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Abstract

Active and semi-active suspensions are devices designed to improve comfort and road-

holding performance of the vehicle. Considered as one of the most advanced technolo-

gies in the automotive field, they allow to control the suspension motion by acting on

its damping characteristics (semi-active and active), to perform energy recovery func-

tions (active) and to provide active forces to the suspension (active). The semi-active

device can induce a variable damping without requiring high energy levels and with re-

duced costs. The active system, instead, needs more supplied energy, higher costs and

produces an overall actuation force for controlling the suspension motion. In the last

years both solutions have been studied and developed in different forms with peculiar

features, with the common purpose of enhancing the performance of a conventional

fixed-damping suspension system.

One of these active technologies is the subject of this Thesis Work: a Rotary Regen-

erative Shock Absorber (RRSA) for automotive application. This prototype has been

designed as a pure electro-mechanical active device installed in the vehicle suspension

to replace the traditional passive damper. By means of a properly designed linkage

system, the forces exchanged between ground and tire are transmitted to the RRSA

device, which in turns is able to provide active and passive forces, with potential energy

recovering capacity in the second case.

This study, in particular, has focused on the RRSA prototype introduced in a physical

Hardware-In-the-Loop (HIL) installation. The active device has been connected to an

actuation testbench and simulated in different conditions imposed by a Quarter Car

SimulinkTM Model implemented in a dSpaceTM Unit.

First, the entire HIL system has been modelled in MATLAB/SimulinkTM. Then, the

limited testbench-bandwidth has been extended by using properly designed Compensa-

tion Methods, experimentally validated in actual HIL Testing. After that, simulations

and tests have been conducted to the HIL Model to prove its robustness. Finally,

specific analyses have been carried out to the RRSA Model for evaluating the most

suitable control strategy for optimizing the performance of the Quarter Car Model.
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Chapter 1

Introduction

1.1 Active and semi-active suspensions

1.1.1 Suspension technologies

In the last years, advanced vehicle suspension systems with adaptive, semi-active, and

active devices have attracted interest in the field of the engineering research and de-

velopment.

According to their capacity for adjusting the damping force, automobile suspensions

can be classified as passive, active or semi active (SA). Passive suspensions are gen-

erally found in most vehicles and consist of a spring, used to store energy for some

time segment of a suspension cycle, in parallel with a passive shock absorber used

to dissipate this energy. Thus, they are able only to dissipate energy. Their damping

characteristics are set to be time invariant, but they are dependent on ageing and wear.

Their damping capabilities are set mechanically by an a priori choice of a particular

level of compromise between comfort and road-holding performance.

Vehicle suspensions with active components improve the comprehensive performances

of vehicles. Active suspensions are able to store, dissipate and generate energy to

control the chassis motion by using a fully active actuator. Thus, an external power

supply is necessary to operate this mechatronic control system. They can influence

both the steady state as well as the transient behaviour of the suspension deflection;
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Introduction

thus, theoretically, the compromise in conventional passive suspensions is eliminated.

Because the power demand of active suspensions in luxury and/or heavy vehicles is too

large to meet using standard vehicle supplies, SA suspensions have gained importance

for car manufacturers during the last few decades. In addition, SA control has re-

cently been an area of much interest because it provides similar performances of active

actuators without requiring a significant external power supply for the dampers. SA

suspensions consist of a spring and a damping component with a continuously vari-

able damping coefficient adjusted through external control signals along a road profile,

which offers much better comfort and road-holding performances with respect to those

provided by passive suspensions. The most fundamental advantage is its cost benefit in

comparison with those of active suspensions, i.e. a SA suspension is much less complex

than an active suspension and may be manufactured at a lower cost. However, this

technology does not allow to operate in active mode, i.e providing power to the sus-

pension system, differently from the active devices, but just to dissipate energy with a

variale controlled damping system. Overall, the economical feasibility and the reduced

complexity of the SA technology has led the engineering research towards them, despite

the active technologies can offer a wider range of operating conditions.

In the following are grouped some options for adaptable damping technologies: electro-

hydraulic (EH) technology in which the valve holes dimensions are varied; pneumatic

damper which varies the pressure in the damper camera; Magneto-Rheological Damper

(MR) which varies the oil viscosity using a magnetic field; electrorheological damper

where the viscosity of the oil varies according to the applied voltage. Their fundamen-

tal working principle are briefly explained in the schemes in Figure 1.1 a) and Figure

1.1 b).

Some applications, instead, are characterized by the use of electro-magnetic and electro-

mechanical based systems, for providing an overall force depending on the current level

applied by the ECU. Furthermore, more advanced solutions have being studied and

analized in order to improve the efficiency and the control capabilities and, on the other

hand, the economical aspect of the entire project.

2



1.1. Active and semi-active suspensions

(a) Magneto-Rheological Damper

(b) Electro-Rheological Damper

Figure 1.1: Examples of semi-active damper with variable controlled damping

1.1.2 Rotary Regenerative system

In the automotive field, new worldwide regulations are driving the change for a always

cleaner environment. Thanks to the constantly increasing electrification of the imple-

mented systems, the tendency nowadays is to spread the usage of mechatronics devices.

Such systems, indeed, are the favoured ones due to their energy harvesting features,

improving efficiency and overall achieved CO2 emissions.

Among the different mechatronic technologies, regenerative shock absorbers are one of

the most interesting. These systems are able to change the damping characteristics or
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even to provide active forces to the vehicle suspension, while also recovering part of

the energy, otherwise dissipated as heat. In order to perform this dual behaviour , they

employ an electric machine controlled as a generator (damper) or motor (actuator), as

described in [2].

Considering the type of suspension motion, linear electric machines could seem the

best choice to be implemented in a regenerative damper. Their limited force density,

however, has suggested the use of rotary electric motors combined with a properly de-

signed linear-to-rotary motion conversion system, such as ball screw, rack pinion and

electro-hydrostatic systems, the most diffused examples in literature, [2].

In 2016, Audi AG developed and introduced eROT, a new concept of regenerative sus-

pension based on a rotary drive line, composed by an electric machine and a gearbox.

Differently from traditional dampers, such system is connected to the suspension itself

through a linkage and it can work as full active damper. For this technology it has

been specified an overall harvesting output from four corners in the range of 100-150W

on average, during testing on German roads, with different power transients according

to the road roughness. Under customer driving conditions, all of this results in a C02

savings up to 3g/km [2].

The latest developments from the german group has shown a similar device with addi-

tional features for further improving comfort and safety. By implementing a predictive

control strategy with cameras, the system can scan the road and regulate consequently

the active force provided to the suspension system. The overall result is a smoother

cruise and a higher level of perceived comfort for the passengers, with reduced accel-

eration feelings obtained by tilting the vehicle body.

Together with Audi AG, also other manufacturers like Toyota, Honda and Hyundai are

studying and developing the rotary technology, a topic of great interest in the modern

automotive industry.

1.2 Hardware-In-the-Loop testing

“Hardware-in-the-loop (HIL) is a type of component testing method in which the phys-

ical component to be tested communicates with the numerical model of the rest of
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1.2. Hardware-In-the-Loop testing

components” [4].

HIL represents one of the available procedures to be applied whenever is required a

component testing, together with the most common in-field technique and the sim-

ulated one. Differently from the “in-field” testing method, the HIL type provides a

wider range of possible working conditions and a more accurate and precise control

level, improving the repeteability and the stability of the test.

The simulation testing method, instead, provides the whole system under testing in

a simulated form and can not properly replicate the dynamic characteristics of many

dynamic systems. Dynamic models, in fact, are very often implemented as resulting

from simpliflying assumptions, due to the uncertainty of the dynamic parameters of

the system.

Hence, by applying the HIL technique, a certain component of a system can be tested

physically in almost real conditions. Not only this type of test saves time and cost, but

also there are no concerns about the test safety.

The tested component is often an electronic control unit (ECU), since most dynamic

systems, especially in aerospace and the automobile industry, have a main controller

(ECU). Sometimes, instead, HIL is an area of interest for evaluating the performance of

other mechanical/electro-mechanical components in a system. As visible in Figure 1.3,

in literature this type of testing is quite diffused, for example, for Magneto-Rheological

dampers. To link the tested component to the numerical model, a transfer system is

required, for properly communicating the input signals representing the actual working

conditions. Without reference to the specific application, the typical transfer system

is usually composed by a set of actuators, sensors and valves for correctly transmitting

the input signal (displacement, force etc) to the tested component. Figure 1.2 shows

an example of a HIL layout for testing semi-active suspension, where the three different

parts characterizing this type of simulation are separately distinguished.
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Figure 1.2: Example: Hardware-In-the-Loop with semi-active suspension [5]

Figure 1.3: Example: Hardware-In-the-Loop with MR damper [7]

6



1.3. Thesis Motivation

1.3 Thesis Motivation

The motivation of this project is to design a MATLAB/SimulinkTM model of a Rotary-

Regenerative-Shock-Absorber (RRSA) mounted in a HIL installation. A proper Com-

pensation Scheme capable of extending the limited testbench-bandwidth must be de-

signed and implemented, to stabilyze the entire HIL physical system.

Starting from the basic modelling of the testbench, this Thesis first focuses on the fully-

simulated analysis of the Hardware-In-the-Loop system and then on the experimental

validation of the obtained compensated results, directly on the real bench. After that,

numerical analyses are performed on the RRSA prototype model, evaluating the most

suitable control strategies for enhancing the Quarter Car Model (QCM) performance.

1.4 Thesis Outline

This Thesis Work is organized as follows:

❼ Chapter 2 : It describes the Rotary Regenerative Shock Absorber prototype under

testing, highlights the main features and briefly explains the design methodology.

Then, the actual Test Bench and the HIL main components characterizing this

Thesis Work, are described. Furthermore, the HIL Testing Procedure is briefly

explained.

❼ Chapter 3 : First, the numerical representation of the whole HIL system in

MATLAB/SimulinkTM is described, highlighting each implemented component.

Then, it is described the instability issue of the simulation with related results,

and it is introduced and described the followed procedure for stabilizing the

simulation. After that, compensated numerical results are acquired and further

robustness tests are performed. Finally, another compensation method is pro-

posed.

❼ Chapter 4 : It takes into account, among the available strategies capable of con-

trolling the Rotary Regenerative Shock Absorber, the Sky-Hook (SH) and the
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Spring-Negation (SN) Control. Tests and numerical analyses are performed in

MATLAB/SimulinkTM Model, first considering a simplified RRSA model, and

then evaluating the SH results with a more complex model affected by the active

damper energy conversion efficiency map.

❼ Chapter 5 : The physical HIL Testing is performed with the designed compen-

sation method, and the resulting outputs are measured and acquired. The val-

idation of the designed Controller is overall achieved and further analyses are

performed for describing the experimental test results.

❼ Conclusions and future developments : It presents the conclusions and some pos-

sible future works of this Thesis.
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Chapter 2

Rotary Regenerative Shock

Absorber and HIL Test Bench

2.1 RRSA Prototype

2.1.1 RRSA design

The Rotary Regenerative Shock Absorber (RRSA) analyzed in this study finds its fun-

damentals on the usage of a controlled electric machine.

Such device is able to provide an active force that can aid or counteract the suspension

linear motion. In particular, in the first case, the machine works as a motor, drawing

electrical power from the supply (the car battery pack) and providing it in the form

of mechanical one. In the second case, instead, the machine performs mechanical-to-

electrical power conversion, hence storing in the battery the kinetic energy from road

irregularities as electricity.

Due to the nature of the suspension motion, a linkage is required, to operate the con-

version of the linear motion into angular displacement of the electric machine (and

viceversa). As shown in the scheme in Figure 2.1, the wheel upright linear speed v, be-

longing to the wheel hub, is converted into rotary motion ω through the linkage itself.

This connecting element is characterized by a transmission ratio equal to τ=v/ω, being

ω the angular velocity of the output shaft of the linkage, i.e the input shaft of the RRSA.
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Rotary Regenerative Shock Absorber and HIL Test Bench

Figure 2.1: Rotary Regenerative Shock Absorber working principle diagram

Then, passing through the linkage, the transmission of motion continues in the

RRSA component. First of all, the rotary displacement is applied directly from the

linkage to the gearbox, integrated part of the RRSA, and consequently to the RRSA

electric machine. The used gearbox has its low-speed high-torque shaft receiving the

angular speed from the linkage, while its high-speed low-torque shaft is directly coupled

to the rotor of the electric machine.

Consequently, the gearbox operates as a speed multiplier with a transmission ratio

τ g=ω/ωm, being ωm the angular speed of the electric machine itself [2]. In Figure 2.2

can be observed the actual Rotary Regenerative Shock Absorber prototype used in the

HIL Installation and considered in this Thesis Work.

Figure 2.2: RRSA prototype

10



2.1. RRSA Prototype

2.1.2 Electric machine design

The electric machine technology and its design were defined by operating conditions

considering different physical domains, i.e. mechanical (level of vibrations), electrical

(voltage and current limits) and thermal (temperature), [2].

Since the volume reduction is crucial in this application, the permanent-magnet syn-

chronous machine was selected because it offers the highest torque-to-mass ratio among

different available electric motors.

The sizing of the electric machine is strictly related to the definition of the overall

transmission ratio, which allows to convert the requirements at the wheel upright into

the input of the electric machine.

2.1.3 Gearbox design

The selection of this prototype gearbox architecture was driven by some envelope con-

straints, as described in detail in [2]. Fixed-axis and planetary configurations were

compared and, although the first achieves slightly better performance in terms of over-

all efficiency and noise level, the planetary architecture provides relevant compactness

and mass reduction. Hence, a planetary gearbox was the preferred solution. The

selected configuration is composed by two stages that share the same fixed ring, as

depicted in Figure 2.3. Each stage has one planet carrier, three planet gears and one

sun gear. For each of both stages, the input is fixed to the planet carrier, whereas

the sun gear represents the output. The output of the second stage drives the electric

machine shaft. In [2] the design goal was the optimization of the selected configuration

by trying to minimize mass and overall dimensions, as well as the gearbox inertia at

the input shaft. Gearbox components were sized for facing overloads and fatigue. The

operating conditions are defined at the suspension level, hence the linkage transmission

ratio τQC is used to convert them to the gearbox input shaft.

11



Rotary Regenerative Shock Absorber and HIL Test Bench

Figure 2.3: RRSA gearbox scheme

2.1.4 Linkage placement

The linkage design, which is discussed in [2], was heavily decided by the reference ve-

hicle suspension layout. The suspension kinematics was initially simplified into a 2D

representation and the linkages were studied with the mechanism synthesis approach,

as seen in Figure 2.4. The lever transmission ratio and the transmission angle were the

performance parameters taken into account in the definition of the linkage. The lever

transmission ratio converts the linear speed applied at the upright (v) into an angular

speed at the gearbox input shaft (ω). Corresponding to this, the electric machine re-

acts by producing a torque T at the gearbox input shaft, which will be converted into

a force F at the upright. The leverage transmission ratio τQC must be minimized so

that, according to Equation 2.1, the overall transmission ratio τ t can be achieved with

a lower gearbox contribution τ gb.

τl = τQC −→ Leverage Transmission Ratio

τt = τlτgb =
v

ωm

(2.1)

In these conditions, in fact, both the compactness and the efficiency of the gearbox can

be improved.

For what concerns the transmission angle, it defines the achieved quality of the linkage

transmission. In the case of a four-bar linkage, it is defined as the angle between the

12



2.1. RRSA Prototype

coupler and the follower. It varies throughout the range of operation and it is most

favorable when equal to 90➦. Therefore, the design aims to limit the transmission angle

in the range between 40➦ and 140➦, as accurately recommended in the literature [2].

The fulfillment of performance and packaging criteria led to the four layouts illustrated

in 2.4. Layouts (a) and (b) place the RRSA in the pivot point of the lower and the upper

suspension arm, respectively. In this case no additional levers are required, since the

suspension arms themselves are used as connecting links. Both layouts provide a simple

solution since the suspension architecture remains unchanged. However, the resulting

nominal linkage transmission ratio is 346mm/rad for Layout (a) and 251mm/rad for

Layout (b). Layout (c) decreases the linkage transmission ratio through a fourbar-

linkage constituted by the lower suspension arm and two additional links, achieving a

nominal leverage transmission ratio of 100mm/rad. Layout (d) uses two links, where

the longest one is hinged on the damper tube. The RRSA is placed at the pivot point

of the lower arm, thus producing a nominal leverage transmission ratio of 115mm/rad.

Among the investigated configurations, Layout (c) achieves the lowest τQC and, there-

fore, represented a promising candidate in the case of a total redesign of the suspension

architecture. Layout (d), on the other hand, features a slightly larger transmission ratio

than (c), but does not require significant changes in the existing suspension assembly.

Therefore, Layout (d) was taken as reference setup for the design of the gearbox.

This layout could achieve a smaller ratio by reaching transmission angles outside the

specified range. However, this choice would have a negative impact on the achieved

transmission quality. Hence, this application addresses an RRSA design based on a

linkage system which is able to accomplish a nominal leverage transmission ratio of

115mm/rad. Moreover, the layout of this mechanism is constrained by the suspension

architecture, that must be accounted for the proper design.

13



Rotary Regenerative Shock Absorber and HIL Test Bench

Figure 2.4: RRSA linkage position

2.2 HIL Testing

2.2.1 Test Bench and HIL Components

The entire installation for performing HIL Testing is mainly composed by the actual

Testbench, with its hydraulic actuation group, and by the HIL Components required

for connecting the hardware part of the system to the software part, considering the de-

scription in Chapter 1. All the components are grouped together and briefly described

in the following:

❼ Kollmorgen Unit: It is the electric motor driving the Hydraulic Pump for

providing actuation.

❼ Hydraulic Pump: It is a Gerotor Pump, driven by the Kollmorgen Motor, used

for supplying presurized oil to the actuation circuit, which in turn acts on the

rotary damper.

❼ Driving Actuator: It is the hydraulic piston, powered by the pump, which

provides the actuation force to rotary damper.

❼ Transmission lever: It is the connecting link between the piston head and the

RRSA prototype. It is used to convert the linear motion of the piston into a

rotational motion at the input shaft of the RRSA gearbox.

14



2.2. HIL Testing

❼ Rotary Regenerative Shock Absorber (RRSA): It is the prototype rotary

damper, object of this Thesis Work. It is rigidly connected to the Testbench

structure and receives the actuation force through the transmission lever. Its

three phases can be connected to the MPPM Unit for providing specific levels of

current to the electric machine (EM) and obtaining desired damping conditions.

❼ Sensors: Two pressure sensors are used for monitoring both sides of the Hy-

draulic Pump (left and right side) and one position sensor is used for measuring

the linear piston displacement. Then, a Load Cell is mounted at the end of the hy-

draulic actuator. It measures the dynamic force resulting from the piston-RRSA

interface and transfers this signal to the QCM implemented in the dSpaceTM, for

providing the QC damping force and closing the HIL Testing procedure.

❼ Battery Management System (BMS): It is the battery pack system receiving

and providing the electric power to the RRSA prototype.

❼ MPPM Unit: It is the electronic unit, called Multi-Purpose Power Module

(MPPM), mainly used for setting the damping levels of the RRSA.

❼ dSpaceTM Unit: It is a MicroLabBox Unit, an all-in-one development system

for the laboratory that combines compact size and reduced system costs with

high performance and versatility. It provides dedicated electric motor control

features and interfaces for Ethernet and CAN bus.

2.2.2 Working Principle

Considering the described parts of the installation, the overall working principle char-

acterizing the Hardware-In-the-Loop operations can be illustrated.

Once defined the desired testing conditions, the QCM is implemented in SimulinkTM

with the proper MATLABTM code, running in the considered PC with the User-

interface. Actually, the simulated QCM is loaded from the Control PC to the dSpace,

the Control Unit shown in Figure 2.10 b), devoted to perform the real QCM simula-

tions on the physical Testbench, with sensors and electrical connections to it. When

running the HIL Test from the user-interface (connected to the dSpaceTM Unit), the
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Rotary Regenerative Shock Absorber and HIL Test Bench

Testbench, powered by the inverter shown in Figure 2.5, starts to operate. Despite the

actual working conditions could include also a simple sinewave input-displacement to

the bench (i.e, without QCM implemented and no HIL Test), this description regards

the most complete and articulated HIL Testing. In the simulated QCM, the relative

displacement between the masses is used for computing the corresponding RRSA ro-

tation, main input of the Testbench.

Figure 2.5: Inverter and Control PC with User-Interface for HIL Testing

This angular displacement is passed through a numerical controller (in this case

a PID Controller) implemented in the software part, for evaluating the current to be

required from the Kollmorgen Motor to drive the Hydraulic Pump, shown in Figure 2.6.
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2.2. HIL Testing

Figure 2.6: Hydraulic Pump and Kollmorgen Motor

Hence, the Gerotor Pump is activated and starts pressurizing the oil in the hy-

draulic circuit, producing the consequent movement of the hydraulic piston/driving

actuator, visible in Figure 2.7. The hydraulic piston is equipped with a Load Cell (LC)

between the piston head itself and the connecting lever to the RRSA. This Load Cell

plays a fundamental role: it transfers in real time the perceived dynamic force to the

QCM. Its signal, in fact, is read by the corresponding sensor and passed through the

dSpaceTM Unit, hence to the simulated QC. As a consequence, the HIL Testing loop

is closed, since the force measured by the Load Cell is introduced in the QCM as a

suspension damping force. Such force, in particular, strictly depends on the imposed

damping to the rotary damper prototype (RRSA), properly set in the User-Interface

by manually operating on the MPPM settings.
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Figure 2.7: Driving actuator with Load Cell and connection to the rotary damper

The MPPM Unit, shown in Figure 2.10 a), is connected to the three phases of the

RRSA electric machine, clearly observable in Figure 2.8. Consequently, by connecting

the driving actuator to the rotary damper through the transmission lever, the imposed

damping coefficient (related to the current level circulating in the rotary three-phases)

significantly affects the dynamic force measured by the Load Cell sensor.

Figure 2.8: RRSA Prototype installed in the Testbench (without electric connections to the phases)
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During the HIL Test, the Mechanical Power dissipated in the QCM (expressed as

Pmech = Fdamp ∗Speedrel, in which Fdamp is the Load Cell Force introduced in the QCM

and acting on the sprung mass, while Speedrel is the relative speed between sprung

and unsprung masses) is numerically computed and monitored. On the other hand,

since the regenerative capacity offered by the rotary damper, a certain Electric Power is

acquired, representing the RRSA regenerated power. The corresponding energy content,

over the entire test duration, is stored in the BMS unit shown in Figure 2.9.

Figure 2.9: Battery Management System

(a) MPPM (b) dSpaceTM

Figure 2.10: MPPM and dSpaceTM
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(a) Box with connections (b) Box open detail

Figure 2.11: Dedicated box for sensor supply

Finally, in order to improve the organization level of the whole bench with the

related hardware connections, a dedicated box has been properly modified and used,

obtaining the resulting object shown in Figure 2.11. In a unique component, sensor

and signal supply, CANbus connections and Testbench sensor measurements to the

dSpaceTM are provided, with great achieved compactness and handling capacity of the

interested links.

By introducing the Load Cell signal in the simulated QCM, the overall HIL Testing

Procedure is complete and the output results can be acquired and analyzed.
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Chapter 3

Hardware-In-the-Loop System:

Numerical Modelling

3.1 HIL SimulinkTM representation: Block Model

The first model that has been implemented is the block representation, which finds its

roots on the initial schemes that were provided for starting the overall study.

The SimulinkTM Space is organized in macro-blocks using the Subsystem command and

each of them includes specific components of the Hardware-In-the-Loop installation,

shown in Figure 3.1. During the modelling process, one of the main driving purposes

has been the modularity of the representation, in order to directly provide an easier

access to all the parameters of interest.

Overall, the HIL modelling process has generated four main subsystems, that will be

described in detail in the following Sections:

❼ Quarter Car Model

❼ Testbench Model

❼ RRSA Controller and System Model

❼ Transmission system to QCM
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Figure 3.1: HIL block model

3.1.1 Quarter Car Model

The considered Quarter Car is a standard two degrees of freedom model, whose scheme

is depicted in Figure 3.3. In this system there are two received inputs: the ground ver-

tical displacement and the active damping force.

Figure 3.2: Road Profile White Noise

The former is generated by the Road Profile block, shown in Figure 3.2, according

to the data set in the MATLABTM code regarding the type of ISO-profiles, while the

latter is introduced in the model directly from the testbench block.

