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Abstract- Automobile industry is going through important changes with the rise of connected vehicle paradigm. In this
context, traditional performance evaluation procedures are becoming obsolete or insufficient. This is particularly the case for
road safety evaluation models since new information and communication technologies engender new types of vulnerabilities.
This paper claims that traditional hypothetico-deductive evaluation paradigms are no longer adequate to assess road safety. To
complement this traditional approach, we present an alternative perspective based on design theory originating from
engineering design field. We illustrate the use of design methods in this context. More generally, we argue that a design based
approach to road safety evaluation will allow integrating evaluators early in the process, and to give them a set of new tools
coming from design theory in order to design better experiments with indicators of safety are better adapted to changing safety
situations.

Keywords Road safety; safety assessment; evaluation methods; experiment design, design methods.

1. Introduction However, automotive industry is seeing major
evolutions:  energy  crisis, sustainable  development
challenges, global competition, electrical propulsion,

assistive technologies, car to car (C2C) and car to

Road safety is a major concern at the international level.
According to the World Health Organization [1, 2] 1.2

million people in the world die each year because of road
crashes. Built on a 40 year old practice started in the late 60s,
evaluation of road safety seems a well-established, routine
practice, with well-known methods and generally accepted
norms [3]. This has led to the creation independent and
expert structures like the LAB (Laboratory of Accidentology
and Biomechanics) — a laboratory co-owned by Renault and
Citroén — where evaluation of safety performance of cars can
be carried out independently from the internal processes of
the car manufacturer [4].

infrastructure (C2l) possibilities. These new technologies,
inside or outside the car, is equivalent to a change in the
evaluation paradigm. Indeed, methods that exclude driver’s
behavior and environment are no longer sufficient for proper
and accurate evaluation even though the usual methods are
still valid at some point.

In design terms, the identity of the object “car” is no
longer stable as we are on the frontier of breaking a well-
established dominant design — that has not seen major
changes for decades. This changes inevitably affects the
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organization of an entire ecosystem of transportation,
including the safety evaluation practices and organizations.

When an object’s identity is stable (design completed),
its evaluation modalities are also stabilized. The purpose and
the intended functionalities of the object are known thus
what needs to be evaluated is clear. When the identity
becomes subject to change, the evaluation modalities need to
be redesigned according to the newly emergent forms. Since
automobiles’ identity is strongly questioned and subject to
evolutions, the classical schemas for the evaluation of its
performances (e.g. about safety) need to be reconsidered and
redesigned jointly.

The eco-system of road safety evaluation, either not
realizing the nature of this shift or lacking adapted theoretical
lenses to recognize its properties, tends to adopt a hypotetico-
deductive stance for the evaluation of emerging technologies.
The efforts are concentrated on what can be measured
instead of what does a particular road security issue imply
and how evaluators can help with it [5].

The paper proposes that the hypothetico-deductive
stance is inadequate and proposes a conceptive perspective
where the road safety question is seen as a part of a larger
design issue, and evaluation models are adapted to specific
variants (i.e. technological or experimental) need to be
designed using appropriate design approaches.

We propose that actors, such as the LAB, responsible for
the evaluation of safety aspects need to carry out additional
responsibilities within the new context and to actively
participate to the design of road safety systems - providing
input and expertise to the system designers (such as the car
manufacturers) early on - they need to become designer of
safety evaluation models and they can no longer hold onto an
evaluator position solely. These propositions are
fundamentally new for the road safety evaluation field and
illustrate the contribution design methods and approaches
can have in this domain.

Plan of the paper: In Section 2, we review shortly
traditional car safety paradigm and current evolutions in the
automotive industry. Section 3 presents current philosophies
and approaches to safety evaluation. We argue that the most
widely used techniques are black-box approaches and give
two examples (for a priori and a posteriori evaluations). In
Section 4, we present two fundamentally new approaches to
extend the role of evaluation expert’s role in the car safety
eco-system. First method is a functional evaluation approach
where evaluators can provide inputs during design of safety
system based on the features of different candidate
technologies and their match with the safety issue being
handled. Second method is the use of a formal design theory
in order to map out different road safety scenarios related to
a particular safety concern (e.g. road adherence, low friction)
and the potential evaluation methods for each. Section 5
concludes with a short discussion.

2. Strong Evolution of Automotive Industry: Implied
Changes for The Evaluation of Safety

21 Traditional Vision of Safety: Within the Confines of
a Dominant Design

The car industry provides the archetypical example of
what is often called a dominant design [7]. Its main features,
such as the generic architecture, are generally accepted as the
best possible combination that maximizes the object’s utility
and purpose. In such situations, an objects identity is
stabilized i.e. its functional design, conceptual models, and
associated business models do not see major changes over
several development episodes [8].

When languages and parameter spaces for describing an
object are stable, design follows a logic of optimization of
the current sets of design parameters to achieve maximal
performances within the confined description space of the
object — including its performance criteria.

One of the key performance criteria for a car is safety of
passengers. As Figure 1 shows, this has been a major issue
where significant progresses have been achieved over the
years. Choice and improvement of materials, numerous
additional safety systems (airbag, safety belt, etc.) have been
introduced without changing the general architecture and
disposition of a car.

Following this logic, where design efforts have been
extensively focused on the optimization of the existing
systems and definitions, the evaluation of road safety of a car
has not seen brutal changes. The major criteria to be
considered were the number of dead and injured people in
the accidents, depending on the existence (or not) of a given
safety system among cars involved in an accident (more
details on Section 3). Note that this procedure is often a
posteriori evaluation procedure. With the current interest in
intelligent vehicles and assistive technologies, globally, car
manufacturers became more interested in developing safety
systems that would rather prevent an accident from
happening. How to evaluate accidents that have never
occurred? Such as the question that points to significant
changes in the current road safety evaluation paradigm since
it is needed to move beyond the passive security paradigm to
a more proactive one; Fig. 3.

2.2 From Isolated Cars to Communicating Cars

Automotive industry is going through tremendous
change. The return of the electrical vehicles [9] and the
efforts to better integrate the car to the city for sustainability
is causing rapid and successive changes in major design
parameters. Technical changes imposed by economic and
sustainability issues create a favorable environment for
embedding more intelligent technologies in cars as well.
Years of research in automated or assistive technologies on
intelligent transportation systems are being industrialized one
by one. The trend will be only accelerated with the upcoming
3" generation electrical vehicles.

Followed by these technological changes the evaluation
models associated with the car need also changing. The
expected performances are not the same, for instance, for a
thermic engine or an electric one. To give an example, in
case of a crash, an issue to be resolved with thermic engine is
fire and explosion risks. For an electrical engine, spill out of
dangerous chemical substances is one of the main issues
[10]. While both objects can be classified as cars, significant
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differences among them imply differences in norms and
performance metrics to be used for evaluation purposes.

With C2X (Car to Car or Car to Infrastructure
communication; see Fig. 2) new and previously unsuspected
safety issues arise. For instance, in a setting where cars can
handle most of the driving (at least in particular conditions,
such as restricted zones for that purpose), despite all the
planning power available to the system, unexpected
situations can occur (e.g. unauthorized entry to the zone)
where neither the driver nor the car can take appropriate
action in time. Current evaluation practices, tailored rather
for the optimization of a unique vehicle’s performances as
explained in Section 2.1 are not adapted for the evaluation of
a scenario where the infrastructure and vehicles
communicate and coordinate. New evaluation models and
practices for a setting whom parameters are yet to be decided
need to be constructed. Among other things, these changes
implies that in addition to their roles of evaluator (in the
traditional sense), structures like the LAB need to become
designers of evaluation models [5].

s

Designed in 1993

Designed in 2002

Fig. 1. Evolution of car’s in-depth accident analysis
(65km/h) — Driver dead, injured and finally intact [6].

P rﬁé’%gz?ir"/’/’//, ’_’ ‘ /
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Fig. 2. Communicating cars — C2C, car to car and C2lI,
Car to infrastructure communication.

2001 1995

Tertiary Safety

Normal Driving
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Fig. 3. Shift of the foci of road safety systems study over the
years.

3. Approaches to Safety Evaluation

3.1. Traditional Approaches:
Epidemiologic Evaluations

Experimental and

With respect to the safety paradigm presented in Section
2.1, a major approach in the evaluation of safety is the
classical scientific experimental setting. It consists in
conducting a controlled experiment with a well defined
experimental plan, defined and isolated variables, devices for
measuring and synthesis of results. This process has all the
expected advantages of classical scientific methods
(controllability, repeatability, etc.). This type of experiences
is justified by the need to have accurate information on the
driving behaviors and thus for being able to evaluate
performances of primary security systems. This practice has
limits when it comes to communicating vehicles. In US,
recent studies conducted by Michigan University [11]
involved 25 vehicles within 50km2 surface where collecting
data in controlled environment proved to be difficult. Facing
such challenges, another approach called epidemiologic
evaluation is often envisaged. Vehicles, driven by drivers
specifically chosen (e.g. for their driving style), are equipped
with various sorts of data gathering devices. The aim is to
gather data in a realistic and naturalistic setting. This
approach has the advantage of gathering enormous quantities
of data. The downside is that it is difficult to know how to
process all these data and also to what end. For instance, the
vehicle can be observed as slowing down, but the reasons for
such behavior are multiples and they can be combines: rain,
other vehicles stopping, traffic...

This contrast between experimental and naturalistic
evaluations points to the real challenges of traditional
evaluation methods in road safety. Either, we limit ourselves
to a small set of controlled variables and measure mostly
their effect a posteriori (the accidents have already
happened), or, we have an abundance of data, but what needs
to be measured or what the evaluation is for is no longer
clear.

3.1.2. Black-box Evaluation: A Priori and A Posteriori
Evaluation

There are two very common ways of evaluating a road
safety system; a priori and a posteriori evaluation. A priori
evaluation is about judging the benefits of a system before it
has been developed. Since the system does not exist, it
cannot be evaluated with respect to the situations where it
saved lives or failed to do so. Rather, considering the
existing databases on accidents, it is determined the ratio of
accidents that could have been avoided had the system been
installed in the vehicle(s) involved in the accident. Such an
analysis can be effectively carried out using a black-box
scheme [12] Fig. 4.

The result of such an analysis is the partitioning of the
set of accidents as in Fig. 5. For the development team who
need to decide whether to launch the design project, the
important parameter is the size of the effective part i.e. the
maximal ration of accidents that could have been avoided.

In Fig. 6. A posteriori evaluation considers the effect of
a safety system introduced into the cars and traffic. Again

3
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based on the available databases, the information about the
vehicles equipped with a particular safety system and the
accidents that are relevant with respect to that system’s
purpose are retrieved,;

It o
System.eqmped ; EﬁECtWE
Datatasenty i ,
Ve | Non efective

Fig. 4. The overall black-box scheme for a priori
evaluation [13].

égende:

R+E E=Equiped

) R = Relevant
Non effective

v NonE +NonR

Fig. 5. Results of (a) a priori evaluation (b) a posteriori
evaluation [13].

Relevant crash

Equiped vehicule

Database entry

Non equiped vehicule

Fig. 6. The information compiled for a posteriori evaluation
[13].

3.2Current Trend: Towards Hypothetico-Deductive FOT

An approach combining the advantages of the two
previous traditions have been used for a European Project,
euroFOT [14]. FOT stands for Field Operational Tests. The
objective of the project is to provide a testing approach for
road safety in quasi-natural environments given the shift
towards C2X systems. Test are being made on a variety

subjects such as Adaptive Cruise Control, Blind Spot
Monitoring, Curve Speed Warning, to name a few.

For the needs of the platform, a general process has
been proposed by FESTA Consortium [15] is a step-by-step
approach that preconizes mainly a hypotetico-deductive
process where a precise research question and hypotheses
must be formulated before proceeding with the collect of
data and analysis. A fundamental step in this process is the
construction of an evaluation model by the analyst for the
research question at hand. This construction involves finding
appropriate indicators, performance metrics and thus
conditions in a significant way which data should be
collected to represent to the best of possible the defined
dimensions of evaluation. Kircher [16] has produced a
manual for listing some indicators that are advised to the
evaluators for use in euroFOT.

We need to stress immediately that this hypotetico-
deductive vision for a given safety evaluation issue is
reductionist and dissecting the global safety problem into
pieces where the analyst may very well loose from sight the
interactions — at which point either the study will be biased
or the meaning of the result will be lost.

FOT Chain

Socio-Economic Impact

Function Identification Assessement

and Description

System and
Function Analysis
Research Research Questions
Questions and and Hypothesis
Hypothesis Analysis

Performance Indicators
and Study Design

Data Analysis

Measures and
Sensors

Data Acquisition

Fig. 7. A representation of FOT process.

Let us try to see potential problems of this approach with
an example proposed by Kircher [16]:

1. Research Question: What would be the effects and
efficiency of a system warning the driver about a zone with
low friction of tires?

2. Hypotheses:

a) Such a system would increase the average distance
between cars when a warning is given

b) The average speed will increase when there is no
warning

3. Indicators: Average inter-distance / Average speed

4
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There are some fundamental limitations of the implicit
reasoning model embedded in this approach. First, as we can
see in the example, since the proposed process in
disconnected from the global design process of the security
system, the research question seems context -free and
general- which is an error. What would be the meaning of the
collected data if the day of the test it is snowing or there is
ice on the test grounds which would cause drivers to slow
down? We can see that, despite the attempt to move towards
the evaluation within a multiple-cars and natural conditions,
the limitations of the isolated car evaluation setting is
imported, possibly  without recognizing it. More
significantly, we can see that the analyst needs precise and
accurate knowledge about the behavior of drivers and
possible (and various) driving conditions in order to come up
with relevant hypotheses which reduce the risk of distorting
the phenomena. In order to have such knowledge, the
philosophy of an evaluation independent of the design
process must be abandoned. It should be acknowledged that
the evaluators must now become part of the design process
by becoming designers of safety evaluation models in
collaboration with car designers.

4. Re-instating Design Capabilities for the Safety
Evaluation Units: From Evaluators to Co-designers of
Safety Systems

Given the previous analysis, we see that it is necessary
that road safety evaluators actively participate to the design
process in order to give relevant input to system designers
but also in order to build appropriate evaluation models for
the system being designed is necessary. We shall propose
two types of approaches that can be used to this end. These
approaches are not meant to replace existing practices, which
have their own sphere of validity and relevance. On the
contrary, what is targeted is to propose ways to complement
existing practices in order to cope with the current
transformations in automotive and road safety industries.

41 Functional and Technological Evaluation: The

Example of Lane Keeping Assistant Systems

A first topic about which road safety expert can bring
valuable expertise during system design is on the evaluation
of functional and technological requirements during the
design. Consider the example of Lane Keeping Assistant
systems (LKA). Such systems are based on the idea of Lane
Departure Warning (LDW) that emits a warning to the driver
when the vehicle changes the current lane in a seemingly
involuntary way. LKA takes corrective action in an
automated way to prevent the drifting [17]. For such a
system, the designer might arbitrarily consider very large
number of functions. For the sake of example, let us assume
that the car designer plans to introduce the following
functions:

» F1: Functioning during the night
» F2: Functioning in broad day light

Recent studies in accidentology [18] show that 38,6% of
relevant accidents happen during the night whereas only
0,4% happened in broad daylight. Such information allows
evaluating functions of the system being designed and it is

important for the system designer to be able to assess
alternative design options.

As it is most often the case with rapidly evolving product
definitions, there are numerous technologies that can provide
the same functionality. Once a safety system design team
decides a functional requirement list, they need to evaluate
which technological solutions to adopt to continue their
design. Once again, the safety evaluation expert may provide
inputs to the design process. Consider for instance the
following Tablel [18].

With such detailed decomposition of a given safety
system, it becomes possible for the safety evaluation expert
to pinpoint to relevant portions of database or to proceed to
specific tests for each of the considered technologies in a
priori manner. The relevance of each property is evaluated
according the analysis of real car accidents. Thus one can say
that such property is necessary or than another is not. Then,
just make the connection between properties/technologies
and technology/safety system. Our evaluation through a
safety viewpoint is done.

The hypothesis that all the systems with the same
purpose (e.g. systems for LKA) are equivalent can be lifted,
in favor of a more accurate analysis. The black-box becomes
transparent.

At the moment, this type on analysis is not being done in
Road Safety evaluation units — more importantly, car or
safety system designers do not ask for such inputs. This only
shows that, car manufacturers are as much fixated as the road
safety evaluation experts on what the role for those latter
group is. As depicted in Fig. 8, safety evaluator can become a
partner in the design process rather than for the end product —
on the specific dimension of safety.

Table 1. Properties of different technology for LKA

. Techaolagy |/ . Dptical I Infra-sed . [FT . Radas | (4]
Property
Signal Bilane I Y I N I Tid I (] | Yirs
| Ersding | | [ | |
Poisible i lat Na Dt Detect peophe | Mready one
Lt piinli
Weathet [ Bad e [ Bad (N0 m
restrictions wiather, wirather
duit
Range I f I Naiid I Liffiifiad I 100 | lihiite
danger |
Hoturacy I High I High I High I High | Mot enough
| Spebed I High I High I Low [7 | High
Keed for | Low [ Low [ Low I Huge : reflecting | Detadled
Enironmenl lin cartography
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Cost

A

. . Safety

/ ' I ' (Benefits)
Techno, T, T . T,

Other dimensions (legal ,marketing...)

