external forces, and providing ride comfort

[7]. Among these components, the suspension system, which is the sub-

ject of this thesis, is constructed by vehicle subcomponents such as spring,

damper, and tire, which define the vehicle’s driving dynamics. The sus-

pension system has a significant impact on vehicle handling, safety, and

comfort [3].

Various suspension systems have been created to improve vehicle han-

dling, safety, and comfort. These systems manage the vehicle’s interface

with the road as well as its response to it. These are known as active

suspension systems that are categorized into semi-active and full-active

suspension systems. The damper is controlled by semi-active suspension

systems. It seeks to achieve the ideal driving characteristics by adjusting

the suspension system’s damping coefficient. In addition to the existing

spring and damper components, full active suspension includes an actua-

tor that runs parallel to the elements and delivers force to the system. As

a result, the actuator regulates the stiffness and damping dynamics of the

suspension. Slow active suspension systems can be thought of as a subset

of active suspension systems, where the actuator in the slow active suspen-

sion system is connected in series to the spring in the system.

In active suspensions, several control techniques including as skyhook,

PID, and LQR are used today. These approaches cannot ensure that active

1



suspension systems will perform as expected in all conditions and will not

be influenced by disturbances and noises, this explains why active suspen-

sion control necessitates a strong control strategy. This research focuses

on the robust control of full active and slow active suspension systems, as

well as the performance comparison of these systems.

As a result, this research aims to demonstrate that the actuator effort of

slow active suspension systems is superior to the actuator effort of com-

plete active suspension systems without sacrificing driving comfort and

safety. The H∞ controller is created in this study. Systems with optimal

performance and power consumption will be developed as a result of the

robust control of suspension systems. The suspension control models em-

ployed in a computer simulation environment are also created, along with

using a half-vehicle model. The goal is to achieve a more realistic simula-

tion result than the quarter-vehicle model utilized in prior studies.

The system’s performance is decided by the variables listed below. Driv-

ing comfort, (vehicle vertical acceleration), |z̈b|, handling, (tire compres-

sion) |zw −h|, and actuator effort |u| are examples. The root-mean-square

(RMS) and power spectral density (PSD) will be used to evaluate our vari-

ables [3].

1.1 General Look to Suspension Technologies

Many automotive manufacturers have been working on active suspen-

sion technology since the 1980s. Many examples of this technology can

still be seen, such as active body control (ABC) by Mercedes and hydrac-

tive by Citroën. The different types of active suspension can be divided

into two major categories: full-active suspension and semi-active suspen-

sion. In fact, the key distinction between these systems is the amount of

power required for operation.

2



A semi-active system can adjust the damping of the system but can-

not apply force to it, whereas a full-active system can supply force to the

system in order to actively control it. Full active suspension systems con-

tribute to the development of semi-active suspension systems, which com-

monly employ magneto-rheological systems. Mercedes active body con-

trol suspension consists of a spring, damper, and hydraulic actuator. The

system bandwidth is 5 Hz and is mostly utilized for driving clearance ve-

hicle management. The system runs at 200 bar pressure and consumes

3-5kW of power [2].

Citroën Air Hydractive is a system that employs a hydraulic diagram

accumulator. The diagram is filled with nitrogen, and the amount of nitro-

gen is actively controlled by a pump and valves. Provided assistance can

also alter riding characteristics and the ride level [15].

Figure 1.1: Citroën air hydractive suspension system

Delphi Technology employs a magnetic field with varying viscosity

properties. According to the manufacturer, the system is probably chang-

ing 1000 times per second. Skyhook control can ensure good damping

performance while consuming 5W less power than a hydraulic suspension

system. Delphi technologies’ system is used by Ferrari and Cadillac [1].

Bose Corporation created a suspension system that demands signifi-

3



cant power consumption but does not have the restrictions of a hydraulic

actuator suspension system. The technology employs an electromagnetic

actuator to achieve high bandwidth while also being capable of energy re-

generation. The device, according to the maker, can stabilize roll and pitch

motions while cornering and braking.

Figure 1.2: Bose active suspension system

1.2 Literature Survey

Known as hydro-pneumatic suspension, Citroën brought active suspen-

sion in the 1950s. In the 1970s, researchers began to investigate active

suspensions. Then, various publications, aimed at actively regulating the

suspension, were published.

The study “Robust design of active suspension system” published in

1993 [11], focused on the quarter car suspension concept. When the sys-

tem is defined with parametric uncertainties, the study demonstrates the

drawbacks of the LQR control strategy. When unknown parameters have

various nominal conditions, the system produces an unwanted response.
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The author, in order to accomplish objective behavior on the system using

the state feedback H∞ control strategy, compensates for parametric uncer-

tainty impacts at the expense of system performance. With only a few

trials, the system reaches the requisite level of robustness.

Der Sande’s [3] robust control approach is applied to a practical elec-

tromagnetic actuator full active quarter car system. The robust controller

design incorporates metric and nonparametric uncertainty. As a result, the

author created a LQG controller with no robust attributes for comparison

reasons. The author compares and contrasts simulated and measured con-

trollers. When obtaining the necessary degree of robustness and perfor-

mance.

Vehovers [14] simulates road conditions by referencing velocity rough-

ness and terrain elements and employing a variety of active suspension

controller designs for quarter vehicle models, including LQG, full state

feedback, and skyhook. Then, examines the performance of the controllers.

Kabil’s master thesis [7], titled “Alternative control techniques for elec-

tromechanical active suspension system” models a low bandwidth (Slow)

active suspension system to achieve desired suspension performance and

ride comfort. The system is designed to control the actuator in a variety of

ways, including skyhook, groundhook, complete state feedback, and com-

binations. The systems were then tested in both a virtual and real-world

context. The analysis concludes that the best controller is a combination

of skyhook and state-space control.
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The goal of “Preview Control of Slow Active Suspension System” [4]

is to model and control a slow active suspension system that is adaptable

to a half-car model. The actuator dynamics are also modeled as a second-

order low pass filter by the authors. The author designed many controllers

to accomplish desired ride comfort and suspension deflection utilizing var-

ious control methodologies such as LQG and preview control. The author

then examined systems with controller effects on the system based on the

desired performance goals.

Soyici [13] employs LMI optimization for the goal of designing a con-

troller for the quarter vehicle model that employs a combination of H2 and

H∞ performance criteria. The author’s goal is to keep suspension while

minimizing vertical body acceleration and to keep the deflection within a

specific boundary. For acquiring the appropriate H2 and H∞ mixed con-

troller, the author analyses the data using (RMS) root-mean-square values.

Researchers at the University of Pretonia [6] worked on several automo-

tive models such as quarter, half, and complete car models. The researchers

obtained each system dynamic and simulated these systems in a computer

environment. The simulation data are then compared to measurement data

from the numerous sensors used to evaluate the car. The results suggest

that more thorough modeling brings us closer to simulation and measure-

ment data. Researchers also investigated the value of vertical acceleration.

With measurement data, the entire car model exhibited a similar value.

Then, using data from closeness measurements, other car models align.

The half-car model yielded the second-best close data, and the final model

was the quarter automobile.
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Koch [8] developed on the quarter-vehicle model, which was evalu-

ated on stochastic road profiles and discontinuous disturbance events like

bumps. For suspension systems, the author employed skyhook, adaptive

skyhook, and LQR techniques. The suspension workbench was then tested

by the author. The author compared each system’s performance.

Additionally, many authors have thought about employing LQG and

skyhook control methods. This study, in turn, on synthesis of a robust

control strategy. The approach will then be applied to the half-car model,

since more accurate computer simulation results than the quarter-car model

are desired. The control technique will use a slow active and a complete,

active half-car model to demonstrate how a slow active system requires less

actuator effort than a full active system while sacrificing little ride comfort

and handling performance.