In this representation the sprung and the unsprung masses are connected by means

of three elements in a parallel arrangement: suspension stiffness (spring), suspension

passive damper (shock absorber) and active damper (RRSA). Then, the tire-ground

contact is modelled with a parallel system including the tire stiffness and the tire

damping.
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3.1. HIL SimulinkTM representation: Block Model

Figure 3.3: Quarter Car with two degrees of freedom

With reference to the acting forces on the overall system, two force diagrams are

obtained and used for computing the overall dynamic’s law of the Quarter Car, shown

in Figure 3.4. In these schemes, directions and verses of the involved forces are properly

considered for achieving the overall balance.
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(a) Sprung Mass (b) Unsprung Mass

Figure 3.4: QCM force diagrams

Once arranged the dynamic system of the Quarter Car Model, its equations are

implemented in the SimulinkTM Space with block representation. Add blocks, integral

operators and static gains are the easiest and most used elements in this step. The

overall scheme is then included in a single Subsystem block, visible in Figure 3.1, and

some key outputs are considered. Despite some of them are necessarily always required,

their overall number is changed in the next implementations, in order to provide a more

detailed analysis on some achievable data. Moreover, Table 3.1 provides all fundamen-

tal parameters of the implemented QCM, referred to a JeepTM Renegade vehicle model.

Sprung Mass [kg] −→ ms 416.5

Unsprung Mass [kg] −→ mus 40

Susp.Stiffness [N/m] −→ ks 23256

Susp.Passive damping [Ns/m] −→ cs 0

Tire Stiffness [N/m] −→ ku 223e3

Tire Damping [Ns/m] −→ cu 0

QC Linkage [m/rad] −→ τQC 0.115

Table 3.1: Quarter Car Model Data (Jeep Renegade)
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3.1. HIL SimulinkTM representation: Block Model

3.1.2 Testbench Model

Once described the numerical modelling of the Quarter Car, taking into account the

chain of events occurring in the HIL procedure, is fundamental to model the overall

testbench. As described in Chapter 2, it receives the information about the angular

displacement of the RRSA from the QCM for producing an overall force read by the

Load Cell sensor, main output of the Hydraulic group within the testbench. However,

in order to provide the force that will be introduced in the QCM to simulate the active

shock absorber, a certain number of interactions are required between the different

components to elaborate this information.

To better understand the working sequence occurring within the testbench, the overall

SimulinkTM Subsystem is internally divided in multiple block models, as can be seen

in Figure 3.5, each corresponding to a specific subsystem of the actual testbench,

described in 2.2:

❼ Kollmorgen Controller (KC)

❼ Kollmorgen-Pump Group (KPG)

❼ Piston-RRSA Interface (PRI)

With all these parts, the obtained model replicates the working principle character-

izing the physical installation. The angular displacement of the RRSA coming from

the QCM, in fact, enters in the testbench and is compared to the signal elaborated

by the PRI model. The resulting error is used by the Controller of the Kollmorgen

Unit to provide the useful current and it drives the motor itself. As a consequence, the

hydraulic piston produces an actuation force to be transmitted directly to the RRSA

prototype, by means of the transmission lever.

Stricly speaking, the latter description regards all the sequences that are included in

this Testbench block model. However, as can be seen from Figure 3.5, additional sig-

nals are present in this representation, not provided by the described subsystems. This

is true since the modelled testbench interacts with a separate block representing the

RRSA System (and Control), which in turns provides the Active force, generated by

the RRSA EM itself, to the testbench.
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It is fundamental to highlight that, at this stage of the block representation analysis,

the described division is just performed for facilitating the analysis of each single com-

ponent. The actual testbench must always be intended not only with the included

subsystems but also with the RRSA prototype model.

Figure 3.5: Testbench block model

Kollmorgen Controller: PID

The Kollmorgen electric motor, designed to drive the hydraulic pump of the testbench,

must be powered by a current according to the tracking level of the angular displace-

ment of the RRSA. With this latter term is intended the difference between the RRSA

rotation computed directly in the QCM and the one generated by the testbench, passing

through the actuation line. The lower the difference between these two signals, the

better is the tracking capacity of the testbench, i.e the testbench can replicate the

simulated rotation of the RRSA received as input with good approximation.

In this case, considering the feedback of the RRSA angular displacement from the

bench model, the error signal introduced in the Kollmorgen Controller block, gives an

idea about the tracking level itself, being very small when the tracking capacity is high

and viceversa.

This error signal is elaborated by a PID Controller, which in turns provides the Koll-

morgen Current signal to drive the Kollmorgen Unit. The PID Controller is optimized

by considering the parameters grouped in Table 3.2.
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3.1. HIL SimulinkTM representation: Block Model

P I D N

3 0.1 0.03 600

Table 3.2: PID coefficients

Kollmorgen-Pump Group

Once computed the control current for the Kollmorgen electric motor, this signal is

sent directly to the Kollmorgen itself. It is modelled and included in the second main

block composing the Testbench system, the Kollmorgen-Pump Group block.

This Subsystem contains the whole electro-hydraulic part of the testbench, i.e the Koll-

morgen electric motor driving the Hydraulic pump connected to it. As can be seen

in Figure 3.5, together with the control current there is also a second input signal,

the piston speed, which is taken from the PRI Subsystem for being used here in the

dynamic’s law of the hydraulic system. Once elaborated the two input signals, the

KPG Subsystem provides the hydraulic-actuation force to be applied directly to the

hydraulic piston.

Also in this modelling process, for describing each sequence of the output signal com-

putation, just static gains and integral-operators are used and combined, as can be

seen in Figure 3.6, while all the fundamental parameters are summed up in Table 3.3.

Figure 3.6: KPG model
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KollMorgen Torque Constant [Nm/A] −→ Kt 0.92

KollMorgen Inertia [kgm2] −→ Jm 40

KollMorgen Dissipation [Nms/rad] −→ cg 0.01

Angular Volume displaced [m3/rad] −→ Dg 3.3617e− 7

KollMorgen Saturation Current [A] 90

Table 3.3: KollMorgen Pump Group Data

Piston-RRSA Interface

The third and last Subsystem implemented in this block representation is the PRI,

always visible in Figure 3.5. After having obtained the hydraulic actuation force in the

KPG, it is introduced as one of the two inputs of the interface model between Piston

and RRSA prototype.

As described in 2.2, the role played by the hydraulic piston, within the testbench, is

to drive the rotary damper by receiving specific input from the Hydraulic Pump.

In order to numerically describe this mechanism, the Piston-RRSA Interface is mod-

elled as a 1 dof system. The Hydraulic Piston and the RRSA are modelled as two

masses, and are connected by means of a rigid lever, whose rigidity and damping coef-

ficients are assumed infinitely large. This assumption, not far from the physical reality,

implies that both masses are included in a 1 degree-of-freedom system, where both of

them move as a unique rigid body.

In this model, both masses are subjected to the same number of forces. The Hydraulic

Piston receives the actuation force from the KPG Subsystem and must face its inertial

effects and the corresponding dissipative contributions. The equivalent mass represent-

ing the RRSA prototype, instead, receives the force computed by the electric machine

of the active damper itself, coming from the RRSA Controller and System block, and

is subjected to the dissipative and inertial contribution too, as the Hydraulic Piston.

The whole system, together with the acting forces, can be seen in Figure 3.7.
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3.1. HIL SimulinkTM representation: Block Model

Figure 3.7: Piston-RRSA Interface model with 1 degree of freedom

This model is not concerning the possible linear displacement of the rotary damper,

which is obviously axially fixed and can only rotate, but it is just modelling the over-

ally assembly as rigidly connected. The unique linear displacement, in fact, is then

converted into a rotational motion, passing through the transmission lever ratio, for

obtaining the corresponding RRSA angular displacement. This linear-to-rotational

conversion is clearly visible inside the PRI Subsystem, in Figure 3.8, together with the

whole scheme representing the block model of the Piston-RRSA Interface.

Figure 3.8: PRI block model
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Piston Area [m2] −→ Ap 0.92

Piston Mass [kg] −→ mp 12.76

Piston Dissipative Coefficient −→ cp 1000

RRSA Equivalent Mass [kg] −→ meq 5.58

RRSA Dissipative Coefficient −→ ceq 250

Table 3.4: Piston-RRSA-Interface Data

3.1.3 RRSA Controller and System

As mentioned in 3.1.2, even though the active damper RRSA physically belongs to the

testbench itself, at this stage of the description it is considered in a separate SimulinkTM

Subsystem, for better visualizing its system and controller.

The implemented block model, visible in Figure 3.5, includes not only the RRSA Con-

troller and System but also the transmission ratio of the testbench lever. Implemented

in the form of a simple gain, this block is required anytime is needed the conversion of

the Torque at the output of the planetary gearbox of the RRSA into the corresponding

Force, to be introduced in the previously described PRI Subsystem.

The active damper and its controller, included in this unique Subsystem, are further

distinguinshed within the block itself, as showed in Figure 3.9, where each of them is

individually identified. First considering the RRSA Control Current block, it receives

as input the testbench speed, i.e the piston speed, and provides the control current to

be delivered to the RRSA System. This process follows the mathematical relations

expressed in Equation 3.1 (in which, c is the imposed RRSA damping, vQC is the rela-

tive speed between sprung and unsprung mass, vbench is the piston speed, τbench is the

transmission lever ratio and KT is the torque constant of the RRSA EM).
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Figure 3.9: RRSA Controller and System model

FQC =
TRRSA
τQC

= cvQC

Where

vQC = θ̇RRSAτQC

θ̇RRSA =
1

τbench
vbench

⇒ vQC = vbench
τQC
τbench

From the first equation:

TRRSA = c
τ 2
QC

τbench
vbench

But it is valid:

TRRSA = τgbKT iRRSA

Hence:

⇒ iRRSA = c
τ 2
QC

KT τbenchτgb
vbench

(3.1)

Once computed the RRSA control current, it is finally introduced in the subsystem

representing the Rotary Damper itself. The RRSA System block, visible in Figure 3.9,

receives the current as unique input and must convert it into a torque. This transforma-

tion is permitted by modelling the overall system with a simple static gain containing

the information about torque constant KT , following the mathematical relations shown

in Equation 3.2, which in turns is transformed in Equation 3.3 for computing the re-

sulting force. Moreover, the two fundamental implemented data are summed up in

Table 3.5.

TRRSA = τgbKT iRRSA (3.2)

31



Hardware-In-the-Loop System: Numerical Modelling

FRRSA =
TRRSA
τbench

(3.3)

RRSA Torque Constant [Nm/A] −→ kT 0.0493

RRSA Planetary Gearbox −→ τgb 87.35

Table 3.5: RRSA Data

3.1.4 Transmission system to QCM

The last Subsystem to be analyzed is the one which allows the conversion of the Load

Cell Force, measured in the PRI Block, into the actual damping force acting on the

Quarter Car Model. This Subsystem is called Transmission System Bench/QCM and

it is shown in Figure 3.1.

Considering in detail, it is simply composed by a series connection of the two static

gains representing the transmission ratios required, where the τQC has been introduced

in Table 3.1 while the τbench is the bench lever transmission ratio and it is equal to

0.125. The Load Cell signal passes through the testbench transmission lever and is

converted into the RRSA Torque (always at the output of the gearbox), which in

turns is converted into the damping force acting in the QCM, passing through the

transmission lever of the QCM itself, as expressed in Equation 3.4.

Performing this last conversion, all blocks characterizing the system are described and

the overall HIL Modelling process is complete.

FQCM =
FLoadCellτbench

τQC
(3.4)

3.2 Equivalent Modelling Implementations

3.2.1 State Space Model

Before starting with the actual simulation of the designed system, additional modelling

processes are performed. Due to the extremely dispersive layout provided by the block

model representation, this study requires a more compact model in order to facilitate
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calculations and further analyses.

Starting from the SimulinkTM model described in 3.1.2, the entire system is rearranged

in State Space form. For each considered part of the HIL model, the correspond-

ing equations are re-formulated and organized according to the designed states of the

system, with the overall result shown in Figure 3.10.

Figure 3.10: HIL State Space Model: overall layout

With respect to the layout shown in Figure 3.1, the components characterizing the

TestBench are here grouped in a single Subsystem called Testbench. The QCM Subsys-

tem, shown in detail in Figure 3.11, is much more compact than the block model, since

the whole dynamic system is contained in the SS block, providing the same desired

outputs. The trasmission system to the QC, instead, is kept with its original form,

since no State Space would be significant.

Figure 3.11: HIL State Space Model: QCM layout
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By replacing the block model representation with the State Space one, certainly the

Testbench is the most affected part of the HIL Model. As can be observed in Figure

3.12, in fact, the whole complex and particularly articulated system described in 3.1.2

is now composed by two main SS Systems, i.e the KPG and the PRI, and by the PID

Controller and the RRSA System, both of them unchanged with respect to the block

model. The overall result is extremely easier to be analyzed, showing very clearly every

connection between the different components of the Bench model.

Figure 3.12: HIL State Space Model: Testbench layout

3.2.2 Transfer Function Model

In parallel to the development of the HIL State Space model, a third modelling proce-

dure has been performed, in order to further reduce the complexity level of the system.

This implementation is called Transfer Function representation, since the key compo-

nents are reduced to their specific transfer functions.

Starting from the SS model described in 3.2.1, the designed SS components are charac-

terized by a certain number of transfer functions, depending on their input and output

signals.

Once considered all the transfer functions, it has been required to mathematically

perform accurate hand-made analytical calculations for obtaining the overall Transfer

Function, combining between each other the individual functions. By means of this

computation, the overall TestBench is reduced to just one Transfer Function, visible
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in Figure 3.13, providing the Load Cell signal from the input RRSA rotation coming

from the QCM, with the possibility of including or not the RRSA damping effects,

according to the implemented Transfer Function features.

Figure 3.13: HIL Transfer Function Model: overall layout

3.3 HIL State Space Model Simulation

3.3.1 Methodology

Once modelled each single component of the HIL System, in order to start the simula-

tion process is required to assign specific values to the parameters of every subsystem.

For what concerns the QCM, its characteristic data have been shown in 3.1.1 in Table

3.1 with reference to a JeepTM Renegade vehicle model, while the remaining param-

eters are provided directly from the datasheet of each component, as summed up in

Tables 3.1 - 3.3 - 3.4 in 3.1.1 and in 3.1.2.

The SimulinkTM model is the one shown in figure 3.10, with all components imple-

mented in the State Space form, to make it easier the evaluation of the results.

Moreover, the reference model itself is simulated in two different forms, depending on

the continuous or discrete SimulinkTM implementation of some parts, and the results

are constantly compared.
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The discretization is applied to all those parts that are actually simulated in the phys-

ical HIL application, hence loaded in the dSpaceTM Unit: Quarter Car Model and PID

Kollmorgen Controller. Both systems are characterized by a discretization frequency

equal to 4kHz, specified both in the MATLABTM script and in the SimulinkTM space.

The continuous implementation, instead, is typical to all those State Spaces that rep-

resent a physical component in the real HIL system: Kollmorgen-Pump Group, Piston-

RRSA Interface and RRSA system.

Finally, the Quarter Car Model, is here actually implemented without accounting for

the tire damping cu, negligible with respect to the other parameters and consequently

set equal to zero.

3.3.2 Analysis of the results: Instability

The first analysis that has been conducted focuses on the frequency domain of the

system, since its stability is the fundamental starting condition. Hence, the testbench

is reduced to just one Transfer Function, providing the output RRSA angle over the

input reference one coming from the QCM. Of the resulting transfer function, ana-

lytically obtained and validated, is computed the RootLocus and the Bode Diagram,

shown in Figure 3.14. In this case the RRSA damping is not affecting the FRF of the

testbench, since it is set equal to zero, and the overall bench shows a stable behaviour,

with no poles with positive real part. However, as can be observed, the Bode Diagram

shows a certain peak around 15Hz, after which the overall response tends to attenuate

the input signal.
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(a) RootLocus

(b) Bode Diagram

Figure 3.14: TestBench frequency response without RRSA damping

The increase of this frequency, i.e its shift towards higher values, is one of the

main goal of this study, since it is not feasible to work with a real testbench having

such characteristic frequencies: once implemented the ISO road profile, in fact, the

signal frequencies entering in the TestBench will be variable and of different entities,

inevitably causing relevant and several problems in the results evaluation.

Once evaluated the frequency response of the TestBench, the study can proceed with

the frequency analysis of the whole HIL Model. In order to consider the effective

stability/instability of the system, the overall HIL system has been reduced to a single

TF, having the input given by the road profile and the output defined by the sprung

mass displacement (any other QCM output signal could have been chosen, it was

just required for studying the stability of the system). Starting from the Transfer

Function representation of the test bench shown in Figure 3.13, it has been combined
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with the corresponding transfer functions of the Quarter Car Model for performing the

analytical resolution into just one overall transfer. Once reached this function, first

of all, it has been validated with the State Space representation of the HIL system,

positively demonstrating the correct followed procedure for computing numerically

(and logically) its expression. After that, it has been extracted the RootLocus of the

obtained Transfer Function, shown in Figure 3.15, for RRSA damping set equal to

1kNs/m and 2kNs/m.

(a) RRSA c=1kNs/m

(b) RRSA c=2kNs/m

Figure 3.15: HIL Model: HIL RootLocus (sprung mass displacement=output, road profile=input)

It can be observed that the overall HIL Simulation is characterized by an unstable

behaviour, proved by the presence of positive-real part poles for both RRSA damping.

Such considerations have been validated by the results in time domain, taking into

account a sinewave road-input signal of 1Hz/0.01m and obtaining the sprung mass

displacement directly from the overall Transfer Function, visible in Figure 3.16.
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Figure 3.16: HIL Model: Instability results with Sinewave input=1Hz/0.01m and RRSA damp-
ing=1kNs/m

The HIL System, with this modelling features, seems to have an unstable behaviour

caused by some intrinsic limitations, as was expected based on the analyses carried out

before this Thesis Work: hence, the instability has been correctly demonstrated from

the numerical point of view.

Considering, then, that the Testbench system has proved to be individually stable,

even with the limited bandwidth available, and that the observed instability appears

when all systems are connected with each other, i.e when the Hardware-In-the-Loop is

correctly implemented, the root cause of the unstable behaviour must be searched in

some of the key parameters.

In order to find out the real cause of this behaviour, the simulation has been run with

modified parameters. First of all, a tire damping value equal to 100Ns/m has been

tested, resulting in a non-diverging theta QCM but equally to a saturated Kollmorgen

current: consequently, by removing these saturation limits, the overall simulation is

still diverging and the whole HIL system is unstable.

Secondly, the unsprung mass of the QCM has been modified. From the starting value

of 40kg, it has been increased progressively looking at the frequency domain results,

up to a value of 320kg. In this condition the simulation largely reaches a stable be-

haviour and none of the signal is diverging. As shown in Figure 3.17, in fact, the

39



Hardware-In-the-Loop System: Numerical Modelling

RootLocus of the overall TF does not show anymore real-part positive poles, meaning

that the instability has been cancelled. This fact has been proved by the sprung mass

displacement in time domain, visible in Figure 3.18, which is no more a divergent signal.

Figure 3.17: HIL Model: Rootlocus Stable results with unsprung mass=320kg and RRSA damp-
ing=1000Ns/m

Figure 3.18: HIL Model: Stable results with unsprung mass=320kg and RRSA damping=1000Ns/m

These results have highlighted the main cause of the instability of the HIL system:

the limited frequency bandwidth of the test bench.

The test bench used in this HIL simulation, modelled as described in 3.1.2, has a
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frequency bandwidth which is not wide enough for including also the highest frequency

characterizing the QCM, identified by the unsprung mass of the Quarter Car Model

itself. Considering the modelled two degrees of freedom QC, belonging to the JeepTM

Renegade (front axle), according to [3], the characteristic frequencies of an undamped

QC with 2 degrees of freedom are provided by the Equation 3.5:

f(ω) = msmuω
4 − [Pms +K(ms +mu)]ω

2 +KP (3.5)

in which, ms and mu are, respectively the sprung and the unsprung mass, P is the tire

stiffness, K is the suspension stiffness and ω is the frequency (in rad/s).

By introducing the proper values in Equation 3.5, presented in 3.1, the following char-

acteristic frequencies are obtained:

Sprung Mass frequency −→ ωs = 1.132Hz

Unsprung Mass frequency −→ ωu = 12.6Hz
(3.6)

The experienced instability, hence, is due to the fact that the unsprung mass frequency

ωu is higher than the available bandwidth of the modelled Testbench. Consequently,

by increasing the unsprung mass value, the corresponding frequency is reduced up to

the point in which it falls within the frequency bandwidth of the test bench, and no

instability occurs. In particular, repeating the calculation with the increased unsprung

mass of 320kg, these are the new frequencies of the QC:

Sprung Mass frequency −→ ωs = 1.128Hz

Unsprung Mass frequency −→ ωu = 4.46Hz
(3.7)

In conclusion, proved that the frequency bandwidth of the test bench is not capable

of including the highest nominal frequency of the QCM, the next step has the purpose

of widening the frequency bandwidth of the test bench under analysis, by following a

proper compensation procedure, in order to completely delete the unstable behaviour

that occurs with nominal parameters.
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3.4 Inverse Compensation Method

The first followed approach for stabilizing the HIL System is defined as Inverse Com-

pensation Method. In literature this kind of method has been followed for compensating

actuator delay within the simulation, as described in [1] - [4], in order to provide reliable

results not affected by the actuator dynamics. With the same purpose, this approach

has been used here for properly compensating the dynamic effects of the modelled

TestBench in the whole HIL System.

3.4.1 Theory

The Inverse Compensation Method is used for solving potential undesired effects caused

by a particular component of the installation. From the numerical point of view, this

approach implies the inversion of a certain Transfer Function (TF), representing the

interested component of the simulation, and the application of such resulting TF within

the overall system.

By performing these calculations, the input signal that should be applied directly to

the interested component, i.e to its corresponding model, is instead passed through

the obtained inverted transfer function, whose output is then directed to the main TF.

This sequence of passages is summed up in Figure 3.19.

(a) Without Compensation

(b) With Compensation

Figure 3.19: Application scheme of Inverse Compensation Method
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Consequently, by introducing the Compensator Transfer Function between the in-

put signal and the actual component model, all possible dynamic effects of the latter

can be solved, at least from the numerical point of view. The Compensator, in fact,

must be properly set in order to decide the interested frequency range for which is

required the compensation procedure itself, i.e ensuring desired results on a specific

frequency window.

3.4.2 Compensation Procedure

Methodology

Once described the reference Theory, it must be practically applied to the designed

numerical model. The implementation procedure can be defined in the following con-

sequent steps:

1. Compute the TestBench Transfer Function ( θOut / θQCM )

2. Compute the inverse of the TestBench Transfer Function

3. Define the cut-off frequency and the required amount of closure poles to allow

the SimulinkTM implementation

4. Introduce the resulting Compensator in the overall model

In order to follow these passages is required to work with the State Space Model of

the HIL System, described in 3.2.1, since the first step needs to be accomplished with

mathematical calculations based on some available results. The starting phase, in fact,

concerns the computation of the Testbench TF between the RRSA Output Rotation,

directly taken from the PRI Subsystem, analyzed in 3.1.2, and the RRSA Input Rota-

tion, coming from the QCM Block, in the overall HIL implementation.

Since the focus, for the Compensator computation, is completely related to the Test-

bench Subsystem, each component here included is defined according to its correspond-

ing transfer functions, i.e the transfer functions related to the KPG State Space and

to the PRI State Space.
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It is important to highlight the fact that the Compensator has been considered as the

inverse TF of the Testbench (computed between the input and output RRSA rota-

tion), i.e including the PID information, but without considering the influence of the

RRSA in terms of electrical current. This fact implies that the starting step considers

the Testbench model with RRSA damping set to 0, hence not affecting the dynamics

of the system with its produced force but only with its mechanical connection to the

piston (hence, affecting the system with its inertial and dissipative contributions).

Once identified the required transfer functions with the aim of computing the overall

θOut/θQCM, the mathematical computation has been started, following an hand-made

analytical approach similar to the one mentioned in 3.3.

By solving the overall circuit, composed by all the fundamental and required trans-

fer functions, the target function between the reference input rotation θQCM and the

output rotation θOut is obtained. This transfer function has been positively validated

by implementing it in SimulinkTM and by comparing its output (θOut) with the one

produced by the used State Space Model.

After that, the obtained TF has been inverted in MATLABTM and 4 closure poles have

been added in order to allow its implementation in SimulinkTM, since the inverted TF

has clearly a higher grade at the numerator than at the denominator (the opposite of

the requirement for implementing a proper TF).