Fig. 8. Road safety evaluation expert as a co-designer
specialized in safety [13].

4.2 Becoming Co-Designers for Safety Systems: The
Example of Avoidance of Low Friction

The participation of road safety expert to the design and
testing of systems might become more direct and better
organized through a better understanding of the overall
process and a new type of organization, possibly at the
ecosystem level. In paragraph 3.2, we have seen that one of
the most significant efforts in today’s ecosystem for
improving road safety systems’ evaluation, the euroFOT
initiative, suggests essentially a hypothetico-deductive
approach. Among many potential difficulties and
inaccuracies this approach may cause or simply delay quick
convergence towards viable C2X safety systems is the
absence of a holistic consideration of the safety issues and
the premature reduction to a set of hypotheses and data
gathering.

A safety system is seen as an entity whose purpose is
uniquely definable and identifiable, whereas in such a rapidly
evolving technological contexts, where norms and
regulations have not been stabilized yet this is too big an
assumption. As we have seen with the example of low
friction warning, the system taken in isolation from its use,
environment and the driver might lead to invalid or
questionable assumptions. In order to provide a rigorous
evaluation for a class of objects whose design have not been
finalized and whom identity is not stable, a better integration
of evaluators with system designers is necessary.

Such integration requires an approach to design that is
holistic and provides the possibility to consider multiple
potential identities for the system being designed. In the
current work, we propose to use C-K theory [19] as a general
tool for mapping a messy design process and as a means for
coordinating design efforts. Let us consider again the
example of low friction to illustrate how the theory can be
In such a case, although the conditions are favorable for a
safe driving experience, there are cases where accidents
still occur. Normally, such situations are outside the
expertise area of the safety system designer — contrary to
the safety system evaluation expert. In fact, one such
reason for which accidents may occur under those
conditions is high speed and the necessity to hit the brakes
due to an unforeseen cause. The evaluation experts have a

used to systematically build both the system and the
evaluation models associated with each variant. We are
going focus on pedagogical aspects, and not the full sized
application, since our aim is to illustrate the approach and the
project details are confidential [13].

4.2.1 Avoidance of Low-Friction as a Design Problem

In order to explore possible meanings of our initial
concept Co: Avoid low friction, the first step is to better
frame what is friction. As we can see from Fig. 9, it is
possible to define and explore a variety of combinations
regarding the states of the environment, the vehicle and the
driver. Once the details about the environment and the
vehicle have been defined, it is possible to consider the
driver’s reaction (which, currently is not considered in
traditional road safety studies). For each unique combination,
a different safety system might be required. In case such a
system does not exist, its design may be connected to the
conceptual description space. Whether it exists or not, the
appropriate evaluation model can now be selected or
constructed since the precise conditions for which the system
is intended is now defined by design.

For instance, in Fig. 9, a situation where the road allows
a high friction (>6ms?) and the vehicle is equipped with
adequate materials (e.g. tires in good conditions) is depicted.

=

Avoid adhesion a priori study
loss = Upper bound

2 adhesion :

- Good=>6ms’ | 3 Select the relevant
- Bad=<6ms’ crashes in the
- ; v database
! Good: >6ms’ Bad: <6ms? Knowledge on adhesion loss:
I - - - Bibliography
| - Tests on roads, on tyres, with several
i ¥ ‘f weather conditions...
1 Bad vehicule- Good vehicule-
roadway link roadway link
t . What kind of crashes?
] \\ ' . Highspeed = ESP
\“/ N - Other causes = ?
Infrastructure ~ Vehicule + Environment
Conditions Conditions

Drivers behaviour in limit conditions:
- Testsin circuits
- Naturalistic driving (existing data)

|

Fig. 9. Defining knowledge for friction and low friction for
vehicles.

history of test results for similar conditions where ESP
(electronic stability program) has been proven to be
effective. In addition, relevant cases from the accident
databases might be analyzed to determine other possible
causes and drivers’ behavior in such conditions. Such
analyses are likely to be extremely helpful for the system
designer as gradually all the possible situations and
potential measures will be mapped out. This, in turn will

6
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give the possibility to better target the necessary
functionalities and technologies. Moreover, the road safety
system evaluator can devise better-targeted and precise
tests in order to reveal both the design need and the
performance of the envisaged solutions.

5. Conclusion

The automotive industry is going through immense
changes. For the rapidly changing technologies for the
forthcoming intelligent vehicles, evaluation of road safety
is of renewed importance. In this paper, we have presented
and analyzed traditional evaluation paradigm that is more
centered on passive safety paradigm and stabilized
evaluation routines. We argued that, since safety
technology is changing and becoming more based on a
pro-active approach, given the current communicating
vehicles-infrastructure systems being designed, road safety
evaluators should be more involved in the design of those
systems.

We pointed out that a hypothetico-deductive
approach extending the traditional paradigm of safety
evaluation will not be sufficient and there is a need for a
more holistic approach: Road safety system evaluators
need to become co-designers of safety systems, providing
inputs to the system designers, while, in turn, they build a
new generation of evaluation models and practices. The
proposed principles are illustrated with examples on lane
keeping assistant system and the analysis of a low-friction
system design.
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Abstract- The present experimental study includes comparison of microwave regenerated and conventional heated adsorbent
bed of adsorption heat pump. The novel adsorption heat pump driving with microwave heating system was designed and
manufactured. Microwave oven was constructed for providing homogeneous temperature distribution in the adsorbent bed.
Temperature and pressure variations in the adsorption heat pump for both microwave and conventional regenerated cycles
were measured and investigated. Duration of isobaric desorption process with microwave heating was achieved 98.2% shorter

than that of conventional heating system.
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1. Introduction

Adsorption heat pumps (AHP) that have advantage of
being environmentally friendly, provide heating and cooling
effects by employing thermal energy sources such as solar
and geothermal energies or waste heat of the industrial
processes [1]. Although AHPs have high primary energy
efficiency, in order to be competitive with conventional heat
pumps, researchers should overcome some several important
limitations and improve the coefficient of performance. One
of the main drawbacks of AHPs is slow heat and mass
transport in the adsorbent bed that usually results in low
performance criteria. A survey of the literature revealed that
the majority of the studies focused on eliminating the above
mentioned problem. In these studies, although the thermal
conductivity of the adsorbent was able to be improved by
different methods, the performance of the adsorption heat
pump could not be improved by using these new high
thermal conductive adsorbents.

In recent years, dielectric heating systems, or microwave
heating systems, have started to be used more frequent than
conventional heating systems due to their various
advantages, such as: having high heating rate, providing
material selective, non-contact, precise and controllable
heating, transferring energy rather than heat and providing
compact equipment [2]. Kumja et al. [3] and Demir [4]
investigated the effect of microwave regenerated adsorbent
bed on performance of the adsorption heat pump
numerically. A numerical analysis of heat and mass transfer
in an adsorbent bed during an adsorption heat pump cycle
was performed with both conventional and microwave

heating regeneration methods. The results revealed that the
coefficient of performance (COP) of microwave driven cycle
was higher than that of conventional one.

The main obstacle for microwave assisted AHP is
philosophy of background of adsorption heat pumps in which
the adsorption heat pump utilizes thermal energy sources
such as solar and geothermal energies or waste heat of the
industrial processes. However, it should be kept in mind that
the adsorption heat pumps can be used for thermal storage
[5]. The microwave assisted adsorption heat pump can use
electricity during night time and cool or heat the surrounding
throughout day time. Moreover, electricity required for the
operation of microwave in the system can be supplied by
renewable energy resources such as solar energy with
photovoltaic.

The aim of present study was to investigate the effect of
microwave and conventional heating systems on the
performance criteria of a silica gel-water heat pump
experimentally. For this purpose, temperature distributions in
the bed for both microwave and conventional heating
systems were investigated. Temperature and pressure
variations in the intermittent AHP were monitored during the
performed cycles.

2. Experimental and Method
2.1 Experimental Setup

The used adsorbent was Silica gel Rubin with moisture
indicator supplied from Sigma Aldrich Chemical Ltd. The
equivalent diameter of adsorbent bead varies between 1 and
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3 mm. The water adsorption capacity of silica gel is given as
20%.

The designed single bed adsorption heat pump was
mainly composed of an adsorbent bed, an evaporator, and a
condenser. The main components of adsorption heat pump
are shown in Fig.la The level of water was viewed and
measured from the sight glasses mounted in the casing of
evaporator. The evaporator was heated by using water
circulated in the heat exchanger inside the evaporator which
has 0.23m? heat transfer area. The condenser was constructed
as shell and tube heat exchanger. The heat transfer area of
condenser was 0.22m? The vacuum tight valves were located
between the evaporator, condenser and adsorber to complete
intermittent cycle. The valves (V3 and V4) between
evaporator and condenser can play the same role of
expansion valve if it is carefully opened and closed.

The two adsorbent beds were constructed. One of them
was constructed of Pyrex glass and appropriates the
microwave application. The other one also was constructed
of Pyrex glass and it has jacket in order to supply heat to the
bed with circulating hot water inside the jacket. The heights
of the two adsorbent beds were 23 cm. The radii of gap and
bed were 10.2 and 2.7 cm, respectively. For microwave
application, the adsorbent bed was cooled by four small fans
throughout the isosteric cooling and isobaric adsorption
processes. Microwave oven was specially designed to have
the ability of providing homogeneous temperature
distribution in the adsorbent bed. For this purpose, three
magnetrons (M1, M2 and M3) were placed with 120° angle
to each other as shown in Fig.1b.

Temperature distribution in the adsorbent beds was
measured by 5 thermocouples as shown in Fig.1b.

Fig.1la. Photograph of the designed intermittent adsorption
heat pump, b. Location of thermocouples in the adsorbent
bed.

Five of the thermocouples were placed across
magnetrons for observation temperature distribution in the
adsorbent bed. Two of the thermocouples were placed at
bottom and top of the adsorbent bed. Three pressure
transducers were used for measuring pressure of units. All
thermocouples and data logger were calibrated by Fluke 714

temperature calibrator which has 0.8°C measuring accuracy.
The pressure transducers with +960.25 accuracy were located
at the evaporator, condenser and adsorbent bed. The
temperature and pressure were measured by sensors and
acquired by using a data logger card and software. The data
were transferred to a computer and automatically saved.

Figure 2 presents the microwave oven schematically.
Microwave oven consists of three main parts. In the first part,
microwave cavity surrounds the adsorbent bed for heating
purpose. In the second part, there are three magnetrons (M1,
M2 and M3) placed on the hexagonal wall to provide 120°
angle to each other as shown in Fig.1b with the aim of
providing homogeneous temperature distribution in the
adsorbent bed without rotating the bed itself. The power of
each magnetron is 1 kW and its working efficiency is around
85%. Frequency is 2450 MHz. Third part is control panel
which allows to adjust active/inactive time of magnetrons
and total operation time of microwave. The magnetrons do
not operate at the same time for safety precaution, hence they
work sequentially. At the top of microwave cavity, four
small fans are placed for supplying cooling during isobaric
adsorption and isosteric cooling processes of cycle.

2.2 Experimental Procedure

The adsorbent bed was filled with 4kg of silica gel. The
evaporator was filled with 10 L of distilled water. The
adsorbent bed was vacuumed while being heated by
microwave oven for removing the moisture of silica gel. The
silica gel was dried for an hour. After the drying process,
system pressure was adjusted and all valves were closed.

The isobaric adsorption process (d-a): For starting the
cycle, the valve (V2 as shown in Fig.1la between evaporator
and adsorbent bed was slightly opened and evaporation of
water was started. The temperature of adsorbent bed
increased during the adsorption process; however, the heat of
adsorption was removed by four fans which were located at
the top of microwave cavity. The isobaric adsorption process
was continued until the saturation of silica gel. During the
experiment, temperature and pressure of AHP were
monitored. The end of isobaric adsorption process was
decided according to bed temperature, pressure and the water
level of evaporator observing from sight glass.

The isosteric heating process (a-b): After a complete
adsorption process, the valve (V2) was closed and adsorbent
bed was heated by microwave for 3-4 min for the isosteric
heating process. For conventional heating system, hot water
was circulated inside jacket of the glass adsorbent bed.

The isobaric desorption process (b-c): When the pressure
of the adsorbent bed attained to the desired condenser
pressure, the valve (V1) was opened for the isobaric
desorption process while the heating of adsorbent bed was
continued.



INTERNATIONAL JOURNAL of ENGINEERING TECHNOLOGIES

Hasan Demir, Vol.1, No.1, 2015

Fig. 2. Schematically illustration of microwave oven

Heating of adsorbent bed during isosteric heating and
isobaric desorption processes was supplied by microwave.
Each magnetron (M1, M2 and M3) operates for 30s
sequentially with 15s break time. Total operation time of
microwave can also be adjusted on the control panel. Four
different total operation times (20, 25, 30 and 35 min) were
investigated for the isobaric desorption process in this study.
Electricity consumption was measured by using digital
electric meters. For conventional heating system, hot water
(85°C) was circulated inside jacket of the glass adsorbent
bed.

The isosteric cooling process (c-d): Once isobaric
desorption was completed, the isosteric cooling process was
started with closing valve (V1) and adsorbent bed was cooled
by four small fans. After reducing adsorbent bed pressure to
the evaporator pressure, the isobaric adsorption process was
performed by opening the valve (V2). The condensed water
inside the condenser was transferred to evaporator with
opening valves V3 and V4 slightly without change in
pressures of units. Hence, the cycle of intermittent adsorption
heat pump was completed. The same procedure was repeated
for conventionally regenerated cycles and next cycles.

3. Results and Discussions

Figure 3 represents the pressure and average temperature
of adsorbent bed during desorption processes for
conventional and microwave heating systems. In
conventional heating system, hot water (85°C) was circulated
inside the jacket of adsorbent bed. In Figure 3a, temperature
difference between hot water and adsorbent was easily
observed. The pressure of adsorbent bed gradually increased
and reached 25 kPa at the end of desorption period. Duration
of desorption process for conventional heating system was
22.2 h. Poor thermal conductivity of adsorbent bed affected
on duration of desorption process. Figure 3b illustrates the
adsorbent bed pressure and temperature in the front of
magnetrons during desorption process. The adsorbent bed
pressure for the case of microwave heating increased
gradually and reached 25 kPa as in the case of conventional
heating. Three temperature profiles across the magnetrons
were very close to each other. This reveals that the
magnetrons operate with the similar performances by
providing homogenous temperature on adsorbent bed. The
zigzag behavior of temperatures indicates active periods of
magnetrons. The each magnetron operates for 30 s and break

for 15s sequentially. The duration of desorption process for
microwave heating was 0.4 h (26.7 min).

Comparison of desorption periods of conventional and
microwave heating systems reveal that desorption of water
molecules from adsorbents with microwave heating were
faster and easier. The poor thermal conductivity of the
adsorbent bed affected on the periods of the desorption
process through slow heat and mass transfer. The reason of
fast desorption process with microwave is that microwave
transferred only energy but not heat. Microwave creates heat
in the adsorbent bed by vibrating the water molecules. Thus,
this fact clears the questions on that matter and it can be
concluded that poor thermal conductivity of adsorbent bed
did not influence the periods of desorption process. The long
periods of cooling and adsorption processes influenced the
performance of AHP which will be discussed in detail below.
The bed pressures for both cases reached 25kPa. Insufficient
condenser capacity caused to increase the desorption
pressure of bed even in conventional heating case which was
observed slow heat and mass transfer in the bed.

In Figure 4 the variation of adsorbent bed temperature
was illustrated along the bed across the first magnetron.
Figure reveals that there is no significant temperature
fluctuation through the longitudinal of bed.

The variations of bed pressure and average temperature
during the whole cycles for conventionally regenerated bed
and microwave regenerated bed were presented in Fig.5.
Long desorption period (b-c) for conventionally regenerated
adsorption heat pump was easily observed in Fig.5. In
microwave heating case, the isosteric heating period (a-b)
cannot be observed in Fig.5b because of being too short. The
limitation of adsorbent bed was overcome with microwave
technique in isosteric heating (a-b) and isobaric desorption
processes (b-c). However, effect of the poor thermal
conductivity of adsorbent was observed in isosteric cooling
(c-d) and isobaric adsorption (d-a) processes for both cases.
The microwave technique only reduced the periods of
heating processes. The total duration of cycle with
microwave heating still needs further improvements.
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4. Conclusions

The microwave regenerated and conventionally regenerated
adsorption heat pumps successfully manufactured and
operated to have complete cycles. Following conclusions
can be made:

>

The cycles were obtained experimentally with
microwave regeneration without any problem such
as electrical arc, overheating of adsorbent, vacuum
leakage etc.

The designed microwave provided homogenous
temperature distribution in the adsorbent bed.

Heat transfer resistance in adsorbent bed was
overcome by microwave heating during heating
processes.

Microwave technique is powerful over conventional
heating system since the duration of desorption
process with microwave system was 98.2% faster
than that of conventional heating system.