1.3 Scientific Contribution

Our research focuses on half-car suspension system control. The rea-

son for using this type of model is to get as close to experimental data as

possible while using computer environment simulation, as highlighted in

the previous section study.

Furthermore, the half-car vehicle suspension model allows you to con-

trol the pitch motion of the suspension car body. The widely used quarter-

car suspension model cannot control the car’s pitch motion.

Our research employs a performance evaluation approach based on ac-

tuator effort to reduce the energy consumption of active suspension. With

the increased use of electric vehicles, the evaluation method will become

increasingly important. Energy consumption of suspension actuator is crit-

ical for electric vehicles with limited battery capacity.
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1.4 Objectives

The electromechanical suspension has several advantages, these advan-

tages can be seen in having lower energy consumption when compared to

hydraulic and pneumatic systems, the absence of the need for additional

equipment to keep the system running efficiently, and having simplified

system maintenance. As a result, in this study, the actuator type for slow

and full active suspension systems is used for controlling the suspension

model. In addition, the goal of this research is to demonstrate slow and full

active suspension systems with powerful control techniques. The benefits

and drawbacks of these systems will then be examined in order to achieve

balanced controller ride comfort and actuator effort.

In other words, the study’s objectives can be described in several steps:

• Modeling a slow and full active suspension system by using MAT-

LAB that includes electromechanical actuator dynamics.

• Creating the test conditions, such as roads with the properties of smooth,

rough, and bumpy roads.

• Creating filters for this study-related controller synthesis, such as one

for modifying acceleration, suspension travel, and actuator effort.

• Simulating the systems using previously provided inputs such as smooth,

rough, and bumpy road conditions.

• Clarifying the processing system replies by comparing performance

using multiple approaches such as root-mean-square (RMS) values

and power spectral density analysis.
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2. VEHICLE SUSPENSION SYSTEM

A suspension system can be used to describe system components as

dampers, springs, and reduces vibrations on a vehicle. This system re-

sponds to various critical vehicle functions such as providing ride com-

fort, modifying driving characteristics, and controlling the car’s roll, pitch,

and yaw behavior. The vehicle body and passengers are also protected

from disturbances that are caused by road conditions, which affect the yaw,

pitch, and roll dynamics of the vehicle body. Furthermore, the suspension

system has the ability to keep the wheels connected to the road surface for

power transmission, handling, acceleration, and braking, all of which have

a direct impact on driving safety.

Figure 2.1: Vehicle motions

The figure shows us the motions capable of car chassis which affect car

stability and safety.
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2.1 Suspension System Main Concepts

The suspension system’s major effect is to reduce vibration. This vibra-

tion is created by source road stimulation that is transmitted to the wheels

and subsequently to the chassis via the suspension system, where the el-

ements spring and damper interact with one another. The properties of a

spring are determined by the degree of compression and tension, as well

as the measurement of the damper’s reaction speed. Both pieces limit the

vertical displacement of the chassis. A vehicle’s attributes influence its

comfort and handling. These are the underlying frequencies of the chassis

and wheels.

Besides, the damper in the suspension system guarantees that the ampli-

tude of the oscillation is reduced. The natural frequencies of the car body

and wheel are different. The simplest suspension model, the quarter-car

model, can be used to demonstrate these features.

Sprung massmb

zb

ks cs Suspension

Unsprung massmw

zw

kt Tire
h

Figure 2.2: Quarter car model
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The natural frequency of the car body can be calculated as follows [7]:

ωb =

√
kb

mb
(2.1)

The natural frequency of the wheel can be calculated as follows [7]:

ωw =

√
kb + kt

mw
(2.2)

The system possesses decaying oscillations features such as decay rate

’σ ’ and damped frequency ’ωd’ because of the damping element of the

system. The equations are shown in equations (2.3) and (2.4) [7].

σ =
cs

mb
(2.3)

ωd =
√

ωn2 −σ2 (2.4)

2.1.1 Definition of Ride Comfort

Passengers’ riding comfort is affected by disturbance vibration. This

vibration is caused by part excitations on the road and in the powertrain.

To prevent disturbances of this kind, the suspension system is quite signif-

icant. Additionally, ride comfort can determine vertical and angular accel-

eration parameters of the car body.

Vertical acceleration is represented by |z̈b|, and angular acceleration is

represented by |θ̈ |. Root Mean Square (RMS) and Power Spectral Density

(PSD) values are measured and compared. The comfort concept is founded

on human perception, as evidenced by various scientific studies. These

studies point to a frequency range of 4-8 Hz that is bothersome to humans
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[3].

Figure 2.3: Human perception against certain disturbances

2.1.2 Definition of Handling

Vehicle handling is essential when performing actions such as steering,

accelerating, and braking. The force between the tire and the road influ-

ences handling. The force affects two primary factors: the unstrung wheel

and the body that causes vibrations. General admission, as well as stiff tire

signifies a reduced dynamic tire help force to better handling performance.

Tire sidewall thickness and tire pressure are two tire parameters that might

affect handling.

Moreover, the interface between the road and the tire is critical for un-

derstanding the concept. To illustrate, for the half-car vehicle model, the

compression value of each tire, which represents |zw f − h f | for the front

tire and |zwr − hr| for the rear tire, may simply be obtained. For a safe

drive, the values while driving must be lower than certain recognized val-
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ues. Similarly to acceleration values, the values measure and compare

root-mean-square (RMS) and power spectral density (PSD) data [3].

2.1.3 Definition of Actuator Effort

Actuator effort is defined as the energy of signal flow from the controller

to the actuator. This term has a direct impact on the active suspension

system’s power consumption. The Root Mean Square and Power Spectral

Density value can be used to evaluate the signal.

2.2 Vehicle Suspension Models

2.2.1 Half-car Slow Active Vehicle Model

This car model has four degrees of freedom. The motion of car body

is evaluated in terms of pitch and heave. Figure 2.4 shows a schematic

illustration of the model. The model is included slow active actuators that

were modeled using linear parameters. The system is composed of three

rigid bodies: the vehicle body, the front, and rear wheel assemblies.

Several assumptions underlie the system:

• The vehicle is driven horizontally at a constant speed.

• The vehicle has the ability to move vertically.

• Wheel assemblies allow for vertical movement.

• The suspension system is thought to exert force point interactions

through the vehicle body.

• Tire stiffness represents by linear springs.

• The vehicle is exposed to road disturbances caused by road irregular-

ities.
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• The suspension system actuators are founded between the car body

and wheel assemblies to apply force.

The system’s degrees of freedom are as follows:

• The vertical travel of the vehicle’s center of mass

• The rotating movement of the vehicle’s body mass center

• The vertical travels of the front and rear wheel assemblies

Mb,Jy
zb f zbr

zb

θ

mw f

zw f mwr
zwr

kw f
h f

kwr
hr

cb f

zact, f

kb f

cbr

zact,r

kbr

l f lr

LPF LPF

u′f u′r

u f ur

Figure 2.4: Half-car vehicle slow active suspension model

A slow-active actuator system consists of an actuator with a limited

bandwidth coupled in series to a spring and in parallel to a damper. The

system is an example of a displacement control problem. A second order

low pass filter, which is coupled to the ideal actuator, can simulate the

actuator’s typical limited bandwidth [4].
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A generic form of low-pass filter can be defined using by the equation

(2.5). The input and the output signals are defined by x and y, respectively.

The constant parameters are ω0,act , natural frequency of and actuator ζ

damping ratio of LPF.