The starting value for the cut-off frequency fcut has been set to 500Hz, and the appli-

cation to the inverse of the Testbench TF has been developed as follows:

τ =
1

2πfcut
(3.8)

TFInverse = TFBench
-1 (3.9)

TFCompensator = TFInverse(
1

τs+ 1
)4 (3.10)

At the end of Eq. 3.10 the Compensator Transfer Function is finally obtained, and in

Figure 3.20 is visible its Bode Diagram.
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Figure 3.20: Bode Diagram of Compensator Transfer Function with cut-off frequency=500Hz

At this point the compensation procedure requires to combine the information re-

lated to the Testbench without Compensation, with the Compensator itself, in order

to judge the validity of the followed method and of the perfomed calculations. For this

reason, it is computed the overall TF between reference rotation and output rotation,

with the Compensator model placed before the Testbench, as shown in Figure 3.19,

performing the following calculation in MATLABTM:

TFCompBench = TFCompensatorTFBench (3.11)

Consequently, the overall frequency response of the combined system of Compensator

and Testbench is obtained, i.e the Compensated Testbench, whose Bode Diagram is rep-

resented in Figure 3.21. The Testbench has been first considered, as mentioned before,

without RRSA Current contribution, i.e with RRSA damping = 0Ns/m, obtaining

quite good compensating performance compared to the case without Compensator,

3.14(b) in 3.3.2. Without Inverse Compensation Method, in fact, the Testbench has

shown a limited bandwidth around 15Hz, while with its application the overall system

allows to keep very poor attenuation level (looking at the magnitude level in bode

representaion in 3.21) up to more than 150Hz.
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Figure 3.21: Bode Diagram of Compensated Testbench TF with cut-off frequency=500Hz and with
testbench RRSA damping=0kNs/m

Finally, the Compensation effects have been evaluated in the case in which the

RRSA Current is not 0, hence the active damper is working and its contribution in

produced force is not null. The Testbench model is now affected by the RRSA damping,

which is set to 1kNs/m, while the Compensator is still the same, since, as previously

described, it is designed with no RRSA damping. Performing the same procedure of

the case without it, is obtained the overall TF with the imposed RRSA damping, whose

Bode Diagram is shown in Figure 3.22. As can be observed, the introduced damping

in the testbench causes some modifications in the overall frequency response of the

system, both in phase-shift and magnitude, with respect to the case without it. This

phenomenon was certainly expected, since the considered mathematical formulation

takes into account a Compensator TF which is not depending on the damping of the

actuator.

The inverted testbench function, which defines the Compensator, is always referred to

the case without RRSA damping, since the compensation procedure must be obtained

without real-time updating the Compensator itself, which is designed in fixed condi-

tions. As inevitable consequence, hence, the product defined in Eq. 3.11 provides a

frequency response function that clearly shows the effects of the introduced damping,
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since the Compensator is not directly derived from the considered Testbench TF.

Figure 3.22: Bode Diagram of Compensated Testbench TF with cut-off frequency=500Hz and with
testbench RRSA damping=1kNs/m

Time domain results

Once defined the Compensation procedure and having obtained the Compensator

Transfer Function frequency response, the overall system can be analyzed also in time

domain, to provide graphical results based on the obtained Bode diagrams.

Hence, the Testbench State Space Model, described in 3.2.1, is implemented in SimulinkTM

together with the Compensator TF, characterized by the common discretization fre-

quency of 4kHz, used for all models that will be loaded in the dSpaceTM Unit. The

input signal is a sinewave representing the RRSA Rotation that, in the final HIL Sys-

tem, will be provided directly by the QCM. This periodic signal has been set with a

frequency of 10Hz, close to the observed critical region without Compensation, and

with an amplitude of 2deg. The whole described SimulinkTM implementation is shown

in Figure 3.23.
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Figure 3.23: Simulink TM Model of Compensated Testbench

(a) RRSA Tracking

(b) Kollmorgen Current

Figure 3.24: Compensated Testbench results with no damping and input rotation of 10Hz-2deg

For this analysis, the main output of the Compensated Testbench is the RRSA Ro-

tation obtained by the PRI Subsystem, which is considered to evaluate the tracking
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capability of the Bench with the applied compensation procedure. The other output

taken into account is the KollMorgen Current, the fundamental electric parameter used

for judging the simulated performance of the electric motor driving the pump, always

considering a saturation level of 90A.

As it has been done in 3.4.2, the first considered configuration of the Testbench does

not include the effects of the RRSA damping, i.e its value is set equal to zero, obtaining

the simulation results shown in Figure 3.24. Considering the frequency response func-

tion in 3.21, these results validate the expected behaviour of the simulation. With an

imposed testbench RRSA damping equal to zero, in fact, the frequency response of the

combined Compensator-Testbench has shown no magnitude attenuation/amplificiation

for a wide frequency range, since the Compensator itself is ”perfectly coupled” with the

modelled Testbench ( both of them are not affected by RRSA damping). The tracking

of the RRSA Rotation, hence, shows perfectly overlapped curves between Reference

signal and Output signal with Compensation, while the absence of the Compensation

procedure implies a significant amplification of the input signal, as can be seen in 3.24

a).

Due to this difference between the two configurations (with/without Compensation),

also the current level characterizing the KollMorgen Unit is visibly different, meaning

that the Testbench not compensated is closer to the saturation level than the compen-

sated one, being anyway inside the characteristic limits.

Overall, the obtained results with no RRSA damping imposed at the Testbench have

proved the expected satisfying results, thanks to the mathematical coupling behaviour

between the Compensator and the bench itself.

However, the same output signals have been acquired also for the damping configura-

tion, in which the RRSA damping in the bench is set equal to 1000Ns/m. The resulting

signals can be observed in Figure 3.25.

The frequency domain analysis performed for this configuration is here validated by the

time domain results. As expected, in fact, the RRSA damping affects the Testbench

Model with no modifications on the Compensator, which instead is defined with no

damping. The Bode Diagram in Figure 3.22 has shown the effects of such difference in

the Compensator-Bench combination, with not negligible magnitude and phase modi-
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fications around 100 rad/s (15Hz).

The time domain analysis has proved the whole phenomenon. The RRSA Tracking, in

Figure 3.25 a), clearly shows the small difference between reference signal and output

rotation, which does not exist at all in Figure 3.24 a) due to the abscence of damping.

As inevitable consequence, also the Kollmorgen current is affected by this different

behaviour, showing a slightly higher steady state value when the Compensation is

applied.

(a) RRSA Tracking

(b) Kollmorgen Current

Figure 3.25: Compensated Testbench results with testbench RRSA damping=1kNs/m and input
rotation of 10Hz-2deg
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Despite the effects caused by the imposed RRSA damping, at the considered input

frequency (10Hz) the amplification factor does not provide dramatic increase in steady

state values, for what concerns the RRSA tracking capabilities of the system. Even the

electric current characterizing the RRSA is not subjected to extremely high increase,

keeping its steady state value always below the saturation limits. Most important,

both signals do not show bad results as with the Bench without Compensation, hence

further validating the Compensation procedure with these acceptable numerical results.

3.4.3 HIL Simulation Results

Once evaluated the Compensation effects on the Testbench model with a cut-off fre-

quency of 500Hz, the study focuses now on the complete HIL Model, with the compar-

ison between the two reference standardized road profiles, ISO-B and ISO-C, with a

reduced cut-off frequency of 250Hz. By separately performing additional analyses on

the compensating performance, in fact, the reduction of fcut has numerically provided

lower values of KollMorgen current, even further from the saturation level with respect

to the results obtained with 500Hz.

The ISO-B road profile is characterized by a speed of 70km/h, while the ISO-C profile

is combined with a speed of 35km/h, since its higher roughness with respect to the

previous one, as can be seen in the summing up Table 3.6.

The simulations are moreover performed for both damping values of RRSA.

Road Profile ISO-B (ISO-C)

Road Profile Roughness 6.4e− 7(25.6e− 7)

Speed [km/h] 70(35)

RRSA damping [Ns/m] 1000, 2000

Simulating time [s] 15

Cut-Off Frequency [Hz] 250

Table 3.6: Simulation Data of Compensation Analysis
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Frequency domain results

This section sums up the obtained MATLABTM results concerning the performed fre-

quency domain analysis, for both RRSA damping values. In Figure 3.26 can be ob-

served the main considered representations: the Bode and Rootlocus of the Compen-

sated Testbench, and the Bode and Rootlocus of the overall HIL model.

(a) Bode: Compensated Testbench (b) Rootlocus: Compensated Testbench

(c) Bode: HIL Compensated System (d) Rootlocus: HIL Compensated System

Figure 3.26: Frequency Domain results of HIL with Compensation and fcut=250Hz

By comparing Figure 3.26 a) with 3.22, is clearly visible the effect caused by the re-

duced cut-off frequency, since the Compensated-Testbench shows an earlier attenuation

level, both in Magnitude and in Phase, due to the frequency defining the Compensator

that is now decreased from 500Hz to 250Hz. The stability of the Compensated Test-

bench, instead, is basically unchanged.

For what concerns the HIL Model, represented by the overall transfer function zs
zroad

, in

the Bode Diagram can be observed two local peaks corresponding to the quarter car

model masses (around 1Hz and 13Hz), and a certain attenuation level depending on the
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imposed cut-off frequency. Considering the corresponding Rootlocus, the whole model

appears to be stable, since no positive-real-part poles are present, hence validating the

followed Compensation procedure at the HIL macro level.

With this brief frequency domain analysis on the numerical model, the Inverse Com-

pensation Method has proved to properly stabilize the entire HIL System for both

considered damping values, while keeping a faster attenuation level due to the de-

creased cut-off frequency.

Time domain results

Once obtained and analyzed the results in the frequency domain, the study proceeds

with the time domain signals. The reference SimulinkTM Model is the one shown in

Figure 3.27, implemented with SS Models both in continuous and in discrete form.

Figure 3.27: HIL Compensated SimulinkTM Model

In this analysis, five main outputs are monitored from the HIL Simulated System:

❼ Tracking of the RRSA Rotation

❼ Load Cell Force

❼ KollMorgen Current

❼ Unsprung Mass Vertical Acceleration

❼ Sprung Mass Vertical Acceleration
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Each of them is constantly considered both in the Continuous and in the Discrete

Model, just to monitor the actual equivalence between the two implementations. More-

over, they will be taken into account in the analyses in the following Chapters.

As can be noted, three of the considered outputs regard, strictly speaking, the Test-

bench measurements, while the last two are related to the QCM system, clearly affected

by the overall HIL System performance.

For what concerns the Tracking, it is based on the comparison between the RRSA

rotation computed in the QCM and the obtained value in Testbench, as main output

of the whole system. It is a measure of the good (or poor) performance of the overall

HIL System implemented with the designed Compensator, according to tracking level

reached by the system. Moreover, the RRSA damping effects can be evaluated by

considering the amplitude of the signal itself.

The second main output, the Load Cell Force, represents the actual signal measured by

the physical sensor installed in the Testbench. As mentioned in Chapter 2, the Load

Cell Sensor is capable of measuring forces up to 5kN and it is placed just at the end

of the driving actuator (hydraulic piston).

The KollMorgen Unit, then, is mainly characterized by its current, which represents

an important indicator of the actual state of the system. Its upper limit, defined as

saturation limit, is set to 90A and, in order to accurately emulate the real system, is

imposed inside the PID KollMorgen Controller, in the SimulinkTM model. By inserting

this information in the model, in fact, the temporal signal at the output of the PID

Block can not overcome 90A and the signal can be saturated.

The remaining considered outputs, instead, focus on the dynamics of the two masses

of the QC, evaluating their vertical acceleration during the whole duration of the test.

Starting from the Tracking of the RRSA rotation, the resulting signal can be observed

in Figure 3.28. As can be seen, the tracking performance are quite satisfactory for both

considered road profiles, providing the ISO-C results with slightly amplified rotation

due to the more demanding conditions of the road.

However, for both of them, the increase in RRSA damping implies a significant ampli-

tude reduction of the whole signal, since the RRSA angle is derived from the relative

displacement between the QCM masses, strictly dependent on the imposed damping
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value (the higher the damping, the lower the relative displacement).

(a) ISO-B, RRSA c=1kNs/m (b) ISO-B, RRSA c=2kNs/m

(c) ISO-C, RRSA c=1kNs/m (d) ISO-C, RRSA c=2kNs/m

Figure 3.28: Compensation Results with ISO-B and ISO-C inputs and fcut=250Hz: Tracking of
RRSA rotation

Similar considerations can be extended to the case of the simulated signal coming

from the Load Cell Sensor, shown in Figure 3.29. As expected, in fact, the Load Cell

Force is generally higher in the case of ISO-C profile and experiences a further increase

when doubling the RRSA damping, reaching in this way the highest peaks for any

simulated nominal conditions. However, even in this really demanding condition, the

overall signal does not come any closer to the sensor end-scale, i.e 5kN, hence further

proving the complete validity of the overall HIL simulation.
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(a) ISO-B, RRSA c=1kNs/m (b) ISO-B, RRSA c=2kNs/m

(c) ISO-C, RRSA c=1kNs/m (d) ISO-C, RRSA c=2kNs/m

Figure 3.29: Compensation Results with ISO-B and ISO-C inputs and fcut=250Hz: Load Cell Force

A more detailed analysis is required in taking into account the KollMorgen Cur-

rent, shown in Figure 3.30. First considering the time-history of the ISO-B road profile,

whose RMS is summed up in Table 3.7, the signal never reaches the saturation value

of 90A, differently from the additional test performed with fcut=500Hz in which the

overall rms value was higher. This difference, in fact, as previously mentioned, has

led to choose the decreased value of 250Hz to perform the HIL simulation, as evident

from the the RMS value comparison described in Table 3.8. The reduction in cut-off

frequency, characterizing just the Compensator, in fact, implies a relevant reduction in

the RMS value with both simulated damping values, of nearly 30%.

This phenomenon, to be validated by the experimental results, is of great importance,

since the resulting current required from the KollMorgen Unit is heavily reduced and

far more distant from the saturation level.

In addition to these considerations, also the ISO-C road profile is evaluated and its RMS

results are summed up in Table 3.9. As expected, the more demanding characteris-
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tics of the input road profile (together with the reduced speed) generate a significant

increase in the overall signal, which locally reaches the saturation limit of the electric

motor driving the pump. However, despite the increase of more than 40% with respect

to the corresponding ISO-B simulations, the resulting RMS values are perfectly feasible

with the general characteristics of the machine, hence providing reliable results even

with this input road profile.

(a) ISO-B, RRSA c=1kNs/m (b) ISO-B, RRSA c=2kNs/m

(c) ISO-C, RRSA c=1kNs/m (d) ISO-C, RRSA c=2kNs/m

Figure 3.30: Compensation Results with ISO-B and ISO-C inputs and fcut=250Hz: KollMorgen
Current

RRSA damping Discr. Model RMS Cont. Model RMS

[Ns/m] [A] [A]

1000 19.33 18.9

2000 19 18.5

Table 3.7: Compensation Results ISO-B with fcut=250Hz: Kollmorgen Current RMS
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RRSA damping rel.dev (wrt ISO-B/500Hz)

[Ns/m] [%]

1000 -27.3

2000 -28.1

Table 3.8: Compensation Results ISO-B with fcut=250Hz with relative deviation: Kollmorgen
Current RMS

RRSA damping Discr.Model RMS rel.dev. (wrt ISO-B/250Hz)

[Ns/m] [A] [%]

1000 27.33 +41.4

2000 26.85 +41.3

Table 3.9: Compensation Results ISO-C with fcut=250Hz with relative deviation: KollMorgen
Current RMS

Finally, the analysis can move on the last two measured outputs, related to the

QC performance. Starting from the Unsprung Mass acceleration, its time-histories are

shown in Figure 3.31 for both road profiles. The ISO-B input signal, as evident from

Tables 3.10 and 3.11, provides a slight increase in the computed RMS value for both

damping configurations, with respect to the performance of the 500Hz cut-off frequency

model. This increase, even if lower than 10%, is clearly in opposition to the evaluated

results for the KollMorgen Current, in which case the cut-off frequency set to 250Hz

implies a general improvement of the current signal.

For what concerns, instead, the ISO-C input profile, as visible in Figure 3.41, its corre-

sponding signal has a significantly increased amplitude along the whole simulation, as

expected. This observation is validated by the RMS values, shown in Table 3.12, which

are subjected to similar percentage-increase experienced by the KollMorgen Current.

58



3.4. Inverse Compensation Method

(a) ISO-B, RRSA c=1kNs/m (b) ISO-B, RRSA c=2kNs/m

(c) ISO-C, RRSA c=1kNs/m (d) ISO-C, RRSA c=2kNs/m

Figure 3.31: Compensation Results with ISO-B and ISO-C inputs and fcut=250Hz: Unsprung Mass
Acceleration

RRSA damping Discr.Model RMS Cont.Model RMS

[Ns/m] [m/s2] [m/s2]

1000 14.1 14.06

2000 13.95 13.9

Table 3.10: Compensation Results ISO-B with fcut=250Hz: Unsprung Mass Acceleration RMS

RRSA damping rel.dev. (wrt ISO-B/500Hz)

[Ns/m] [%]

1000 +6

2000 +8.3

Table 3.11: Compensation Results ISO-B with fcut=250Hz with relative deviation: Unsprung
Mass Acceleration RMS
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RRSA damping Discr.Model RMS rel.dev. (wrt ISO-B/250Hz)

[Ns/m] [m/s2] [%]

1000 19.96 +41.6

2000 19.74 +41.5

Table 3.12: Compensation Results ISO-C with fcut=250Hz with relative deviation: Unsprung
Mass Acceleration RMS

Last signal to be analyzed is the vertical acceleration of the Sprung Mass, repre-

sented in Figure 3.32 for both damping values. As can be observed, by doubling the

RRSA damping coefficient the resulting signal is generally amplified. In Table 3.13 are

summed up the RMS results for the ISO-B road input, while in Table 3.14 is shown

the comparison with the 500Hz cut-off frequency configuration. Following the same

trend of the Unsprung Mass, the applied reduction of cut-off frequency implies a slight

increase in the corresponding RMS values, with respect to the case at 500Hz. Anyway,

if this could be seen as a relevant drawback, as happens for the Unsprung Mass, the

entity of such increases is quite low (being in this case lower than 3%), i.e not leading

to any particular problems neither in simulation nor, possibly, in the practical imple-

mentation of the model.

Considering, then, the ISO-C road profile, its time evolution shows the expected am-

plitude increase due to the more demanding characteristics of the input signal, better

described in Table 3.15 considering the corresponding RMS values. Furthermore, the

relative increase with respect to the ISO-B profile is still in the order of 40%, hence

sharing this trend with the previous analyzed resulting signals.
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(a) ISO-B, RRSA c=1kNs/m (b) ISO-B, RRSA c=2kNs/m

(c) ISO-C, RRSA c=1kNs/m (d) ISO-C, RRSA c=2kNs/m

Figure 3.32: Compensation Results with ISO-B and ISO-C inputs and fcut=250Hz: Sprung Mass
Acceleration

RRSA damping Discr.Model RMS Cont.Model RMS

[Ns/m] [m/s2] [m/s2]

1000 0.615 0.615

2000 0.71 0.71

Table 3.13: Compensation Results ISO-B with fcut=250Hz: Sprung Mass Acceleration RMS

RRSA damping rel.dev. (wrt ISO-B/500Hz)

[Ns/m] [%]

1000 +2.5

2000 +2.9

Table 3.14: Compensation Results ISO-B with fcut=250Hz with relative deviation: Sprung Mass
Acceleration RMS
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RRSA damping Discr.Model RMS rel.dev. (wrt ISO-B/250Hz)

[Ns/m] [m/s2] [%]

1000 0.874 +42.1

2000 1.004 +41.4

Table 3.15: Compensation Results ISO-C with fcut=250Hz with relative deviation: Sprung Mass
Acceleration RMS

Final considerations

The followed compensation procedure has shown satisfying results in terms of stability

of the whole Hardware-In-The-Loop Simulated System, the first important target of

this Thesis Work. Once evaluated the causes of the instability, i.e the limited frequency

bandwidth of the testbench, the application of the Inverse Compensation Method to

the whole simulation has provided significant results. The frequency domain analy-

sis has provided the frequency response of the designed Compensator and its positive

contribution within the simulated system. Such study, hence, has demonstrated the

achievement of the desired goal, i.e the stability of the whole System in nominal con-

ditions, while the time-domain analysis has allowed to individually evaluate the effects

on the measured significant outputs.

The reduction of the cut-off frequency from 500Hz to 250Hz has provided significant

improvements in simulation. As it has been described, the frequency analysis has not

been heavily affected by the new imposed frequency characterizing the Compensator.

As a matter of fact, the most evident modifications have occurred exactly on its fre-

quency response, combined with the testbench. Despite this difference, the overall HIL

Simulation has maintained its stability.

With the analysis in time domain, instead, it has been possible to highlight some major

peculiarities depending on the cut-off frequency. The reduction up to 250Hz, in fact,

has mainly affected the KollMorgen Current signal, decreasing its saturation level and

providing definitely lower RMS values, with a reduction of almost 30% with respect

to the case at 500Hz: a significant improvement in achieving the best possible Com-

pensating Performance in the HIL Simulated System. Despite the decrease in cut-off

frequency has, oppositely, implied a slight increment in the RMS values characterizing
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the outputs of the QCM, the entity of such variations is still low (around 7% for the

Unsprung Mass and lower than 3% for the Sprung Mass) and allows to accept the

cut-off frequency at 250Hz as the target one for some of the following analyses.

Finally, with the same frequency, the ISO-C input road profile has provided relevant

but expected results. Since its different characteristics with respect to the ISO-B sig-

nal, in fact, the obtained outputs have experienced an overall increase which, anyway,

does not change the success of the designed compensation model. As a matter of fact,

each monitored signal is still inside the possible operative window of each modelled

component, without generating any criticalities even in this more demanding simu-

lated conditions.

All the considered outcomes have provided feasible values according to the limits im-

posed by the physical mechanical components installed in the actual Testbench and,

considering the satisfying obtained results, the compensation method can be assessed

to have properly solved the bench instability in the HIL numerical configuration.

Comparison between different implemented compensated models: SS, TF

and block model

With reference to 3.2, and with the introduced Compensation Method, for providing

reliable results on the developed additional models, this section briefly describes the

performed comparison between the three developed implementations of HIL Compen-

sated System in SimulinkTM space: the block model, the state space model and the

transfer function model. The tested conditions are shared with the analysis carried out

in in the previous Subsection but with only one input road profile, ISO-B @ 70km/h,

and one RRSA damping value, i.e 1000Ns/m, keeping the initial cut-off frequency of

the Compensator of 500Hz.

In order to simply validate the modelled systems, just three signals have been moni-

tored: RRSA Rotation from QCM, Load Cell force and Kollmorgen Current from the

Testbench, all of them shown in Figure 3.33.

As can be observed, all of developed models have been correctly structured and im-

plemented, since perfect overlapped curves can be appreciated. Only the block model
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representation, with respect to the State-Space and Transfer Function (directly derived

from the State-Space model), shows some very negligible differences in the Load Cell

signal, solely caused by software numerical errors and by SimulinkTM simulation set-

tings.

Overall, the three developed representations of the HIL Compensated System are per-

fectly validated between each other, demonstrating the positively performed analytical

calculation and modelling process.

(a) RRSA Tracking (b) Load Cell

(c) KollMorgen Current

Figure 3.33: HIL Compensation Results with ISO-B input, fcut=500Hz and RRSA damp-
ing=1kNs/m: comparison between different implementations

Robustness Tests

In this Section the study proceeds with some tests concerning the robustness mod-

elling process of the overall HIL System. These checks have the general purpose of

validating the obtained MATLABTM/SimulinkTM Model, by properly modifying some

key parameters in order to evaluate the consequent effects. In the physical HIL Instal-

lation, in fact, some not-modelled factors like noise, measuring system off-sets, sensor
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drift and dissipative contributions can certainly affect its overall working conditions.

Consequently, the designed Robustness Tests have the aim of increasing the accuracy

level of the Model by simulating more realistic conditions. In particular, two different

kinds of analyses have been carried out to test the model robustness:

- The OFAT Test

- The Noise Disturbance Test

Robustness test: OFAT

Methodology

Before proceeding with the experimental tests on the actual Testbench, a robustness

analysis of the whole HIL system is performed. The main purpose of this procedure is

to simulate some possible disturbances affecting the real HIL testing and to evaluate

the consequent possible deviations of some key parameters of the simulation itself.

In order to perform such tests, three important data are alternatively modified:

- The unsprung mass of the QCM

- The piston mass of the TestBench

- The dissipative coefficients of the TestBench

These robustness tests are performed by changing OFAT (one factor at time), in order

to judge the effects of each single variation on the whole HIL system with a good accu-

racy. Each factor is deviated from its nominal value of a fixed percentage, equal to +/-

10% , and for each conducted test the frequency domain and the time domain results

are analyzed. Moreover, to sum up the robustness test into the most significant cases,

only the ISO-C road profile at 35km/h is considered, being the most critical condition

faced by the QC, with a fixed RRSA damping of 1kNs/m and a cut-off frequency of

250Hz.

Frequency domain results

The robustness test main purpose is to evaluate the effects of the three modified-key-

factors on the whole HIL simulation. Starting from their variations, the frequency

domain is inspected and some detectable differences are noted.