The duration of adsorption processes should be
improved in order to reduce the total cycle time.
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Abstract- In this paper, a simultaneous design and development work for a diesel engine oil pan is presented. The interesting
point making the design of the oil pan so special is its laminated steel material. Beside its material, due to the deep-drawing
production method, to determine the natural frequencies of the structure with Computer Aided Engineering (CAE)
methodology is a problem for the design engineer. Especially when the highly nonlinear character of the oil pan and regions at
different thicknesses sum up with the hardness of liquid modelling, free vibration modal analysis of the design at virtual
environment becomes extremely challenging. Therefore, instead of refining the material characteristics in virtual design, first a
primary 3D dummy design is generated. Afterwards, a production method and material intent sample is produced with soft
tool. Hammer test is applied on this sample filled with oil, therefore modal shapes and frequencies are gained. As a result, CAE
modal analysis is generated and correlated by hammer test results; hence the first challenge of modelling the liquid is
overcome. Then, critical stress locations are determined with the CAE durability analysis. After instrumenting the pan with
optimum number of accelerometers and strain-gages from these critical locations, a durability test on a fired engine is run.
With the measurements here, the CAE durability analysis is refined so the second challenge of material nonlinearity and
thinning due to the deep-drawing method is also overcome. Lastly, with the CAE durability simulation, a secondary 3D design
proposal is established. Normally the method reach to success here, but to validate it, a secondary sample is produced,
instrumented again with accelerometers & gages and tested resulting in significant improvement in terms of durability. With
this approach, a method to perform a fail-safe oil pan design in single loop is verified.

Keywords Oil pan, laminated steel, deep drawing, CAE durability analysis, advanced instrumentation.

1. Introduction minimize noise and vibration. [4] The effectiveness of these

roles obviously has a lot to do with determination of the right

Oil pan is a reservoir usually located at the base of the
engine cylinder block enclosing the crankcase. It is
manufactured from number of different materials like cast
aluminium, stamped mild steel, laminated steels and various
plastics & synthetic fibers. [3] Besides transferring lube oil
heat to atmosphere, oil pans, can also act as a sort of boom
box and amplify engine noise, so they are usually designed to

material from which the oil pan is manufactured. As a result
in the new generation diesel engines, due to its effective
noise reducing and durability improving properties laminated
steel is used commonly.

Beside its material, the production method of the oil pan
is also an important aspect determining its durability. At this
point, the deep drawn part manufacturing technology which
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offers a number of benefits over other manufacturing
processes is used. It enables the design engineer to produce
large, seamless parts with complex axi-symmetric geometries
in rapid cycle times and reduce technical labour. [8] But
despite of all these advantages, the laminated MPM (metal-
plastic-metal) material, combined with the nonhomogeneous
thickness problem due to deep drawing, cause the oil pan to
show highly nonlinear character during free vibration modal
analysis at virtual environment. [6] Especially modelling the
unstable liquid inside the pan, determining the damping
ratios and gaining modal shapes and frequencies of the
structure only with virtual environment is extremely
challenging for the design engineer.

Due to all these challenges, instead of trying to refine the
material characteristics, optimize the model and create
different design recommendations in virtual design, a
simultaneous design and development study that would
integrate  experimental measurements with the CAE
durability analysis would be more realistic, accurate and less
time consuming. Using this methodology it is also possible
to develop a fail-safe oil pan design in single loop.

2. Experiment
2.1. Testing Methodology

For the simultaneous design & development and
optimization study of the oil pan first of all a methodology
consists of a fail-safe single loop is generated. The detailed
steps of this methodology are listed at Table 1.

Hammer test is applied on this sample filled with oil,
therefore modal shapes and frequencies are gained. As a
result, CAE modal analysis is generated and correlated by
hammer test results. Hence, the first challenge of modelling
the liquid is overcome. In Figure 1, the application of the
hammer test can be observed. Also, similar CAE model and
hammer test frequency results comparison at four different
modes are given.

Table 1. Single Loop Design Methodology

| Primary 3D Design Generation |

4

Soft Tool Sample
(Production Method & Material Intent)

4

| Hammer Test (0l Filled) |

)
| CAE Modal Analysis |
!
| CAE Durahility Analysis |<—>|
!
| CAE Durability Simulation |
!
| Secondary 3D Design Proposal |

!

| Final Design Production & Validation |

Durability Test on Engine |

Hammer CAE
Mode# | Test
[HZ]
[Hz])
1 57.02 63.38
2 82.62 82.74
3 90.34 91.25
4 142.17 144

Fig. 1. Hammer Test on Qil Pan

Then, critical stress locations, magnitudes, and directions
are determined with the CAE durability analysis. This is both
important in terms of determining the number and type of the
measurement devices. After instrumenting the oil pan with
optimum number of accelerometers and strain-gages from
these critical locations, a durability test on a fired engine is
run. The importance of this test is the engine’s being tested
until failure, so it is possible to observe and compare the
critical stress locations with the model.

Just before the durability test the engine was tested with
two different combinations of oil filling amount which has a
direct effect to the natural frequency of the oil pan. During
this test a power curve is taken at full load to obtain the
acceleration values on the oil pan at every 100 rpm
increments. Additionally a speed sweep is performed to get
strain values at high frequency between the boundary speed
limits of the engine. Therefore, this helps the design engineer
to determine and compare the critical stress locations on the
oil pan with the frequency response analysis by using finite
element analysis methods and correlate the dynamic
properties of the model accordingly. Another achievement is
to eliminate the effect of the level of oil to a possible damage
or failure mode on the oil pan. With the measurements here,
the CAE durability analysis is refined so the second
challenge of material nonlinearity and thinning due to the
deep-drawing method is also overcome.

Lastly, with the CAE durability simulation and model
refinement, a secondary more robust 3D design proposal is
established. A secondary sample is produced, instrumented
again with accelerometers & gages. The tests are repeated
again from the most critical stress points and significant
improvement is gained in terms of vibration characteristics.
Also, critical stress locations are moved from side walls of
the oil pan to the very bottom of the oil pan side walls with
much lower magnitudes and are unlikely to damage the
sump. As a result, this methodology is validated.

2.2. Test Sample Preparation

Experiments were performed on the oil pan of a diesel
engine. In Figure 2 a similar oil pan design is shown.
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Fig. 2. Similar Oil Pan Design

Four pieces of tri-axial accelerometers and four pieces of
rectangular rosette type strain-gages are instrumented very
near to the critical stress regions on the left, right, front and
bottom of the oil pan. Also four pieces of tri-axial
accelerometers are instrumented on the right, front, front-left
and rear-left of the block to separate the vibration
characteristics of the oil pan from the rest of the engine. In
Figure 3 the accelerometer and strain gage instrumentation
on the bottom of the oil pan can be observed.

The instrumentations are performed near to the critical
stress locations on the oil pan where the vibration
characteristics are more stable, therefore, a better CAE model
correlation is aimed. Also, special care is applied for the
sensors not to be damaged during the instrumentation of the
oil pan to the engine. After all the instrumentation and oil
filling operations, nulling is applied to the sensors so only the
effect of vibration during engine operation is gained. In
Figure 4 the exact strain gage and accelerometer locations
are shown.

Fig. 3. Accelerometer & Strain-gage Instrumentation  on
the Oil Pan

Fig. 4. Exact Accelerometer & Strain-gage Locations
on the Oil Pan

3. Experimental Results

Acceleration data from 4 accelerometers at the block and
4 accelerometers at the oil pan is taken by 1 Hz increments
with 100 rpm steps from 2100 rpm to 600 rpm at the power
curve. The amplitude — phase and real — imaginaire values
are obtained for all X, Y and Z directions. In Figure 5 the test
cycle is shown.

The data is observed until 600 Hz and 1800 rpm found to
be most critical for 30L of oil filling according to the
acceleration values at Y direction of oil pan where as for 50L
of oil filling 1300 rpm found to be most critical reaching
more than 2 times than the values gained in 30L of oil filling,
again at Y direction of left side of oil pan.

Strain data from 4 strain gages at the oil pan is taken by
1Hz increments with 1 rpm steps from 600 rpm to 2100 rpm
at the speed sweeps. First of all, to eliminate the effects of
static and thermal loads a drift offset correction is applied
from the data taken. In Figure 6 this successful drifting
operation can be observed. The below blue curve shows
corrected data.

All max. & min. principle strain & stress values and VVon
Mises stress values are obtained from the data for all 4
different strain gage locations. By taking the Young Modulus
as 210000MPa and the Poisson ratio as 0,28 again the Y
direction of left side of the oil pan found to be the most
critical stress location. Max. principle stress value is found to
be almost 6 times at 50L oil filling compared to 30L.

Time Data Selection

Fig. 5. Test Cycle & Determination
of the Acceleration Values
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Fig. 6. Drift Offset Correction on the Strain Data
4. CAE Methodology

In this part, brief explanation of CAE model is given.
Also, CAE correlation study by using test data is explained
and analysis results are shown.

4.1. FEA Model

Oil pan is made of laminated steel and operates with oil
inside of it. Difficult part of modelling the oil pan is to
model a material which has two layers of steel and between
two layers, there is a material that improve damping
characteristic of oil pan.(Figure 7)

MSC NASTRAN is used to solve problem. Oil pan is
modelled with 2D elements (CQUAD) and oil pan to engine
block connection is modelled with bush elements (CBUSH).
The effect of oil inside the oil pan is modelled by adding
non-structural mass to 2D elements. [9] Figure 8 shows the
mesh example of the oil pan.

RKU method, named after its developers Ross, Kerwin
and Ungar, is the most commonly used method for
characterizing the behaviour of three-layer damping
treatments [1]. This method uses a fourth order differential
equation for a uniform beam with the sandwich construction
of the 3-layer laminate system represented as an equivalent
complex stiffness. The advantages of this method are,

* No need to re-mesh if any thickness of layer in
laminated steel is changed.

It has faster run times.

» Only need to change PSHELL & MAT1 cards

By adding bending rigidity into MAT1 card in
NASTRAN, material property is modelled.

Constraining layer Damping material
Byl + iny) / GALoH ing)

H, 7 7
H, | HEEEEEEN/.EEEN
Structure E; (1 + im)

Undeformed
constrained layer

Deformed
constrained layer

Fig. 7. Example of Laminated Steel

Fig. 8. Mesh Example of Qil Pan

4.2. FEA Correlation

Aim of the correlation is to optimize the design by using
the test data. To achieve this, the main steps that are
mentioned in Figure 9 are followed. Firstly, critical regions
are defined and the test data is acquired with the help of
finite element analysis results. To correlate material
constants, modal test is required. Bending rigidity of material
is optimized with the modal test as seen in Figure 1. With the
correlated FEA model (natural frequencies are correlated
only), structural damping and stiffness characterization of the
connection elements can be modified in order to converge
the test data.

FEA Model
Correlated
with Modal Test

|

Frequency
R

Measured
Acceleration
Data Analysis

Damping
Stiffness Change

Correlation
Between
CAE & Test?

Model
Improvement

Design
Modification

Fig. 9. Flowchart of Correlation Study
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By doing fast fourier transformation (FFT) the
experimental data is converted to frequency scale and this
data is used to perform the frequency response analysis. In
the correlation part, RPM range where acceleration response
is higher with respect to other RPM values, should be chosen
for the study. By changing property of bushing element, non-
structural mass of oil and structural damping of laminated
steel, best correlation is achieved. As shown in Figure 11 and
Figure 12 the correlation between the experimental and CAE
result is sustained.

The acceleration data from the block is the input part of
the frequency response analysis. By using multiple excitation
data, frequency response analysis of the oil pan is performed.
In Figure 10, the example of this excitation data is given.

Correlation between accelerations on the oil pan and
results of FEA analysis is crucial for the model optimization.
The example of the correlated results is shown in Figure 11.
Analysis revealed that at lower frequencies there is a good
correlation between test data and analysis results. However,
correlation is deteriorating because of the sloshing of the oil
at higher frequencies. Other important item is stress
correlation. RKU model is generally used for the dynamic
analysis and stress results are not credible. To assure the
stress results, also strain-gages are implemented on oil pan.
Von-Misses stress results in Figure 12 which is derived from
strain gage test data, show that RKU method gives rational
stress results. After correlating FEA model, alternative
geometry designs of the oil pan are studied for the
optimization. Final design which satisfies the design target is
achieved at the end of analysis loops. As a result all the steps
mentioned in Figure 9 are completed.

Excitation

8 ‘_ I||‘ |‘ u" ‘ “‘
M I |

' \
|

Frequency

Fig. 10. Example of Excitation
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Fig. 12. Von Mises Stress Comparison
(CAE Result vs Test Result)

4.3. FEA Results

At the end of study, it is observed that there is a good
correlation at the side panels. However, at the bottom of the
panel, correlation is not as good as side panels. This is the
result of the higher fluid pressure at the bottom panel which
is not simulated by adding non-structural mass. This situation
is not critical since maximum Von-Misses stress is observed
on the side panels. Also at the higher frequencies, correlation
is becoming deteriorating because of the sloshing. However,
maximum stress is not observed at higher frequencies which
are seen both in the analysis result and the test data. As a
result, the critical stress location at the first design is moved
to the lower part of the side panel and magnitude of Von-
Misses stress is decreased to 55% of the first design which is
shown in Figure 13.

Acceleration value comparison for the primary and
secondary design with 30L and 50L oil filling configurations
is given in Figure 14. It can be clearly observed that 50L oil
filling is more than 2 times critical than 30L. Also with the
secondary oil pan design almost 60% of improvement is
gained at both oil filling configurations.

(@ (o)

Fig. 13. Von-Mises Stress Location
Preliminary Design (a) & Final Design (b)
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Acceleration Value Comparison For Different Designs

—— Primary Oil Pan_30L [g]

——Secondary Oil Pan_30L [g]

Acceleration [g]

Primary Oil Pan_S0L [g]

Secondary Oil Pan_50L [g]
P
AN

0 500 1000 1500 2000 2500

Engine Speed [rpm]

Fig. 14. Acceleration Value Comparison for Different
Designs & Oil Filling Configurations

5. Conclusion

In today’s competitive production market using the right
methodology and manufacturing, a fail-safe design at first
trial is an important aspect that the research and development
companies aim. But due to real life’s unpredictable
conditions, obtaining this fail-safe design is not always
possible in virtual environment, especially on engines and
engine components, manufactured with today’s complex
production methods and working as a thermomechanical end
product. Therefore, simultaneous design and development
works, integrating CAE analysis with experimental
measurement techniques is used more effectively resulting
with a single loop design. In this paper, the main steps and
advantages of this kind of an approach is explained on a
diesel engine oil pan.

First, a primary 3D dummy design is generated and a
production method and material intent sample is produced
accordingly. Using the modal shape and frequency data
gained from the hammer test with the oil filled sump, CAE
modal analysis is generated and the first challenge of
modelling the liquid is overcome.

Secondly, from the predetermined critical stress
locations obtained from CAE durability analysis, the block is
instrumented with four accelerometers and the oil pan is
instrumented with 4 strain gages and 4 accelerometers. Two
configurations of oil filling, 30L and 50L, are tested. With
the refined CAE durability analysis, the second challenge of
material nonlinearity and thinning is also overcome.
According to the acceleration data the 50L oil filling found
more than 2 times critical compared to 30L. Also in terms of
max. principle stress, 50L oil filling found almost 6 times
critical compared to 30L especially at the side panels of the
oil pan.

Lastly, with the CAE durability simulation, a secondary
3D design proposal is established, a sample is produced,
instrumented again with accelerometers & gages and tested.
Almost 55% improvement is gained in terms of Von Misses
stresses and the critical stress locations at the first design is
moved to the lower part of the side panel with much lower
magnitudes. Hence, a method to perform a fail-safe oil pan
design in single loop is verified.
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Abstract- This paper presents a proposed hybrid system based on diesel generator and solar photovoltaic (PV) as an effective
option to power a small remote community. The cost of running diesel generator speedily due to erratic power supply in a
small remote community that is not grid connected is highly expensive and not environmentally friendly. A solar PV was used
to reduce or augment the continuous diesel generator sets, resulting in reduced cost of operation and maintenance. A proper
solar radiation data and sizing based on the specification of the PV system and battery bank was done. In addition, a
comparative study was carried out considering two scenarios of the proposed model system. In the first scenario, the diesel
generation, solar PV system was treated as autonomous (or standalone). In the second scenario, the proposed model system
was connected to the grid system. It is discovered that powering the small remote community with the proposed hybrid system
is much more beneficial and encourages competition with other conventional energy sources, because it minimizes both
operating costs and pollutants emissions. Furthermore, analysis results obtain from HOMER software shows that is promising

to implement the on-grid system.

Keywords- Renewable Energy; HOMER; Grid system; Solar PV; Efficiency; Battery

1. Introduction

The importance of energy system cannot be
overemphasized in modern life style. Most often, there is
epileptic power supply to maintain the population and
economic growth of developing countries. Also diesel
generators are the most used type of power generation in
these countries, thus, it is imperative to augment the
expensive diesel generation of power with renewable energy.
Solar energy is one of the most promising of the renewable
energy sources in light of unlimited potential energy. The
sun’s energy radiation is at a rated value of 3.8x1023kW per
second [1-4], and a square meter of the platform of the earth
can receive up to 1kW of solar power. However, radiation
intensity from solar energy is weak compared with the high
energy concentration volume of diesel fossil fuel power
supply. One of the most common methods of achieving solar
PV radiation to power supply is the use of silicon solar cells
made in modules that are connected in a base plate
electrically [3, 4, 5, 6].