ÿ+2ζ ω0,act ẏ+ω0,act
2y = ω0,act

2x (2.5)

The forces acting on the car body can be defined using the dynamic equa-

tion (2.6).

Mbz̈b =−Ff −Fr (2.6)

Torques act on the car body can also be defined, along with the dynamic

equation, using equation (2.7).

Jyθ̈ = l f Ff − lrFr (2.7)

In (2.8) equations, the forces acting on each wheel assembly are repre-

sented.

mw f z̈w f = Ff −Fw f (2.8a)

mwr z̈wr = Fr −Fwr (2.8b)

In equations (2.9) and (2.10), the forces are rewritten in terms of spring

and damper elements. Slow-active variables are represented by zact, f and

zact,r. actuator (SAA) displacements in terms of zb f and zbr positions.

Ff = kb f (zact, f − zw f )+ cb f (żb f − żw f ) (2.9a)

Fr = kbr(zact,r − zwr)+ cbr(żbr − żwr) (2.9b)

Fw f = kw f (zw f −h f ) (2.10a)

Fwr = kwr(zwr −hr) (2.10b)
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The parameters of zb f and zbr are redefined in terms of zb and θ in

equations .

zb f = zb − l f θ (2.11a)

zbr = zb + lrθ (2.11b)

The previous equations are summed up in the following equations (2.12),

(2.13), (2.14), and (2.15).

θ̈ =
1
Jy
[(−l f

2cb f − lr2cbr)θ̇ +(l f cb f − lrcbr)żb − l f kb f zw f

−l f cw f żw f + lrkbrzbr + lrcbr żwr + l f kb f zact, f − lrkbrzact,r]

(2.12)

z̈b =
1

Mb
[(l f cb f − lrcbr)θ̇ − (cb f + cbr)żb + kb f zw f + cb f żw f

+kbrzwr + cbr żwr − kb f zact, f − kbrzact,r]

(2.13)

z̈w f =
1

mw f

[−l f cb f θ̇ + cb f żb − (kb f + kw f )zw f − cb f żw f + kb f zact, f + kw f h f ]

(2.14)

z̈wr =
1

mwr

[lrcbr θ̇ + cbr żb − (kbr + kwr)zwr − cbr żwr + kbrzact,r + kwrhr]

(2.15)

Second-order LPF equations are defined in equations (2.16).

ü′f +2ζ ω0,act f u̇
′
f +ω

2
0,act f

u′f = ω
2
0,act f

u f (2.16a)

ü′r +2ζ ω0,actr u̇
′
r +ω

2
0,actru

′
r = ω

2
0,actrur (2.16b)

Equations (2.17) is defined by the system actuator input.

u′f = zb f − zact, f (2.17a)

u′r = zbr − zact,r (2.17b)
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The conventions of zb f and zbr to zb and θ result in the (2.18) equations.

u′f = zb + l f θ − zact, f (2.18a)

u′r = zb − lrθ − zact,r (2.18b)

Then, ¨zact, f and ¨zact,r are taken the derivative twice.

¨zact, f = z̈b + l f θ̈ − ü′f (2.19a)

¨zact,r = z̈b − lrθ̈ − ü′r (2.19b)

(2.20) and (2.21) are the final actuator dynamics equations. LPF dynamics

were also used to embed the equations.

z̈act, f =−l f w2
0,act f

θ +(−2l f w0,act f + l f cb f a1 − lrcbra2)θ̇ +w2
0,act f

zb

+(2ζ w0,act f − cb f a1 − cbra2)żb + kb f a1zb f + cb f a1żb f + kbra2zbr + cbra2żbr

−(w2
0,act f

+ kb f a1)zact, f −2ζ w0,act f żact, f − kbra2zact,r −w2
0,act f

u f

(2.20)

z̈act,r = lrw2
0,act f

θ +(2lrw0,actr + l f cb f a2 − lrcbra3)θ̇ +w2
0,actrzb

+(2ζ w0,actr − cb f a2 − cbra3)żb + kb f a2zb f + cb f a2żb f + kbra3zbr

+cbra3żbr − kb f a2zact, f − (w2
0,actr + kbra3)zact,r −2ζ w0,actr żact,r −w2

0,actrur

(2.21)

where

a1 =
1

Mb
+

l2
f

Jy
,a2 =

1
Mb

−
l f lr
Jy

,a3 =
1

Mb
+

l2
r

Jy
(2.22)

The system of state-space states are defined in vector (2.23).

zs =[θ θ̇ zb żb zw f żw f zwr żwr zact, f żact, f

zact,r żact,r]
T

(2.23)
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The disturbance and control inputs are defined in vectors (2.24).

wi = [h f hr]
T (2.24a)

ui = [u f ur]
T (2.24b)

The state-space system performance and measurement outputs are defined

in vectors (2.25).

zo =[zw f −h f zwr −hr z̈b θ̈ zb f − zw f zbr − zwr u f ur] (2.25a)

yo =[z̈b θ̈ z̈w f z̈wr zb f − zw f zbr − zwr θ̇ ] (2.25b)

The performance outputs are defined front tire compression zw f − h f ,

rear tire compression zwr −hr, vehicle body vertical acceleration z̈b, vehi-

cle body rotational acceleration θ̈ , front suspension travel zb f − zw f , rear

suspension travel zbr − zwr , front actuator effort u f , rear actuator effort ur.

The measurement outputs are defined vehicle acceleration of vehicle

body z̈b, rotational acceleration of the vehicle body θ̈ , front wheel verti-

cal acceleration z̈w f , rear wheel vertical acceleration z̈wr , front suspension

travel zb f − zw f , rear suspension travel zbr − zwr , vehicle body rotational

velocity θ̇ .
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2.2.2 Half-car Full Active Vehicle Model

The full active half-car system is seen in figure 2.5. The model is

equipped with full active actuators and characterized by linear parame-

ters. The model carries the same mechanical principles and assumptions

as the previous slow-active half-car model. Also, The degrees of freedom

of the suspension system is the same as the previous subsection model.

The difference between the models originated from the actuator type and

the connection style of actuator.

To control the vehicle, the full-active actuator incorporates a parallel-

connected damper and spring. The actuator dynamics are represented with

a first order transfer function which are limit of displacement 0.05 m. The

full active actuator transfer function is modeled because represents rapid

response behavior. The transfer function of the actuator is shown in equa-

tion (2.26) [10].

Act f ,r =
1

1+ s/60
(2.26)

The dynamic equations of the system are written in terms of the vertical

and angular movement of the vehicle body (2.27) and (2.28).

Mbz̈b =−(cb f+cbr
)żb +(l f cb f − lrcbr)θ̇ − kb f (zb f − zw f )+ cb f żw f

−kbr(zbr − zwr)+ cbr żwr +u f +ur
(2.27)

Jyθ̈ = (l f cb f − lrcbr)żb − (l2
f cb f + l2

r cbr)θ̇ + l f kb f (zb f − zw f )− l f cb f żw f

−lrkbr(zbr − zwr)+ lrcbr żwr − l f u f + lrur

(2.28)
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Figure 2.5: Half-car vehicle, full active suspension model

Equations (2.29) and (2.30) are obtained in terms of front and rear wheel

masses.

z̈w f =−
kw f

mw f

z+
cb f

mw f

ż+
l f kw f

mw f

θ −
l f cb f

mw f

θ̇ +
kb f + kw f

mw f

(zb f − zw f )

−
cb f

mw f

żw f +
kw f

mw f

h f −
u f

mw f

(2.29)

z̈wr =− kwr

mwr

z+
cbr

mwr

ż− lrkwr

mwr

θ +
lrcbr

mwr

θ̇ +
kbr + kwr

mwr

(zbr − zwr)

−
cbr

mwr

żwr +
kwr

mwr

hr −
ur

mwr

(2.30)

The system of state-space states are defined in vector (2.31).

zs =[zb żb θ θ̇ zb f − zw f żw f zbr − zwr żwr] (2.31)
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The disturbance and control inputs are defined in vectors (2.32).

wi = [h f hr]
T (2.32a)

ui = [u f ur]
T (2.32b)

The state-space system performance and measurement outputs are defined

in vectors (2.33).

zo =[zw f −h f zwr −hr z̈b θ̈ zb f − zw f zbr − zwr u f ur] (2.33a)

yo =[z̈b θ̈ z̈w f z̈wr zb f − zw f zbr − zwr θ̇ ] (2.33b)

The system inputs and outputs are the same as in the previous slow-active

half-car model. Table 2.1 defines the slow-active and full-active vehicle

suspension system parameters.