Since the dissipative-coefficients and the piston mass are factors characterizing the
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testbench, the first followed step has been to evaluate its different frequency response

function and rootlocus, always referring to the TF previously obtained ( θout
θref

, with

RRSA damping=0). As it is visible in Figure 3.34, however, neither their positive

nor their negative variations cause significant differences in the Testbench frequency

response, which keeps substantially its nominal trend.

(a) Piston Mass +10% (b) Piston Mass -10%

(c) Dissipations +10% (d) Dissipations -10%

Figure 3.34: Piston Mass and Dissipation Robustness Test: Testbench Bode Diagram ( θout

θref
).

The frequency response function obtained, instead, by varying the unsprung mass

value is obviously unchanged with respect to the nominal one, being this parameter

not affecting it (hence, it not included in the plot). Also the stability of the testbench

has been taken into account, as a function of the performed robustness tests. In Figure

3.35, in fact, are visible the Root Loci of the Testbench transfer function corresponding

to the Piston Mass and Dissipative Coefficients sensitivity. As can be seen, negligible

differences can be observed in the location of some poles, zeros and couples of poles

and zeros.
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(a) Piston Mass +10% (b) Piston Mass -10%

(c) Dissipations +10% (d) Dissipations -10%

Figure 3.35: Piston Mass and Dissipation Robustness Test: Testbench Root Locus ( θout

θref
)

.

Once analyzed the frequency response of the Testbench Model, the study procedes

passing to the instability of the overall HIL simulation without Compensation, to ob-

serve if the involved factors can affect it. In this analysis, together with the variation

of the Piston Mass and the Dissipative Coefficients of the testbench, also the Unsprung

Mass effect is considered, since it affects the QCM which is now part of the system.

Even in this case, however, the frequency domain results are not significantly different

with respect to the nominal conditions. In Figure 3.36, in fact, are grouped together

just the results containing negative variations of the key parameters, since no visible

differences have been noted in all the other cases. The Root Locus shows the expected

HIL instability, with just some couples of poles and zeros moved along the chart. Up

to this moment, the RRSA damping has not been involved in the analyses, since the

Testbench TF, as previously explained, is computed without considering the force gen-
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erated by the RRSA. In this second step, instead, the HIL simulation takes into account

the actuation effect of the active damper, i.e a current flows in the electric machine of

the RRSA and a force is generated, numerically speaking.

(a) Piston Mass -10% (b) Dissipations -10%

(c) Unsprung Mass -10%

Figure 3.36: OFAT Robustness Test: HIL Root Locus without Compensation (Sprung Mass dis-
placement =output, road displacement=input)

The study focuses now on the Compensation effects, starting from the evaluation of

the new frequency response function between Compensator and Testbench, even tough

the Compensator can not be affected by the parameters involved in the robustness

test. In fact, as it was previously described, the Compensator is designed as the in-

verse transfer function of the testbench, computed as function of θRRSA, without RRSA

current contribution and, most important, in nominal conditions. Consequently, the

Compensator can be affected only by the imposed cut-off frequency, which in this case

has been definetely fixed to 250Hz, since the better obtained results. Hence, the overall

frequency response function of the assembly Compensator-Testbench can be affected

only by the differences spotted in the TestBench bode diagram, shown in Figure 3.34,
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since the Compensator itself is a constant transfer function in all the performed robust-

ness tests, and can not be affected by the Unsprung Mass variation, being the QCM

not included in this assembly. All these considerations are demonstrated by the results

shown in Figure 3.37, to be properly compared with the ones in Figure 3.35

(a) Piston Mass +10% (b) Piston Mass -10%

(c) Dissipations +10% (d) Dissipations -10%

Figure 3.37: Piston Mass and Dissipations Robustness Test: Compensator-Testbench Bode Diagram
( θout

θref
, with RRSA current=0)

With respect to the nominal frequency response, every computed Bode diagram

shows just a slight deviation around 100 rad/s, both in the amplitude and in the phase

response. Such short irregularities, anyway, consist in very few dB in Magnitude and

just slightly more in Phase, which allows to state that the overall response is main-

tained constant in all the performed robustness tests. Most important, the designed

Compensator demonstrates to be able to properly work even with modified key param-

eters, offering basically the same frequency response in all conditions.

However, in order to complete the frequency analysis of the Compensated-Testbench,
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the RRSA current must be taken into account in the model and in the robustness test,

as shown in Figure 3.38. Particularly now than any other previous case, the robustness

tests results show no perceivable differences with respect to the nominal condition set

up. For this reason, as it has been done in Figure 3.36, only the negative variations

have represented, since no relevant differences have been noted. Even considering the

short and negligible irregularities observed in Figure 3.37, now with the introduction

of the force provided by the active damper (hence, with a damping coefficient of 1kN-

s/m, an electric current is flowing in the electric machine) such observable differences

basically disappear.

(a) Piston Mass -10% (b) Dissipations -10%

Figure 3.38: Piston Mass and Dissipations Robustness Test: Compensator-Testbench Bode Diagram
( θout

θref
) with RRSA current (c=1kNs/m)

Finally, the overall HIL Compensated System frequency response is evaluated for

all performed robustness tests, together with their corresponding Root Loci. Also in

this case, the results do not provide significant differences with respect to the refer-

ence model, again showing in Figure 3.39 just the negative variations of the involved

parameters (since no visible deviations can be appreciated with the positive ones).
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(a) Piston Mass -10% (b) Dissipations -10%

(c) Unsprung Mass -10%

Figure 3.39: OFAT Robustness Test: HIL Compensated Bode Diagram (Sprung Mass displacement
=output, Road displacement=input) with RRSA current (c=1kNs/m)

The bode diagrams, related to the TF between Sprung Mass Displacemente and

Road profile displacement, in fact, basically remain unchanged, with just some negli-

gible differences in the Magnitude response (in the reached peaks) and more evident

deviations in the Phase response. However, can be comfortably assessed that the Mag-

nitude response keeps its nominal trend in all the considered robustness tests, proving

one more time the capability of the designed Compensator to work properly in condi-

tions different from the nominal ones.
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(a) Piston Mass -10% (b) Dissipations -10%

(c) Unsprung Mass -10%

Figure 3.40: OFAT Robustness Test: HIL Compensated Root Locus (Sprung Mass displacement
=output, Road displacement=input) with RRSA current (c=1kNs/m)

The stability analysis represented by the Root Locus, in Figure 3.40, concludes the

frequency domain analysis of OFAT robustness tests. One more time, just the negative

varitions are considered, since the positive one provide very similar results.

As can be seen, no relevant differences can be appreciated with respect to the nomi-

nal conditions, with just some displaced location of poles, zeros and couples of poles

and zeros. Most important, none of the performed analyses contains positive-real-part

poles, hence further demonstrating the stability of the HIL Compensated simulation in

frequency domain even with the considered deviated key parameters.
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Road Profile ISO-C

Road Profile Roughness 25.6e− 7

Road Profile Speed [km/h] 35

RRSA damping [Ns/m] 1000

Time duration [s] 15

Cut-Off Frequency [Hz] 250

Table 3.16: Simulation Data

Time domain results

The performed frequency domain analysis has proved the stability of the HIL system

with inverse compensation method with the designed robustness test. Now, the re-

quired step is to analyze the time domain of each test, by evaluating the same output

signals obtained in 3.4.

As previously described, the simulation is performed with a standard ISO-C road pro-

file at 35km/h, for an overall duration of 15s, as reassumed in Table 3.16. Similarly

to what has been done in 3.4, moreover, each measured output constantly contains

the comparison between the continuous and discrete Simulink Model. The latter, as

described in the previous sections, is obtained with a discretization frequency of 4kHz.

Starting from the RRSA tracking, Figure 3.41 provides an overall view of the time-

histories of the performed robustness test, with just negative 10% variation of the

considered parameters, since no considerable differences can be appreciated.
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(a) Piston Mass -10% (b) Dissipations -10%

(c) Unsprung Mass -10%

Figure 3.41: OFAT Robustness Test: Tracking of RRSA rotation

Each plot contains 4 different representations, as described in previous analysis,

showing the time-tracking of the RRSA rotation between QCM and Testbench for both

continuous and discrete models. All of the tested configurations show basically the same

tracking level with respect to the nominal conditions, with no relevant differences.

Similar considerations can be done for the Load Cell results, shown in Figure 3.42, in

which, with just some local different peaks in amplitude, each measured signal keeps

the overall course followed by the nominal configuration.
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(a) Piston Mass -10% (b) Dissipations -10%

(c) Unsprung Mass -10%

Figure 3.42: OFAT Robustness Test: Load Cell Force

Once evaluated the first two signals of the time-domain analysis, the study requires

to focus on the remaining three fundamental signals: the current of the KollMorgen,

the Sprung Mass vertical acceleration and the Unsprung Mass vertical acceleration. For

these outputs, together with their simulated time-histories, it is added the root mean

square value of the signals (RMS), in order to efficiently sum up their course and to

highlight the deviations between each of the simulated conditions.

For each measured output, the time-results are grouped just for the negative variation

of the involved parameters (-10%), as it has been done in the previous sections, while

the obtained RMS values have been collected in the following tables for both variations

(-10% and +10%), to provide the overall results in a simpler way. Starting with the

Kollmorgen Current, in Figure 3.43 can be observed the time-evolution of the signal,

for both the continuous and the discrete implementation and for both tested devia-

tions. Looking at the Sum-Up Tables 3.19 and 3.17, some relevant details are noted.

Combining the information retrieved by the RMS values, in fact, it is evident that the
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whole system shows a reduced sensitivity towards two of the considered Robustness

Tested Parameters, i.e the Piston Mass and the Dissipative coefficients, providing a

relevant dependency only on the Unsprung Mass.

Without focusing on the yet discussed small differences between discrete and contin-

uous model, and taking into account the Discrete Model (previously reasoned), the

deviation of +10% of these two parameteres (Piston Mass and Dissipative coefficients)

implies very reduced changes with respect to the nominal configuration, leading to a

KollMorgen Current relative variation of 0.44% (in case of Piston Mass) and 0.3% (in

case of Dissipative Contribution). The same deviation of +10% for the Unsprung Mass,

instead, leads to a KollMorgen Current relative variation of 7.8%, with negative sign

in this case. All these results are summarized in Table 3.20.

This first analysis suggests that the overall HIL Simulated System seems to be more

sensitive to the Unsprung Mass value introduced in the QCM, rather than to the other

considered parameters. This fact can be stricly correlated to the Instability Analy-

sis discussed in 3.3.2, in which the Unsprung Mass has shown its critical importance.

In this case, the increase of 10% of the Unsprung Mass leads to a reduction of the

KollMorgen Current RMS, i.e a decreased amount of current is required from the PID

control system. This result is a further demonstration that a heavier Unsprung Mass

can lead to a more stable overall HIL system, since the saturation limit of the Koll-

Morgen Unit is further than in nominal conditions.

Equivalent but opposite considerations are valid looking at Table 3.18. By decreas-

ing the consired parameters of the same 10%, in fact, for all tested conditions quite

similar relative deviations are obtained, with respect to the positive variation, and the

Unsprung Mass test results in an increase of almost 10% in KollMorgen Current RMS.

Hence, opposite to the previous case, the lighter Unsprung Mass leads to an overall

condition closer to the saturation limit of the KollMorgen Unit and, consequently,

closer to the instability, as expected.

In both cases, Dissipative Coefficients and Piston Mass do not show great impact on

the KollMorgen Current signal, with relative deviations in anycase lower than 1%.
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(a) Piston Mass -10% (b) Dissipations -10%

(c) Unsprung Mass -10%

Figure 3.43: OFAT Robustness Test (-10%): KollMorgen Current
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Test Condition Discr. Model RMS Cont. Model RMS

[A] [A]

Piston Mass -10% 27.25 26.65

Unsprung Mass -10% 29.97 29.30

Dissipation -10% 27.26 26.60

Nominal Condition 27.33 26.68

Table 3.17: OFAT Robustness Test (-10%): Kollmorgen Current RMS

Test Condition Discr. Model RMS rel.dev (wrt Nom.Cond.)

[A] [%]

Piston Mass -10% 27.25 -0.3

Unsprung Mass -10% 29.97 +9.7

Dissipation -10% 27.26 -0.26

Table 3.18: OFAT Robustness Test (-10%) relative deviation: Kollmorgen Current RMS

Test Condition Discr. Model RMS Cont. Model RMS

[A] [A]

Piston Mass +10% 27.45 27.21

Unsprung Mass +10% 25.19 24.55

Dissipation +10% 27.41 26.75

Nominal Condition 27.33 26.68

Table 3.19: OFAT Robustness Test (+10%): Kollmorgen Current RMS

Test Condition Discr. Model RMS rel.dev (wrt Nom.Cond.)

[A] [%]

Piston Mass +10% 27.45 +0.44

Unsprung Mass +10% 25.19 -7.8

Dissipation +10% 27.41 +0.3

Table 3.20: OFAT Robustness Test (+10%) relative deviation: Kollmorgen Current RMS
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The fourth important considered output is the Unsprung Mass vertical acceleration,

obtained within the QCM block. As well as the Sprung Mass Acceleration, it is here

introduced to provide an idea about its entity, as shown in Figures 3.44 and in Tables

3.23 - 3.21, for better evaluating the performed analyses in the following Chapters.

(a) Piston Mass -10% (b) Dissipations -10%

(c) Unsprung Mass -10%

Figure 3.44: OFAT Robustness Test (-10%): Unsprung Mass Acceleration

In this case, as can be observed, the relative impact provided by the Unsprung Mass

variation is reduced with respect to the KollMorgen Current case, but also the trends

are opposite. By increasing of 10% the unsprung mass, in fact, is obtained a decrease

of more than 6% in the Unsprung Mass Acceleration, while the same increase applied

to the Piston Mass and to the Dissipative Coefficients lead to positive deviations, i.e

increase of Unsprung Mass Acceleration. In particular, if the Piston Mass contribution

is limited to low percentages, the Dissipative Contribution has the same order of the

Unsprung Mass one, providing an increase of 4% of the Unsprung Mass acceleration.

By evaluating the negative variation of 10%, Figure 3.22, the trend is opposite but the

order of magnitude of the relative deviation is basically the same. This double analysis
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allows to state that both the Dissipative Coefficients and the Unsprung Mass itself

have a non-negligible impact on the Unsprung Mass vertical acceleration, differently

from the Kollmorgen analysis (in which only the Unsprung Mass is the main affecting

parameter). Moreover, as expected, lighter values of Unsprung Mass provides higher

vertical acceleration of the same mass.

Test Condition Discr. Model RMS Cont. Model RMS

[m/s2] [m/s2]

Piston Mass -10% 19.3 19.45

Unsprung Mass -10% 21.14 21.07

Dissipation -10% 19.16 19.12

Nominal condition 19.96 19.90

Table 3.21: OFAT Robustness Test (-10%): Unsprung Mass Acceleration RMS

Test Condition Discr. Model RMS rel.dev (wrt Nom.Cond.)

[m/s2] [%]

Piston Mass -10% 19.45 -2.5%

Unsprung Mass -10% 21.14 +6

Dissipation -10% 19.16 -4

Table 3.22: OFAT Robustness Test (-10%) relative deviation: Unsprung Mass Acceleration RMS
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Test Condition Discr. Model RMS Cont. Model RMS

[m/s2] [m/s2]

Piston Mass +10% 20.16 20.11

Unsprung Mass +10% 18.69 18.63

Dissipation +10% 20.81 20.74

Nominal condition 19.96 19.90

Table 3.23: OFAT Robustness Test (+10%): Unsprung Mass Acceleration RMS

Test Condition Discr. Model RMS rel.dev (wrt Nom.Cond.)

[m/s2] [%]

Piston Mass +10% 20.16 +1

Unsprung Mass +10% 18.69 -6.4

Dissipation +10% 20.81 +4.3

Table 3.24: OFAT Robustness Test (+10%) relative deviation: Unsprung Mass Acceleration RMS

Finally, the vertical acceleration of the Sprung Mass of the QCM is considered,

represented in Figure 3.45 and Tables 3.27-3.25. This measurement, as previously

mentioned, will be fundamental for the next analyses, in particular for defining the

Comfort Coefficient in 4.1.4, one of the two key parameters in the QC performance

analysis. The performed robustness tests, summed up in Tables 3.28 and 3.26, do not

show a single-particularly relevant dependency on any of the tested parameters. In

fact, the positive variation of 10% provides an increase of 1-2% of the Sprung Mass

vertical acceleration for all three parameters, while a negative variation provides de-

creases of the same entities. Hence, it can be assessed that the vertical acceleration of

the sprung mass is not significantly affected by any particular tested data.
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(a) Piston Mass -10% (b) Dissipations -10%

(c) Unsprung Mass -10%

Figure 3.45: OFAT Robustness Test (-10%): Sprung Mass Acceleration

82



3.4. Inverse Compensation Method

Test Condition Discr.Model RMS Cont.Model RMS

[m/s2] [m/s2]

Piston Mass -10% 0.861 0.860

Unsprung Mass -10% 0.847 0.846

Dissipation -10% 0.864 0.863

Nominal condition 0.874 0.873

Table 3.25: OFAT Robustness Test (-10%): Sprung Mass Acceleration RMS

Test Condition Discr.Model RMS rel.dev (wrt Nom.Cond.)

[m/s2] [%]

Piston Mass -10% 0.861 -1.5%

Unsprung Mass -10% 0.847 -3%

Dissipation -10% 0.864 -1.14%

Table 3.26: OFAT Robustness Test (-10%) with relative deviation: Sprung Mass Acceleration
RMS

Test Condition Discr. Model RMS Cont. Model RMS

[m/s2] [m/s2]

Piston Mass +10% 0.888 0.886

Unsprung Mass +10% 0.892 0.891

Dissipation +10% 0.884 0.883

Nominal condition 0.874 0.873

Table 3.27: OFAT Robustness Test (+10%): Sprung Mass Acceleration RMS

Test Condition Discr. Model RMS rel.dev (wrt Nom.Cond.)

[m/s2] [%]

Piston Mass +10% 0.888 +1.6%

Unsprung Mass +10% 0.892 +2%

Dissipation +10% 0.884 +1.1%

Table 3.28: OFAT Robustness Test (+10%) with relative deviation: Sprung Mass Acceleration
RMS
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Final considerations

The overall results obtained from this OFAT robustness test have shown that the HIL

system keeps its stability, even considering some deviated key factors. The stable be-

haviour has been proved first in the frequency domain, considering all the possible

differences from the nominal model, and then in time domain, in order to evaluate the

reached working conditions with respect to the designed limits. In all performed tests

the significant outcomes have provided satisfactory results and the prefixed target of

this study has been succesfully achieved.

Robustness test: Noise Disturbance

Methodology

The actual HIL System, as it was described in Chapter 2.2, is equipped with two fun-

damental sensors in the testbench for evaluating two key parameters: the Load Cell

force and the Piston Position in the test bench. These two sensors, as every mea-

suring devices, introduce some errors in the actual signal and, up to this point, this

phenomenon has been neglected.

Hence, for simulating the presence of the sensors in the layout of the HIL system, and

for evaluating their effects in the interested outputs, this additional analysis is con-

ducted. This Section, in fact, has the purpose of modelling in the SimulinkTM Space

the potential effects of some noise sources, that could occurr in the physical installa-

tion.

The disturbing noises are added in the SimulinkTM Model by means of the Uniform

Random Number block, capable of providing a signal normally distributed between two

chosen limits. For what concerns the Load Cell measurement, the noise is set equal to

5% of the maximum readable value from the Load Cell itself, i.e 5000N, the end-scale;

consequently, this noise signal max amplitude is fixed to 250N. The noise related to

the Piston Position, instead, is set to 5% of the maximum peak reached by the model

in its nominal conditions and, as a consequence, its maximum amplitude is equal to

0.0015m (1.5mm).

From the point of view of the implementation, quite a standard procedure has been

followed. The noise affecting the Load Cell measurement is introduced at the output
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of the TestBench, here inserting the Uniform Random Number block and adding con-

sequently this signal to the reference one. Instead, in order to account for the noise

affecting the Piston Position measurement, the Uniform Random Number block is in-

troduced inside the Testbench, at the output of the PRI block. Here, in fact, one of the

outputs is the computed RRSA angle, then sent in feedback to the PID controller of

the Kollmorgen. From the moment that the RRSA rotation is obtained directly from

the piston position, the θRRSA, output of the PRI, is converted first into the Piston

Position signal, adding in this way the noise disturbance generated by the Uniform

Random Number block, and the resulting new Piston Position is re-converted into

RRSA rotation, finally fedback in the PID controller. Both the described schemes can

be observed respectevely in Figure 3.46 and in Figure 3.48, with the additional plot

of the noise affecting the Load Cell signal and the Piston Position measurements, in

Figure 3.47 and 3.49.

For this last simulation analysis of robustness, the starting MATLAB/SimulinkTM

model is the original one, with all parameters implemented in their nominal condi-

tions. As for the OFAT analysis, also in this case only the most stressed condition is

tested, hence the ISO-C profile is the only considered road input, and all the remaining

Simulation Data are summed up in Table 3.29.

Road Profile ISO-C

Road Profile Roughness 25.6e− 7

Road Profile Speed [km/h] 35

RRSA damping [Ns/m] 1000

Time duration [s] 15

Cut-Off Frequency [Hz] 250

Max ampl. Load Cell Noise [N] 250

Max ampl. Piston Position Noise [mm] 1.5

Table 3.29: Noise Disturbance Testing: Simulation Data
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Figure 3.46: Load Cell Noise added at the output of the Testbench block model

Figure 3.47: Load Cell Noise signal

Figure 3.48: Piston Position Noise added inside the Testbench block model

86



3.4. Inverse Compensation Method

Figure 3.49: Piston Position Noise signal

Time domain results

As it was performed in the OFAT Robustness Test analysis, the first two outputs to

be analyzed are the Tracking of the RRSA angle and the force measured by the Load

Cell Sensor.

Moreover, since the RRSA rotation intrinsically contains information about the piston

axial displacement, i.e one of the two noise-affected quantities of the test, it assumes,

particularly here, a fundamental importance.

For what concerns the tracking capability of the testbench, shown in Figure 3.50, it is

maintained substantially unchanged with respect to the nominal configuration, demon-

strating the quality of the designed control system. This result can also be assessed to

the fact that the introduced Piston Position Noise, which is added in the Model right

before completing the feedback line towards the PID Controller, has a very reduced

entity even if referred to the peak nominal value, hence its effect can be positively

compensated by the control system.

The Load Cell signal, instead, represented in Figure 3.51, appears clearly modified.

The introduced noise, in fact, reaching a maximum amplitude of 250N, is perfectly

comparable with the nominal signal and, as a consequence, the resulting signal is heav-

ily amplified. However, even if the locally reached peaks overcome 1kN, the whole

signal time-history does not minimally come close to the end-scale of the Load Cell

Sensor, i.e 5kN, and the system can be assessed to be able to properly compensate

even with so critical conditions. It is important to highlight, with these considerations,

that the performed Noise Disturbance Robustness Test represents a case of particularly

stressed conditions, since the Piston Position noise signal is referred to the maximum
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reached peak in nominal conditions (with a percentage of 5%), while, most relevant,

the Load Cell noise signal is referred to the end-scale of the sensor itself, translating

this information into a signal with maximum amplitude of 250N, i.e quite a significant

disturbance. Hence, taking into account these considerations, the results obtained with

this second type of Robustness Test assume an increased importance.

(a) Noise Disturbance Test (b) Nominal Conditions

Figure 3.50: Noise Disturbance Robustness Test: Tracking of RRSA rotation

(a) Noise Disturbance Test (b) Nominal Conditions

Figure 3.51: Noise Disturbance Robustness Test: Load Cell Force

As well as the Load Cell Force, also the KollMorgen Unit is significantly affected

by the added noise signals in the simulation. As shown in Figure 3.52 and in Table

3.30, the signal time-history is locally highly truncated at the saturation level of the

electric motor, i.e 90A, much more than the nominal configuration. Looking at the

corresponding RMS values, in fact, the introduction of the disturbance signals cause

an increase of more than 20% with respect to the starting condition, visible in Table
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3.31, i.e the largest measured increase in all performed robustness test.

However, even in these conditions, the overall Simulated system is still stable. If on

one side the signal representing the current flowing in the KollMorgen Unit is clearly

truncated at the saturation level, on the other one the RMS resulting value is still not

close to the maximum limit sustainable by the KollMorgen itself.