On the other hand, the cost of fossil fuel based electricity
generation in the long term is increasing and the costs of
production of renewable energy technologies decreasing due
to optimized construction and efficiency improvement.

Reliability and costs are two different important aspects that
must be taken into account when working with standalone-
hybrid system for electricity generation. Recently studies
shows that, the hybrid standalone system are better in terms
of reliability and cost than single source of energy supply [7,
8 and 9]. Due to optimized construction and efficiency
improvement, renewable electrical systems in off grid
application are economically viable, especially in remote
areas [10-13].

In light of the above, this work is proposing a solar
photo voltaic (PV) renewable energy integration to an
existing expensive constant speed diesel generation powering
a small remote community. This will not only help reduce
the cost of running the present expensive diesel generation
system, but also provide reliability of power supply to the
remote community with little or no emission of carbon or
other contents, hence improving the greenhouse effect.
Furthermore, an analysis of connecting the diesel PV-battery
integrated system in a grid was compared with an off grid
system. The hybrid optimization model for electric
renewable (HOMER) software environment was used in
carryout this study.
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2. Description of the Model Systems

Figures 1-3 respectively show the model systems of this
work. In Fig. 1, the diesel fueled generator of size 50kW was
used to power the small remote community alone and in Fig.
2, the solar PV of size 50kW connected to the dc busbar was
introduced and the size of the diesel generator was reduced to
30kW. Fig. 3 shows that the diesel generator, solar PV
battery system was connected to the grid. All systems were
used to power the small remote community whose load

profile is shown in Fig. 4 with 265kWh/day and 41kW peak.
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Fig. 1. Model System with only Diesel Generator
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Fig. 2. Model System with Diesel Generator and solar PV

E quipment to consider | LddASR emosee. I

& |

Load of kM. Estate [t
265 kKeaaShed
41 kw' peak
" =3
Sirid Corwerker SAESZ5F

L DC

FReszources Other

= Solar Hesource Economics

-¢ Die=zel

Sy=tem Control

Ermissions

Bl

Constraints

S =i

Fig. 3 Model System with Diesel and solar PV Connected to
Grid

The combined output power of diesel generation and PV
solar system is slightly higher than the demand in the small
remote community load profile to accommodate expansion
as more buildings may spring up. Details of the parameters

of the various components used in the model system are
shown in Appendix of this work.

HOMER Input Summary

File name: PV DG 1 battery with grid connected.hmr
File version: 2.81
Author

AC Load: Load of M. Estate

Data source Synthetic
Daily noize: 15%
Hourly noise: 20%
Scaled annual average: 265 kWhid
Scaled peak load 40.7 kW
Load factor. .27

2% Load Prafile (Synthesized Data)

=]

Demand (kW)

0
0 ] 12 18 4
Hour

Fig. 4. Load Profile of the Small Remote Community

2.1 The Solar System

The power produced from the solar PV renewable
energy source is dc, from the panels which then goes through
a grid interactive inverter, thereby converting the dc into ac
used by housing utilities in the small remote community. In
scenarios where more power or electricity is produced than
the small remote community needs; the excess is fed into the
grid system as shown in Fig.3. However, during times of low
solar radiation with low generation from the solar PV to
augment the supply from the diesel generator to the
community demand, the small remote community would take
power from the grid. Thus, the grid interactive system
eliminates the need for a battery backup during low PV
output [14, 15], making the grid serves as a battery.

The power generated by the solar PV panels is given by
[16-18]:

'DPV—out = F;V—PVX(G/GTQ_;")X[I + KT(TC} - Tref)] (1)

Where Ppy.o. is the output power generated from the PV
panel, Pn.py is the PV rated power at reference conditions, G
is solar radiation (W/mz), Gt is solar radiation at reference
conditions (G = 1000 W/mz), T IS the cell temperature at
reference conditions (T.s = 25°C), Ky is temperature
coefficient of the PV panel (Kt = -3.7 x 10°(1/°C) for mono
and poly crystalline silicon. The cell temperature T, is such
that:

T. = Tapmp + (0.0256 X G) @
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Where T, is the ambient temperature in °C. The rated
power Pr_py can be calculated using equation 3 as:
_(E: ()

PR—PV

X SF)
NeXn,XPSH)

Where E_ is daily load energy, SF is stacking factor
considered to compensate for resistive and PV temperature

losses, IlR' Ilv, are efficiencies of solar charging regulator
and bidirectional inverter respectively and PSH is the peak
sun shine hours which is numerically equal to the daily
average of solar radiation at the specified location.

2.2 Battery System

The battery considered in the model systems of this
work are rated by the amount of current produced over a
period of hours (in Ah). The storage capacity of the battery
(Cun) is calculated using equation 4 [19];

-  E;XAD / @)
wh T (M- X NpXDOD)

Where DOD is allowable depth of discharge of the battery,

AD is number of autonomy days, and ng is battery efficiency.

2.3 Diesel Generator System

The rated power of the generator and the actual power
output affects the fuel consumption of the diesel generator.
The fuel consumption of the diesel generator (FCg) in (1/h)
is given by equation 5.

FC, = A, XP.+ B, X P,_. ®)

Where Pg, Pr.gare the output power and the rated power of
the generator in kKW receptively. Ag and Bg are the
coefficients of the consumption curve in (1/kWh), where Ag
= 0.246 1/kWh and Bg = 0.08145 for the diesel generation
[16, 17].

3. Optimal Design of the PV System Components
PV Solar Array Sizing

The optimal design of the PV solar array sizing, battery
sizing, charge controller sizing and inverter sizing can be
found in the literature [20].

4. Results of Simulations using HOMER Software

The following are the results obtained using the
HOMER software in the course of the study. Simulations
were run for three different scenarios using the different
model system discussed in section 2 of this paper. The results
obtained in the three scenarios are discussed in three
different sections. The simulation results using model
system in Fig .1 for only diesel fuelled generator off grid
system serving the small remote community are shown in
section A. In section B, model system in Fig .2 was used
where solar PV was introduced including the converter and
battery units and the system is still off grid. The grid
connected system of the diesel, solar PV and battery system
as shown in Fig. 3 was analysed in section C.

In section A, Figs 5 and 6 show the optimized and cash
flow results for the diesel generation off grid system
respectively. It could be seen that the use of the diesel
generation incurs very high cost to run with about 2,400
USD net present cost (NPC). The value of the grid extension
is also very high of the range of 227km as in Fig. 7, showing
that after 227km it would be expensive to use the grid system
and the standalone would be cheaper to implement. The
emissions of the system in this case is also very high as
shown in Table 1, with high carbon, unburned hydrocarbon
and nitrogen contents in kg/year.

In section B, in Figs 8 and 9, the optimized results for
the diesel, solar PV battery are shown respectively for the off
grid system, where it is seen that the NPC of the system
dropped drastically compared to the use of only the diesel
system, due to the penetration of the solar renewable system.
The salvage value of the system for this case is also seen to
be appreciative with about 7,000 USD at the end of project
life as shown in Fig. 10. The grid extension system dropped
drastically from 227km for only diesel system to 139km
(Fig. 11) due to the solar PV integration to the system. The
emissions of the system are way lower as shown in Table 2
compared to those obtained in section A, this is because a lot
of the solar renewable energy technology penetration has
made the use of the constant speed diesel power source
operation reduced, as compared with when there were no
solar PV battery.

The optimized results and the cash flow summary for the
on grid tied scenario for the diesel generator and solar PV
battery system are shown in Fig. 12, and Fig. 13, respectively
in section C. It could be observed that the values of the net
present cost (NPC), levelized cost of electricity (COE), and
total operating cost were lower than the results obtained in
sections A and B. Also, based on Fig. 14, the fuel cost was
very low, with reduced and evenly distributed operating and
replacement costs, for the on grid system, though the salvage
value is lower in this case. Fig. 15 shows the solar radiation
used to generate electricity in the solar PV system for all the
model systems considered in this study. The global solar and
the solar altitude scatter diagram is displayed based on the
location where the PV system was sited. Table 3 shows the
amount of energy purchased, sold from the grid system and
the net purchases in kWh for the year of operation. The peak
demand and energy charge for the grid system is also shown
in Table 3.

Section A (Only Diesel Generator off Grid System)
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Fig. 5. Optimized Results using only Diesel Generator
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Simultion Reas - \ Section B (Diesel Generator and Solar PV Battery off
Grid System)
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Generator
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Fig. 7 Grid Extension using only Diesel Generator

Table 1. Emissions of using Diesel Generator

Pollutant Emission(kg/yr)

Carbon dioxide 156, 152

Carbon monoxide 385
Unburned hydrocarbons 42,7
Particulate matter 29.1
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Table 3. Diesel Generator and Solar PV on Grid System
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Month Energy Energy Net Peak Energy | Demand

Purchased Sold Purchases | Demand | Charge | Charge
(kWh) (kWh) (kwWh) (kW) (6] (%)
Jan 5,611 5,726 -116 36 275 0
Feb 4,710 6,667 -1,957 37 138 0
Mar 5,650 6,617 -966 34 234 0
Apr 5,272 7,747 -2,475 36 140 0
May 5,394 6,036 -642 34 238 0
Jun 5,437 5,446 -8 37 271 0
Jul 5,277 8,311 -3,034 37 112 0
Aug 5,768 6,050 -282 41 274 0
Sep 5,791 3,766 2,024 37 391 0
Oct 5,305 7,734 -2,429 34 144 0
Nov 5,066 8,642 -3,576 35 75 0
Dec 5,527 5,951 -424 35 255 0
Annual 64,810 78,694 -13,884 41 2,546 0

5. Economic Analysis of the System

Fig. 17. AC load and Excess Electricity (with grid)

Table 4. Economic Analysis of Diesel, Solar PV
without and with Grid System

The economic analysis of the proposed system was
carried out. The responses of the AC primary load and excess
electricity produced for without grid and with grid modeled
system for this system are shown in Figs. 16 and 17
respectively for the month of January. When the grid was not
considered, the excess electricity produced was as high as
18.2kW as against 0.8kW with the grid modeled into the
proposed system. A summary of the economic analysis for
the scenarios of the proposed diesel solar PV battery system
with and without grid is given in Table 4. From the table, it
could be seen that when the grid is modeled in the proposed
system, the results are more favorable.

Scenarios NPC LCOE Operating Excess Renewable
%) ($/kwh) Cost ($/yr) Electricity Fraction
(kw)
Without 79,144 0.064 5,534 18.2 0.95
Grid

Modeled
With Grid 38,215 0.0017 2,684 0.8 0.63
Modeled
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6. Conclusions

Solar photovoltaic (PV) power system has a great
potential in future as one of the renewable energy
technologies for power generation. This work has presented
an off grid connected diesel, solar PV system to power a
small remote community. Some of the benefits of the
proposed system are reduced cost, reliable and secured
power generation for the small remote community, reduced
carbon and pollutant emissions because of minimal use of the
diesel plant. A comparative analysis was also done for both
the off grid and on grid connected system. The simulated
results show potential results for favoring on-grid system,
thus the long term planning towards on grid diesel hybrid PV
systems to power a small remote community would be
encouraging. An economic analysis of the proposed system
in terms of cost was further carried out for a grid connected
and off grid connected scenarios. However, the cost of the
proposed system may be high, but commercial use with more
customers of the remote community can mitigate the cost of
technology and this would be economical for the occupants.
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Abstract- Optimum design of a clutch and dual mass flywheel system is completed. Although the clutch systems are exposed
to both rotational and axial vibrations, they are generally designed by considering rotational vibrations of engines and they do
not have any component to damp axial vibrations due to the following two reasons: first, the package area of the clutch system
is very limited and there is no available space to put additional springs and dampers to reduce these vibrations. Second, axial
vibrations are normally insignificant to be considered in the analyses and such vibrations are supposed to be damped by the
diaphragm spring and cushion springs. Nonetheless, axial vibrations may lead to some unexpected problems in the power train
such as the rattle noise that is examined in this study by using global optimization techniques. The components in the clutch
system are modeled analytically. Then, by considering the pedal characteristics and vibrations of pressure plate as objective
functions, a multi-objective Pareto optimization problem is solved. It is shown that analytical models agree well with the
experimental measurements and vibrations in the clutch system can be reduced significantly by choosing the design parameters
with optimization tools.

Keywords Optimization; pareto optimality; dynamic systems; vibration; clutch.

1. Introduction systems are essentially designed for damping out rotational

vibrations of the engine; thus, it helps increase the ride

Since engineering structures are mostly subjected to
dynamic loads, it is important to design these structures in
consideration of their dynamic behavior whose optimization
is difficult since the associated mathematical models are
complicated and computational costs are expensive. In this
study, dynamic behavior of a clutch and dual mass flywheel
(DMF) system is optimized.

The clutch and dual mass flywheel system existing in
manual transmissions of internal combustion engines are
important components in a vehicle that affect the ride
comfort of the wvehicle and may cause noise, fatigue of
components and longitudinal vibrations during the cruise of
the vehicle. It is noteworthy that the loading on the clutch
and dual mass flywheel system is transient and a dynamic
model has to be employed in optimization studies. The clutch

comfort; nonetheless, they are exposed to axial vibrations as
well. They generally do not have any component to
annihilate axial vibrations due the following reasons: first of
all, packaging area of the clutch system is limited between
engine and transmission and there is no available space to
add some springs and dampers to annihilate axial vibrations.
Second of all, axial vibrations are normally insignificant to
be considered in design phase which are supposed to be
damped by the diaphragm spring and cushion springs. But,
axial vibrations may lead to some unexpected results in the
power train such as the rattle noise that is examined in this
study by using global optimization techniques.

Many studies on the clutches of different types exist in
literature. For instance, wet clutches and dual clutches, which
are mostly used on automated manual transmissions,
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engagement characteristics and their effects on engine
characteristics, shift characteristics and their effects on shaft
vibrations, modal frequencies of the clutch system and clutch
control mechanisms are some of the investigation topics [1-
7]. There are also studies in literature on modeling of one
way clutches [8-9]. Manual transmission dry clutch systems
and their rotational behavior are examined by some
researchers [10-18, 41-42]. For example, Crowther and
Zhang studied the torsional behavior of the clutch as an
elastic system in the driveline [11]. Duan and Singh
formulated the clutch engagement and disengagement as a
nonlinear dry friction problem with harmonically varying
normal load and investigated the stick-slip motions to
understand the clutch response under various torque inputs
[12-13]. Awrejcewicz and Grzelczyk studied the wear of
clutch friction surfaces [18]. Being one of the most important
component of a clutch system, the diaphragm spring (which
determines clutch pedal load) is studied by some researchers
and optimized for the best release load and durability [19-
25]. Some researchers studied the Almen-Laszlo formula
(which is used to calculate disc spring characteristics) [26] to
improve its accuracy [27-30]. Information about main
components of a clutch system can be found in [31-32].

One of the rare investigations on longitudinal vibrations
in a clutch system is presented in [33] where Esfahani et al
studied in-cycle vibrations on the clutch pedal which is
excited by the crank shaft’s axial vibration; at this point, the
authors remark about the same challenge as we faced in this
study which is the lack of an extensive axial clutch vibration
studies in literature whilst the problem observed are
connected with axial clutch vibrations. They focused on the
clutch pedal vibrations around 257Hz, which is originated
from the clutch axial vibrations, and their simulation showed
the same vibration level around 230-240Hz which is a good
correlation with actual condition, e.g., see [33]. But they did
not investigate why their system showed the whoop
frequency, or in cycle vibration, around 250Hz and did not
present a discussion or proposal how this could be reduced.
They only suggested using such kind of simulation toolboxes
to foresee any possible problems before handling the
physical parts.

Reitz et al. worked on a special test bench to investigate
NVH problems in a clutch system [46]. They reported that
the clutch system is excited by torsional and axial flywheel
vibrations. Torsional flywheel vibrations are caused by the
2nd engine order and axial flywheel vibrations are caused by
the crankshaft bending vibrations which are excited by the
4th cylinder firing. This means that axial vibrations are
caused by the 0.5th engine order which is the same outcome
of our investigations as explained in upcoming sections in
detail. They also reported the test results of three different
clutches but did not share the clutches’ specifications due to
confidentiality requirements. They presented their test bench
that enables to determine the clutch systems NVH behavior
during engagement and disengagement in detail and allow
them to predict the behavior of the clutch system in a real
vehicle.

Kelly and Rahnejat investigated the pedal vibrations and
influence of individual components on the transmission of

the subsequent vibration and noise [47]. They investigated
the vibrations in a vehicle and multi-body model of clutch
and observed that the pedal vibration and noise occurred due
to the 0.5th engine order excitation from the 4th cylinder
firing resulting in bending of the crankshaft. This is actually
the same root cause of the clutch axial vibrations investigated
in this study and although the source is the crankshaft
bending vibrations, these vibrations are transmitted by the
flywheel and clutch system. They also showed that cable
properties and mass fixes can influence the vibrations.