Table 2.1: Vehicle Parameters

Parameters Symbol Value

Half car mass [kg] Mb 997

Front wheel mass [kg] mw f 40

Rear wheel mass [kg] mwr 40

Front wheel base [m] l f 1.2963

Rear wheel base [kg] lr 1.6477

Front suspension spring stiffness [N/m] kb f 111000

Rear suspension spring stiffness [N/m] kbr 67000

Front suspension damping coefficient [Ns/m] cb f 3500

Rear suspension damping coefficient [Ns/m] cbr 2800

Front tire stiffness [N/m] kw f 234000

Rear tire stiffness [N/m] kwr 234000

Car pitch moment of inertia [kg·m2] Jy 3800

Slow-active actuators natural frequency [rad/s] wact,0 f ,r 5.8

Slow-active actuators damping ratio [-] ζ 0.9
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2.3 Road conditions

While driving, a vehicle is subjected to disturbances. The disturbance

has two essential characteristics: stochastic disturbance (random probabil-

ity) and deterministic disturbance. The driving conditions, such as road

surface quality, are described by stochastic disturbance. A first order filter

that takes white noise as its input is represented in the road surface [9].

1
vVx

ḣ+h = w (2.34)

Here, h is the vertical road heave, Vx is the vehicle’s horizontal speed,

and w is a white noise signal. The value v represents the cut-off frequency

at which irregularities. The amplitude of the road condition is multiplied

by ψ gain. ts is defined sampling time and is defined 0.0025 s [3].

Table 2.2: Road condition parameters

Road type v(rad/m) Vx(m/s) ψ

Smooth 0.2 30 0.05
√

0.001
ts

Rough 0.8 7.5 0.125
√

0.001
ts

The bumpy road condition is generated by in terms of a cos function,

which defines equation (2.35) and is dependent on the t parameter. The

function specifies a maximum bump of 0.03 meter height [10].

h = 0.015(1− cos(8πt)) (2.35)
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Our suspension systems are built around a half-car vehicle model. To

demonstrate the characteristic, a delay between the front and rear wheel

road disturbances is added. The delay is determined by the horizontal

speed of the vehicle. The following equation (2.36) is used to describe

the relation.

td =
l f + lr

Vx
(2.36)

Figure 2.6 depicts sample road disturbance signals.
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Figure 2.6: Road condition samples
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3. CONTROL OF ACTIVE SUSPENSION

The preceding chapter introduced the slow-active and full-active half-

car suspension. These system attributes will be utilized by the controllers.

The chapter will concentrate on creating a controller to deal with random

and bump inputs. Controllers will employ a robust control approach H∞

when constructing the controller.

3.1 Control Objectives

The main control objectives of ride comfort, in this study, are defined by

RMS and PSD vertical acceleration z̈b. In order to improve ride comfort,

the value will be compared to the ISO261 criterion. The ISO2631 target

function approximated Zuo’s fifth order transfer function [16].

WISO2631 =
87.72s4 +1138s3 +11336s2 +5453s+5509

s5 +92.69s4 +2550s3 +25969s2 +81057s+79783
(3.1)

The handling objective is also defined by the RMS tire compression of

zw f −h f and zwr −hr for minimization of these variables, which maximize

the vertical and horizontal forces acting on the vehicle wheels.

The suspension travels zb f − zw f and zbr − zwr are constrained by the

suspension system’s physical properties. The actuator-assisted suspension

travel adjustment must be less than the maximum suspension clearance.

The end goal is actuator effort, which is obtained by RMS and PSD val-

ues.Actuator effort are demonstrated the energy advantage of slow-active

versus full-active suspension systems.
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3.2 H∞ control

H∞ method is used to synthesize a controller to achieve stabilization

and desired performance.To use the method, system represent a general

plant structure for applying mathematic optimization method of H∞. Any

H∞ control problem is formulated as figure 3.1. P(s) is linear system is

defined as follows:

(
z

y

)
= P(s)

(
w

u

)
=

(
P11(s) P12(s)

P21(s) P22(s)

)(
w

u

)
(3.2)

The controller K is described in equation (3.3).

u = K(s)y (3.3)

P

N

K

u y

w z

Figure 3.1: General H∞ control configuration

The transfer function between z and w is represented with N.

z = Tzw(P,K)w = N(s)w (3.4)
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The lower linear transformation is used to define the N transfer function.

N(s) = Tzw = P11(s)+P22(s)K(s)[I −P22(s)K(s)]−1P21(s) (3.5)

Determine a controller K that stabilizes P given a generalized plant. N is

also defined. The H∞ norm of the transfer function matrix N(s) is defined

as:

||N(s)||= ||Tzw(s)||∞ = maxωσ [Tzw( jω)] (3.6)

Where ω is the maximum singular value of the matrix N( jω).H∞ norm of

N should be small as possible.

||N||∞ ≤ γ (3.7)

3.3 Controller synthesis model

The half vehicle model is used to design the robust controller that is

similar to the models discussed in Chapter 2. Model uncertainties and

weighting filters, however, must incorporate. The model depicted in Figure

(3.3). The model’s uncertainty can come from a variety of sources.

The system parameters of linear model are frequently estimated or in-

correct. Furthermore, these parameters lack any non-linear characteristics

such as damping coefficients.

Because of sensor noise or discretization, signal measurement is not

ideal, which results in the fact that signals are uncertain. This uncertainty

is represented in the table 3.1 by adding white noises with different gains.

Because of the lower degree model, the system’s high frequency modes

remain unknown. The system’s degree of modeling the higher order modal

frequencies can make the system unpredictable.

Instead of an excessively complex model, a less complex model be used,

and the dynamics that were neglected be represented as uncertainty.
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The controller that is implemented may differ from the one to appear by

resolving the synthesis problem. To account for controller order reduction,

some uncertainty could be included.

Furthermore, it is assumed that the system’s dynamics are unknown;

above 30 Hz. As illustrated in figure 3.2, a multiplicative uncertainty is

thus introduced.

Pp = P(I +Wunmodel∆I) (3.8)

The system consists of uncertain vehicle mass, tire stiffness, and damping

characteristics that fluctuate within a specified range.

P

WUnmodel ∆I

Pp

Unmodeled dynamics

Figure 3.2: Plant and unmodeled dynamics

Wunmodel can define as

WUnmodel =

1
(2π30)2 s2 + 1.414

2π30 +1
1

(2π400)2 s2 + 1.414
2π400 +1

(3.9)

Wn1 to Wn7 weights, repressed effect of random noises act on system.