(a) Noise Disturbance Test (b) Nominal Conditions

Figure 3.52: Noise Disturbance Robustness Test: KollMorgen Current

Test Condition Discr. Model RMS [A] Cont. Model RMS [A]

Noise Disturbance Test 33.1 34.5

Nominal condition 27.33 26.68

Table 3.30: Noise Disturbance Robustness Test: Kollmorgen Current RMS

Test Condition Discr. Model RMS [A] Relative deviation

Noise Disturbance Test 33.1 +21.1%

Nominal condition 27.33 0%

Table 3.31: Noise Disturbance Robustness Test with relative deviation: Kollmorgen Current RMS

The Noise Disturbance Robustness Test affects, differently, also the output of the

QCM. The Unsprung Mass vertical acceleration, shown in Figure 3.53, experiences a

relative increase of its RMS value of slightly more than 3%, visible in Table 3.33. The

Sprung Mass vertical acceleration, instead, is more affected by the introduced distur-

bances, as can be seen in its time-history in Figure 3.54. In this case, the increase with
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respect to the nominal condition is higher than 9%, shown in Table 3.35, proving that

the dynamics of the QC Sprung Mass are more sensitive to the sensor measurements.

(a) Noise Disturbance Test (b) Nominal Conditions

Figure 3.53: Noise Disturbance Robustness Test: Unsprung Mass Acceleration

Test Condition Discr. Model RMS [m/s2] Cont. Model RMS [m/s2]

Noise Disturbance Test 20.60 20.64

Nominal condition 19.96 19.90

Table 3.32: Noise Disturbance Robustness Test: Unsprung Mass Acceleration RMS

Test Condition Discr. Model RMS [m/s2] Relative Deviation

Noise Disturbance Test 20.60 +3.2%

Nominal condition 19.96 0%

Table 3.33: Noise Disturbance Robustness Test with relative deviation: Unsprung Mass
Acceleration RMS
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(a) Noise Disturbance Test (b) Nominal Conditions

Figure 3.54: Noise Disturbance Robustness Test: Sprung Mass Acceleration

Test Condition Discr. Model RMS [m/s2] Cont. Model RMS [m/s2]

Noise Disturbance Test 0.956 0.957

Nominal condition 0.874 0.873

Table 3.34: Noise Disturbance Robustness Test: Sprung Mass Acceleration RMS

Test Condition Discr. Model RMS [m/s2] Cont. Model RMS [m/s2]

Noise Disturbance Test 0.956 +9.4%

Nominal condition 0.874 0%

Table 3.35: Noise Disturbance Robustness Test with relative deviation: Sprung Mass Acceleration
RMS

Final considerations

The purpose of this additional simulation was to prove the stability of the whole HIL

system by trying to model it in a more realistic way, introducing some noise distur-

bances in correspondence of the measurement devices: with this target in mind, the

test can be considered quite successful. The addiction of the two noise signals to the

SimulinkTM Model, based on the nominal configurations, have clearly shown their ef-

fects, providing significant results in the time domain. The monitored outputs have

shown different levels of sensitivity to the sensor measured signals. The tracking ca-

pabilities of the testbench, containing information about the Piston Position, have not

significantly changed, showing further good compensation performaces of the control
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system. The Load Cell signal has experienced higher modifications, due to the higher

absolute entity of its modifications, remaining in any case far below the sensor measure-

ment end-scale. The current characterizing the KollMorgen Unit, even if experiencing

the largest increase, has been kept below the critical limits of the electric machine.

Finally, the QC outputs have shown different behaviours towards the system modifi-

cation, with relative increases always under control.

Considering the particularly demanding characteristics of the ISO-C road profile and

the extremely stressed designed test conditions, the robustness test with Simulated

Noise Disturbance can be considered successfully performed.

3.5 Model Following Compensation Method

Once described and analyzed the numerical results obtained with the Inverse Compen-

sation Method, this Thesis Work proposes another compensation method in order to

solve the testbench-bandwidth-caused instability: the Model Following Approach.

3.5.1 Methodology

This compensation method is based on the scheme shown in Figure 3.56, in which the

control scheme is applied to the bench model. The testbench SimulinkTM Model is

summed up by the Transfer Function Gp, that has been computed following an an-

alytical approach similar to the one described in 3.4. It provides the RRSA Output

rotation receiving the Kollmorgen current signal as unique input (hence, θout
iKoll

), taking

into account the RRSA installation (with its mechanical connection to the hydraulic

piston) and, according to the tested condition, even its damping value.

The actual Compensation Scheme, instead, is composed by two transfer functions:

TFdes and TFfollowing.

The first one represents the desired behaviour requested by the Testbench, and it is

numerically implemented with a Bessel Filter with a filter order ndes equal to 4 and

a cut-off frequency fcut equal to 500Hz. The Bessel filter is a type of analog linear fil-

ter with a maximally flat group/phase delay (maximally linear phase response), which
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maintains the wave shape of filtered signals in the passband. In MATLABTM it is

obtained with the mkfilter command, that with the code:

TFdes = mkfilter(fcut, ndes,
0bessel0) (3.12)

returns a single-input, single-output analog low pass filter, whose frequency response

function is shown in Figure 3.55.

Once defined the desired Testbench transfer function, the TFfollowing is computed as

the ratio between the TFdes and the Testbench Gp, i.e performing the inversion of

this last transfer function. Concerning this calculation, it is important to highlight

the fact that the filter order imposed to the expression 3.12 has been properly set to

make possible the SimulinkTM implementation of the Control Scheme, since it allows to

obtain the same order on both numerator and denominator of TFfollowing (the equivalent

procedure has been followed for the Inverse Compensation Method by introducing the

closure poles).

At this point the Compensation Scheme is ready to be implemented following the layout

described in Figure 3.56, as can be observed in the SimulinkTM detail in Figure 3.57.

Figure 3.55: Bode Diagram of TFdes(Bessel filter)

.
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Figure 3.56: Model Following Scheme applied to the Testbench system.

.

Figure 3.57: Model Following Control Scheme implemented in SimulinkTM

.

Once applied to the single Testbench, the Model Following Compensation Scheme

is linked to the QCM for evaluating its performance at the overall level of HIL System,

producing the general layout shown in Figure 3.58. In this final step the Testbench

Block clearly includes all the components previously described, including the RRSA

model with all the corresponding contributions, providing both the RRSA Output Ro-

tation and the Load Cell Force, to be introduced in the QCM.
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Figure 3.58: Model Following Scheme applied to the HIL system.

.

3.5.2 HIL Simulation Results

Frequency domain results

The first analyses that are carried out concern the frequency domain of the modelled

system. In particular, the first considered condition does not include any RRSA damp-

ing value, setting it equal to 0Ns/m; hence, the RRSA is still present in the model of

the State Space system but no current is flowing in its simulated electric machine, since

the damping value is null, and no consequent force is generated (it affects the system

with its inertial and dissipative contribution).

By performing analytical calculations equivalent to the ones described in 3.4.2, the

Compensated-Testbench Transfer Function is obtained, i.e θout
θQCM

, and its Bode dia-

gram is compared with the Bessel Filter, shown in Figure 3.59. As can be seen, the

two frequency responses are perfectly overlapped, as expected, since the Compensation

Scheme is acting on the Testbench with the same damping parameters. The TFfollowing,

in fact, is referred to the Testbench without RRSA damping and, in this specific config-

uration, the Testbench model is actually without RRSA damping, i.e the compensation

is mathematically ensured.
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Figure 3.59: Bode Diagram comparison between Bench TF with Compensation and Desired
TF (Bessel Filter), with Testbench&Compensator RRSA damping=0Ns/m

.

Figure 3.60: Bode Diagram comparison between Model Following Method (with Bessel filter
and fcut=500Hz), Inverse Compensation Method (with fcut=500Hz) and Bench without Com-
pensation, with Testbench&Compensator RRSA damping=0Ns/m

.

With the same configuration, moreover, the Model Following Method is compared

with the corresponding Inverse Compensation Method and with the Testbench Bode

diagram without any kind of compensation, visible in Figure 3.60. Considering this

plot, it is clear that the Model Following Compensation allows to obtain a further

increased Testbench bandwidth with significantly reduced attenuations both in Mag-
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nitude and in Phase, as can be seen from the differences between the blue and yellow

curve. With this important observation regarding the Bench bandwidth improvement,

the Model Following Method appears to be likely the best choice with respect to the

Inverse Compensation Method.

However, as previously described, the optimal behaviour observed in Figure 3.59 is sub-

stantially derived from the mathematical relations that link the Compensation Scheme

with the Testbench, being defined both of them with reference to the same damping

value.

At this point, in fact, the study proceeds by simulating a Testbench RRSA damping

equal to 1000Ns/m (hence, the RRSA model is providing a force and is characterized by

a current) while keeping the TFfollowing referred to the case with no damping, i.e 0Ns/m.

This comparison is performed in the Bode Diagram in Figure 3.61. As expected, the

actual Testbench frequency response (with Model Following, the blue line) and the de-

sired frequency response (red line) are no longer overlapped, since the TFfollowing is not

mathematically linked to the simulated testbench. Moreover, this behaviour has been

previously described also for the Compensation Method in 3.4.2 in Figure 3.22, here

replicated in Figure 3.62 in comparison with the Model Following Method. Overall, the

performed frequency domain analysis has demonstrated that this last compensation

approach appears to be able to further increase the Bench bandwidth and to provide

better results in terms of phase and magnitude response, with respect to the previously

implemented Inverse Compensation Method.

However, the model mismatch occurring when a certain damping difference is im-

posed between the Compensation Scheme and the Modelled Testbench, still exists. As

described for the Inverse Compensation Method, in fact, the Compensator can not per-

fectly operate when its reference RRSA damping is quite different from the Testbench

one, as visible in Figure 3.61.

These considerations must be taken into account with the actual HIL physical im-

plementation of this Compensation Method, for evaluating the effective compensating

performance.
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Figure 3.61: Bode Diagram comparison between Bench TF with Model Following Method
(with Bessel Filter and fcut=500Hz), Desired TF (Bessel Filter) and Bench TF without Com-
pensation, with Testbench RRSA damping=1000Ns/m and Compensator RRSA damp-
ing=0Ns/m

.

Figure 3.62: Bode Diagram comparison between Bench TF with Model Following Method
(with Bessel Filter and fcut=500Hz) and Bench TF with Inverse Compensation (with
fcut=500Hz), with Testbench RRSA damping=1000Ns/m and Compensator RRSA damp-
ing=0Ns/m

.

Time domain results

Once described and examinated the frequency domain results about the Model Follow-

ing Method, this Section completes the Compensation analysis by evaluating also the
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time domain results.

The QCM input is the ISO-B @ 70km/h and the Testbench is characterized by a RRSA

damping of 1000Ns/m, while the TFfollowing of the Compensation Scheme is maintained

in nominal conditions (with 0Ns/m, as previously described).

Considering the equivalent analysis performed in the former sections, the monitored

signals are four:

❼ RRSA Tracking Angle (Testbench performance)

❼ Kollmorgen Current (Testbench performance)

❼ Sprung Mass Vertical Acceleration (QC performance)

❼ Unsprung Mass Vertical Acceleration (QC performance)

(a) RRSA Tracking (b) Kollmorgen Current

(c) Ms Acceleration (d) Mus Acceleration

Figure 3.63: Time domain results comparison between Model Following with Bessel Filter
(fcut=500Hz) and Inverse Compensation Method (fcut=500Hz) for ISO-B profile @ 70km/h, with
Testbench RRSA damping=1000Ns/m and Compensator RRSA damping=0Ns/m
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These outputs are grouped in Figure 3.63 in comparison with the corresponding results

obtained with Inverse Compensation Method.

As expected, considering the differences between the two methods (quite relevant only

at high frequencies), the obtained results do not diverge significantly between each

other, just showing some differences in the Kollmorgen Current signal, with slightly

higher local peaks closer to the saturation limit. On the other hand, QC performance

and RRSA tracking do not show relevant deviations, overall providing quite overlapped

behaviours.

3.5.3 Final considerations

Overall, the performed analysis concerning the Model Following Method has demon-

strated its validity as alternative Compensation approach to the Inverse Method. Not

only it has proved to properly work in increasing the Testbench bandwidth and pro-

viding reliable results at the HIL level, but it has also clearly shown to be able to

improve the overall required performance. With respect to the Inverse Compensation

Method, in fact, it increases the frequency range within which no relevant attenuations

in Magnitude or Phase occur, for the same designed conditions (i.e, cut-off frequency).

However, it shows the same expected limit in compensating whenever the Testbench

has a RRSA damping value different from the Compensation Scheme one (i.e, 0Ns/m),

which mathematically implies the impossibility to perfectly compensate the Testbed

dynamics.

Overall considering, in simulation the Model Following Method has numerically proved

to enhance the compensating performance with respect to the Inverse Method, hence

leading to possibly design it for the experimental test in Hardware-In-the-Loop.
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Chapter 4

RRSA Control Strategy: Numerical

Modelling

4.1 Sky-Hook Control

4.1.1 Sky-Hook Theory

Ideal Sky-Hook

The analysis can start considering a simple quarter car with two degrees of freedom,

like the one shown in Fig. 4.1. A damper placed not between the two masses but

between the sprung mass and a fixed point would be needed to damp the motion of

the vehicle body in an optimal way, as described in detail in [3]. A model with this

configuration, usually referred to as skyhook, is shown in Figure 4.1. The considered

point to which the damper is attached is fixed in an inertial frame, while the designed

damper can substitute or not the traditional suspension shock absorber, according to

the scheme.
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Figure 4.1: Skyhook application on two degrees of freedom QC: a) and b) with and without suspen-
sion shock absorber, c) practical implementation with controlled damper between the two masses, [3]

With reference to Figure 4.1 a), the resulting equation of motion is expressed in

4.1, modified in 4.3 with the introduction of some important dimensionless parameters,

shown in 4.2, according to [3].

(4.1)

(4.2)

(4.3)

If the tire damping is neglected (as it often happens in this Thesis Work), the obtained

amplification factor is:

(4.4)
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If, instead, the shock absorber between masses is still present, as it happens in Figure

4.1, the new equation of motion is:

(4.5)

i.e:

(4.6)

Once obtained these results, it is possible to plot the frequency response of the quarter

car 2dof sprung mass with skyhook implementation, represented in Figure 4.2, in which

is shown the amplification factor and the inertance.

Figure 4.2: Non-dimensional frequency response of the sprung mass of a quarter car with two degrees
of freedom. Dimensionless parameters: b=P/K=4 and a=mu/ms=0.1. Passive system with optimum
damping (ratio 0.433), simple skyhook (ratio 1) and skyhook with same ratio plus a damper between
the two masses with damping equal to 1/3 of the optimum (0.1443), [3]

The presence of the skyhook greatly reduces the displacement and the acceleration

at low frequency, while causing a very high, although not infinite, resonance peak at

the resonant frequency characterizing the unsprung mass. However, as it can be ob-

served, the addition of even a small damper between the two masses strongly reduces
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this peak, cancelling it without affecting the response at low frequency.

This type of system is, hence, capable of controlling the sprung mass motion in a quite

effective way but, unfortunately, is completely unsatisfactory from what concerns the

control of the unsprung mass, whose frequency response is shown in Figure 4.3. The

skyhook system has basically no effect on the unsprung mass motion in the frequency

range of its resonance. However, the introduction of a conventional damper between

the two masses, even small as the one used here, strongly reduces the unsprung mass

displacement and acceleration; hence, with an increased damping value, the resonance

peak disappears with just a slight increase at low frequency.

The ideal skyhook is, then, a theoretical solution for particularly controlling the low fre-

quency motions of the sprung mass, remaining however just an ideal solution, without

the possibility to implement it in practice.

Figure 4.3: Non-dimensional frequency response of the unsprung mass of a quarter car with two
degrees of freedom, [3]

Semi-active quarter car with real skyhook

The fixed point (the ”sky”) where the skyhook damper is attached does not exist in the

real implementation. This system must therefore be designed using a device located

between the sprung and the unsprung masses of the Quarter Car, [3]. The semi-active

solution, based on a damper with controllable damping coefficient, is shown in Figure

4.1 c) and must provide a force, defined in [3], given by:
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(4.7)

that can be re-arranged in:

(4.8)

As it can be observed, it should be possible to implement a device able to simulate the

skyhook simply by modulating the damping coefficient of the damper, so that it is, in

each instant, equal to:

(4.9)

Even considering this formulation, however, the ideal skyhook can only be approxi-

mated by this semi-active design, since the forces exerted on the unsprung mass are

different with respect to the ideal system, while the ones provided to the sprung mass

are those defined by the ideal skyhook.

Most important, a passive system can not replicate the behaviour shown in Equation

4.9. In fact, when the equivalent damping coefficient is positive, the device dissipates

energy and the working principle is the same of a convenctional shock absorber, but

when this coefficient is negative the damper should introduce energy into the system,

i.e requiring an active device.

Active quarter car with real skyhook

The active system, able to transfer energy to the system, is hence required to follow the

law 4.8. For this purpose must be used a device usually defined as operating on four

quadrants, expression that comes from the force-velocity plot of the damper. With the

usually adopted sign convenction, the conditions in which a passive system can operate

lie in the second and fourth quadrants, i.e. in the quadrants where force and velocity

have opposite signs and the resulting power is dissipated (if the force is that exerted

by the damper to one of its end points and the velocity is that of the same point while
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the other is constrained).

An active system, instead, may also exert forces with the same sign of the velocity,

in which case it works in all four quadrants. Considering a traditional two-degrees of

freedom QCM, [3], where the shock absorber between the masses is substituted by an

actuator operating on four quadrants, and neglecting the tire-damping, the resulting

equation of motion is:

(4.10)

in which F is the force provided by the actuator on the sprung mass. By re-arranging

it, it becomes:

(4.11)

In order to simulate the skyhook behaviour, this force, previously defined in 4.7, must

be equal to:

(4.12)

With this new equation of motion the overall frequency response of the system is

changed. Assuming the same Quarter Car Model used in Figures 4.2 - 4.3, the fre-

quency response of the sprung mass (in terms of vertical displacement and acceleration)

is shown in Figure 4.4. As can be observed, the quarter car with a skyhook of this

type does not differ from the ideal one. The main effect of the actual skyhook, in fact,

is related to the frequency response of the unsprung mass, shown in Figure 4.5. The

resulting response of the system is quite different from the ideal one, still remaining

unsatisfactory. This limit is actually improved by setting a higher damping value of the

suspension shock absorber, which in the considered analysis is 1/3 of the optimum one.

With this suspension damping increase, therefore, the frequency response at higher fre-

quencies improves and the amplitude peaks can be easily reduced, obtaining an overall

optimization even for the unsprung mass performance.
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Figure 4.4: Non-dimensional frequency response of the sprung mass of a quarter car with two degrees
of freedom with b=P/K=4 and a=mu/ms=0.1. Passive system with optimum damping (ratio 0.433),
skyhook (ratio 1 and suspension damping ratio equal to 1/3 of the optimum) and actual skyhook with
same values of the parameters, [3].

Figure 4.5: Non-dimensional frequency response of the unsprung mass of a quarter car with two
degrees of freedom (with actual skyhook), [3].

4.1.2 QC and Sky-Hook Control Model

The study focuses now on the Numerical Modelling of the system with Sky-Hook Con-

troller. Once evaluated the benefits and the limits of this Control Strategy, it is applied

on a MATLAB/SimulinkTM numerical model which takes into account the QC previ-

ously described.
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Without considering the HIL model implementation, the QCM is directly linked to the

Sky-Hook Controller and to the RRSA System, as visible in Figure 4.6.

Figure 4.6: Working principle of Sky-Hook Controller applied to the RRSA system in the Quarter
Car Model implementation (the static weights of the QC masses are not shown)

In order to follow the Equation 4.12, the Control System receives the absolute ver-

tical velocity signals of the both masses, computes the relative speed and provides

a force, completely dependent on the used coefficients, as shown in the SimulinkTM

scheme in Figure 4.9.

Once generated such force on the SH Controller, it becomes the input signal to the

RRSA System, which in turns provides it directly to the QCM, always passing through

the transmission lever characterizing this vehicle implementation. In Figure 4.7 is

shown the overall corresponding SimulinkTM Model, with the three main blocks of the

simulation.
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Figure 4.7: SimulinkTM Model of Quarter Car with Sky-Hook controlling the RRSA system

The Quarter Car Model is implemented with the same starting features of the one

used in HIL Simulation 3.4.3 but with some additional modifications. First of all,

in order to increase the accuracy level of the modelling process, the static conditions

are properly taken into account by evaluating the effects of the weight forces of the

sprung and unsprung masses. Due to these time-invariant actions, in fact, is computed

the achieved equilibrium condition for the whole QC, expressed in terms of vertical

displacements of both masses and, consequently, in terms of pre-compression of the

springs. For these reasons, hence, in the State Space Model two new input signals are

introduced, representing the constant weight forces.

The second important modification that is here implemented concerns the force ex-

changed between tire and road. Even if with standard ISO road profile this can hardly

happen, it is important to take into account the ”detachment event” of the tire from

the ground. Strictly speaking, the reaction from the ground to the tire can be directed

only towards the tire itself, i.e up, while the opposite would imply the detachment of

the tire from the ground level. For this reason, hence, the tire-road force (defined by

Ft=kt(zu-zg), in which zu=unsprung mass displacement, zg=road displacement) is no

more computed at the output of the state space model, but is introduced as input

(considering both vertical displacements) and passed through a Saturation Block in

order to consider only the negative part of the signal, as can be overall observed in

Figure 4.8. In fact, taking into account the chosen sign convenction visible in Figure

4.6, this force must always be negative (directed up), while the opposite would give

the described detachment problem.
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Figure 4.8: Quarter Car Simulink Model detail

As mentioned, the Sky-Hook Controller model, here shown in Figure 4.9, receives

the signals carrying information about vertical velocities of both masses and, combin-

ing them according to 4.12, provides the Sky-Hook Force. This force is not, then,

directly introduced in the QCM, since its function it’s that of controlling the RRSA

active damper.

Figure 4.9: Sky-Hook Simulink Model

The RRSA system, which is represented in detail in Figure 4.10, is substantially

modelled with the same logic of 3.1.3. The desired force computed by the SH Controller

is first converted into the torque available at the output of the planetary gearbox, i.e

passing through the transmission ratio of the connecting leverage, and then into the

current required from the RRSA Electric machine. Once obtained the current signal,

the RRSA modelling process is basically over, since the current is re-introduced in a
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RRSA sub-block which replicates the performed transformations in order to get the

torque at the output of the gearbox as unique output. At this point, the signal is

converted again into the force on the suspension (clearly coinciding with the signal

computed by the SH Controller ) and finally introduced in the QCM.

Figure 4.10: RRSA Simulink Model

4.1.3 Methodology

Once described the implemented model for SkyHook Control Strategy, a brief introduc-

tion to the simulation set up and to the followed procedure is required. The realized

QCM, first of all, does not use the same data presented in the previous section, referred

to a JeepTM Renegade, but the ones related to the Alfa RomeoTM Stelvio, the actual

car model for which is designed the final electro-mechanical RRSA prototype, whose

characteristic data are summed up in Table 4.1 (the suspension passive damping is

considered null since it is applied the Control Strategy).

Sprung Mass [kg] −→ ms 521.75

Unsprung Mass [kg] −→ mus 55

Susp.Stiffness [N/m] −→ ks 43900

Susp.Passive damping [Ns/m] −→ cs 0

Tire Stiffness [N/m] −→ ku 255e3

Tire Damping [Ns/m] −→ cu 50

Table 4.1: Quarter Car Model Data (Alfa RomeoTM Stelvio)

The first performed analyses, as shown in the scheme of Figure 4.10, do not take into

111



RRSA Control Strategy: Numerical Modelling

account the inertial and dissipative contributions of the RRSA device. The controlled

damping force, in fact, is just provided by the Sky-Hook Strategy without considering

the actual characteristics of the system composed by the gearbox and the electric ma-

chine. Moreover, the RRSA is first assumed to ideally work with maximum efficiency

of 100%, indipendently on the working point of its Torque-Speed Conversion Efficiency

Map, ensuring power transmissions without any kind of losses.

After this first ideal analysis, the overall model will be simulated taking into account

both the energy conversion effiency and the inertial and dissipative contributions, for

providing even more realistic results.

Passing to the implemented control system, the SH Control Strategy is analyzed with

a variable range of its main factors, c and cs, for evaluating the optimal performance

that can be achieved for the considered QCM. The MATLABTM code, in fact, has

been organized with several loops for generating an overall matrix collecting all pos-

sible combinations of damping parameters, in order to provide the desired simulation

outputs in the considered range.