Hasabe and Seiki studied the clutch pedal vibrations
which are excited by the clutch axial vibrations [48]. They
conducted an experimental study based on an on-vehicle
observation of the vibrations and a test bench. They tried to
develop a method for a test bench evaluation to predict the
levels of vibration and noise in a vehicle having a 4 cylinder
engine and observed that the pedal vibrations exist at
4400RPM engine speed when the clutch is half engaged and
in the 1st, 3rd and 6th harmonic of the engine vibration. They
observed the same behavior on the clutch side which proves
that the vibrations are transmitted by the clutch system. They
also stated that the clutch system has the major contribution
on pedal vibrations. Their measurements showed that their
sample clutch has the critical resonance frequency between
200-300Hz. Unlike other studies in literature, since their
investigation covered the whole range of release bearing
travel, they observed a relatively larger range for critical
frequency and they proposed two different clutch behaviors
at engaged and disengaged positions which lead to this larger
range. They built a correlation between the vibration level
and frequency range of two different natural frequencies of
engaged and disengaged positions as well.

If the clutch model and its optimization are put aside,
there are many studies related to gear rattle phenomenon in
literature [14-15, 34-38]. Some of these studies focused on
neutral gear rattle [34-35], some of them focused on backlash
effects [15, 36-37]. Barthod et al. studied gear rattle
phenomenon to understand the rattle threshold and rattle
noise evolution in relation with excitations and mechanical
gearbox parameters [38]. On the other hand, ergonomic
issues of the clutch pedal characteristic for different driver
profiles are studied in [39]. There are also some studies to
identify the heat energy generation in friction clutch systems.
To this end, Shabibi investigated the transient solution of
heat conduction problem in solids with insulated boundaries
[40].

Padmanabhan and Singh [14] employed a simplified
rotational clutch model and showed that if clutch parameters
are selected appropriately, it can help reduce the transmission
rattle noise; although they employed a simplified clutch
model, it is a good example which shows that clutch
parameters are very important to reduce transmission rattle
noise problem. They proposed a dry friction three-stage
clutch with moderate first stage spring stiffness. Although we
are using a dry clutch, the clutch examined in this study has
one-stage spring set on it and this spring set is selected
carefully to accommodate corresponding engine torque. It is
noteworthy that three-stage clutches are not normally used
with DMF systems; instead, they are used with single mass

27



INTERNATIONAL JOURNAL of ENGINEERING TECHNOLOGIES

Onur Ozansoy et al., Vol.1, No.1, 2015

flywheel systems due to their relatively higher rotational
vibration frequencies. Furthermore, three-stage clutches are
more expensive than single stage clutches due to 2 more
spring sets and friction surfaces. Nonetheless, since our
target should be getting the best results with a competitive
price, we avoid bringing add on cost to our system.

On the other hand, analyses of longitudinal dynamic
behavior of a clutch system and seeking the solution of
corresponding optimization problem have not been pursued
in literature. Motivated by these facts, this study is initiated
in which dynamic models of components of a clutch system
are derived and constructed in  Matlab-Simulink,
mathematical models are verified by measurements, a multi-
objective optimization problem is formulated having two
objective functions (i.e., pressure plate vibrations and pedal
characteristics) and corresponding Pareto optimal solution is
obtained and discussed. A prototype clutch is manufactured
by using the design variables obtained by optimization runs
and then it is tested. It is shown that analytical models agree
well with the experimental measurements and vibrations in
the clutch system can be reduced significantly by choosing
the design parameters with optimization tools.

2. Modeling of the Clutch System

Parameters which affect axial vibrations of the clutch
system will also affect clutch release load characteristics
which will be discussed in the upcoming sections in detail.
Since the clutch pedal load characteristics are dependent on
release load characteristics, even if the vibration problem is
well resolved, pedal load might be too high which may cause
the clutch system becomes unusable. For that reason, clutch
release load characteristics will be simulated first, and then
optimization problem will be solved.

The clutch and DMF system that are the subject of this
study is shown in Fig. 1. Following, dynamic models of
components in this clutch system are derived. Please note
that primary side of the flywheel and some internal parts
could not be shown in the figure not make it more intricate.
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Fig. 1. Geometrical data of the simulated clutch and
DMF system (at engaged position) [44].

2.1. Clutch Release Load Characteristic

Being one of the crucial elements determining the
clutch dynamic behavior, clutch release load
characteristic is derived from clutch release curve. A
typical clutch release curve, pressure plate spring curve
and lift off curve are shown in Fig. 2. While clutch
diaphragm spring is the most significant component
influencing clutch release load characteristic, it is also
affected by leaf springs on clutch cover (which helps
pressure plate disengagement), cushion springs between
friction surfaces of clutch disc and clutch cover stiffness.
Following sections explain how these components are
modeled.

As mentioned in the abstract, two objective
functions such as pressure plate vibrations and clutch
pedal curve characteristic are used in this study. Clutch
pedal curve characteristic is calculated by dividing the
release load curve to release system’s ratio and release
load curve gives us the load on the release bearing as the
release bearing travel changes. Note that while
calculating  these curves, they are modeled
parametrically by using cubic spline polynomials in the
mathematical model of the clutch system and employed
in the optimization runs.

2.2. Diaphragm Spring

Since the diaphragm spring has two sections having
completely different characteristics, it is divided into
two parts and their mathematical equations are derived
separately, e.g., see Fig. 3. While the disc spring is
discussed below in Section 2.2.1, finger springs are
studied in Section 2.4 along with the other components
that are modeled by using finite element method (FEM).

Load (N) Pressure Plate lift(mm)
l Working Point
5000 | Wear |\ New pressure plate assy
'ICapacityI Pressure Plate lift off
Load !after wear

Release Load

Pressure plate lift / Release bearing travel (mm)

Fig. 2. An example of a clutch pedal curve and its
important points [45].

Fig. 3. Two sections of the diaphragm spring.
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2.2.1.  Modeling of Disc Springs.

The Almen-Laszlo formula [26] is commonly used
to model the disc springs in practice [19-22].

The load P, acting on the outer radius of diaphragm
spring can be calculated as follows:

( ) - - ,
P = 5(fEt?)1& )2 [( T)( A;Ef— z?)ﬂ‘]

.1)

where E is the elasticity modulus of spring material, t is
the thickness of diaphragm spring, A, is the displacement
of outer diameter of disc spring, R is the radius of outer
end of disc spring, r is the inner radius of disc spring, p
is the Poisson’s ratio of spring material, L is the position
of load Py, | is the diameter of wire ring and h is the
internal cone height of an unloaded diaphragm spring
[20].

The load P, acts on the inner radius of diaphragm
fingers. This leads to a large deformation A, on
diaphragm fingers and also A, on the outer radius of disc
spring as shown in Figure 4a and Figure 4b. The release
load P, is given by [20]

P =g ”i?‘ﬂ"t;.'f (=22 (-

2.2)

Where r, is the inner radius of diaphragm fingers
where release bearing connection exists [20].

The cross section of disc spring part of diaphragm
spring is presented in Figure 4.b on the right without
showing the diaphragm fingers, which is used to derive
load equations of disc spring. The Almen-Laszlo
formulas assume that the disc spring rotates around a
center which can be calculated by using the following
formula [31-32]

Dg—Dy
DD T (DD (23)

Then, the load on disc spring is given by

Feann (G- G-2) ]

(2.4)

5 —
§6—1" Iné (2.5)

Where s is the deflection of disc spring, D, is the
outer diameter of disc spring, D; is the inner diameter
of disc spring and 6= D, /D; [31]. The disc spring
characteristic which can be found in literature [31-32] is
shown in Fig. 5 as h/t ratio changes.

Wﬂ///{////
=

T L
P

Fig.4a. Deformation of the diaphragm spring when its
fingers are loaded. [20]

Leverage
HDM
L !
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A '],"'F+III D,
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Fig..4b. The cross section at reference position. [31]
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Fig.5. Load-deflection characteristic for Belleville washers
[31].

By using the formulations given above and
geometrical properties of the clutch employed in this study,
the clamp load curve is obtained as shown in Figure 6 where
the maximum achievable load is calculated as approximately
18,000N.

29



INTERNATIONAL JOURNAL of ENGINEERING TECHNOLOGIES

Onur Ozansoy et al., Vol.1, No.1, 2015

Clamp Load Characteristics

ics
20000 T T T T
i /i Working Point ; :
15000 A I T
[ i |Engagement |
z 10000 f--- S E— N - | travel
; z N/
% e ; i ; ; i : i
8 Y enon - - : SR EEE ';E\ : :
=} Disengagement | | ! ™ ! H
travel : : : \ :
o ¥ T SRl EELEED e LR T s P T TETES S CTERE COREETE
T 7 t [ ! R
) A S A S S BN SN
SDDDIZI 2 4 B 2] 10 12 14 16 18

Displacement 4, (mm) ™™

Fig.6. Clutch clamp load characteristics. The curve at the top
shows the spring compression, the curve at the bottom shows
the decompression phase.

Once the clamp load curve is built, operation point (1)
on the curve needs to be identified. In order to identify the
value of A4, clamp load should be known which is the normal
force on the clutch pressure plate at the engaged position and
must be determined correctly to ensure the transmission of
engine torque. A safety factor is also considered to guarantee
no slippage on the clutch which is called the Slip Safety
Factor (SSF) which is typically chosen as 1.2 [45]. The
clamp load is calculated by using Eq. (2.7).

p, =2.De=Di o0,
m=3 ' pI_pz_ Lerem
3 De—D; (2.6)
F.; <D - u
55F (Slip Safety Factor) = —————— > 1.2
I @2.7)

Where D,, is the diameter of gyration (centroid of
friction facing surface diameter to which torque is applied to
calculate the clamp load), Famp is the clamp load at the
clutch operation point, p is the friction coefficient of friction
and T, is the maximum engine torque. By the use of Eq.
(2.7), the minimum clamp load is calculated as 9,400N and
nominal clamp load can be selected as approximately
10,000N. Considering this clamp load, nominal operation
point is calculated as 8.1mm from the Figure 6.

2.3. Modeling of Cushion Spring

The cushion spring significantly affects the release load
characteristic. Its characteristic load curve used this study is
shown in Figure 7 on the left [43] which is obtained from
experimental measurements (e.g., see Section 3). It is
parametrically modeled by using cubic spline polynomials in
the mathematical model of the clutch system and employed
in optimization runs. The cushion spring segment of clutch
disc provides a smooth release curve and prevents large loads
on the pedal load curve. In order to handle release load
curve, the difference between diaphragm spring and cushion
spring is calculated and divided by clutch ratio. The shaded
areas in Figure 7 on the right show this difference and related
release load is on the left side.
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Fig.7. The cushion spring and its characteristics for the new
and worn springs [43].

2.4. Modeling of Diaphragm Spring Fingers, Clutch
Cover, Compensation Spring and Leaf Springs

FEM is used to model diaphragm spring fingers, clutch
cover, compensation spring and leaf springs. It is noteworthy
that diaphragm spring stiffness is strongly related to the
clutch release load characteristic.

In order to calculate the diaphragm spring stiffness
under loading, it is important to accurately model the
stiffness of fingers. To this end, the slave cylinder bearing is
modeled as a solid cylinder on the fingers of diaphragm
springs and a contact model is defined between the bearing
and fingers. There are a number of studies reported in
literature used shell elements [24] or tetrahedron solid mesh
elements, e.g., [49], [51-52]. Parabolic tetrahedron solid
elements (with 10 nodes having three degrees of freedom
(DOFs) at each node) are used in our study. In order to
analyze only finger area of the diaphragm spring, all DOFs
of the fulcrum ring connection are restricted as boundary
conditions and distributed pressure is loaded on the release
bearing. Based on FEM solutions, characteristics of fingers
are found to be similar to a linear spring, which is also
verified by experimental measurements, e.g., see Figure 9
(i.e., release load curve). Linear ramp up behavior of first
part of the release load curve shows linear spring
characteristics of diaphragm fingers. Many measurements
and simulations are reported in literature on this issue, e.g.,
see [22], [24], [49-50].

The clutch cover stiffness is also another important
parameter affecting the release load characteristic. By using
parabolic tetrahedron solid elements in FEM model,
distributed load is applied to fulcrum ring area and all DOFs
of the bolt holes around the cover where the cover is
connected to flywheel are restricted. Note that the diaphragm
spring position, compensation spring position and its end
stop position are different between the loaded and unloaded
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positions of diaphragm spring. These positions change under
the loading during the engagement and disengagement of
clutch and significantly affect the release load curve
characteristic. In order to identify these positions under
different loading conditions, FEM solutions are used and
relevant spring coefficients are calculated.

The compensation spring is used to achieve a more flat
release load characteristic which also leads to a more flat
clutch pedal characteristic. The compensation spring is
activated after the maximum loading is reached during its
release. After this point, the release load begins to reduce
dramatically. In order to prevent this, a linear spring is used
to increase the pedal loads starting from the maximum
release load to the end of release bearing travel; thus, more
flat pedal characteristic can be achieved [44].

Leaf springs are used to pull back the pressure plate
from the clutch disc during the disengagement of clutch.
These springs are thin planar plates located in front of the
diaphragm spring. Due to the clamp load on the pressure
plate, these plates are bent and have the function of a spring.
They are only used to guarantee that the pressure plate does
not touch to clutch disc after the disengagement.

In FEM models of compensation spring and leaf spring,
parabolic tetrahedron solid elements with 10 nodes are used
and all DOFs of rivet holes of these springs used for the
connection to the cover are restricted from movement or
rotation. The load between 0 to 400N is applied to leaf spring
and distributed pressure is applied to the release bearing
which contacts with compensation spring fingers at the
release bearing travel where this contact condition is
occurred.

FEM solutions of diaphragm spring, clutch cover,
compensation spring and leaf spring are shown in Figure 8.
Note that these results are used in the mathematical model of
clutch system to derive their parametric models which is
employed in the optimization runs.
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Fig.8. FEM solutions of diaphragm spring fingers, clutch
cover, compensation spring and leaf springs.

The usage of FEM was necessary since the spring
characteristics of subcomponents are needed separately.
Experimental results give us only total system behavior as
shown in c instead of handling the spring characteristics of
all subcomponents separately. Furthermore, once these
spring characteristics are identified, it is very easy to change
the spring coefficients during optimization runs.

Once these numerical results are obtained and used in
the calculations of clutch release load curve, the results are
compared with experimental measurements (e.g., see Figure
9).

2.5. Derivation of Release Load Curve and Lift Off Curve
By the use of above results, we have all necessary inputs
to calculate the release load characteristic and lift off curve.

A simplified formulation to calculate the release load for
pressure plate movement “s” is given by

FD - Fru.sf':ior! - Eser!snr' - F[enf

Fp = +E'n-m;:|.

(2.8)

where Fp is the diaphragm spring load, Fcyshion IS the cushion
spring load, Feensor iS the sensor spring load, Fie is the leaf
spring load, Feomp. is the compensation spring load which is
zero at the beginning of disengagement movement of the
release bearing and i is the clutch ratio. These forces are
shown in Fig. 1. Then, the clutch ratio is given by

[ = SRa!sﬂssfsﬂiEphrﬂgm (2.9)
Where Sgelease @Nd  Spigphragm  are  respectively distances
between loads and connection rivets shown in Fig. 1.

Sensor spring load in Eq. (2.8) is created by the sensor
spring shown in Fig. 1 and it increases as clutch friction
faces get worn. After a certain level of load, clutch
adjustment system sets in and sensor spring load decreases to
the initial value. Detailed information about clutch
adjustment system can be found in [44].

It can be seen in Eq. (2.8) that the clutch cover or
diaphragm spring finger deflection is not considered in force
equilibrium. However, while the load on these components
changes during the engagement and disengagement process,
their stiffness affects the positions of diaphragm fingers and
subsequently the bearing position, which also determines the
complete release curve characteristic. These issues are
considered in the simulations to determine the mathematical
model of the system and calculate the release characteristics
of the clutch examined in this study.

The release load on clutch fingers and lift off curve
(displacement of pressure plate and clutch finger travel) are
simulated and compared with the measurements in Figure 9.
These curves are the basic clutch characteristics and can be
used to characterize a clutch system [45].
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Fig.9. The release load and lift off curves.

As mentioned earlier, the release load on clutch fingers
is directly related to the axial loading of clutch and load
transferred to clutch pedal through clutch release system. It is
observed in Figure 9 that the simulation results are very close
to measurements and can be used for solving the
optimization problem. Optimization results are obtained by
using analytical formulas, spring characteristics of different
sub-components which are obtained by FEM and parametric
curve of cushion spring. Measurements are obtained by the
clutch test bench which is explained in detail in Section 3.1..

3. Test Benches and Test Procedures
3.1. Load and Travel Measurement

Figure 10 shows the clutch test bench and component
layouts for release load, release travel, clutch pedal load and
pressure plate travel measurements. Load sensors are PULS
HT1 series compression load cell type of 50kN capacity.
Travel sensors are Alfa Electronic TLM type
magnetostrictive displacement sensor with +/-30 pum
precision.