Front and rear tire compression, sprung vertical and rotational accelera-

tions, front and rear suspension travel, and front and rear actuator effort

are the eight weighted parameters utilized in H∞ control.
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Table 3.1: Uncertainty parameters of half car model

Parameter name Uncertainty type Mean value Deviation

Sprung mass Parametric uncertainty 997 kg -85 +150 kg

Tire stiffness Parametric uncertainty 2.34e5 N/m ±0.3e5 N/m

Front damping coefficient Parametric uncertainty 3500 Ns/m -550 +250 Ns/m

Rear damping coefficient Parametric uncertainty 2800 Ns/m -550 +250 Ns/m

Sprung vertical acceleration sensor Sensor noise - ±0.024m/s2 RMS

Sprung angular acceleration sensor Sensor noise - ±0.024rad/s2 RMS

Unsprung vertical acceleration sensor Sensor noise - ±0.178m/s2 RMS

Suspension travel sensor Sensor noise - ±0.002m RMS

Plant

Wroad, f

Wroad,r

h f

hr

white noise

white noise

Wact, f

Wact,r

u f

ur
per f 2,1

per f 2,2

Wtc1

zw f −h f per f1,1

Wtc2

zwr −hr per f1,2

Wiso1

z̈b per f3,1

Wiso2
θ̈ per f3,2

Wst1

zb f − zw f per f4,1

Wst2
zbr − zwr per f4,2

z̈w f

Wn1
cont1noise

z̈wr

Wn2
cont2noise

θ̇

Wn3
cont3noise

Wn4
cont4noise

Wn5
cont5noise

Wn6
cont6noise

Wn7
cont7noise

Figure 3.3: Model used for controller synthesis
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3.4 Robustness Requirements

The controlled system’s main requirements are performance and stabil-

ity. Nominal Stability (NS) and Robust Stability (RS) are two categories

under the stability requirement (RS). Nominal stability is obtained in sys-

tem poles. All system poles must be left half plane. Furthermore, when

robust stability is guaranteed, the controlled system is stable for all dis-

turbed plants. The N∆ structure is taken into account in this, as shown in

figure 3.2. The transfer function between exogenous inputs u and outputs

y is defined as.

Fu(N,∆) = N22 +N21∆(I −N11∆)−1N21 (3.10)

N22 is the nominal plant, and N11 is the plant to link to the disturbances.

Also, N must be stable, as (I −N11∆)−1 is the only source of instability.

M = N11 structure is stable, according to the Nyquist criterion. M∆ must

be for all ω

µ(M( jω))< 1,∀ω (3.11)

With µ the structured singular value.

3.5 Weighting filters

Weighting filters are used to shape input signals such as road distur-

bance and controller signals in order to accomplish performance goals. In

addition, the size and design of performance filters can influence the fre-

quency response of the outputs.
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3.5.1 Sprung accelerations

Humans are particularly sensitive to vertical vibrations between 4 and

10 Hz. The ISO2631-1 standard for evaluating suspension performance

takes this into account. Transfer function (3.12) shows Zuo’s [16] achieve-

ment in transforming this frequency-dependent weighting into a continu-

ous time transfer function for use in simulation. Despite the fact that up to

fifth-order fits have been obtained, it was chosen to use the second order

fit, which is defined as

Wz̈s(s) = wz̈s

86.51s+546.1
s2 +82.17s+1892

(3.12)

using wz̈s a gain that is used to alter the importance of sprung acceleration.

The use of this weighted filter has the disadvantage of having a very low

gain at high frequencies, which allows for significant vertical acceleration

and leads to instability. wz̈s will be adjusted during the simulation process.

3.5.2 Tire compressions

Tire compression is widely used in the literature to indicate how well

an automobile holds the road. This is a plausible assumption because the

amount of lateral force a tire can create is affected by the vertical load.

Pacejka’s tire model is utilized to get the appropriate weight ([12]). The

estimated first order filter is defined as

Wzt(s) = wzt

1
2π12s+1

1
2π0.6s+1

(3.13)

Because comfort is likely to be prioritized above minor sideslip angles

when building weighted filters, allowing for more vertical displacement

at higher frequencies, which will be similar to how the weighting filter
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Figure 3.4: 5th order and 2nd order ISO 2631 weights

operates. In this application, wzt is a gain factor that can be utilized to

highlight dynamic tire compression.

3.5.3 Actuator effort

The actuator’s design positions its limits outside the frequencies of in-

terest to maximize comfort and reduce actuator effort. The actuator param-

eters R and L, as well as the motor constants, were provided by Gysen [5].

However, there is no gain in comfort or handling at such frequency, the

actuator is not necessary to apply force up to this frequency. Because tire

and chassis resonances can occur over 30 Hz, it was determined to limit the

actuator force above this frequency. The weighted filter, in turns, produces
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a second-order, restricted high pass filter.

WFact(s) = wFact

1
(2π30)2 s2 + 2β1

2π30s+1

1
(2π200)2 s2 + 2β2

2π200s+1
(3.14)

β1 and β2 are defined 1√
2

as achieving smooth roll on and roll off. The

actuator weighting filter’s significance can be stated using the gain wFact .

3.5.4 Suspension travel

The suspension travel weight requirement is determined by the clear-

ance between the sprung and unsprung masses. The gain is represented by

a single gain that adjusts during simulation.

Wz(s) = wz (3.15)
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4. RESULTS AND DISCUSSIONS

The simulation results are presented in this section. To achieve the best

possible riding comfort, the optimum control settings for each controller

model were first determined in the previous chapter. As a result, multiple

simulations are done using various controller types to understand the reac-

tion of the controller. The controller models created in MATLAB aid in the

development of the control system toolbox and the robust control toolbox.

4.1 Passive Suspension System Simulation Results

The simulation model of the passive suspension system does not create

actuator motions. The simulation is tested the vehicle’s response to the

road conditions which are defined in chapter 2, and these measurements are

utilized as baseline comparison data. These measurements are the vehicle’s

linear and angular accelerations, suspension travels, tire compression, and

actuator efforts.
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Figure 4.1: Passive suspension systems body linear acceleration based on road profiles

RMS Value [m/s2] PSD maximum amplitude [dB/Hz]

smooth road 0.0782 0.0045
rough road 0.1904 0.0317

bump 1.7734 5.65

Table 4.1: RMS values and PSD maximum amplitudes based on various road conditions
for linear acceleration of car body for passive suspension system
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Figure 4.2: Passive suspension system body angular acceleration based on road profiles

RMS Value [rad/s2] PSD Maximum Amplitude [dB/Hz]

smooth road 0.0134 3.0529x10−4

rough road 0.0335 0.0019
bump 0.7440 1.3724

Table 4.2: RMS values and PSD maximum amplitudes based on various road conditions
for angular acceleration of car body for passive suspension system
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Figure 4.3: Passive suspension system front suspension travel based on road profiles

RMS Value [m] PSD maximum amplitude [dB/Hz]

smooth road 0.0036 2.1804x10−5

rough road 0.0091 1.3642x10−4

bump 0.1489 0.0403

Table 4.3: RMS values and PSD maximum amplitudes based on various road conditions
for front suspension travel for passive suspension system
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Figure 4.4: Passive suspension system rear suspension travel based on road profiles

RMS Value [m] PSD maximum amplitude [dB/Hz]

smooth road 0.0066 1.6785x10−5

rough road 0.0164 1.0482x10−4

bump 0.0943 0.0116

Table 4.4: RMS values and PSD maximum amplitudes based on various road conditions
for rear suspension travel for passive suspension system
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Figure 4.5: Passive suspension system front tire compression based on road profiles