This analysis, devoted to study some possible strategies for controlling the active

damper, has focused on a specific set of fundamental outputs, referred to two dif-

ferent subgroups:

❼ QCM Performance Indicators

- Human Acceleration RMS (for Comfort analysis)

- Tire-Road Holding Coefficient

❼ Damper Indicators

- RRSA Current

- Damping Force

- Damping Speed

- Regenerable Power
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In the QCM Indicators, the Human Acceleration RMS represents the fundamental sig-

nal for evaluating the comfort level of the QCM over a specific road profile. It is directly

obtained from the Sprung Mass Acceleration, output of the QCM, passing through a

defined filter, in this case imposed by the standard ISO 2631 for evaluation of human

exposure to whole-body vibration, defined by [9]:

H =
80.03s2 + 989s+ 0.02108

s3 + 78.92s2 + 2412s+ 5614
(4.13)

Based on this standardized legislation, the output measurement of this filter must be

evaluated according to the following specific ranges, in order to provide the actual

achieved comfort level:

- Less than 0.315 m/s2: not uncomfortable

- 0.315m/s2 to 0.63m/s2: a little uncomfortable

- 0.5m/s2 to 1m/s2: fairly uncomfortable

- 0.8m/s2 to 1.6m/s2: uncomfortable

- 1.25m/s2 to 2.5m/s2: very uncomfortable

- Greater than 2m/s2: extremely uncomfortable

For what concerns the Road Holding indicator, instead, its computation is based on

the actual tire variable vertical force compared to the static vertical force, explained

by the following mathematical steps:

TireForce = ku(zus − zroad) (4.14)

∆FtireRMS

Fz.static
=
rms[TireForce− ku∆Zmus]

(ms +mus)g
= ηrh (4.15)

In which ηrh is the Road-Holding indicator, ku is the tire stiffness, the subscript us and s

represent the unsprung mass and the sprung mass, respectively, and ∆Zmus is the static

vertical displacement affecting the unsprung mass due to the overall weight, defined by:

113



RRSA Control Strategy: Numerical Modelling

∆Zmus = −(ms +mus)g

ku
= −0.022m (4.16)

The resulting expression in 4.15 provides useful information regarding the tire capabil-

ity of keeping contact with the ground, ensuring different levels of traction and control

according to the assumed value: the higher the ratio, the worse the performance of

tire-ground contact.

Since the RMS calculation, the ratio expressed by 4.15 is, in the following, computed

for each simulated Sky-Hook configuration, meaning that every tested condition will

be characterized by a single value of ηrh, as well as the Human Acceleration RMS.

In this way, each considered simulation, identified by specific damping values, will be

characterized by just two fundamental performance parameters.

Considering, instead, the indicators related to the RRSA device, they are evaluated

over the simulation time just to provide useful references and root-mean-square values,

for assessing the actual working conditions of the simulated actuator.

Taking into account, for example, both damping coefficients, i.e c and cs, set to

1000Ns/m, and an input road profile given by the standard ISO-B @ 70km/h, some

of the resulting plots in time domain are shown in Figure 4.11, providing an RMS

value of the perceived human acceleration equal to 0.4225 m/s2, placing this specific

configuration, used as example, in the little uncomfortable range.

It is important to highlight that the electrical power, i.e the damping power, is ob-

tained by the product between the relative speed of the two masses of the QCM (

computed with the expression: Relative Speed=ẋs-ẋus) and the computed Sky-Hook

Control Force. With reference to Figure 4.6, taking into account the orientation of

the relative speed and the one of the damping force acting on the Sprung Mass, the

resulting RRSA power is a dissipative power when its sign is > 0, while it is a required

power when it is < 0. The positive values, in particular, represent potential regenerable

power by the RRSA System, while the negative values represent power that must be

introduced in the suspension system, i.e active power, provided by the actuator itself.

Considering the specific case shown inf Figure 4.11, it is evident that, over a ISO-B

profile at 70km/h, and with the imposed damping values, the active suspension works

114



4.1. Sky-Hook Control

mainly only on damping mode, requiring energy from the battery in a very reduced

number of instants.

(a) Relative Speed (b) Sky-Hook Control Force

(c) Damping Power (d) Human Acceleration

Figure 4.11: Output results for QCM with Sky-Hook Control Strategy with ISO-B @ 70km/h
(c=1kNs/m, cs=1kNs/m)

.

4.1.4 QCM Results

This Section focuses on the study of the Sky-Hook Control Strategy applied to the

QCM described in 4.1, whose numerical characteristics have been introduced in 4.1.2.

The SH parameters have been set as variable coefficients in the MATLAB/SimulinkTM

Simulation, according to specific range suggested by MarelliTM analysis on SH Control,

[8]. In particular:

c=[100 200 500 1000 1200 1500 2000 2500 3000] Ns/m

cs=[1000 2000 3000 5000 10000 20000] Ns/m
(4.17)
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Taking into account these values, it has been performed a certain number of analyses

concerning the performance indicators and the energetical aspect of the active suspen-

sion RRSA, evaluating their dependences on the SH damping values.

Moreover, both standard road profiles ISO-B at 70km/h and ISO-C at 35km/h have

been analyzed.

Comfort Analysis

The first factor that is taken into account is the Comfort level provided by the suspen-

sion system, according to the ISO 2631 filter defined in Equation 4.13. This indicator

has been introduced in a MATLABTM colour map as a function of the variable damping

coefficients, for an optimized visualization of the achieved level.

In order to provide relevant considerations concerning the obtained comfort result with

SH Control, it is useful to consider the achieved comfort level with a standard passive

shock absorber, modelled on the same QCM, without any active device, with a con-

stant damping value of 2500Ns/m for both tested road profiles, as shown in Figure 4.12.

(a) RMS= 0.54 m/s2 (b) RMS= 0.76 m/s2

Figure 4.12: Perceived Human Acceleration with passive damper c=2.5kNs/m

In particular, with these RMS values, the Comfort performance obtained with this

constant-damping passive suspension for ISO-B and ISO-C profiles are, respectively,

included in the fairly uncomfortable range.
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ISO-B @ 70km/h

In Figure 4.13 can be observed the resulting map for the ISO-B road profile at 70km/h.

The achieved comfort level shows a clear dependency on the SH coefficients, being

generally optimized for high values of Sky-Hook damping cs (for a fixed c), while a

significant worsening occurs for increased values of c (for a fixed cs). Moreover, the

overall perceived Human Acceleration is included in the first two classes of highest

comfort (respectively, not uncomfortable and a little uncomfortable), since maximum

and minimum accelerations are just over 0.5m/s2 and below 0.3m/s2. The optimal

performance offered by the SH Control Strategy for this specific road profile, more-

over, can be further appreciated by considering the resulting comfort of passive shock

absorber, shown in Figure 4.12 a), whose obtained RMS value (0.54 m/s2) can be just

compared with the worst possible acquired Sky-Hook result in Figure 4.13.

Figure 4.13: Comfort Map for ISO-B at 70km/h

ISO-C @ 35km/h

Passing to the ISO-C road profile, the same trend has been obtained, as shown in Figure

4.14. Due to the fact that the ISO-C profile represents more critical road conditions,

the resulting comfort is clearly reduced in the same range of damping variation, i.e the

perceived human acceleration is evidently increased. The comfort level, in fact, is par-

tially included in the third comfort class, i.e fairly uncomfortable, overcoming 0.75m/s2

for very high values of c and low values of cs. However, even with the increased irreg-

117



RRSA Control Strategy: Numerical Modelling

ularity of the road, the SH Control achieves greatly improved result with respect to a

simple passive shock absorber, as shown in Figure 4.12 b). The worse obtained results,

in fact, are just slightly higher than 0.75m/s2, the same order of magnitude achieved

without any control strategy with the constant-damping passive suspension.

The obtained colour maps in Figures 4.13 and 4.14, provide a significant amount of

working conditions in which the comfort level is greatly improved, with respect to

the capacity offered by the traditional shock absorber. The Sky-Hook control demon-

strates, hence, to be particularly suited for considerably improving the human comfort

performance, according to the imposed damping and electrical parameters of the RRSA

active device.

Figure 4.14: Comfort Map for ISO-C at 35km/h

Road Holding Analysis

The second considered performance index is the Road Holding, evaluated for each

considered simulation according to the Equation 4.15. As it has been done for the

Comfort analysis, described in 4.1.4, this analysis has been carried out by using a simi-

lar MatlabTM for-loop code containing the mathematical expressions from 4.14 to 4.16,

then graphical represented in a colour map depending on the SH damping values de-

fined in 4.17. Also in this study is fundamental to compare the obtained results with SH

Control Strategy with the ones characterizing the passive damper with c=2500Ns/m,
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shown in Figure 4.15, for both tested ISO road profiles.

(a) RMS= 0.09 (b) RMS= 0.13

Figure 4.15: Road-Holding Coefficient with passive damper c=2.5kNs/m

ISO-B @ 70km/h

The results of the first tested input road profile can be observed in the obtained colour

map in Figure 4.16. With respect to the perceived Comfort level, the resulting chart

shows quite a different trend. In fact, the increase of Sky-Hook damping c causes a

reduction in ηrh, hence an improvement in road-holding capacity, opposite to the ob-

served corresponding comfort level reduction experienced for the same variation range,

visible in Figure 4.13. On the contrary, the worst obtained conditions can be found for

reduced values of both SH coefficients, with overall RMS ratio higher than 0.22.

Compared to the road-holding performance offered by the passive damper in Figure

4.15, the Sky-Hook Strategy appears to be able to provide quite equivalent results for

a relatively narrow range of damping values, particularly similar if significant increases

can be sustained from the point of view of the electric machine performance.

119



RRSA Control Strategy: Numerical Modelling

Figure 4.16: Road Holding Map for ISO-B at 35km/h

ISO-C @ 35km/h

Passing to the second tested ISO road profile, the same colour map is obtained, as

shown in Figure 4.17. As expected, due to the increased roughness of the road, the

resulting ηrh covers a range of higher values, as observed in the Comfort study. Even

compared to the passive damper, the obtained SH performance can be considered of

the same order of magnitude only for a reduced range of variation.

Overall, from this initial analysis, it clearly appears that the Sky-Hook Control Strategy

provides great performance in terms of perceived Comfort with respect to a traditional

passive suspension, having a wide range of possible configurations in which the system

can properly work with significant improvements. However, corresponding to these

good results, the Road-Holding Coefficient experiences an opposite trend, being opti-

mized in the working conditions that do not ensure totally satisfying comfort levels.

Moreover, the Sky-Hook Control is particularly designed for enhancing vehicle comfort

performance rather than road-holding capacities, which are instead on the same order

of magnitude of the ones offered by the considered passive damper.

Hence, this Control Law must be properly managed in order to find the best trade-off

between both performance indexes, as will be done later in this study.
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Figure 4.17: Road Holding Map for ISO-C at 35km/h

Sky-Hook damping lines

Once described the road-holding and comfort simulation outputs, the study proceeds

by considering both performance indexes in a single analysis, to provide an overall

view of the possibilities offered by the SH Control strategy. The perceived human ac-

celeration and the ηrh coefficient have been plot on the same chart depending on the

imposed damping values, i.e c and cs, in order to acquire the RRSA characteristics

that can maximize both performances. This purpose implies the achievement of two

kinds of graphical representations, complementary between each other, according to

the considered constant SH damping value: lines at constant c and lines at constant

cs.

Moreover, these representations have been performed for both considered ISO road

profiles.

Damping Lines: constant c

In Figures 4.18 and 4.19 can be observed the resulting charts with iso-c lines, for both

ISO-B and ISO-C road profile respectively, in which the simulated damping conditions

are the ones described in Equation 4.17. Considering the direction of increase of the

curves, it is clear that some values of c provide better overall results than others, while,

instead, some other working conditions optimize just one performance index. For both
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road profiles, for example, the third curve from the right, representing c=500Ns/m,

optimize the perceived Comfort if combined with the highest cs, i.e 20kNs/m, while

the same can not be said about the road-holding performance, which are certainly

improved for higher values of c, contrasting with a progressive reduction in comfort

level.

Figure 4.18: Comfort Coefficient and Road Holding Coefficient with lines at constant c for ISO-B
at 70km/h

Figure 4.19: Comfort Coefficient and Road Holding Coefficient with lines at constant c for ISO-C
at 35km/h

Damping Lines: constant cs

The complementary charts to the ones represented in Figures 4.18-4.19 are obtained
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by simply connecting the same points but according to the corresponding constant

values of cs, as shown in Figures 4.20 - 4.21 for both profiles. Even with this different

points arrangement it is possible to observe the dependency between Comfort and

Road-Holding coefficient, previously individually described by the corresponding colour

maps. In fact, considering the increment of cs, the observed behaviour in 4.1.4 is here

validated, showing minimum perceived human acceleration for increased SH cs, for a

fixed c.

Figure 4.20: Comfort Coefficient and Road Holding Coefficient with lines at constant cs for ISO-B
at 70km/h

Figure 4.21: Comfort Coefficient and Road Holding Coefficient with lines at constant cs for ISO-C
at 35km/h
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RRSA Regenerable Power

Once analyzed the dependence of both performance indicators on the defined SH damp-

ing values, the study focuses on the energetical analysis of the active suspension.

As described in 4.1.3, the RRSA device can work it two different conditions, according

to the actual power flow: damping power, i.e regenerable mode, and active/consumed

power, i.e active mode. As mentioned, the considered power is computed as the product

between the relative speed of the suspension (between sprung and unsprung mass) and

the obtained Sky-Hook control force, providing, for each tested SH condition, a certain

time history of the Power signal, as the one shown in Figure 4.11 c). Considering, for

instance, the previously described passive damper with constant c=2500Ns/m, imple-

mented on the same QCM, it provides the Power output signals visible in Figure 4.22,

for both ISO road profiles.

(a) Average Power=29.6W (b) Average Power=59.4W

Figure 4.22: Damping Power with passive damper c=2.5kNs/m

As expected, the obtained power signal is placed on the positive quadrant, since

a traditional passive damper can only dissipate the suspension energy, with no possi-

bilities of introducing energy in the system. Based on the acquired signal, a specific

MATLABTM code is used for computing the Mean Power value, to provide an approx-

imated value of the average potentially regenerable power (in this case, considering a

passive damper, the power can be only regenerated). In Figure 4.11 c), in fact, by im-

plementing the RRSA device together with the Sky-Hook Control, the resulting signal

partially covers negative values, meaning that the suspension is receiving active power
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from the actuator.

In the following is shown the MATLABTM code used for the Mean Power computa-

tion. The first step is to load on the MATLABTM Workspace the required signals from

the Simulink Model, by means of the to Workspace Simulink Block. Considering the

described mathematical expression of the Power, is just required to load the Relative

Speed and the Damping Force signals, and computing then on MATLABTM the result-

ing product. Having performed this calculation, the obtained signal is called Power,

while its time vector is defined as timePower. Then, to compute the integral signal of the

Power, i.e the signal Energy Content, is used the trapz MATLABTM command, shown

in Equations 4.18-4.19. Finally, once obtained the Energy content of the time-signal,

it is simply divided by the considered simulation time, i.e tsim=30s, hence getting the

desired Mean Power value.

integralPower = trapz(timePower, Power) (4.18)

MeanPower =
1

tsim
(integralPower) (4.19)

ISO-B @ 70km/h

Similarly to what has been done in 4.1.4 and in 4.1.4, this study provides a MATLABTM

colour map for representing the Average Power characterizing each specific tested con-

dition, depending on the SH damping values. Its representation can be seen in Figure

4.23 for ISO-B road profile. Considering what has been described in the previous

sections, the higher is the positive value of the Average Power, the higher is the contri-

bution of the damping mode along the time simulation, i.e the lower is the one of the

active mode. This first analysis is obtained without accounting for the efficiency map

of the RRSA, hence not affected by the actual working point of its electric machine,

and without considering the inertial and dissipative contributions of the RRSA itself.

It clearly represents an idealized modelling process, being the energy conversion effi-

ciency of the EM fixed to 100%, but anyway useful for evaluating the maximum ideally

available performance of the overall system.
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Figure 4.23: Average Power for ISO-B at 70km/h (with 100% energy efficiency)

Considering the obtained trend, the SH Control seems to provide augmented damp-

ing power levels (potentially, regenerated power) by increasing, for a certain SH cs value,

the SH c coefficient. Moreover, the obtained range of variability results to be quite

close to the performance offered by the passive damper shown in Figure 4.22 a).

Even considering the useful amount of information carried out by this type of graphical

representation, this study has developed an even more important detailed description.

In Figure 4.24, in fact, are represented the Sprung Mass Acceleration RMS and the

ηrh, with lines at constant cs and with corresponding Average Power levels. This type

of chart has been inspired by the performed analysis by MarelliTM, [8], capable of

summing up the most important QC information over a specific road profile, in this

case ISO-B at 70km/h, with reference to the SH damping range previously defined in

4.17. Combining, in fact, the Power colour map in Figure 4.23 with the iso-cs lines in

Figures 4.20-4.21, the resulting chart allows to perform a complete energetical analysis

taking into account two key parameters. As can be observed, the average power rises

for increased SH damping c, for a certain cs, meaning that the system is intensifying

the damping mode and reducing the active mode, hence potentially regenerating more

power and providing less power to the suspension system.

Simultaneously, this described SH configuration (very high values of c with relatively

low values of cs) correspond to increased Sprung Mass acceleration and reduced ηrh, i.e

improving road-holding performance while worsening comfort level (the sprung mass
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acceleration is directly connected to the Comfort by means of the ISO 2631 filter).

Figure 4.24: Sprung Mass Acceleration and Road Holding Coefficient with Average Power for ISO-B
at 70km/h with lines at constant cs (with 100% energy efficiency)

In Figure 4.25, to expand the analysis, is reproduced the same chart but with an

extended SH range of variation, defined as follows:

c=[100 200 500 1000 1200 1500 2000 2500 3000] Ns/m

cs=[1000 2000 3000 5000 10000 20000 30000 40000 50000] Ns/m
(4.20)

Three values of cs, i.e 30-40-50kNs/m, have been added in order to evaluate the simu-

lated behaviour for an even wider range of working conditions. It is observed that, as

partially visible with the reduced range, by further increasing damping cs, the result-

ing curve tends to move to the right, providing reduced sprung mass accelerations but

worsened road-holding performance. Moreover, with the highest tested values of cs,

the actual distance between each iso-cs lines reduces, providing no more significantly

different overall performance.
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Figure 4.25: Sprung Mass Acceleration and Road Holding Coefficient with Average Power for ISO-B
at 70km/h with lines at constant cs (with 100% energy efficiency and extended range of variation of
cs)

Finally, to complete the energetical analysis about the idealized modelling process,

the chart in Figure 4.25 is modified into the one shown in Figure 4.26, obtained by con-

sidering the Human Acceleration RMS instead of the vehicle body acceleration, in order

to visualize both performance indicators combined with the power flow information,

depending on the SH damping values.

Figure 4.26: Comfort Coefficient and Road Holding Coefficient with Average Power for ISO-B at
70km/h with lines at constant cs (with 100% energy efficiency and extended range of variation of cs)
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ISO-C @ 35km/h

In this section the study performs the same analysis described for ISO-B @ 70km/h

road profile with ideal RRSA modelling, but applied to the ISO-C road profile.

Figure 4.27: Average Power for ISO-C at 35km/h with 100% energy efficiency

The trend observed in Figure 4.27 and 4.28 is just the same but, as expected, with

significantly higher values of average power, due to the fact that the more demanding

conditions of the road profile (at the considered speed of 35 km/h) imply increased

force and relative velocity. The maximum and minimum power, in fact, are doubled

with respect to the ISO-B case.

Then, the colour maps with extended range of variation, similarly to the case with

ISO-B, are realized and shown in Figures 4.29-4.30
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Figure 4.28: Sprung Mass Acceleration and Road Holding Coefficient with Average Power for ISO-C
at 35km/h with lines at constant cs (with 100% energy efficiency)

Figure 4.29: Sprung Mass Acceleration and Road Holding Coefficient with Average Power for ISO-C
at 35km/h with lines at constant cs (with 100% energy efficiency and extended range of variation of
cs)
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Figure 4.30: Comfort Coefficient and Road Holding Coefficient with Average Power for ISO-C at
35km/h with lines at constant cs (with 100% energy efficiency and extended range of variation of cs)

Trade-Off Sky-Hook configuration

Once described the simulation results obtained with variable Sky-Hook damping, the

study provides some numerical outputs for a specific working configuration of the sys-

tem. Based on Figure 4.26, in order to obtain an overall acceptable behaviour in terms

of perceived Comfort and Road-Holding performance, the considered SH coefficients

are set to c=1.2kNs/m and cs=10kNs/m, as visible in Figure 4.31. This working condi-

tion has been defined according to the values assumed by both Performance Indicators,

with the purpose of finding an optimal trade-off, and taking into account the Average

Power Map, that here provides relatively high values of damping/regenerated power.
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Figure 4.31: Comfort Coefficient and Road Holding Coefficient with Average Power Map for ISO-B
at 70km/h with highlighted SH configuration c=1.2kNs/m and cs=10kNs/m

ISO-B @ 70km/h

With the set up Sky-Hook configuration, the first simulation takes into account the

ISO-B road profile, the same described in the previous analyses. Fixed both damping

coefficients, the MATLAB/SimulinkTM time domain analysis is performed, providing

four main outputs: Performance Indicators, Power flow and RRSA current.

As can be seen in Figure 4.32 a), this SH configuration allows to reach really improved

comfort performance with respect to the passive damper considered in Figure 4.12,

with the RMS value reduced from 0.54m/s2 to 0.356m/s2, hence included in the ”a

little uncomfortable” range, just slightly higher than the best standardized available

range of values.

Considering the Road-Holding coefficient, the result shows a RMS value quite close to

the passive damper one (0.09), practically minizimed (0.098) if is taken into account

the available range in Figure 4.31, not able to go below 0.08.

In Figure 4.33, instead, can be seen that the Electrical Power signal provides a RMS

(28.21W) just slightly lower than the damping power resulting from the Passive Damper

(29.6W) and with evident active mode operations. Moreover, taking into consideration

the Colour Map in Figure 4.31, this Power value is close to the maximum available

with the Sky-Hook Strategy adopted according to the fixed damping range.
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Finally, the current flowing in the RRSA Electric Machine, shown in Figure 4.33 b),

has a time history which locally can reach almost 30A, far from the maximum possible

value achievable by the EM, and a RMS value quite low (8.14A), making this SH

Configuration feasible even from the point of view of the RRSA active damper.

(a) RMS=0.356m/s2 (b) RMS=0.098

Figure 4.32: Performance Indicators with Sky-Hook Control with c=1.2kNs/m and cs10kNs/m
for ISO-B at 70kph

(a) Average Power=28.21W (b) RMS=8.14A

Figure 4.33: Electrical Power and RRSA Current with Sky-Hook Control with c=1.2kNs/m and
cs=10kNs/m for ISO-B at 70kph

Bump 30mm @ 50km/h

The second case study with the described SH configuration regards the QCM crossing

a sequence of road bump profiles. Each of them reaches a maximum depth of 30mm

and the approaching speed is fixed to 50km/h, as can be seen in Figure 4.34. The

considered outputs are the same as described in the previous subsection, and in order

to provide a significant analysis, the Sky-Hook Stratey has been compared again with
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the resulting behaviour of the passive damper taken into account, whose simulation

results can be observed in Figure 4.35.

Figure 4.34: Sequence of three bump profiles

(a) RMS=0.426m/s2 (b) RMS=0.054

(c) Average Power=16.91W

Figure 4.35: Bump Profile results with passive damper c=2500Ns/m

The resulting signals with Sky-Hook Control are shown in Figure 4.36 and 4.37. If

compared to the passive shock-absorber performance, is significant the improvement in

perceived Comfort, since with the SH Control is achieved a lower peak and a reduced
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RMS value (from 0.426m/s2 to 0.303m/s2), hence further demonstrating the relevant

performance offered by the Sky-Hook strategy in particularly enhancing the comfort

level.

For what concerns the road-holding capacity, the results do not show an improvement

with respect to the passive damper case, but indeed a slight worsening (from 0.054 to

0.066). This behaviour, however, was quite expected, considering that it has been just

noted in the performed analysis in 4.1.4.

The power flow, instead, is very similar between the two systems, obviously not showing

negative values for the passive damper. Moreover, the maximum and minimum reached

peaks with SH Control are significantly higher than the maximum value obtained by

the passive damper (8kW and -6kW, for the SkyHook, while 4kW for the Passive SA).

Finally, the current flowing in the RRSA Electric Machine locally reaches maximum

value of almost 60A, while providing a RMS value quite low, i.e 4.65A. Both values,

anyway, are perfectly in line with the maximum feasible electrical characteristics of the

Rotary Regenerative Shock Absorber.

Validating what has been analyzed in the previous sections for the ISO road profiles,

the implemented Sky-Hook Strategy seems to be particularly suitable, even in the

considered Bump profile sequence, in significantly improving the traditional damper

Comfort level, keeping the Road-Holding coefficient in a good range of acceptability,

and providing good results in terms of Available Power and RRSA Electrical Current.