Fig. 4. Test rig.

System components of the test bench shown in Fig. 10
are as follows

a) Clutch pressure plate, disc, bearing, fork

b) Clutch slave cylinder push rod

¢) Clutch slave cylinder

d) Clutch pipe end fitting

e) Clutch hydraulic pipe

f) Master cylinder

g) Clutch pipe end fitting

h) Reservoir

i) Clutch pedal push rod

j) Clutch pin point

k) Clutch pedal

Sensors on the test bench shown in Fig. 10 are as follows
1. Force measurement from pressure plate

2. Displacement measurement from pressure plate

3. Force measurement from clutch slave cylinder push rod
4. Displacement measurement from clutch slave cylinder

5. Pressure measurement from clutch slave cylinder inlet (50
bar clutch hyd. DOT4)

6. Thermocouple on clutch pipe

7. Pressure measurement from clutch master cylinder Outlet
8. Force measurement from clutch pedal

9. Displacement measurement from clutch pedal

3.2. Dynamic Vibration Measurements

In order to measure and understand the vibration
phenomena in the clutch and flywheel system, a number of
displacement and speed sensors and one microphone are
equipped on a transmission and engine, and these
instrumented parts are used on a vehicle to measure the rattle
noise and vibrations on the clutch and flywheel system.
Sensor numbers and positions are listed below and shown in
Fig. 11.

Measurements are performed while driving the vehicle.
Firstly, the engine is accelerated above 3500 RPM, then
clutch pedal is depressed (i.e., clutch disengagement). Clutch
pedal is released again in one second and the clutch is
allowed to engage. Rattle noise and vibration signals of
components in the clutch are recorded during the clutch
engagement. Note that the rattle noise is irrespective of gear
position.

The noise measurement data recorded with the
microphone which is at the end of the transmission housing
is shown in Fig. 12 on the left where it is observed that
around the engine speed of 2500 RPM is the worst possible
range for the emergence of rattle noise.
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bending vibrations which is verified by the references as
shown in Figure 12 on the right side.

Figure 13 shows the measurements taken from the
engine crankshaft, flywheel, clutch cover and pressure plate.
It is observed in this figure that the clutch system considered
in this study works like an amplifier which results in
transmission rattle noise during clutch engagement.

3.3. Analysis of Vibration Modes on the Clutch and Flywheel

In order to understand the axial vibration modes of
clutch and dual mass flywheel system, a modal analysis test
is performed on a shaker test bench and vibrations are
measured in response to axial sinusoidal excitations having
5mm release bearing travel between 0-800Hz. The shaker,
instrumented clutch and test rig configuration is shown in

Fig. 11. Locations of displacement and speed sensors for
vibration analysis: a) 3 displacement sensors for crankshaft

vibrations at r = 58mm , b)3 displacement sensors for ;
. Lo . Fig.14.
primary flywheel vibrations at r = 140mm, c) 3 displacement
sensors for secondary flywheel vibrations at r = 97mm d)3 Components shown in Figure 14 are listed below:
displacement sensors for pressure plate vibrations at r = a. Shaker
118mm,e) 1 displacement sensor at the end of the '
transmission housing, f) 1 microphone at the end of the b. Flywheel primary side

transmission housing (bandpass filter 1000-20000 Hz). g) 1

speed sensor for the transmission input shaft speed ¢. Flywheel secondary side

d. Pressure plate
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Fig. 13. Axial vibration measurements on the crankshaft,
primary and secondary flywheels and pressure plate, and its
relations with rattle noise measurements.

Fig. 12. Recorded noise data between 2000-3500 RPM
range. Rattle noise exists at the 0.5th engine order (on the
left) corresponding to crankshaft bending vibration resulting
in axial clutch vibrations (on the right) [33], [46].

As mentioned in Section 1, references [33], [46], [47]
reported that axial clutch vibrations are excited by the 4"
cylinder of engine at the 0.5™ engine order. Measurements
tell us the rattle noise in our experimental setup occurred at
the 0.5™ engine order which is excited by the crankshaft

Fig. 14. Shaker test rig configuration and instrumented
clutch.
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Measurements obtained from this setup is presented in
Fig. 20 to verify the results of mathematical results where it
is observed that the first natural frequency of pressure plate is
around 165Hz with a phase difference between the flywheel
and pressure plate. Measurements also show that there is a
second dominant frequency around 150 Hz with no phase
difference between the flywheel and pressure plate whilst
pressure plate shows relatively larger amplitudes in
compared with the whole frequency range.

4. Mathematical Model for Pressure Plate Vibrations

Note that we have flywheel vibration measurements at
hand which are excited by the crankshaft bending vibrations
(especially 4th cylinder firing is effective on this kind of
vibration problem (Fig. 12), e.g., see [33], [46]) and it is not
possible to alter these vibrations unless the engine or
cranking system is modified. Therefore, flywheel vibrations
are used as an input to the vibration model of clutch system
in this study.

On the other hand, in order to model the pressure plate
axial vibrations, the system is modeled by the components
such as the clutch disk, input shaft, pressure plate, diaphragm
spring, clutch fingers and clutch cover. Engine vibration
transmitted through this flywheel connection is the only
source for clutch pressure plate vibration. Such a
mathematical model for another clutch system can be found
in [33] where a cable clutch system with an external slave
cylinder and a lever system is modeled while the model in
this study is a hydraulic system with a concentric slave
cylinder.

The components of clutch system are shown in Fig. 1.
The mathematical model includes the geometrical and
physical properties of these sub-components and stiffness
properties of the springs. Since excessive vibrations of the
pressure plate occur during the engagement (while releasing
the clutch pedal), we will simulate the system starting from
the disengaged position to the engaged position; that is, this
model will be working at the time while the clutch pedal is
being released.

It must be underlined that this model is only built to
study longitudinal vibrations of the clutch system and no
rotational motion is considered. There are two main reasons
for this assumption.

. If there are unexpected rotational vibrations in the
engine, the noise phenomena would occur at idle or driving
conditions as well. Instead, the noise is only heard during
engagement phase in which pressure plate does not complete
its full travel. Following, the excessive axial vibration causes
pressure plate to press the clutch disc intermittently, then
torque fluctuation is transmitted to the transmission that
causes the rattle noise phenomena.

. Torque fluctuations can also be improved by
modifying rotational dampers slightly. But this does not
resolve the main source of vibration, only damps out the
vibration transmitted to the transmission. This may also
cause a negative effect on the dampers life time due to the
vibrations on pressure plate.

Simulation results will be compared with the
measurements and above mentioned assumption will be
proven with the comparisons.

The simplified model of the system is shown in Fig. 15
in which diaphragm fingers are connected to the cover which
can rotate around the fulcrum ring connection points. This is
completely in line with the detailed representation of the
clutch system shown in Fig 1; clutch disc is assumed to be
consisting of two separate friction discs. The mass of these
friction discs are equally added to the secondary side of
flywheel and pressure plate. The cushion spring and its
friction surface are shown in the model as a sub-component
of the clutch disc.

In Figure 15 on the top side, experimental
measurements taken from the engine is shown. As it can be
seen from physical measurements, the crankshaft has two
main peaks which are due to the 3 and 4" cylinder firings
which cause the crankshaft bending. These two peaks are
repeated in every 720° of crankshaft rotation and used as
inputs in the simulation model as shown in the same figure.

By using the simplified model shown in Figure 15, the
mathematical model is obtained by using MATLAB
software. To this aim, the Simulink® which is a MATLAB
tool is employed that helps simulate such vibration models.
The high level Simulink model for the pressure plate and
clutch cover is shown in Figure 16 on the left.
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Fig. 15. Simplified model of the clutch system by
considering axial vibrations and primary side axial
vibrations.

34



INTERNATIONAL JOURNAL of ENGINEERING TECHNOLOGIES

Onur Ozansoy et al., Vol.1, No.1, 2015

>Xpp

»X_fingers

> Xc Xpp
Working - Working PR xd
Point Paoint Acc. i
App
|| »{XF X_fingers porking
Point
+

Pulse Clutch Cover
Generator 1]

dd
.

Pulse
Generator 2

Pressure Plate

Spring Load (N}
e

Cushion Spring Travel

Pressure Plate Travel (mm)

Fig.16. High level Simulink model on the left and
pressure plate vibration during engagement phase on the
right.

The model shown in Figure 16 has two pulse
generators as explained in Figure 15, which simulate the
engine excitation and is used as an input to the pressure
plate and clutch cover. The main purpose is to find the
pressure plate excitations. Following, simulation results
will be compared with measurements.

In order to build sub-models, the mathematical
equations should be obtained for vibrations. The
following dynamic equations are of the system shown in
Figure 15. Vibrations of the pressure plate are shown in
Figure 16 on the right where point A shows the engaged
position of the pressure plate (operation point), point B
represents the disengagement phase at pressure plate
travel A, and point C shows the cushion spring loading at
pressure plate travel A.
mpp-i'lpg:l + Fd[sr_s‘_ur[r!g — Fryshion — F:r'[r!gers =0

(4.1)

mr-i:r_Frush[n-r! +FR +kr><{xr_-rf:]:[| (4_2)

Where my, is the pressure plate mass, X, is pressure
plate acceleration, x,, is the pressure plate travel around
point B in Figure 15, 1 represents pressure plate travel
from the point where pressure plate vibrations are
calculated, Fgisc spring 1S the load on the disc spring,
Feushion 1S the load on the cushion spring, Ffingers is the
load on the pressure plate created by the release load, m,
is the cover mass, X. is the cover acceleration,x; is the
cover displacement, Fr is the release load on the
diaphragm fingers, k. is the cover stiffness given in
Figure 8 and x; is the secondary flywheel displacement.
Now, we will write the terms in Egs. (4.1) and (4.2) with
known parameters as follows

Fd[sr_s‘pr[r!g = Féicph{‘1+xpp_xr} (4.3)

Where Fgigpn() is the clamp load at any X, (characteristic
load curve for Fgizn is shown in Figure 6). Moreover,

Frusi:[w! = Frus?:{‘l +-rpp_-r,r'} (4_4)

Where Feyny is the cushion spring load at any Xpp
which is given in Figure 7. In addition,

Er'[r!gers =K xi=

Frglegss {-rr?iecse - -rr:] ®i (4.5)

Where Freeasey IS the release load characteristic
dependent on release travel given in Figure 9, Xease IS the
release bearing travel at (A + xp,) pressure plate travel and i is
the clutch ratio. We can write this equation with X, by using

lift off curve which is also given in Figure 9 as follows

Xrelense = k[[fr {‘1 + xg:lg:l} (4.6)
that results in
E"[ﬂgers{l +-rr.|§:l} = Freiecse{kiifr{‘l +-rr.lp} —IE}X i

(4.7)

Where Kiiry Is the lift off curve characteristic which
gives the pressure plate travel against release travel shown in
Figure 9 on the right. We can also write release load Fg in
Eq. (4.2) as follows

-F:-'s = frelease {-rr'eier.'se - -rr:] = F;’eiecse {kﬁ_‘l"f{‘l + -rg:lr.l} -
-rr}

(4.8)
Then, Eqg. (4.1) and Eq. (4.2) become as follows

m?_-,!-._-,.i'lw +FI’.'[|:§‘J|":{‘1 -I-x;,_ﬂ—.rr}—ﬁmh{ﬂ +x!~_-|?_-| —J.'J,-'}

_Freiecse{k[[fr{ﬂ +-rpg:l}_xr}x i=0 (4.9)

mr-fr_Frush {-‘1 +-rpr.l_-r,r'} +Freiecse{k[i,r't{-1 +-r_np}_-rr}
+he X (%~ %7) = 0 (4.10)

After deriving the differential equations, we are ready
to build the corresponding Simulink models. Since we have a
number of non-linear springs and tables, it will be easier to
solve the equations in time domain by using the Simulink
blocks. Once these equations are solved in time domain, it is
easier to examine the solutions in frequency domain.

The mathematical model has the input of 2500 RPM
which is in the range such that the rattle noise is in the most
noticeable range (i.e., Figure 12). The Simulink sub-models
for the pressure plate and clutch cover are shown in Figure
17. These Simulink models help us solve the nonlinear
differential equations given by Eq.(4.9) and Eq.(4.10).
Simulation results are presented in Figure 18.

Simulink model of the pressure plate is built by using
the equation of the pressure plate. The model accepts
flywheel vibrations (Figure 15) and pressure plate operation
point (Figure 6) as the inputs and then calculates the pressure
plate vibrations x,, and diaphragm finger vibrations.
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Fig. 17. Simulink models for the pressure plate (on the
top) and clutch cover (on the bottom).

The model calculates every parameter in Eqg. (4.9) by
using cushion spring, diaphragm spring and release load
characteristics which were explained in Section 2, e.g., see
Figure 17 on the top.

Following Simulink model of the clutch cover is
constructed by using the equation of the cover. The model
accepts pressure plate and diaphragm finger vibrations from
the previous Simulink model, pressure plate operation point
and flywheel vibrations as the inputs and then calculates the
clutch cover vibrations. The model calculates every
parameter in Eq. (4.10) by using cushion spring and release
load characteristics which were explained in Section 2, e.g.,
see Figure 17 on the right.

Simulation results and experimental measurements are
presented in Figure 18 where it is observed that the
simulation results show a good correlation with experimental
measurements that are obtained by using the test bench
explained in Section 3.2.

For instance, while the vibration amplitude in
simulations is approximately 0.35 mm, it is 0.37 mm in
experimental measurements at 2500 RPM. As mentioned
before, measured flywheel vibrations are used as the
excitation data in the simulation. All measurements are
sampled during the engagement phase where the rattle noise
occurs.
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Fig. 18. Comparison between simulation results (on the
top) and measured vibrations (on the bottom).

By examining Figure 18 in detail, we can observe that
basically two different frequency contents exist in the
vibrations. It is obvious that the signal content having
relatively lower frequency is caused by the crankshaft axial
vibrations which are exactly equal to the 0.5™ order of the
engine speed. As a matter of fact, this is expected because
this frequency content is one of the most critical frequencies
of four cylinder engines.

If we study higher frequency vibrations in Figure 18, we
observe that there is a second frequency content in the
vibrations having approximately the frequency spectrum of
160Hz as shown in Figure 19 for both measured and
simulated data. In sum, both measured and simulated data
show a dominant frequency around 160Hz and similar sub-
harmonics. The corresponding FFT analyses of measured
data and simulation results show that there is another peak
around 145Hz as well.

x 107 Pressure Plate Vibrations in Frequency Domain
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Fig. 19. Power spectrum of the pressure plate vibration
measurements is on the left and that of simulation results is
on the right.
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Following, the shaker test is performed to find the
natural frequencies of clutch system and reveal the other
dominant frequencies as mentioned in Section 3.3. The
frequency content of measurements during this test is given
in Figure 20 in which it is observed that the first natural
frequency of pressure plate is around 165Hz which also
confirms our simulation results. These measurements also
show that there is a second dominant frequency around 150
Hz which is also close to the observations in simulation
results.

As mentioned before and shown in Figure 12, the worst
range for the rattle noise problem is around 2500 RPM where
the 4™ engine order around this RPM is 167Hz which is very
close to modal analysis and simulation results of axial
pressure plate vibrations. Esfahani et al also reported the
same results that the 0,5 engine order excitation caused the
clutch pressure plate vibration around 4" engine order
frequency [33].

To sum up, these measurements are very consistent
with the simulation results. R. Esfahani et al. found that the
clutch pedal vibration was around 250Hz [33]. They did not
investigate the reason of this vibration. The reason was most
likely that natural frequency of their clutch was around this
frequency value. Since the weight of the clutch they studied
was 1.9kg lighter than the one we studied, it is normal that
they found the natural frequency higher than what we
observed.

Hasebe et al. proposed a modified clutch assembly to
change the natural frequency range of the axial clutch
vibrations away from the frequency range of flywheel
vibrations [48]. But, they did not clearly explain which
parameters were modified. In the upcoming sections, we will
also identify the most critical parameters of the clutch system
and optimize the vibrations of clutch set by using multi-
objective genetic optimization method while keeping the
clutch release loads as low as possible.
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Fig. 20. Shaker test results shows that the natural frequency
for clutch axial vibration is around 165 Hz and there is also a
second axial dominant frequency at 150Hz.

5. Multiobjective Pareto Optimal Design of the Clutch
System

In this section, a multi-objective Pareto optimal solution
of the clutch system is sought by using the pedal
characteristic and vibrations of pressure plate as objective
functions. The first objective function is the pedal
characteristic curve which is affected by a number of
variables such as the geometry of diaphragm spring, material
properties, release bearing stroke and dimensions of the
pedal mechanism. All these variables are chosen as design
variables in the related optimization problem.

The other objective function is to reduce the axial
vibrations of clutch pressure plate and keep the clutch pedal
load as low as possible. If design parameters are selected
without considering the axial vibrations of pressure plate,
excessive vibrations may emerge and cause interruptions in
torque transmission during the engagement and
disengagement of clutch disc. Such an interruption in torque
transmission is the main cause of the well-known
transmission rattle noise problem.