RMS Value [m] PSD maximum amplitude [dB/Hz]

smooth road 1.8141x10−4 2.1820x10−8

rough road 4.5362x10−4 1.3662x10−7

bump 0.0042 3.5299x10−5

Table 4.5: RMS values and PSD maximum amplitudes based on various road conditions
for front tire compression for passive suspension system
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Figure 4.6: Passive suspension system rear tire compression based on road profiles

RMS Value [m] PSD maximum amplitude [dB/Hz]

smooth road 1.8365x10−4 2.2159x10−8

rough road 4.5924x10−4 1.3865x10−7

bump 0.0058 7.0286x10−5

Table 4.6: RMS values and PSD maximum amplitudes based on various road conditions
for rear tire compression for passive suspension system

4.2 H∞ Control Simulation Results

H∞ controller design approach attempts to improve the riding comfort

of suspension system and handling. In the controller design, the weights

described in the preceding section are used. Acceleration, suspension

movement, tire compression, and actuator efforts are the data to be em-

ployed in the performance evaluation.
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Figure 4.7: H∞ control linear acceleration on smooth road
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Figure 4.8: H∞ control linear acceleration on rough road
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Figure 4.9: H∞ control linear acceleration on bump

Slow-active
RMS Value [m/s2] PSD maximum amplitude [dB/Hz]

smooth road 0.0739 0.0041
rough road 0.1848 0.0256

bump 1.6502 4.7051
Full-active

RMS Value [m/s2] PSD maximum amplitude [dB/Hz]

smooth road 0.0676 0.0035
rough road 0.1691 0.0219

bump 1.5807 4.6565

Table 4.7: RMS values and PSD maximum amplitudes based on various road conditions
linear body acceleration for slow-active and full-active suspensions controlled by H∞ con-
troller
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Figure 4.10: H∞ control angular acceleration on smooth road
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Figure 4.11: H∞ control angular acceleration on rough road
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Figure 4.12: H∞ control angular acceleration on bump

Slow-active
RMS Value [rad/s2] PSD maximum amplitude [dB/Hz]

smooth road 0.0084 9.5269x10−5

rough road 0.0211 5.59x10−4

bump 0.1751 0.0369
Full-active

RMS Value [rad/s2] PSD maximum amplitude [dB/Hz]

smooth road 0.0027 5.2052x10−6

rough road 0.0067 3.2413x10−5

bump 0.0811 0.0105

Table 4.8: RMS values and PSD maximum amplitudes based on various road conditions
angular body acceleration for slow-active and full-active suspensions controlled by H∞

controller
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Figure 4.13: H∞ control front suspension travel on smooth road
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Figure 4.14: H∞ control front suspension travel on rough road
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Figure 4.15: H∞ control front suspension travel on bump

Slow-active
RMS Value [m] PSD maximum amplitude [dB/Hz]

smooth road 0.0054 8.2566x10−5

rough road 0.0135 5.1702x10−4

bump 0.1639 0.0738
Full-active

RMS Value [m] PSD maximum amplitude [dB/Hz]

smooth road 2.4565x10−4 7.1425x10−8

rough road 6.1432x10−4 4.4699x10−7

bump 0.0078 1.2035x10−4

Table 4.9: RMS values and PSD maximum amplitudes based on various road conditions
front suspension travel for slow-active and full-active suspensions controlled by H∞ con-
troller
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Figure 4.16: H∞ control rear suspension travel on smooth road
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Figure 4.17: H∞ control rear suspension travel on rough road

46



0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

time(sec)

-0.05

0

0.05

0.1

0.15

0.2

tr
a

v
e

l(
m

)

Hinf slow act

Hinf full act

Figure 4.18: H∞ control rear suspension travel on bump

Slow-active
RMS Value [m] PSD maximum amplitude [dB/Hz]

smooth road 0.0041 4.7453x10−5

rough road 0.0103 2.9725x10−4

bump 0.1259 0.0463
Full-active

RMS Value [m] PSD maximum amplitude [dB/Hz]

smooth road 2.7384x10−4 7.7410x10−8

rough road 6.8465x10−4 4.8399x10−7

bump 0.0079 1.2826x10−4

Table 4.10: RMS values and PSD maximum amplitudes based on various road conditions
rear suspension travel for slow-active and full-active suspensions controlled by H∞ con-
troller
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Figure 4.19: H∞ control front tire compression on smooth road
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Figure 4.20: H∞ control front tire compression on rough road
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Figure 4.21: H∞ control front tire compression on bump

Slow-active
RMS Value [m] PSD maximum amplitude [dB/Hz]

smooth road 2.1688x10−4 3.9902x10−8

rough road 5.4216x10−4 2.4944x10−7

bump 0.0053 2.6439x10−5

Full-active
RMS Value [m] PSD maximum amplitude [dB/Hz]

smooth road 1.7709x10−4 2.1108x10−8

rough road 4.4280x10−4 1.3209x10−7

bump 0.0041 3.2441x10−5

Table 4.11: RMS values and PSD maximum amplitudes based on various road conditions
front tire compression for slow-active and full-active suspensions controlled by H∞ con-
troller
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Figure 4.22: H∞ control rear tire compression on smooth road
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Figure 4.23: H∞ control rear tire compression on rough road
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Figure 4.24: H∞ control rear tire compression on bump

Slow-active
RMS Value [m] PSD maximum amplitude [dB/Hz]

smooth road 1.5497x10−4 6.6365x10−9

rough road 3.8746x10−4 4.1532x10−8

bump 0.0036 2.2198x10−5

Full-active
RMS Value [m/s2] PSD maximum amplitude [dB/Hz]

smooth road 1.6160x10−4 1.1091x10−8

rough road 4.04003x10−4 6.9329x10−8

bump 0.0027 1.3912x10−5

Table 4.12: RMS values and PSD maximum amplitudes based on various road conditions
rear tire compression for slow-active and full-active suspensions controlled by H∞ con-
troller
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Figure 4.25: H∞ control front actuator effort on smooth road
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Figure 4.26: H∞ control front actuator effort on rough road
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Figure 4.27: H∞ control front actuator effort on bump

Slow-active
RMS Value PSD maximum amplitude

smooth road 0.0094 5.8197x10−5

rough road 0.0236 3.6470x10−4

bump 0.1821 0.0650
Full-active

RMS Value PSD maximum amplitude

smooth road 0.0360 0.0020
rough road 0.0900 0.0124

bump 0.8470 1.1835

Table 4.13: RMS values and PSD maximum amplitudes based on various road condi-
tions front actuator effort for slow-active and full-active suspensions controlled by H∞

controller
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Figure 4.28: H∞ control rear actuator effort on smooth road
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Figure 4.29: H∞ control rear actuator effort on rough road
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Figure 4.30: H∞ control rear actuator effort on bump

Slow-active
RMS Value PSD maximum amplitude

smooth road 0.0069 3.6967x10−5

rough road 0.0173 2.3173x10−4

bump 0.1366 0.0432
Full-active

RMS Value PSD maximum amplitude

smooth road 0.0391 0.0023
rough road 0.0977 0.0146

bump 0.8860 1.2934

Table 4.14: RMS values and PSD maximum amplitudes based on various road conditions
rear actuator effort for slow-active and full-active suspensions controlled by H∞ controller

The result of µ-analysis shows H∞ the controller’s slow-active suspen-

sion can tolerate an extra 110% of the uncertainty for each parameter. H∞

the controller’s full-active suspension can manage up an extra 194% of the

uncertainty for each parameter. The 4.15 table shows the limits of param-

eters in terms of slow-active and full-active suspension systems.
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Table 4.15: Uncertainty rages result of µ-analysis of close-loop suspension systems

slow-active suspension full-active suspension

Mean value Deviation

Mb 997 kg -93.5 +165 kg -161.5 +291 kg

cb f 3500 Ns/m -650 +270 Ns/m -1067 +485 Ns/m

cbr 2800 Ns/m -650 +270 Ns/m -1067 +485 Ns/m

kw f 2.34e5 N/m ±0.33e5 N/m ±0.582e5 N/m

kwr 2.34e5 N/m ±0.33e5 N/m ±0.582e5 N/m

4.3 Evaluation of Simulations

Two alternative suspension systems outperformed the passive suspen-

sion system in simulations. The tables below offer data on riding comfort,

handling, and actuator effort for compassion controllers versus passive sys-

tems.