(a) RMS=0.303m/s2 (b) RMS=0.066

Figure 4.36: Electrical Power and RRSA Current with Sky-Hook Control with c=1.2kNs/m and
cs=10kNs/m for ISO-B at 70kph
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(a) Average Power=17.26W (b) RMS=4.65A

Figure 4.37: Electrical Power and RRSA Current with Sky-Hook Control with c=1.2kNs/m and
cs=10kNs/m for ISO-B at 70kph

RRSA working regions: 4 quadrants map

In this short section the study provides a quite useful overview of the actual working

conditions of the Active Damper, considering the same SH Configuration introduced in

4.1.4. It has been developed for both ISO-road profiles, with a dedicated MATLABTM

code, a four quadrants map with Damping Force (considering the vector acting on

the Sprung Mass) and Relative Speed (defined as ẋs − ẋus) in order to visualize the

working regions during the entire time of simulation (30s), as shown in Figure 4.38. In

this representation, both RRSA operative conditions can be found: the damping Mode

and the active Mode.

The damping mode, in which the dissipated power can be regenerated (in this ideal

case, 100% of it is regenerated), is related to the quadrants where force and speed

have the same sign, with reference to Figure 4.6, meaning that the considered power

flow is dissipated (since force and speed, according to the adopted scheme, would have

opposite verses). This type of behaviour is related to the 1st and 3rd quadrants (red

regions).

The active mode, instead, is the condition in which damping force and speed have

opposite sign, meaning that the actual considered vectors have the same verse, hence

resulting in a power flow introduced in the suspension system, observable instead in the

2nd and 4th quadrants (green regions). As can be seen, during the whole duration of the

simulation, for both road profiles, the suspension passes from one mode to the other
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one, reflecting what has been represented in Figure 4.33 a) about the power flow of the

system. A traditional passive damper, instead, can’t provide the same performance,

since the suspension relative speed and the damping force have always opposite verses,

just providing dissipative power. Moreover, as expected, due to the more demanding

characteristics of the road profile, the ISO-C results provide higher damping force in

both operating conditions.

(a) ISO-B @ 70km/h (b) ISO-C @ 35km/h

Figure 4.38: RRSA working region with cs=10 kNs/m and c=1.2 kNs/m with ISO road profiles
for 30s.

.

Experimental RRSA efficiency map

Methodology

Once analyzed the Sky-Hook Control Strategy with a simplified modelling process, the

study focuses now on a more complete kind of numerical simulation. In this Section,

in fact, the RRSA device is modelled in MATLAB/SimulinkTM taking into account its

Efficiency Map, that has been experimentally obtained by Eng. Salvatore Circosta and

represented in Figure 4.39.
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Figure 4.39: RRSA Efficiency Map with Loss Power

In this representation, as can be seen, according to the working point of the RRSA

electric machine in terms of Torque and rotational speed, the power losses significantly

change. In particular, the maximum torque curve (the black one in the graph), defined

as defluxing curve of the electric machine, can be considered the limit above which the

losses significantly increases.

In this model, moreover, the planetary gearbox efficiency, usually characterized by very

high values for wide range of torques and speed, has been considered equal to 100%, a

slight modelling idealization that keeps the analyses valid and reliable in any case.

In addition to the efficiency map, this Section also includes the inertial and dissipative

RRSA contribution to be accounted in the final energetical balance. The resulting

Damper SimulinkTM Model can be observed in Figure 4.40. As can be seen, similarly

to what has been done in 4.1.2, two different Subsystems identify the actual RRSA

device and its Control Unit, that can be properly set to provide Sky-Hook force or

any other designed strategies. Moreover, together with the Damper Block, the entire

model is completed by the block model referred to the QC sprung mass and unsprung
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mass, and to the suspension spring system, grouped in Figure 4.41, receiving anyway

the traditional road input signal.

Figure 4.40: Damper SimulinkTM Model with RRSA Efficiency Map&Losses implemented

(a) Quarter Car Ms (b) Quarter Car Mus

(c) Quarter Car Suspension Spring

Figure 4.41: Main blocks SimulinkTM Model of QC with RRSA Efficiency Map&Losses implemented

.

In the Damper Layout, inside the System Control Block, shown in detail in Figure

4.42, is implemented the Electric Motor Map, receiving force and velocity signals and

providing battery signals (current) and Power flows information.

The obtained Mechanical Power, strongly defined by the QC dynamics, is added to the
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RRSA dissipative contribution in order to get the overall Mechanical Power, defined

as PmechTOT signal in the SimulinkTM layout of Figure 4.40. Together with the

mechanical power flow, the Electric Power passing through the EM is monitored and

acquired in the Mapped Motor model.

In order to provide significative analyses concerning the energetical balance of the

active suspension, a specific sign convenction is fixed:

❼ positive power −→ power flow in the electric machine

❼ negative power −→ power flow out of the electric machine

Some considerations are required for better evaluating the energetical results obtained

in the following sections. A positive value of mechanical power represents a dissipative

power flow, as it has been described in 4.1.4, meaning that the suspension is dissipating

energy, hence acting as traditional passive damper. However, since the QC is equipped

with the RRSA device, such mechanical power available at the entry of the RRSA

electric machine is converted into electric power, directly transferred to the car battery

pack. This second power flow, moreover, since coming out from the electric machine for

reaching the car battery, assumes a negative value. This working condition, in which

the mechanical power is positive and the electric power is negative, corresponds to

what has been described as damping/regenerative mode.

However, differently from the analyses performed in 4.1.4 in which the conversion effi-

ciency was assumed equal to 100%, this updated model takes into account the power

losses depending on the working conditions of the electric machine. As a consequence,

not all the mechanical power dissipated in the suspension system can be regenerated

in the battery pack. In fact, the third important energetical information carried out

by the Mapped Motor model is the Power Loss, strictly defined on the experimental

motor map, which constitutes the real-time difference between the two power signals.

The other operating condition, instead, is defined by having a negative value of me-

chanical power, which represents a consumed power flow, with the same definition of

4.1.4. In this case the electric power is retrieved from the battery pack (hence enter-

ing in the RRSA electric machine) and converted into mechanical power (which, in

turns, goes out of the electric machine), clearly affected by the conversion efficiency,
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for providing active forces to the QCM. This other working condition, in which the

mechanical power is negative and the electric power is positive, corresponds to the

previously described active mode, where Sprung Mass Actuator Force and its Relative

Velocity have the same orientation.

Figure 4.42: RRSA SimulinkTM Model with RRSA Efficiency Map&Losses implemented

The analyses performed with this updated SimulinkTM Model have been focused

just on the ISO-B @ 70km/h input road profile, analyzed with both the SH damping

variable ranges and the Trade-Off SH configuration, introduced in 4.1.4, for providing

a complete and effective comparison between the two implemented models.

ISO-B @ 70km/h: SH Damping Range

Once described the implemented model, the first analysis is focused on the evaluation

of the effects of the RRSA Efficiency Map and losses that have been introduced in the

modelling process.

In particular, the same ranges of SH Damping values defined in 4.17 and 4.20 are

considered, for providing a useful comparison with the previous cases. In the following

Figure 4.43 the resulting lines at constant c and cs for both considered Sky-Hook ranges

are represented, following the same MATLABTM code used in the former model. As

can be seen, with respect to the plots obtained in 4.1.4, the effects of the implemented

RRSA Efficiency Map and its inertial and dissipative contribution can be found in a

different trend of the iso-lines, particularly visible at the lowest values of SH damping

c. Due to these differences, the ηroadholding range is quite reduced, reaching maximum
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values around 0.17 (instead of 0.24), while the ISO-2631 Human Perceived Comfort

is maintained substantially in the same range, despite the modified behaviour at low

damping c.

(a) Initial SH Range: iso-c lines (b) Extended SH Range: iso-c lines

(c) Initial SH Range: iso-cs lines (d) Extended SH Range: iso-cs lines

Figure 4.43: Lines at constant c and cs with RRSA Efficiency Map&Losses implemented for ISO-B
@ 70km/h

The same experienced effects can be observed in the Comfort and Road-Holding

Color Maps, shown in Figure 4.44 for both SH ranges. By comparing them with the

results obtained in Figure 4.1.4 and 4.1.4, in fact, it is quite evident the modified color

trend of the ηroadholding, being characterized by a different variation range. Anyway,

the resulting behaviour is still acceptable from the point of view of both Performance

Indicators. In fact, the RRSA dissipations and inertial effects, combined with its

Energy Efficiency Map, despite the modifications on the low damping behaviour, lead

in any case to quite good results in Comfort Level, with maximum RMS acceleration

values of around 0.55 m/s2, in line with the ones observed in 4.1.4.
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(a) Initial SH Range

(b) Extended SH Range

Figure 4.44: Comfort and Road-Holding Coefficients Map with RRSA Efficiency Map&Losses im-
plemented

Together with the analyses concerning the Comfort and Road Holding Perfor-

mances, the energy estimate of the overall implemented system is carried out. In

particular, taking into account what has been described in the previous sections, the

focus of this study is towards the three fundamental power flows: the mechanical

power, dissipated or introduced in the suspension system, the electric power, stored or

extracted from the car battery, and the RRSA Electric-Machine Loss Power, which de-

pends on the working condition of the implemented electric motor model. Starting with
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the initial SH range, i.e 4.17, and always considering the ISO-B @ 70km/h input road

profile, the resulting Color Power Maps have been computed and grouped in Figure

4.45. In particular, similarly to what has been performed in 4.1.4, it is here evaluated

the average value of the considered power signal by using the described Equation 4.19.

By observing the obtained representations, some important considerations can be car-

ried out. The Total Mechanical Power, which includes the output of the EM but

also the friction-dissipations of the RRSA itself, provides a maximum average value of

more than 29.5W for very high damping c combined with low values of damping cs, i.e

the bottom-right corner of the map. Corresponding to these damping conditions, the

Electric Power provides its maximum average value (in absolute terms), around 22W.

Considering both signs, these results indicate that the dissipated mechanical power

entering in the RRSA is, on average, 29.5W, while the electric power going out from

the RRSA, towards the car battery, is on average 22W. The difference between them

is due to the fact that not all the mechanical available power can be regenerated. The

EM Loss Power, in fact, provides an average value of 4.5W of loss power, due to the

working point of the electric machine. As a consequence, the remaining power in this

damping configuration, i.e around 3W, is lost in the RRSA friction dissipations.

For what concerns, instead, the minimum average power loss in the RRSA Electric

Machine, the color map indicates that the corresponding SH damping condition can be

identified by the SH damping c between 500Ns/m and 1000Ns/m, combined with very

low values of SH damping cs. In this range, in fact, the average mechanical power is

around 28W, the average regenerated electric power is more or less 20W and the power

loss in the EM is less than 3W, the minimum value reached with ISO-B road profile

with this SH range.
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(a) Mechanical Power Map (b) Electric Power Map

(c) RRSA-EM Loss Power Map

Figure 4.45: Power Color Maps with RRSA Efficiency Map&Losses implemented for ISO-B @
70km/h

By increasing the SH damping range, using the one introduced in Equation 4.20,

equivalent considerations can be performed. In particular, with the additional values

of SH damping cs, a different behaviour can be observed for very high SH damping

cs combined with low SH damping c. In this condition, in fact, despite the average

mechanical power is positive (hence, dissipated by the suspension) with a value around

27W, the average electric power is positive, with a value slightly higher than 10W. This

fact is explained by considering the obtained Efficiency Conversion Map represented

in Figure 4.47.

145



RRSA Control Strategy: Numerical Modelling

(a) Mechanical Power Map (b) Electric Power Map

(c) RRSA-EM Loss Power Map

Figure 4.46: Power Color Maps with RRSA Efficiency Map&Losses implemented for ISO-B @
70km/h, with SH extended range

In this color map, as a matter of fact, can be observed the energy conversion ef-

ficiency of the RRSA device according to the considered SH damping conditions. In

particular, this efficiency has been computed taking into account, for both mechanical

and electric power, the energy content of their time signal, performing the ratio be-

tween them. With the trapz MATLABTM command is computed the integral of the

power signal, i.e the energy content :

Energy = trapz(time, Power) (4.21)

in which, time is the SimulinkTM time vector of the simulation, while Power is the
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SimulinkTM signal vector of the considered power flow. By applying this code to both

power flows, the following condition is imposed for the calculation of the RRSA energy

conversion efficiency :

if −→ abs(Energyelect) < abs(Energymech)

Efficiency =
−(Energyelect)

(Energymech)

else

Efficiency =
−(Energymech)

(Energyelect)

(4.22)

Figure 4.47: RRSA Conversion Efficiency Map for ISO-B @ 70km/h

In the resulting map, then, considering the described condition with positive av-

erage electric power, can be clearly noted a region with negative values of conversion

efficiency. In particular, for very low values of c and very high values of cs, the RRSA

conversion efficiency is close to -40%. In this damping configuration, despite the dis-

sipated mechanical power, the RRSA is operating, for a relatively long time, on some

147



RRSA Control Strategy: Numerical Modelling

low efficiency working points of its characteristic map and, as a consequence, it must

provide electric energy (retrivied from the car battery) for compensating the power

losses.

On the other hand, considering a Sky-Hook configuration with high values of damping

c and very low values of damping cs, always in Figure 4.46-4.47, the RRSA is mainly

operating as a traditional damper (i.e dissipating energy) and regenerating maximum

power and absorbing very reduced amount of power from the battery, minimizing its

working operations in active mode.

ISO-B @ 70km/h: SH Trade-Off Configuration

Having described and analyzed the overall performance depending on the variable SH

Damping range, the study proceeds considering the optimal Sky-Hook trade-off de-

scribed in 4.1.4 for evaluating the updated results with the introduced RRSA features.

Hence, the model shown in Figure 4.40 - 4.41 is simulated with Sky-Hook c=1.2kNs/m

and cs=10kNs/m, maintaining the ISO-B @ 70km/h as main road input profile and

running SimulinkTM simulations of 30s. These tested conditions do not correspond ex-

actly to the best trade-off available with the new updated model, but they are anyway

simulated in order to provide a useful comparison between the models.

The QCM time domain results are grouped together in the following Figure 4.48, show-

ing the road input profile displacement zin, the tire force Ftire and both Performance

Indicators, i.e the ISO2631 Human Comfort and the ηroadholding.

The force exerted by the tire is correctly varying in the negative values range, since the

saturation limit imposed to 0 for ensuring tire-ground contact, visible in the Simulink

representation in Figure 4.41 b) (according to the sign convenction, this force must not

be positive, otherwise the tire is detached from the ground).

For what concerns the Performance Indicators, the resulting signals are combined with

their corresponding RMS values, showing quite satisfying correspondences with the

outputs described in 4.1.4. The Human Acceleration ISO2631, in fact, provides a RMS

of 0.37m/s2, very close to the 0.356m/s2 in Figure 4.32 a), obtained without RRSA

Efficiency Map, losses and inertial contributions implemented, while the ηroadholding is

even closer, with a RMS of 0.1 compared to 0.098, visible in Figure 4.32 b).
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Considering these outcomes, it is clear that the overall system with the imposed Sky-

Hook damping conditions (c=1.2kNs/m and cs=10kNs/m) seems to be not significantly

affected by the implemented modifications concerning the RRSA Efficiency, losses and

inertial contributions, fact that can be easily appreciated by observing Figure 4.43 c).

Taking into account the green line of 10kNs/m, in fact, it is evident that the corre-

sponding Performance Indicators are close to the previous results, obtained in 4.1.4,

for relatively high values of damping c, while the same can not be said for lower values,

due to the different trend of the curves.

Figure 4.48: QCM Time domain results with SH c=1.2kNs/m, cs=10kNs/m and with RRSA
Efficiency Map and losses taken into account, for ISO-B @ 70km/h

Moving to the Power flows analysis, in the following Figure 4.49 a) are represented

all the time signals characterizing the modelled RRSA device with its Efficiency Motor

Map, implemented in the QC system. Moreover, in Figure 4.49 b), is shown a detail of

the Figure a), in order to focus the attention on the differences between the available
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mechanical power and the electric power, certainly not perfectly symmetrical between

each other due to the power lost in the Electric Machine. In this case, the resulting

power conversion efficiency is slightly higher than 66%, a relatively high value obtained

if it is considered the reduction imposed by the introduced RRSA losses. Moreover, this

obtained conversion efficiency, among the highest achievable values, was just available

by considering this SH Trade-Off condition in the Efficiency Map in Figure 4.47.

(a) Complete Simulation

(b) Simulation Detail

Figure 4.49: Power Signals with RRSA Efficiency Map&Losses with SH c=1.2kNs/m,
cs=10kNs/m for ISO-B @ 70km/h

Finally, similarly to what has been done without implementing the Electric Motor

Map, i.e represented in Figure 4.38, the ISO-B road profile analysis is concluded with

the equivalent RRSA four quadrants map, shown in Figure 4.50 and in this case repre-
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senting the torque and rotational speed of the input shaft to the RRSA. Passing from

one quadrant, with same sign for both dimensions, to another one, with opposites signs,

the device is showing its dual behaviour, i.e the active and regenerative operational

modes.

Figure 4.50: RRSA Torque-Speed Map with SH c=1.2kNs/m, cs=10kNs/m and RRSA Efficiency
Map&Losses, for ISO-B @ 70km/h

4.2 Spring-Negation Control

4.2.1 Methodology

In order to control the RRSA device, once described the Sky-Hook Strategy, another

type of Control is considered: the Spring-Negation (SN). This method, also defined as

Spring-Nulling, consists in providing an overall control force constantly equal and op-

posite to the force generated by the suspension spring, hence nulling the spring action.

This theory certainly implies that the overall resulting force acting on the sprung mass

is zero (since the actuator force is equal to the sum of the suspension spring force and

the QC static weight, and no extra damping is considered) while the unsprung mass

is no more affected by an actual damping force (i.e, a force with 90➦ phase shift with

respect to the displacement), hence causing very bad QC road-holding performance.

In order to improve this condition, which is quite good if considered only Comfort
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performance (since the Sprung Mass is basically fixed in space while running a certain

road profile), the Control Strategy is modified including not only a dynamic contribu-

tion in phase with the displacement, i.e a displacement/spring contribution, but also

a component with 90➦ of phase shift with respect to it, i.e a damping contribution. In

Figure 4.51 can be observed the Subsystem SimulinkTM Model representing the SN

Control Unit. It receives both relative displacement and speed information from the

QCM and, based on the computation shown in the detail Figure 4.52 and in Equation

4.23 (where ksusp is the suspension spring stiffness and cRRSA is the RRSA damping),

computes a control force to be transmitted to the QCM. Before directly introducing

this signal in the QCM, as it has been described in 4.1.2, it passes through the RRSA

Subsystem in order to compute the required electrical current to produce the control

force. After that, the RRSA Current is re-converted in torque and again in force, as it

has been described in Figure 4.10, to be finally introduced in the QCM.

FSN = −(xs − xus)ksusp − (msg) + (ẋs − ẋus)cRRSA (4.23)

Figure 4.51: SimulinkTM Block for Spring-Negation RRSA Control
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Figure 4.52: SimulinkTM Block for Spring-Negation RRSA Control: detail

4.2.2 QCM results

ISO-B @ 70km/h

The followed Modelling Process replicates what has been done, initially, for the Sky-

Hook Theory, hence providing a SimulinkTM Model not affected by the inertial and

dissipative RRSA contribution and neither by the efficiency map of the electric ma-

chine.

Considering the introduction of the damping contribution in the control unit, a certain

damping range has been considered:

cSN=[0 50 100 200 500 1000 1200 1500 2000 2500 3000 5000] Ns/m (4.24)

and, with a MATLABTM code similar to that used for the SH, it has been computed

the chart with Comfort and Road-Holding Coefficient for the ISO-B road profile @

70km/h, as a function of the imposed RRSA damping. Moreover, as can be observed

in Figure 4.53, the resulting yellow curve is placed on the same space of the SH lines at

constant cs. In order to properly compare these two control strategies, the considered

damping range is reduced to just three values:

cSN=[500 1000 2000] Ns/m (4.25)
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for providing the same working conditions to both strategies, in terms of Comfort and

Road-Holding.

Figure 4.53: Comfort and Road-Holding Coefficient with comparison between Sky-Hook initial range
(lines at constant cs) and Spring-Negation variable damping, for ISO-B @ 70km/h.

The same four simulation outputs have been computed, as shown in Figure 4.54 and

4.55, by plotting on the same chart all of the damping configurations characterizing

the SN Control. Most important, each simulation is analyzed with the corresponding

significant measurement, i.e the RMS and Mean values, grouped in Table 4.2, for com-

paring the obtained results with both Control Strategies (with SH c=1.2kNs/m and

cs=10kNs/m) and the ones achieved with Passive SA.
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(a) Comfort Indicator (b) Road-Holding Indicator

Figure 4.54: Comfort and Road-Holding Performance with Spring-Negation Control variable-
damping, for ISO-B @ 70km/h

.

(a) Power Flow (b) RRSA Current

Figure 4.55: Power Flow and RRSA Current with Spring-Negation Control variable-damping, for
ISO-B @ 70km/h

.

As can be seen in the time domain plots and, more evident, in Table 4.2, the QC

Comfort Performance offered by the Spring-Negation can be considered slighlty im-

proved with respect to the considered Sky-Hook if the damping coefficient is reduced.

This trend was certainly expected, since the reduction in damping contribution tends

to lead the SN Control to its theoretical configuration, i.e without damping, which

ideally optimizes the perceived comfort.

However, as expected by the dynamic behaviour of the QCM, a reduction in damping,

which improves the Comfort level, causes on the other hand a not negligible worsen-
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ing in Road-Holding performance, which shows its best behaviour with the traditional

Passive Shock-Absorber (which, in turns, does not provide good results in Comfort).

For what concerns the Average Power, instead, all of the considered damping configu-

rations give almost the same result, in the order of 28W for the simulation time of 30s

taken into account.

The RRSA current, instead, has a slightly lower RMS value for SH Control, while

the reduction in damping performed with SN causes a progressive increase in its RMS

value. Anyway, the time domain results shown in Figure 4.55 b) do not provide sig-

nificantly high local peaks, being always far from the maximum feasible limits, hence

proving reasonable results for the RRSA Electric performance.

ISO-B @ 70km/h Passive SA SH
SN

2kNs/m 1kNs/m 0.5kNs/m

HRMS [m/s2] 0.54 0.356 0.43 0.3 0.215

ηrh 0.09 0.098 0.09 0.114 0.157

PowerMean [W] 29.6 28.21 28.6 27.52 27.62

CurrentRMS [A] nd 8.14 9.4 9.9 11.8

Table 4.2: Performance Comparison for ISO-B @ 70km/h with Passive Shock-Absorber
(c=2.5kNs/m), Sky-Hook (c=1.2kNs/m and cs=10kNs/m) and Spring-Negation with damping
(c=0.5, 1, 2kNs/m)

Bump 30mm @ 50km/h

The same Modelling Process and numerical analyses, performed for the ISO-B @

70km/h, have been followed for the Bump Road Profile 30mm @ 50km/h, using the

same sequence of three bumps described in 4.1.4. With reference to the same adopted

damping range variability, the obtained time domain results are grouped together in

Figure 4.56. Moreover, Table 4.3 sums up the Performance comparison between the

implemented and tested systems, i.e Passive SA, Sky-Hook and Spring-Negation.
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(a) Comfort Indicator (b) Road-Holding Indicator

(c) Power flow (d) RRSA Current

Figure 4.56: QCM Time Domain results with Spring-Negation Control variable-damping, for
Bump Profile 30mm @ 50km/h

.

In overcoming the sequence of three bumps, the QC has provided similar trends,

observable in Table 4.3, with respect to those observed in Table 4.2 for the ISO-B

profile. The Passive SA, in fact, seems to be the best choice for what concerns the

Road-Holding Performance, reaching the minimum result, while the worst in terms of

Perceived Comfort. Moreover, the observed trend in the Spring-Negation Control is

here still present, since the improvement in Comfort level by reducing the damping

coefficient is strictly coupled with a significant worsening in road-holding capacity.

The Average Power assumes similar values for all the considered configurations, being

this time the Passive SA slightly below all the others. For what concerns the current

flowing in the EM of the RRSA model, the Sky-Hook Control still provides the mini-

mum RMS value, even though the observed trend for the Spring-Negation is inverted

with respect to the ISO-B case, since it decreases by reducing damping coefficient.
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Moreover, considering the time domain plots in Figure 4.56 d), the maximum peaks

reached with the Spring-Negation Control Strategy are still within the possible range

imposed by the characteristics of the RRSA electric machine, further demonstrating

the feasibility of the simulated conditions.