Note that the pressure plate mass may also be considered
as an additional design variable which affects both the
amplitudes of pressure plate vibrations and heat energy
absorbed by clutch friction surfaces. The pressure plate mass
should be as big as possible to increase the absorbed heat
energy by the clutch for a longer clutch life. Thus, the heat
energy absorbed by clutch friction surfaces may be
considered in the Pareto optimization problem. However, it
was observed in optimization runs that consideration of heat
energy absorbed by clutch friction surfaces as the third
objective function did not have significant effect on Pareto
optimum solutions. Therefore, the heat energy absorption is
calculated separately after the optimization runs are
completed. Beforehand, we will investigate design variables
and objective functions.

5.1. Design Variables

There are number of variables affecting the amplitudes
of pressure plate vibrations and pedal characteristic. In order
to understand the effectiveness of design variables on
pressure plate amplitudes, sensitivity analysis is performed
and the results are listed in Table 5.1 where all possible
design variables and their effects on simulation results are
presented.

It is noteworthy that all modifications on the clutch
design will bring tooling and test costs to the relevant
subcomponents. Therefore, it does not make sense to modify
the variables which does not create a significant effect on the
vibrations. Considering the effects of design variables on the
costs, the best three options are the cushion deflection
stiffness, mass of pressure plate and diaphragm spring
stiffness. The diaphragm spring stiffness depends on the
inner and outer diameters, thickness and its conical height.
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Table 5.1. Sensitivities of variables on simulation results
of pressure plate vibrations.

. Increase Magnitude

VAL Decrease Sz of Effect
Ratio Tl No s;?fr;:‘tlcant nfa
Pressure Plate -
Mass 1 Improvement Medium
Pressure Plate . -
Mass l Degradation Medium
Leaf Spring
Stiffness 1 Improvement Small
Leaf Spring .
Stiffness l Degradation Small
Clamp Load 1 Degradation Small
Cushion
Deflection l Improvement High
Stiffness
Cover Stiffness 1 Improvement Small
Cover Stiffness 1 Degradation Small
Diaphragm Spring . .
Stiffness (hy) 1 Degradation Medium
Diaphragm Spring .
Stiffness (o) ! Improvement Medium

However, in comparison with other design variables,
modifying only the conical height is the optimum way to
modify the diaphragm spring stiffness due to the ease of tool
modification and relatively lower cost. The rest of design
variables would result in relatively higher costs, require
major modifications on the tools (or may even need a new
tool) and very big lead time.

5.2. Objective Functions and Constraints

When designing a clutch system, the first issue to be
considered is to transfer the maximum engine torque to
transmission system. To this end, effective clamp load
should be selected carefully. Since the clamp load that is less
than the required value may cause excessive slippage on the
clutch system and degrades the clutch life significantly; on
the other hand, the clamp load which is more than the
required value may cause very high clutch pedal efforts and
bad clutch feeling during the launch (e.g., very quick
engagement and possible undesired stalls).

Subsequently, the first objective function should be the
minimization of maximum pressure plate vibration amplitude
which is the main source for rattle noise. Since the maximum
vibration amplitudes are observed between the frequency
range of 100 to 200 Hz (e.g., see Fig. 19 and 20), we will
focus on this frequency interval for the first objective
function. This frequency range also covers the 4th engine
orders of the engine speed between 1500-3000 RPM range
which is the critical engine order as discussed in Section 4.
Moreover, as another constraint in optimization runs, the
clamp load is chosen as 10,000N at the beginning of the
design process which is given in the section on modeling of
disc spring (i.e., Section 2.2.1).

The other basic function of the clutch system is to cut
the torque transfer from the engine to transmission system
when requested (to prevent stall or change transmission
gear). While fulfilling this function, the maximum clutch
pedal effort should be as low as possible. High pedal efforts
would cause unsatisfactory drivers. Thus, the second
objective function can be defined as the minimization of
maximum clutch pedal effort which is directly connected
with maximum release load. Considering these objective
functions and constraints, the multi-objective optimization
problem can be built as shown in Eq. (4.1). That is,

F clamp >=10000

minimize X,,» minimize F subject to
100 frequency <200

m?_-,?_-,.i'lw +Fd'.'l:§‘.'l|":|::‘1 +.r_r,_ﬂ—xr}—Fl.u3,-,‘.{.1 +.1'?_-|?_-| —J.'J,-'}—
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- . +me;:|. (5.1)

One of the functions of clutch system is to transfer
the heat energy generated by the friction on disc surfaces. To
this end, the clutch heat energy generation calculations are
completed after the optimization runs are completed by using
the following [45]

Fr=

E 5.2)

Where Q is the dissipated heat energy, p is the friction
coefficient of clutch faces, Famp is the clamp force on the
pressure plate, V, is the vehicle speed and t, is the time.

The ratio of Q/A for the cross sectional area A is widely
used to “normalize” heat generation as a sizing parameter.
This normalized value is used to evaluate clutch heat effects.
In addition, Q/m,, for the unit pressure plate mass my, is also
used when considering ‘“heat sink” capability of clutch
pressure plate [45].

Since the clutch inner or outer diameters are not chosen as
optimization parameters, Q/A will not be changed. However,
we need to check Q/my, since pressure plate mass my, is an
optimization variable and may be changed after the
optimization runs. If the pressure plate mass m,, is reduced,
heat sink capability of the pressure plate will be reduced
(more heat energy will need to be sank into unit mass).
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5.3. Optimization of The Clutch System As a Dynamic System

Since we have more than one objective function, multi-
objective genetic optimization algorithm in Matlab is used in
the optimization runs. The genetic algorithm is a method for
solving both constrained and unconstrained optimization
problems based on natural selection that drives biological
evolution. The genetic algorithm repeatedly modifies a
population of individual solutions. At each step, it selects
individuals randomly from the current population to be
parents and uses them to produce the children for the next
generation. At each iteration, the genetic algorithm performs
a series of computations on the current population to produce
a new population. Each successive population is called a new
generation. An individual is any point to which you can
apply the fitness functions whose value for an individual is
its score. A population is an array of individuals that consist
of optimization parameters. The fitness function is the name
of the optimization functions for genetic algorithm [53].
Typically, the algorithm is more likely to select parents that
have better fitness values.

The genetic algorithm begins by creating a random
initial population by using optimization variables. The
algorithm then creates a sequence of new populations. To
create the new population, the algorithm performs the
following steps:

1. Scores each member of the current population by
computing its fitness value.

2. Scales the raw fitness scores to convert them into a
more usable range of values.

3. Selects members, called parents, based on their
fitness.

4. Some of the individuals in the current population
that have lower fitness are chosen as elite. These
elite individuals are passed to the next population.

5. Produces children from the parents. Children are
produced either by making random changes to a
single parent (mutation) or by combining the vector
entries of a pair of parents (crossover).

6. Replaces the current population with the children to
form the next generation.

As an outcome of the above described optimization problem,
a Pareto chart is created. The curve in this chart is built with
optimum points for both objective functions. It means that
we do not have only one optimum solution, instead we have
a list of optimum solutions and we need to select one of these
solutions which can serve to our aim as the best result.

It must be noted at this point that all relevant optimization
parameters are modified at each optimization iterations if the
geometry of clutch, mass or stiffness are varied during
optimization process. Thus, each iteration is actually an
independent simulation which uses new design parameters
and re-calculated curves.

Figure 21 shows the Pareto chart of the clutch system and
optimum solutions of clutch system. The four solutions
having relatively lower values for the objective functions 1

and 2 are encircled in Figure 21, which can be selected as the
optimum solution by the designer. Note that the total solution
time is 840 seconds on a computer having AMD Athlon 2.8
GHz dual core processor.

As it can be seen in the Pareto chart, global optimum points
are calculated as;

e Cushion deflection under max clamp load =

0.75+0.188=0.938mm
e Pressure plate mass = 4.0387 kg
o Diaphragm spring conical height = 8.971mm

However, these values cannot be handled due to the
tolerances of clutch manufacturing process. Reasonable
values which can be manufactured by manufacturing
processes can be found by rounding above design parameters
as follows

deflection under load =

0.75+0.2=0.95mm

e Cushion max clamp

o Diaphragm spring conical height = 9mm

Table 5.2 shows the comparison between the original
parameters of the first physical clutch, optimized parameters
and results of the objective functions.

The simulation results which are shown in Figure 22
are calculated by using the variables given in Table 5.2. If
the results are compared with the initial system (e.g., Figure
18 and Figure 19), it can be observed that the vibration
amplitudes of pressure plate are reduced by 0.06mm that is
significant. This makes 0,12mm improvement in total
pressure plate displacement which makes approximately 35%
improvement on vibration amplitudes. The FFT results also
show the same improvement especially around the frequency
range of 140-160Hz.

Following, the physical model is produced by using
the optimum design variables given in Table 5.2 and then
tested. Experimental measurements obtained from the
optimized clutch system are shown in Figure 23 in which it is
observed that the experimental results give close results to
simulation results. Both simulated and measured data have
the same dominant frequency around 160Hz and their FFT
results are very close to each other. The maximum
amplitudes are also very close to each other (around
0,125mm-0,130mm).

Moreover, it is observed in the experiments that the
rattle noise is reduced approximately 40% based on
microphone measurements that can be observed if Figure 24
is compared with Figure 12. The measurements are
performed as explained in Section 3.2. In brief, the
simulation results and experimental measurements are
encouraging and axial vibrations in the drive line are reduced
by optimization process.

Finally, if we check the heat sink capability of
optimized mass and compare with that of the initial mass
(i.e., 3.9kg), we can see that the heat sink capability is
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improved by 3.56% since the mass is increased; that is, 02 03 04

0,5 0,6
0,00015
{i L} — 3,560
3,9 40387 _ 0,0001
Table 5.2. Comparison of initial and optimized clutch E 0.00005 1H | | AI I ' ' 1 I
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Fig. 21. Pareto chart of the optimization problem, where the using optimized parameters (in time domain on the top and
objective #1 shows the pressure plate amplitude and the in frequency domain on the bottom).
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Fig. 24. Noise measurements of optimized system.
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6. Conclusion

Axial vibrations in clutch systems are generally ignored
1 in studies on dynamic behavior of clutch systems in
literature, since the clutches are used to damp torsional
1 vibrations instead of the axial ones. However, axial
vibrations has to be examined for the driveline noise
calculations, in particular in the existence of transmission
rattle noise.

0 50 100 150 200 250 300 . . .
Frequency (Hz) On the other hand, axial vibrations and pedal efforts are

actually highly related to each other, since they are both
derived by the same variables such as stiffness values of
springs in the clutch and clutch ratio. To this end,
mathematical models for the clutch pedal effort and clutch

Fig. 22. Simulation results of pressure plate vibrations for
the optimized clutch (in time domain on the top and in
frequency domain on the bottom).
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pressure plate vibrations are derived and built by using the

Then, these models are verified by making comparisons
with experimental measurements. By combining the
simulation models together, a multi-objective optimization
problem is formulated and solved such that axial vibrations
and clutch pedal effort are minimized under some
constraints. At the end of the study, a physical model is also
produced by using the optimization results and physically
tested.

It is observed that experimental measurements and
simulation results are quite close to each other and axial
vibrations in the drive line is reduced by optimization
process. Under the light of findings of this study, it is
possible to calculate and design the components of a clutch
system in an optimum way, which will help decrease the test
and prototype costs significantly.

On the other hand, optimizing a clutch system
considering axial vibrations only will not degrade the
rotational vibrations and, in order to reduce the different
level of rotational vibrations from engine to transmissions
(e.g., idle vibrations, creep vibrations or drive vibrations,
etc...), different types of rotational dampers are used on
clutch discs. However, in our study we tried to reduce the
axial vibrations of disengaged clutch, thus effects of these
axial vibrations during half engaged clutch position (which
can be called slipping phase or engagement phase).

These axial vibrations have no influence on the system
when the clutch is fully engaged since very high clamp load
is already exerted on the pressure plate that prevents the axial
vibrations. However, a further study may also be planned to
optimize the rotational dampers so that they can be usable
during engagement phase. Thus, the clutch can be optimized
to minimize the axial vibrations and rotational dampers can
damp the residual vibrations which cannot be fully damped
by axial vibration optimization during engagement phase.
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Abstract- Recently in the Robot technological laboratory of the Department of Electrical Engineering and Mechatronics
(EEM) of the Faculty of Engineering, University of Debrecen there have been several researches concerning the KUKA and
SONY Scara robots. The first part of the paper is a theoretical summary deducing the notions concerning robots from the
general system technique. | tried to draft all the definitions as precisely as possible to be able rely on them, only to find out the
complexity of the required mathematical apparatus necessary for getting to know the nature of this problem, albeit knowing the
mathematics of the Denavit—Hartenberg transformation and the use of the Jacobi-matrix. This paper summarizes the
singularity of robot positions and their uncertainty by analyzing the KR5 industrial robot in the Robot Technological
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- In case of singularities to bounded TCP speeds,
unbounded joint speeds belong, because these can extinguish
each other.

1. Introduction

At present, more than 1 million programmable industrial
robots work in the industries of the world. Programmable
industrial robots are suitable for carrying out series of
movements and usually move tools and pieces of work

- In case of singularities to bounded robot arm forces and
torques, unbounded joint forces and torques belong.

seriatim or continuously in accordance with the program in
the memory of their controller. Having finished the assigned
tasks with their work envelope, they resume their basic
position and then repeat the programmed series of movements
under the influence of the next starting signal.

Configurations are referred to singular configurations or
singularities, where the rank of the Jacobian matrix is not
maximal.

Identification of the singularity of the robot arm is an
important task on more reason:

- Singularities mark configurations whereby moves of the
tool centre point (TCP) in a certain direction cannot be
achieved, i.e. the robot arm loses from its degrees of freedom.

The singularity of the position of robots and the
unambiguous position and orientation of robot arms are some
of the most important criteria for carrying out series of
movements and for the repeatability and the accuracy of
repetition of these movements. This singularity determines
the repetition and dynamic accuracy as well as the accuracy
of the orientation determined independently from the state of
the tools within the work envelope.

6565 of the tool centre point (TCP) in a certain direction
cannot be achieved for an undetermined reason, i.e., the robot
arm loses its degrees of freedom. In industrial manipulator
machines, the position of robot arms defined in relation to
each other is determined by their state. The well-selected
determination of states and their changes are suitable to avoid
this problem.

Singularity issues need to account for its specific
deployment and usage in industry and business and how this
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impacts on the various stakeholders and constituents along the
robotic continuum, given the impacts and influences of
research and the overriding and even overarching impacts of
robotic theorists, practitioners and others involved in this
processes, from conceptualization, drawing board stage,
design and assembling, mounting and operationalizing and
finally its deployment in industry and business for gains.

Mathematically, a Jacobian mathematical matrix
formulation can be used to relate the movement in joint space
to the movement in Cartesian space. A singularity occurs
when the inverse Jacobian becomes singular (determinant =
0).

2. Theoretical Summary

A body will stand underneath a force and its movement
will be a constrained movement if its six possible coordinates
cannot have optional values and if the connection between
them is a constrained condition. The constrained condition
includes the accessory geometric conditions delimiting the
effect of the free forces affecting a system, which consists of
mass points, systems of points and rigid bodies and therefore
the movement of the system. Due to constrained conditions,
these systems perform a constrained movement. In practice,
the movements are usually constrained movements because
all elements of a mechanism shall perform a movement
designated by another structural element as a force. Forces
prescribing constrained movements may be at a standstill,
but they can also move (standing and moving forces). Forces
are usually functions of the location, time and relative speed.

The mechanism is a moving structure consisting of rigid
bodies in connection with each other causing constrained
movement. Connected rigid bodies are called the members of
the mechanism. A selected member is “the base frame” (the
movements of all other members of the mechanism are
analysed in comparison to the base frame) The relationship
between coordinates can be described by means of the
constrained movement equations below if out of six possible
coordinates, three indicate a relative displacement (X1, Y12,
and z;,) and the other three indicate angular rotation (@xjy,

PY12, PZ12):

$12=T(X12,Y12,Z12, @x12, Py12, P112)- (2.1)
(Interpretation: member 2 is displaced in comparison to the
first member by the x;, value, etc.). If the relationship
between coordinates depends on time, the previous equation
can be described in the form:

$10=F(X12,Y12:212, P12 Py12. 0212, 1) (2.2)
and these two equations have a serious importance. If the
relationship between coordinates does not depend on time,
the force is a passive force; if the relationship also depends
on time, the force is called an active force.

In the case of a body or mechanism, the degree of
freedom is the number of free coordinates independent of
each other that evidently determine the position of the body
(mechanism). In the case of a force, this means the number

of free coordinates independent of each other that evidently
determine the position of members in comparison to each
other. There are three different degrees of freedom connected
with each other.

» Geometric degree of freedom — the degree of freedom of
forces as passive forces is indicated by y (this parameter
also means the registration number of the system, force).

» Kinematic degree of freedom - the degree of freedom of
forces as active forces is indicated by o.

» Degree of restriction — the number of restricted
coordinates, coordinates in the function are indicated by
K.