The tables below compare the ride comforts of various systems based

on linear and angular acceleration. In general, the four systems offer more

comfort than the passive suspension system.

smooth road condition
RMS Value Chance [%] PSD MA Change [%]

Passive — —
H∞ with slow-active 5.49 8.88
H∞ with full-active 13.55 22.22

Table 4.16: Comparison table of suspensions linear accelerations based on RMS and PSD
values on smooth road condition

rough road condition
RMS Value Chance [%] PSD MA Change [%]

Passive — —
H∞ with slow-active 2.94 19.24
H∞ with full-active 11.18 30.91

Table 4.17: Comparison table of suspensions linear accelerations based on RMS and PSD
values on rough road condition
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bump condition
RMS Value Chance [%] PSD MA Change [%]

Passive — —
H∞ with slow-active 6.94 16.72
H∞ with full-active 10.86 17.6

Table 4.18: Comparison table of suspensions linear accelerations based on RMS and PSD
values on bump condition

Linear accelerations are compared in the tables. 4.16,4.17 and 4.18

show that full-active suspension controlled by H∞ controller outperforms

passive suspension. The slow-active suspension system controlled by H∞

controller is the second-best system.

smooth road condition
RMS Value Chance [%] PSD MA Change [%]

Passive — —
H∞ with slow-active 37.31 68.79
H∞ with full-active 79.85 98.29

Table 4.19: Comparison table of suspensions angular accelerations based on RMS and
PSD values on smooth road condition

rough road condition
RMS Value Chance [%] PSD MA Change [%]

Passive — —
H∞ with slow-active 37.01 68.67
H∞ with full-active 80 98.29

Table 4.20: Comparison table of suspensions angular accelerations based on RMS and
PSD values on rough road condition

bump condition
RMS Value Chance [%] PSD MA Change [%]

Passive — —
H∞ with slow-active 76.46 97.31
H∞ with full-active 89.09 99.23

Table 4.21: Comparison table of suspensions angular accelerations based on RMS and
PSD values on bump condition

The comparison of angular accelerations 4.19, 4.20 and 4.21 demon-

strate that the best performing system is full-active suspension controlled

by H∞ controller. The slow-active suspension system controlled by a H∞

controller is the second-best solution.
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smooth road condition
RMS Value Chance [%] PSD MA Change [%]

Passive — —
H∞ with slow-active -1.85 -5.81
H∞ with full-active 7.22 26.78

Table 4.22: Comparison table of suspensions average tire compression based on RMS and
PSD values on smooth road condition

rough road condition
RMS Value Chance [%] PSD MA Change [%]

Passive — —
H∞ with slow-active -1.79 -5.70
H∞ with full-active 7.27 26.82

Table 4.23: Comparison table of suspensions average tire compression based on RMS and
PSD values on rough road condition

bump condition
RMS Value Chance [%] PSD MA Change [%]

Passive — —
H∞ with slow-active 11 53.93
H∞ with full-active 32 56.09

Table 4.24: Comparison table of suspensions average tire compression based on RMS and
PSD values on bump condition

Tables 4.22, 4.23 and 4.24 demonstrates that the best performing system

is full-active suspension controlled by H∞ controller. The worst performed

system is the slow-active suspension system controlled by a H∞ controller.
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smooth road condition
RMS Value PSD maximum amplitude

Passive — —
H∞ with slow-active 7.9x10−3 4.89x10−5

H∞ with full-active 3.76x10−2 2.15x10−3

Table 4.25: Comparison table of suspensions average actuator effort based on RMS and
PSD values on smooth road condition

rough road condition
RMS Value PSD maximum amplitude

Passive — —
H∞ with slow-active 2.05x10−2 2.98x10−4

H∞ with full-active 9.39x10−2 1.35x10−2

Table 4.26: Comparison table of suspensions average actuator effort based on RMS and
PSD values on rough road condition

bump condition
RMS Value PSD maximum amplitude

Passive — —
H∞ with slow-active 0.159 0.0541
H∞ with full-active 0.867 1.24

Table 4.27: Comparison table of suspensions average actuator effort based on RMS and
PSD values on bump condition

Tables 4.25, 4.26 and 4.27 compare the front and rear actuator effort

mean values of the system. The slow-active suspension system that is con-

trolled by H∞ controller has the lowest energy need.
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5. CONCLUSION

The main objective of this thesis is to show, while adjusting H∞ control,

how slow-active and full-active suspensions differ on a half-car model. The

systems are compared based on desired performance, which includes rid-

ing comfort, handling, and system robustness.

The best linear acceleration performance was achieved with the H∞ con-

troller and a full-active suspension system. The performance of a full-

active system is comparable to that of a slow-active system. In comparison

to the passive suspension system, both systems improve passenger driving

comfort.

Control of the H∞ controllers significantly improves the angular acceler-

ation performance of slow and full suspension systems. The best advance-

ment is the full-active system, which nearly stabilizes the pitch of the car

body. In turn, the slow-active system improves the angular acceleration of

the car body, which is nearly half of the full-active performance increase.

The slow-active suspension system’s handling performance has decreased

insignificantly. The handling of the full-active suspension system has been

improved.

The least amount of actuator effort was required by the H∞ controller

with a slow-active suspension system. Slow-active suspension improves

actuator effort four times more than full-active suspension.
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6. APPENDIX

6.1 Slow-active Half Car Suspension State-space Equation

PSLA :


ẍ = Ax+B1w+B2u

z =C1x+D11w+D12u

y =C2x+D21w+D22u

PSLA(s) :


A B1 B2

C1 D11 D12

C2 D21 D22

 (6.1)

A=



0 1 0 0 0 0 0 0 0 0 0 0

0
−l f

2cb f −lr2cbr

Jy
0

−l f cb f +lrcbr

Jy

l f kb f
Jy

l f cb f
Jy

−lrkbr
Jy

−lrcbr
Jy

−l f kb f
Jy

0 lrkbr
Jy

0
0 0 0 1 0 0 0 0 0 0 0 0

0
−l f cb f +lrcbr

Mb
0

−cb f −cbr

Mb

kb f
Mb

cb f
Mb

kbr
Mb

cbr
Mb

−kb f
Mb

0 −kbr
Mb

0
0 0 0 0 0 1 0 0 0 0 0 0

0
−l f cb f

mwr
0

cb f
mw f

−kb f −kw f
mw f

−cb f
mw f

0 0
kb f
mw f

0 0 0

0 0 0 0 0 0 0 1 0 0 0 0
0 −lrcbr

mwr
0 cbr

mwr
0 0 −kbr−kwr

mwr

−cbr
mwr

0 0 kbr
mwr

0
0 0 0 0 0 0 0 0 0 1 0 0

l f w0,act f
2 2l f ζ f w0,act f − l f cb f a1 + lrcbra2 w0,act f

2 2ζ f w0,act f − cb f a1 − cbra2 kb f a1 cb f a1 kbra2 cbra2 −w0,act f
2 − kb f a1 −2ζ f w0,act f −kb f a2 0