Bump Sequence Passive SA SH
SN

30mm @ 50km/h 2kNs/m 1kNs/m 0.5kNs/m

HRMS [m/s2] 0.43 0.303 0.386 0.262 0.176

ηrh 0.054 0.066 0.067 0.082 0.115

PowerMean [W] 16.91 17.26 19.85 18.28 17.05

CurrentRMS [A] nd 4.65 6.12 5.06 4.92

Table 4.3: Performance Comparison for Bump Sequence 30mm @ 70km/h with Passive Shock-
Absorber (c=2.5kNs/m), Sky-Hook (c=1.2kNs/m and cs=10kNs/m) and Spring-Negation with
damping (c=0.5, 1, 2kNs/m)

In addition to the considered range of variation of the damping value for the Spring-

Negation Control, the study has performed a further analysis on the Sequence of Bump

30mm @ 50km/h by using a reduced variation range, defined as reduced variable-

damping range in 4.26, for investigating some other conditions closer to the ideal SN

Control :

cSNred=[ 50 100 300 ] Ns/m (4.26)

With these new values the study has obtained the same four outputs, visible in Figure

4.57, and the overall Performance Comparison with the other two configurations, that

can be seen in Table 4.4.

As expected, the reduction in damping leads to a relevant improvement in perceived

Comfort (with a minimum RMS value of 0.05m/s2), while causing a dramatic increase

in ηrh coefficient, i.e a not sustainable worsening in QC road-holding performance

(which, in turns, reaches 0.38, corresponding to the condition that offers best Comfort

level).

The average power, instead, is slightly below the Sky-Hook and Passive SA references,
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while the current flowing in the RRSA Electric Machine provides RMS values higher

than the ones obtained through SH, and with different trend with respect to the case

observed in Table 4.3. In addition, the RRSA Time signal, shown in Figure 4.57 d),

even with the more demanding conditions characterizing the lower damping (50Ns/m),

provide maximum peaks still inside the EM working range.

Taking into account both Performance Indicators, moreover, it can be observed that

the oscillations, due to the decreased damping contribution, tend to be particularly

extended, even arriving to the next bump profile. This condition provides negligible

effects for what concerns the human comfort, since the reached peaks are quite low and

the RMS calculation provides very small values, but particularly complex outcomes for

ηrh signal. The reached peaks are higher than 1.5 and, most relevant, each bump causes

very prolonged oscillations, probably not sustainable from the point of the view of the

QC tire-road contact performance.

(a) Comfort Indicator (b) Road-Holding Indicator

(c) Power flow (d) RRSA Current

Figure 4.57: QCM Time Domain results with Spring-Negation Control reduced variable-
damping, for Bump Profile 30mm @ 50km/h

.
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Bump Sequence Passive SA SH
SN

30mm @ 50km/h 0.3kNs/m 0.1kNs/m 0.05kNs/m

HRMS [m/s2] 0.43 0.303 0.133 0.07 0.05

ηrh 0.054 0.066 0.15 0.265 0.38

PowerMean [W] 16.91 17.26 16.44 15.77 15.79

CurrentRMS [A] nd 4.65 5.33 7.66 10.4

Table 4.4: Performance Comparison for Bump Sequence 30mm @ 70km/h with Passive Shock-
Absorber (c=2.5kNs/m), Sky-Hook (c=1.2kNs/m and cs=10kNs/m) and Spring-Negation with
damping (c=300, 100, 50Ns/m)

4.3 Final considerations

The analyses carried out in this Chapter have provided significant results in terms of

Control Strategies to be implemented with the RRSA device. The modelling process

in MATLAB/SimulinkTM, focused on the Quarter-Car of the Alfa RomeoTM Stelvio,

has been first developed around the Sky-Hook Control Theory according to the known

benefits described in literature.

The first considered model has been produced without reference, within the dynamics

of the overall system, neither to the actual Efficiency Map characterizing the RRSA

device, nor to its dissipative and inertial contributions. The resulting outputs obtained

with a defined trade-off Sky-Hook Configuration, imposed as ideally achievable, have

shown relevant improvements in terms of ISO2631 Human Comfort with respect to the

performance offered by a traditional passive damper with constant damping coefficient

(2.5kNs/m), considering an ISO-B road profile at 70km/h and a sequence of three

bumps of -30mm at 50km/h.

The Sky-Hook Control Strategy, then, has been included in a more accurate modelling

process, taking into account the experimentally-obtained Energy Conversion Efficiency

of the RRSA electric machine and its dissipative and inertial contributions. The equiva-

lent analyses have been done even for this new SimulinkTM model and, most important,

the main differences have been highlighted. In particular, the introduction of the EM

Efficiency Map, depending on the RRSA working conditions, combined with the new

160



4.3. Final considerations

considered dynamic contributions, has led to low modifications in terms of simulated

Comfort and Road-Holding performance, but to significant differences in the Energy

Balance of the whole system.

The regenerative capacity of the modelled RRSA, in fact, strongly depends on its

actual operating conditions. The fundamental Conversion Efficiency Map shown in

Figure 4.47, obtained with an extended SH damping range, has proved that the energy

conversion efficiency of this active device can be particularly high when operating in

efficient region of its characteristic map (with conversion efficiency even >70%), but

also significantly negative when the RRSA is operating in low efficient conditions of

its map. In these last conditions, in fact, the actuator requires electric energy from

the car battery in order to compensate the produced power loss, while in the former

condition a relevant amount of dissipated mechanical energy is regenerated and stored

in the battery itself.

The energy analysis performed with the second implemented model has overall provided

positive results with satisfactory achievable conversion efficiencies in specific operating

and damping conditions.

Finally, the Spring Negation Control Strategy has been described and modelled in the

same SimulinkTM space, with reference to the simplified RRSA model, for producing

a useful comparison between control schemes. Overall considered, the performance of-

fered by the SN Control can be judged as acceptable and possibly improved with respect

to those achieved by the traditional passive damper (with constant c=2500Ns/m), for

both ISO-B and Bump Sequence profile. However, the overall performances obtained

with the Sky-Hook Control can be indicated as the most suitable ones, providing satis-

factory behaviour in Comfort level and, especially, in Road-Holding capacity for both

types of input road profile.
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Chapter 5

Experimental Tests

5.1 HIL Testing: Model-Following Compensation

5.1.1 Methodology

In this final chapter of the Thesis Work is described the experimental implementation

of the designed Compensation Approach in the physical Testbench described in Chap-

ter 2.

In particular, the Model Following Method analyzed in 3.5 has been tested in the

physical Hardware-In-the-Loop installation for evaluating the resulting compensating

performance, taking into account the satisfactory numerical results and the limits ob-

tained in simulation.

Considering the modelling features of this method, deeply described in 3.5.2, the HIL

Testing procedure has been developed with a variable RRSA damping value imposed to

the active device by the MPPM Unit, properly set in the User-interface. In particular,

two RRSA damping values in the Testbench have been considered for assessing the

desired performance:

❼ 0Ns/m

❼ 500Ns/m

Both of them have been tested in HIL Configuration with a QCM, the same described
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and used in this Thesis Work with the additional tire damping coefficient that has

been set to 10Ns/m, for providing a minimum damping to the QCM itself. Moreover,

two possible road input profiles have been analyzed, for carrying out useful reference

outcomes:

❼ ISO-B @ 70km/h

❼ ISO-C @ 35km/h

For what concerns the Compensation Scheme, the TFfollowing has been modelled by

taking into account the RRSA damping = 0Ns/m, in order to evaluate the results with

a fixed Compensator not affected by the damping value itself. Moreover, the Desired

Testbench Behaviour, expressed in the Control Scheme by the transfer function TFdes,

has been implemented by means of the described Bessel Filter, with a filter order

ndes=4 and with a cut-off frequency fcut=500Hz.

5.1.2 Results

Testbench with RRSA damping=0Ns/m

ISO-B @ 70km/h

The first simulated condition is characterized by the physical Testbench without RRSA

damping and with a ISO-B road profile with a vehicle speed of 70km/h. By means

of the User-Interface, the current imposed by the MPPM Unit, which provides the

desired damping coefficient to the RRSA device, is null, hence producing 0Ns/m in the

testbench.

This damping value, moreover, coincides with the one characterizing the Compensator

Scheme, in particular defined in the TFfollowing. The numerical results coming from this

correspondence have been evaluated in 3.5.2 in the frequency domain, showing perfectly

ideal overlapping behaviour between the desired and the actual bench response; the

remaining step is to compare them with the acquired experimental signals.

In Figure 5.1 are grouped together the attained results concerning the Testbench mea-

sured signals, which can be summed up as:

❼ Hydraulic Piston stroke
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❼ Hydraulic Piston speed

❼ Load Cell force

❼ Hydraulic Pressure (left and right side of the Gerotor Pump)

❼ Tracking of the RRSA rotation

❼ Kollmorgen current

Figure 5.1: HIL Testing: TestBench measured signals, for ISO-B @ 70km/h without RRSA damping.

Among them, in particular, the Kollmorgen current represents the easiest way to eval-

uate, as a first attempt, the stability of the overall HIL System. The Saturation limit

of the Kollmorgen unit has been fixed to 70A in the User-Interface, and whenever the

measured current reaches this limit, it means that the HIL System is characterized by

an unstable behaviour. As described in Chapter 3, in fact, the Kollmorgen Current
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strictly depends on the error introduced in the PID Controller and, when it is signifi-

cantly high, the saturated current is a key indicator of the experienced instability.

The acquired Kollmorgen Current signal results in an overall stable behaviour for the

entire duration of the test (around 30s), with just three isolated instability points,

highlighted in the blue squares in Figure 5.1. These unstable working conditions can

be observed, simultaneously, in all the other measured signals, particularly visible in

the increased Hydraulic pressure and Load Cell force signals.

Despite these local instabilities experienced by the Testbench in the HIL Configura-

tion, the obtained results are certainly remarkable. Without a Compensation Method

applied to the Bench, in fact, none of these results could have been acquired, since

the Testbench unstable behaviour (related to its limited bandwidth) was completely

predominant, without allowing any kind of data acquisition or HIL Testing processes.

For what concerns, instead, the obtained tracking performance, the reference and the

measured rotations appear to be overall superimposed, providing a further satisfactory

result with the tested Model Following Compensation method. Moreover, in Figure 5.2

has been included a detail of the measured tracking in order to better appreciate the

achieved results.

Figure 5.2: HIL Testing: RRSA Angle Tracking detail, for ISO-B @ 70km/h without RRSA damping.

From the point of view of the amplitude of the rotation, the two signals show very

close results, suggesting that the applied Compensation Method is correctly operating.

However, as it can be observed, the measured RRSA rotation is affected by a slight

phase shift with respect to the reference one. This fact indicates that the physical

Testbench may be characterized by some non-linearities that have not been consid-
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ered during its experimental characterization and, consequently, not included in the

numerical model and in the Compensation Scheme, i.e without the possibility of being

tested. To improve this condition, additional analyses and Compensation Methods can

be investigated both in simulation and in physical HIL Testing, in future developments

to this Thesis Work.

Together with the measured signals characterizing the Testbench, during the HIL Test-

ing process the Quarter Car Model signals have also been acquired and grouped in

Figure 5.3. Not only the sprung and unsprung masses displacement and speed, but

also the input road profile ISO-B and the RRSA force have been measured. Even in

this case, corresponding to the local experienced instabilities, the signals are variably

affected by them, particularly evident in the RRSA force signal.

Figure 5.3: HIL Testing: Quarter Car Model results for ISO-B @ 70km/h without RRSA damping.

In Figure 5.4, instead, the Performance Indicators of ISO2631 Human Comfort and

ηrh have been measured, considering their definitions introduced in 4.1.4, with the
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additional corresponding RMS value placed in the chart legend. The road-holding co-

efficient has a rms value of 0.13, quite high if compared to the results obtained in 4.1.4,

while the Human acceleration has an overall rms of 0.01g, i.e 0.1m/s2. Both results

must be valued and weighed considering that, in this test, the damping coefficient char-

acterizing the Bench and, consequently, the QCM, is equal to 0Ns/m, hence resulting

in a QC with just 10Ns/m of damping contribution provided by the tire.

Figure 5.4: HIL Testing: Human Acceleration ISO2631 (Comfort coefficient) and Road-Holding
Coefficient, for ISO-B @ 70km/h without RRSA damping.

Finally, the power flows and the electric current flowing in the Battery (in the

Battery Management System) have been measured and acquired in Figure 5.5. In

particular, the mechanical power, resulting from the QCM operating conditions, and the

electric power, extracted or stored in the battery, have been plotted and compared with

the same sign convenction described in 4.1.4. The mechanical power, in fact, results to

be a signal with mainly positive values, hence providing the damping mode of the active

suspension, i.e dissipating energy, while the electric power is mainly negative, providing

energy to the battery pack to be stored, i.e regenerated. Moreover, considering the

RRSA Efficiency Map depending on its operating conditions, previously described in

4.1.4 for the numerical model, the overall electric power signal is characterized by
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a visibly lower average value, meaning that the regenerated power is lower than the

available dissipated mechanical power due to all the existing losses.

Figure 5.5: HIL Testing: Mechanical Power, Electric Power and Electric Current signals, for ISO-B
@ 70km/h without RRSA damping.

ISO-C @ 35km/h

In this subsection are grouped the same acquired signals of the previous one but ob-

tained with the ISO-C @ 35km/h road profile. In Figure 5.6, first of all, can be observed

the resulting signals characterizing the Testbed. As can be seen, the Kollmorgen cur-

rent appears to be much more saturated (at 70A) along the entire simulation, with a

significative saturation within the first 5 seconds of HIL Testing. This fact, as previ-

ously described, represents the achieved instability of the overall Testbench, perfectly

visible in the corresponding increased Hydraulic Pressure, Load Cell Force and Pis-

ton speed signals. Considering that in this HIL Configuration the damping settings

have not been modified with respect to the previous results (neither for the Compen-

sator nor for the Bench), i.e the numerical compensating correlation is still valid, it is

likely that one of causes of the resulting increased instabilities is due to the fact that

the Bench, at the time of ISO-C profile Testing, had been used for a prolonged time

causing the increase in hydraulic oil temperature, which in turns has led to a visible
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increase in hydraulic pressure (with average value around 40bar instead of 20/25bar)

and modifications in the behaviour of the overall system.

Figure 5.6: HIL Testing: TestBench measured signals, for ISO-C @ 35km/h without RRSA damping.

In Figure 5.7, instead, can be observed the Performance Indicators of Comfort and

Road-Holding resulting from this HIL Testing. Due to the more demanding character-

istics of the ISO-C road profile, the ηrh has achieved a rms value of 0.18 with respect

to the ISO-B 0.13, while the rms of the Comfort coefficient has increased to 0.02g, i.e

0.196m/s2, double with respect to the ISO-B case. Moreover, the experienced instabil-

ity within the first 5 seconds of testing is particularly visible in the acceleration plot.

Finally, to complete the analyses related to the ISO-C profile with no RRSA damping,

the resulting power flow signals have been acquired and collected together in Figure 5.8.

As previusly described, even these results show the effects of the RRSA dissipations,

observable in the differences between the dissipated mechanical power and the actual

regenerated one, strictly dependent on the working condition of the electric machine.
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Figure 5.7: HIL Testing: Human Acceleration ISO2631 (Comfort coefficient) and Road-Holding
Coefficient, for ISO-C @ 35km/h in HIL Testing.

Figure 5.8: HIL Testing: Mechanical Power, Electric Power and Electric Current signals, for ISO-C
@ 35km/h without RRSA damping.
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Testbench with RRSA damping=500Ns/m

ISO-B @ 70km/h

In this section are collected all the results acquired in the HIL Testing by setting the

Testbed with a RRSA damping equal to 500Ns/m, with the only ISO-B @ 70km/h road

profile. The ISO-C road profile results have not been included, in this second bench

configuration, since their main characteristics have been described in 5.1.2. Moreover,

in the present HIL testing, their acquisitions have not provided any additional infor-

mation with respect to the ISO-B profile.

Differently from the case with no damping, the Compensator is now decoupled from the

Testbench. In fact, the TFfollowing, characterizing the Compensation Scheme, is con-

stantly modelled with reference to a numerical bench without RRSA damping, while

the physical Testbench is now identified by a RRSA damping equal to 500Ns/m, set

in the MPPM Unit by operating on the User-interface program. As described in 3.5 in

the evaluation of the numerical results, whenever the Compensator and the Testbench

are characterized by different RRSA damping coefficients, the Modell-Following Com-

pensation method does not operate properly with the same effectiveness with respect

to the case with same damping coefficient. If this is true from the mathematical point

of view and the numerical results have proved it (in the different frequency response

functions), the actual HIL Testing have done the same.

In Figure 5.9, indeed, the Testbench results acquired for the ISO-B road profile are

grouped together. This testing procedure has been performed just after the previous

ISO-B test shown in 5.1.2, ensuring in this way to have the hydraulic circuit almost at

its nominal temperature and average pressure. The resulting Hydraulic Pressure sig-

nal, in fact, is oscillating around a mean value of about 25bar, defined as the nominal

one for the testing procedure, while in 5.1.2, when the hydraulic oil was overheated in

the ISO-C test, the mean value was around 40bar.

As can be observed in the Kollmorgen Current signal, the saturation value of 70A is

reached quite often during the entire duration of the test, meaning that the HIL System

has experienced many relatively prolonged instabilities.
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Figure 5.9: HIL Testing: TestBench measured signals, for ISO-B @ 70km/h with Testbench RRSA
damping=500Ns/m.

This fact was somehow expected, considering the numerical results concerning the

frequency response function of the Compensated Testbench, whenever a certain differ-

ence in damping exists between the Compensation Scheme and Testbench, as shown in

Figure 3.61. The Model Following Scheme can not properly compensate the Testbed

dynamics related to the RRSA, due to the fact that its damping features are not in-

cluded in the TFfollowing, hence resulting in a more diffused local unstable behaviours.

Moreover, in Figure 5.10 has been included a detail of the RRSA Tracking and Kollmor-

gen current signals centered in the interval of the most relevant experienced instability

(around after 22s from the start of the test), showing the actual transition from the

stable behaviour to the unstable one, clearly indicated by the electric current saturation

and by the minimized tracking performance.

In any case, the experienced phase shift observed in 5.1.2 between the reference and
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the measured signal is here still evident in the tracking acquisition.

Figure 5.10: HIL Testing: RRSA Angle Tracking detail, for ISO-B @ 70km/h with Testbench RRSA
damping=500Ns/m.

Figure 5.11: HIL Testing: Human Acceleration ISO2631 (Comfort coefficient) and Road-Holding
Coefficient, for ISO-B @ 70km/h with Testbench RRSA damping=500Ns/m.
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Then, the Comfort and the Road-Holding coefficients are measured and represented

in Figure 5.11. Despite the test has been performed with ISO-B road profile, the result-

ing rms values coincide with the ones obtained in 5.1.2 with ISO-C profile, significantly

higher with respect to the corresponding ISO-B results (for Comfort level, 0.02g instead

of 0.01g, while for ηrh, 0.18 instead of 0.13). If, on one hand, the obtained increase

in road-holding rms is due to the fact that the QCM suspension damping is increased

(from 0Ns/m to 500Ns/m), the increase experienced by the Comfort coefficient (dou-

bled with respect to the previous ISO-B test) is instead mainly caused by the repeated

local instabilities, clearly observable in Figure 5.11.

Finally, the power flows and the battery current are measured and collected in Figure

5.12. The previously described characteristics regarding the conversion efficiency ef-

fects, on the dissipated and regenerated power, are perfectly extended to these acquired

signals, furthermore taking into account the increased number of instabilities.

Figure 5.12: HIL Testing: Mechanical Power, Electric Power and Electric Current signals, for ISO-B
@ 70km/h with Testbench RRSA damping=500Ns/m.
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Chapter 6

Conclusions and future

developments

A concise introduction to the active and semi active suspension technologies has been

outlined, pointing out the most relevant advantages and limits, together with a brief

description of the Hardware-In-the-Loop testing procedure. This Thesis Work, then,

has focused on the modelling process of a Rotary Regenerative Shock Absorber proto-

type, previously realized, in a simulated HIL environment.

The starting goal of this study has been the compensation of the real testbed dynamics,

which had not allowed, before the development of this Work, to perform HIL Tests due

to the instability of the entire physical system.

Chapter 2 provides a description of the physical RRSA prototype considering its main

design aspects, and an overview of the actual Testbed installed in the Laboratory of

the Politecnico di Torino in Verrès (AO), Italy. The main components and their func-

tions are briefly described, focusing then on the explanation of the working principle of

the entire Testbench in HIL configuration. Each included component plays a specific

function strictly related to the others, and the overall operations chain is illustrated.

Once provided the main information concerning the RRSA device and the Testbench,

the whole Chapter 3 focuses on the actual Numerical Modelling process performed in

MATLAB/SimulinkTM environment. The first implemented model, with block repre-

sentation, has been accurately analyzed with proper references to the physical system.
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After that, the other two implementations, state-space and transfer-function represen-

tations have been described and compared, and both of them have been positively

validated for ensuring effective analyses. Then, the overall HIL Model has been eval-

uated in the first SimulinkTM test, numerically demonstrating the unstable behaviour

characterizing the actual bench. Analyzing the obtained results and demonstrating it

with further tests, the cause of the instability has been identified in the limited fre-

quency bandwidth available in the Testbed itself, which does not include the Quarter-

Car-Model frequency characterizing the unsprung mass, around 13Hz. Consequently,

the Inverse Compensation Method has been introduced, described and numerically im-

plemented, providing satisfactory results in HIL configuration. Different input road

profiles have been tested and useful obtained outputs have been acquired. Further-

more, two types of robustness test have been introduced and implemented for proving

the actual stability of the numerical model and increasing the accuracy level of the

modelling process. At the end, the model has positively passed the designed tests.

Finally, another compensation approach, the Model Following Method, has been intro-

duced, described and implemented, providing satisfactory results and improving the

performance offered by the Inverse Compensation Method. However, both approaches

can not be used with high effectiveness when a certain damping difference is imposed

between the Testbench model and the Compensation Scheme, since the latter is nom-

inally defined with no RRSA damping.

Chapter 4, then, focuses on the possible Control Strategies to be used to command

the RRSA in a QC from the numerical point of view. A brief introduction to one

of the most used strategies is carried out, i.e the sky-hook theory, pointing out main

benefits and limits. The Sky-Hook control has been modelled and implemented in

MATLAB/SimulinkTM environment considering a two degrees of freedom QCM. As-

suming a simplified model for the RRSA, specific analyses have been carried out for

ISO profiles and road bump sequence, to provide useful outputs about Comfort and

Road Holding Performance, with reference to the ISO2631 standardization, and about

the energetical performance of the RRSA in regenerating and consuming power. After

that, the RRSA model has been updated with the introduction of its inertial and dissi-

pative contributions and, most important, its Efficiency Map, experimentally obtained
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by Eng. Salvatore Circosta. The resulting model has been tested and quite interesting

and positive results have been obtained, pointing out, in particular, the regenerative

performance of the active damper in a more realistic perspective. To conclude this

Chapter, another Control Strategy, defined as Spring-Negation Control, has been in-

troduced, described and numerically implemented. The obtained results have been

considered quite satisfactory compared with the performance offered by a traditional

passive shock absorber. However, overall evaluating, the designed Sky-Hook Control

has provided better performance in the considered QC implementation.

Finally, Chapter 5 includes the experimental results obtained in the Laboratory of

the Politecnico di Torino in Verrès (AO). In particular, the Model Following Method

has been implemented in the software part of the physical installation to evaluate its

compensating performance in HIL Configuration. With great success, the designed

control scheme has allowed to perform a certain number of tests running the Test-

bench over a simulated ISO-B and ISO-C road profile. The system, overall considered,

has been defined as stable, fact demonstrated by the presence of the signal acquisitions

that were not physically available before the Compensation introduction, due to the

significant instability of the Testbed in HIL. However, the experienced limits in the nu-

merical model concerning the damping difference between Compensation Scheme and

Testbench, has been highlighted and amplified in the actual HIL Testing, providing a

signal in some instants locally unstable, despite the overall achieved stability.

Future development

The present Thesis Work has provided satisfactory numerical results for the HIL Model

and for the designed controlled strategies of the active damper. Once implemented in

the physical HIL Testing, the designed Compensation Method has positively solved the

instability affecting the Testbench, extending the limited testbench-bandwidth. How-

ever, the stability has not been established in every possible working configurations of

the testbed, due to the numerical damping difference between the control scheme and

bench itself.

Consequently, futher investigations should be taken into account for future develop-
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ments. In particular, the following list briefly sums up some possible considerations to

be practically implemented:

❼ First, for increasing the accuracy of the modelling process, a further experimental

characterization of the entire testbed may be performed. Possible non-linearities

not considered in the actual model may be detected and properly implemented.

❼ Sensor measuring performances may be evaluated and eventually improved if it

is demonstrated that they are introducing a significative bandwidth limitation.

❼ New Compensation Schemes, based or not on the ones described in this Thesis

Work, may be designed and numerical tested for enhancing the compensation

performance on the Testbench. If positively validated, further HIL Testing may

be conducted.
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