The degree of restriction and the degree of freedom are
complementary properties, and their sum is always equal to
the degree of freedom, with restriction as high as possible.

In the case of force, the number of degrees of freedom
is equal to 6, so the

» Geometric degree of restriction:

Kg=06-7y (2.3)
» Kinematic degree of restriction:
K = 6 — 0 (24)

The degree of restriction is equal to the number of
constrained movement equations to be written.

A kinematic linkage may be opened (opened kinematic
linkage) if its last member is not connected to any previously
denoted member. The last member of the robot may work
free and not be connected to any other member except the
member position in front of it through the joint. This last
member (terminal member) is called a peripheral member.

Definition: The main property of six-axis industrial
robots functioning as mechanisms with an opened kinematic
linkage is that the member has separate drivers on all of its
joints. The structure can be described on the basis of the
structural formula.

A robot arm having six degrees of freedom (6 DOF) is
necessary to grasp a subject in a certain position from an
optional direction (3 spatial coordinates + 3 orientation
angles). All of these require at least six joints independent of
each other. As far as the types of joints are concerned, they
may be rotating (R) or dislocating (T). These joints are called
elementary joints, i.e., joints having a degree of freedom of
one. For one joint it is valid that

X12:y122212:0 and PX12=PY12= 0 (25)
and ¢z/2 can be optimally determined (certainly within
geometric limits).
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A 6-DOF industrial robot manipulator consists of six
joints assuring rotating movements, and the first member is
regarded as the base frame because it is fixed and thus does
not move during the operation of the robot. This property
makes it suitable for bearing the inertia system of the robot
called world system of coordinates.

Its structural formula is below.

N
A—B«C«—D<«E«F

The open-linkage robot arms are determined by
enumerating the types of joints advancing from the base
towards the arm, e.g., RRP. Roll joints perform a rotation
around an axis, while slider-crank joints perform a sliding
action along an axis. This axis is called the effect axis of the
given joint. The position of all joints can be determined by
means of only one parameter: roll value or slide value. This
isthe q =(qy . . ., Qn) Vvector called the configuration of the
manipulator machine. The number parameters (i.e., joints)
are called the degrees of freedom of the robot arm.

The industrial robot is a mechanism consisting of rigid
bodies in a constrained connection with each other. Its
specialty lies in that all of its members can be driven at the
same time, and the movement of a given member can be
described in a relatively simple way.

The kinematic linkage is called an opened linkage if
both of its ends are connected by only one sequence of
segments. The contrary case is referred to as a closed
linkage.

Robot kinematics applies geometry to the study of the
movement of multi-degree of freedom kinematic chains that
form the structure of robotic systems. [1] [2]. A robot usually
measures its inner kinematic parameters and joint
coordinates directly. Those coordinates measure the position
of the joints. We usually denote them as g. The joint
coordinate of the revolute joint is denoted as 0, and the joint
coordinate of the prismatic joint is denoted as d. The user is
interested in the position of the end effector or the position of
the manipulated rigid body. The robot has six DOFs and
could be described in a number of ways, e.g., by the
transformation matrix describing the position of the end
effector coordinate system in the world coordinate system.
During the operation of the robot, two tasks are possible:

» When the robot parameter vectors are known (direct
geometric modelling), the column vector determining
the position of moved points shall be determined, and
the tool centre point values can be calculated by means
of robot joint values (forward kinematic).

» When the column vector determining the position is
known, the vector of robot parameters shall be
determined (inverse geometric task), and joint values are
calculated by means of the tool centre point values.

In the general case, when the trajectory covered by the
programmed point is known and on the basis of this
knowledge, the vector of robot parameters describing the
position and movement of robot arms in comparison to each
other shall be determined. This vector is the solution of an
inverse geometric task (inverse kinematic).

As far as general embodiment of the connection of robot
arms by means of joints is concerned, the connection
produces the connection chain shown in Fig.1.

The position of the coordinate systems fixed to arms
with respect to their transformation into each other can
generally be presented as shown in Fig. 2. Let us regard the
two coordinate systems, one succeeding the other,
determined with the features indicated in Fig. 2.

cosg; —Singcos o
sing; COSq;C05 O,
0 sin «;

sing;sin o,
—casg;5in o
€os o,

(2.6)

The beginning point of the (X1, Vi1, Zi.1) coordinate
system shall be moved a distance P so that the two
coordinate system cover one another.

a;cosq;
p = |a;sing,

i @.7)

TCP (Tool Centre Point)

Fig.1.Principal scheme of a robot having an opened chain
without embranchment [3]

(i-1|) joint i joint (i+1) joint

w2

Fig.2. Denavit—Hartenberg method [4].

46



INTERNATIONAL JOURNAL of ENGINEERING TECHNOLOGIES

Géza Husi, Vol.1, No.1, 2015

The R;.;,; matrix can be extended with the P vector. When
using homogeneous coordinates after rotation around the xi
and z; axes and movement along the x;, y; and z; axes, we
obtain the so-called Denavit-Hartenberg matrix by
simultaneously interpreting the rotation and movement [5].

cosq; —sing;cos X, sing;sin &, @,cosq,

DH. .. = sing; €05qc05 X, —C0SqSino; asing,
=L 0 sin o, £o5 d:’
0 0 0 1

(2.8)

The transformation of joint coordinates into world
coordinates occurs by means of the Denavit-Hartenberg
transformation matrix. Denavit and Hartenberg published
this method in 1955, so it is named Denavit-Hartenberg
method [4]. The substance of the method lies in transforming
a system of coordinates into another system of coordinates
by means of two translation and two rotating movements.
The Denavit-Hartenberg parameters used in robot
manipulator machines are the distances d and a and the
angles o and g.

The transformation between coordinate systems (j and
k) can be written by means of the

j=DH,k 29)

matrix equation.
3. The K5 Robot

The KR5 robot consists of six joints that assure rotating
movements, so its basic configuration is RRR. The recurring
elements of the robots are robot arms and joints connecting
arms. The connection object is oriented. One joint connects
two arms, and one arm connects two joints. The KR5 robot
consists of six joints that assure rotating movements, and the
first member is regarded as the base frame because this
member is fixed and does not move during the operation of
the robot. This property makes it suitable for bearing the
inertial system of the robot called the world coordinate
system. Fig.3 shows the coordinate systems of robot. For
controlling KUKA robots, four types of Descartes systems of
coordinates are determined:

» WORLD

» ROBROOT
» BASE

» TOOL.

All robots have a controlling unit, the most important task of
which is regulation of driving, as mentioned before in
accordance with incoming signals and previously
programmed commands. The Controller Cabinet has been
given the name KUKA KR C2.

ROBROOT!

High-performance
intermediate-
circuit power supply

Spaces for up to eight =
series 8 |

servo controllers ||
Industrial PC with high
availability

Space for user-specific
equipment

Configurable connector _E-
panel [

Fig.4. KUKA KR C2 controller cabinet

Two processors are in the Controller Cabinet because
two servo units, two processors interpreting and running the
program as well as another moving processor coordinating
the axis movements of the robot are necessary for driving
servo-motors because the synchronisation of the movement
of six axes is an important task. The controlling unit is
connected with the robot by a CAN bus bale of DeviceNet
type. This unit is a serial bus system enabling the contact
between the robot and tool connected to it (reception and
sending).

Industrial robots can be classed into two groups on the
basis of their programming. Different robots carry out
different working processes, so different working processes
require different programming techniques. The two large
groups are ON-LINE and OFF-LINE programming. KUKA
can be programmed by using both of these programming
methods using KRL 5.5 (KUKA Robot Language 5.5).

4. Synchronising Problems in Different Coordinate
Systems

A serious problem may arise in planning the movement
of the KRS robot when right-angled coordinate systems
(WORLD, ROBROOT, BASE, TOOL) are used for the plan
as the actual movement is realized in a polar coordinate
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system due to the structure of the robot (robot with opened
chain and without embranchment) and the rotating
movement of its arms in a polar coordinate system. This
property means that the position and orientation determined
in the right-angled coordinate system are determined by the
angular position of the 6 joints of the 6-axis robot.

In any case, when the programmer employs a right-
angled coordinate system to program the movement of the
robot, the controller transforms the values determined in the
right-angled coordinates into the joint angular turn of the arm
and then processes the feedback signal from the motor
conducting the movement. A permanent coordinate
transformation (Fig. 5.) occurs in the controller during the
movement.

The situation gets more complicated, as 4 right-angled
coordinate systems (WORLD, ROBROOT, BASE, TOOL)
can be used, and positions in each can be transformed into
the others. The position and orienta,tion of the robot can in
principle be defined in the following coordinate systems. In
the AXIS-specific coordinate system (A), each axis can be
moved individually in a positive or negative direction. The
ROBROOT coordinate system (R) is a Cartesian coordinate
system that is always located at the robot base. It defines the
position of the robot relative to the WORLD coordinate
system. By default, the ROBROOT coordinate system is
identical to the WORLD coordinate system. ROBROOT
allows the definition of an offset for the robot relative to the
WORLD coordinate system. The WORLD coordinate system
(W) is a permanently defined Cartesian coordinate system. It
is the root coordinate system for the ROBROOT and BASE
coordinate systems. By default, the WORLD coordinate
system is located at the robot base. For achieving the 3
degrees of freedom in positioning, the base configuration of
the robot is necessary. The axis-specific coordinate of the
robot is a scalar value defining the relative position of a
segment of the kinematic match in comparison to the other
segment. In the rotation joint, the joint coordinate
corresponds to the rotation angle of the joint. The axis-
specific coordinate of the robot is indicated as follows:

(4.1)

Coordinate transformations
in the controller

Fig.5. Coordinate transformations in the controller.

While the vector of coordinates is:

q=1[a,q;...q,]" 42)

The axis-specific axis of the KR5 robot, which has 6
degrees of freedom. All axis-specific coordinates can change
within certain limits:

Qimin = 9 S Dimax (4.3)

During the positioning of the joints, an important
condition is that the orientation of the effector also changes
so that the orientation of the effector will be corrected after
all movements occurring in axis-specific coordinates. Robot
coordinates define the position and orientation of the
manipulator machine of the robot in a Cartesian (Descartes)
right-angled coordinate system. This coordinate system is
fixed to the base of the robot. The position of the effector can
be represented as the three Descartes right-angled
coordinates (x, Yy, z). In practice, the world coordinates and
robot coordinates correspond to each other. In the coordinate
system of the robot, the lower plane of the robot base and the
cutting point of the rotation axis (first axis) of the first motor
define the origin, while the x axis is the bisector of the angle
defined by the end points ( g_1min and q_1max ) of the
first axis and the origin. The orientation of the effector can be
represented as modified Euler angles: ¢, 6, y. These angles
define the angular rotation of the moving coordinate system
fixed to the effector with respect to the robot coordinate
system. The effector has its own coordinate system, termed
the TOOL coordinate system.

The TOOL coordinate system (T) is a Cartesian
coordinate system that is located at the tool centre point. By
default, the origin of the TOOL coordinate system is located
at the flange centre point (in this case it is termed the
FLANGE coordinate system.) The TOOL coordinate system
is offset from the tool centre point by the user. The optional
position and orientation of a robot can be represented in the
world coordinate system as follows:

Sw=/x0z0 0 y] (4.4)

Where,

» The X, y, z coordinates represent the vector
(position) from the origin of the world coordinate
system to the TCP (tool coordinate system);

» The o, 0, y rotations indicate the rotation of the axes
of the world coordinate system in parallel with those
of the tool coordinate system (positioning).

If the world coordinates and robot coordinates correspond
to each other as,

Ow = Og andxy, = Xg. 3y = Y 2y = IR,
;

(4.5)
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The Sy vector will correspond to the optional position and
orientation of the robot in the ROBROOT coordinate system:

Sw=Sr. (4.6)

5. Ambiguities

During the solution of the inverse kinematic task, the
number of solutions is > 1. This means that the TCP is in the
appropriate position, but the position of the arm is not
unambiguous. As an example, let us consider Fig. 6. The
example in the upper part of the figure shows that, with
respect to joint 2, joint 5 can achieve the same position in
two different ways, depending on the relative positions of
joint 2 and 3. In the example in the lower part of Fig. 5, it is
clear that the grasping position will not change as long as a
turn by axis 4 in any direction is countered by the same
degree of turn by axis 6 in the opposite direction. In this
latter case, the ambiguity of position value of the arm is not
two but infinite, and this state can be maintained not only in
the case of discrete values but also permanently over time.
The problems concerning robot arm ambiguities of position
can only partially be managed by the KRC 2 robot controller
of the KUKA KR5 robot and the KRL 5.5 robot
programming language. During programming, the positions
of an arm in comparison to each other (S Status) and the
direction of a turn (T Turn) can be separately given. The
entries “S” and “T” (Fig.7) in a position (POS) specification
serve to select a specific, unambiguously defined robot
position when several different axis positions are possible for
the same point in space (because of kinematic singularities).

Arms (position 1)

Fig.6. Examples of ambiguous robot kinematics.

Fie Program Configure. Montor | Sewp | Commonds | Tecroomy | Heb
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L -46.8335915,8 12.2899799,C 0.443364799
L E3 0.0,E4 0.9,E5 0.0,E6 0.0)
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&>

", SYNC_PARAMS ]

8.67896,0
1 0.0,€2 0.9,

i3
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Fig.7. Status and Turn.

6. The Singularity

The singularity is defined as the configuration of a robot
position that is accompanied by the loss of a degree of
freedom. Configurations for which the rank of the Jacobi
matrix does not have the maximum value are called singular
configurations, or singularities. The examination of Jacobi
matrix ranks is important in the inverse velocity aspect, as it
becomes obvious that, in the whole rank case, the solution
can be calculated very easily. A further denomination is that
the singularities of the B(a) matrix are termed representative
singularities [6].

It can be easily shown on the basis of the formula [6]:

cosysing —siny 0
B(x) =| sinwsing cosy O
cosé 0 1

(6.1)

That, in the case of sinf#0, B(a) can be inverted, which is
important for the complete rank state on the basis of the
equation

‘]a(q) = |:0 B(a),l

}J(Q)

(6.2)

These equations show that the singularities of the analytic
Jacobi matrix include representation of the singularities of the
geometric Jacobi matrix. According to its definition, the 6 x
n J(q) Jacobi matrix determines a value

&=J3(a)q (6.3)

mapping between the dg/dt vector of the velocity of the
joint and the

&=(v )

vector of the velocity of the arm.

(6.4)

In the standard KUKA kinematic system, a distinction is
made among 3 different singularity positions. These are the
overhead singularity, the extended position and the wrist axis
singularity. One characteristic of a singularity is that an
unambiguous reverse transformation (conversion of Cartesian
coordinates to axis-specific values) is not possible, even
though Status and Turn are specified. Small Cartesian
changes in the immediate vicinity of a singularity give rise to
major changes in the axis angles [7]. The wrist root point,
located at the intersection of axes A4, A5 and A6, is
positioned directly on axis 1 (Fig. 8).

The position of axis 1 cannot be determined
unambiguously by means of the reverse transformation and
can thus have any value. If the end point of a PTP motion
results in the overhead singularity, the controller offers the
following options:

» Axis 1 is moved to “0” degrees (default position)
during the PTP motion.

» The axis angle for axis 1 remains the same for
both the start point and the end point.
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Wrist root point

Fig.8. The wrist root point, located at the intersection of axes
A4, A5 and A6.

Figure 9 shows when the extension of A2-A3 intersects
the wrist root point. In this case, the robot is at the limit of its
work envelope. Although reverse transformation does
provide unambiguous axis angles, low Cartesian velocities
result in high axis velocities for axes 2 and 3.

In the wrist axis singularity (A5 position, Fig. 10) the
axes 4 and 6 are parallel. It is not possible to unambiguously
determine the positions of these two axes by means of
reverse transformation, as there is an infinite number of axis
positions for A4 and A6 for which the sum of the axis angles
is identical.

Fig.10. Axes 4 and 6 are parallel.

7. Conclusion

This paper has at length delved into the basic aspects of
Different singularity positions Standard 6R 6DOF kinematic
system. The subject is not only complex and far entailing but
also evolving and dynamic one, wherein the technology is
subject to major changes over time and new technoogo9 that
supplants earlier ones are occurring on recurrent and periodic
basis so it is rather difficult to place best industry practices in
the realms of position Singularities of 6R 6DOF of Robots in
its proper and definitive perspectives. Moreover, it is also
necessary to admit that globally, different manufacturers,
assemblers and sellers have different norms and practices
with regard to the overwhelming and preponderance of
Standard 6R 6DOF kinematic system and most robust
systems that are diligent, committed and laborious have
withstood the test of time and changing technology in these
domains The realms of Standard 6R 6DOF kinematic system
are indeed major issues that need to be considered in the
realms of manipulators and it is also important to consider
the preponderance of major issues like that of representations
of designs for Jacobean theories and its enforcement in the
realms of Standard 6R 6DOF kinematic system.
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5. Conclusion

The conclusion section should emphasize the main contribution of the article to literature. Authors
may also explain why the work is important, what are the novelties or possible applications and
extensions. Do not replicate the abstract or sentences given in main text as the conclusion.
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