0 0 0 0 0 0 0 0 0 0 0 1
−lrw0,actr

2 −2lrζrw0,actr − l f cb f a2 + lrcbra3 w0,actr
2 2ζrw0,actr − cb f a2 − cbra3 kb f a2 cb f a2 kbra3 cbra3 −kb f a2 0 −w0,actr

2 − kbra3 −2ζrw0,actr


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zs =[θ θ̇ zb żb zw f żw f zwr żwr zact, f żact,r zact,r żact,r]
T (6.2)

B1=



0 0
0 0
0 0
0 0
0 0

kw f
mw f

0

0 0
0 kwr

mwr
0 0
0 0
0 0
0 0



B2=



0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0

−w2
0,act f

0
0 0
0 −w2

0,actr



ui = [u f ur]
T (6.3)

wi = [h f hr]
T (6.4)
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C1=



0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0

0
−l f cb f +lrcbr

Mb
0

−cb f −cbr

Mb

kb f
Mb

cb f
Mb

kbr
Mb

cbr
Mb

−kb f
Mb

0 −kbr
Mb

0

0
−l f

2cb f −lr2cbr

Jy
0

−l f cb f +lrcbr

Jy

l f kb f
Jy

l f cb f
Jy

−lrkbr
Jy

−lrcbr
Jy

−l f kb f
Jy

0 lrkbr
Jy

0
l f 0 1 0 −1 0 0 0 0 0 0 0
−lr 0 1 0 0 0 −1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0



zo =[zw f −h f zwr −hr z̈b θ̈ zb f − zw f zbr − zwr u f ur] (6.5)

C2=



0
−l f cb f +lrcbr

Mb
0

−cb f −cbr

Mb

kb f
Mb

cb f
Mb

kbr
Mb

cbr
Mb

−kb f
Mb

0 −kbr
Mb

0

0
−l f

2cb f −lr2cbr

Jy
0

−l f cb f +lrcbr

Jy

l f kb f
Jy

l f cb f
Jy

−lrkbr
Jy

−lrcbr
Jy

−l f kb f
Jy

0 lrkbr
Jy

0

0
−l f cb f

mwr
0

cb f
mw f

−kb f −kw f
mw f

−cb f
mw f

0 0
kb f
mw f

0 0 0

0 −lrcbr
mwr

0 cbr
mwr

0 0 −kbr−kwr
mwr

−cbr
mwr

0 0 kbr
mwr

0
l f 0 1 0 −1 0 0 0 0 0 0 0
−lr 0 1 0 0 0 −1 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0



zo =[z̈b θ̈ z̈w f z̈wr zb f − zw f zbr − zwr θ̇ ] (6.6)
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D11=



−1 0
0 −1
0 0
0 0
0 0
0 0
0 0
0 0


D12=



0 0
0 0
0 0
0 0
0 0
0 0
1 0
0 1


D21=



0 0
0 0

kw f
mw f

0

0 kwr
mwr

0 0
0 0
0 0


D22=



0 0
0 0
0 0
0 0
0 0
0 0
0 0


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6.2 Full-active Half Car Suspension State-space Equation

PFA :


ẍ = Ax+B1w+B2u

z =C1x+D11w+D12u

y =C2x+D21w+D22u

PFA(s) :


A B1 B2

C1 D11 D12

C2 D21 D22

 (6.7)

A=



0 1 0 0 0 0 0 0

0
−cb f −cbr

Mb
0

l f cb f −lrcbr

Mb

−kb f
mb

cb f
Mb

−kbr
Mb

cbr
Mb

0 0 0 1 0 0 0 0

0
l f cb f −lrcbr

Jy
0

−l2
f cb f −l2

r cbr

Jy

l f kb f
Jy

−l f cb f
Jy

−lrkbr
Jy

lrcbr
Jy

0 1 0 −l f 0 −1 0 0
−kw f
mw f

cb f
mw f

l f kw f
mw f

−l f cb f
mw f

kb f +kw f
mw f

−cb f
mw f

0 0

0 1 0 lr 0 0 0 −1
−kwr
mwr

cbr
mwr

−lrkwr
mwr

lrcbr
mwr

0 0 kbr+kwr
mwr

−cbr
mwr


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zs =[zb żb θ θ̇ zb f − zw f żw f zbr − zwr żwr]
T (6.8)

B1=



0 0
0 0
0 0
0 0
0 0

kw f
mw f

0

0 0
0 kwr

mwr


B2=



0 0
1

Mb

1
Mb

0 0
−l f
Jy

lr
Jy

0 0
−1

mw f
0

0 0
0 −1

mwr


ui = [u f ur]

T (6.9)

wi = [h f hr]
T (6.10)
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C1=



1 0 −l f 0 −1 0 0 0
1 0 lr 0 0 0 −1 0

0
−cb f −cbr

Mb
0

l f cb f −lrcbr

Mb

−kb f
mb

cb f
Mb

−kbr
Mb

cbr
Mb

0
l f cb f −lrcbr

Jy
0

−l2
f cb f −l2

r cbr

Jy

l f kb f
Jy

−l f cb f
Jy

−lrkbr
Jy

lrcbr
Jy

0 0 0 0 1 0 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0



zo =[zw f −h f zwr −hr z̈b θ̈ zb f − zw f zbr − zwr u f ur] (6.11)

C2=



0
−cb f −cbr

Mb
0

l f cb f −lrcbr

Mb

−kb f
mb

cb f
Mb

−kbr
Mb

cbr
Mb

0
l f cb f −lrcbr

Jy
0

−l2
f cb f −l2

r cbr

Jy

l f kb f
Jy

−l f cb f
Jy

−lrkbr
Jy

lrcbr
Jy

−kw f
mw f

cb f
mw f

l f kw f
mw f

−l f cb f
mw f

kb f +kw f
mw f

−cb f
mw f

0 0
−kwr
mwr

cbr
mwr

−lrkwr
mwr

lrcbr
mwr

0 0 kbr+kwr
mwr

−cbr
mwr

0 0 0 0 1 0 0 0
0 0 0 0 0 0 1 0
0 0 0 1 0 0 0 0



zo =[z̈b θ̈ z̈w f z̈wr zb f − zw f zbr − zwr θ̇ ] (6.12)
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D11=



−1 0
0 −1
0 0
0 0
0 0
0 0
0 0
0 0


D12=



0 0
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6.3 PSD Graphs of Suspension Systems
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Figure 6.5: Passive suspension systems body linear acceleration PSD based on road pro-
files

0 50 100 150 200 250 300 350 400 450 500

Frequency (Hz)

-140

-120

-100

-80

-60

-40

-20

0

20

P
o

w
e

r/
F

re
q

u
e

n
c
y
 (

d
B

/H
z
)

smooth road

rough road

bump

Figure 6.6: Passive suspension system body angular acceleration PSD based on road
profiles
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Figure 6.7: H∞ control linear acceleration PSD graph on smooth road
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Figure 6.8: H∞ control linear acceleration PSD graph on rough road

72



0 50 100 150 200 250 300 350 400 450 500

Frequency (Hz)

-100

-80

-60

-40

-20

0

20

P
o

w
e

r/
F

re
q

u
e

n
c
y
 (

d
B

/H
z
)

Hinf slow act

Hinf full act

Figure 6.9: H∞ control linear acceleration PSD graph on bump
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Figure 6.10: H∞ control angular acceleration PSD graph on smooth road
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Figure 6.11: H∞ control angular acceleration PSD graph on rough road
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Figure 6.12: H∞ control angular acceleration PSD graph on bump
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