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Abstract

This paper reports the application of the methods and tools of fault-tolerant design to an automated
shifting system and their reflection and extension. Fault-tolerant design has emerged in the last
years and is generally understood as a collection of strategies, methods, algorithms, tools and
insights which are intended to support the development of technical systems which are fault-tolerant
because of their controllability but also their inherent fault-tolerant design qualities. The field of
application is a shifting system for the gear system of a formula student driverless race car.
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1. Introduction

In the focus of this paper are the methods and tools of fault-tolerant design. These methods and tools are
applied to an automated shifting system in order to reflect and extend these methods. The ultimate aim of
the strategies, methods, algorithms, tools and insights summarized under the notion fault-tolerant design
(FTD) is to support engineers to develop technical systems which are fault-tolerant because of their
controllability but also their inherent fault-tolerant design qualities. For complex technical systems and
complex application scenarios it is impossible to avoid faults, which can be defined as unpermitted
deviations of at least one characteristic property or parameter of the technical system from the acceptable,
usual, standard condition (Isermann, 2006), e.g. a malfunction of an actuator. It is important to distinguish
faults from failures, which are permanent interruptions of the ability of a system or a component to perform
an intended function under specified operating conditions and suggest a complete breakdown of a system.
If one assumes that it is nearly impossible to avoid faults then it is extremely desirable to enhance the
possibilities of system to accommodate such faults, i.e. their fault-tolerance. This paper intends to present a
novel contribution which will support this endeavour. This intention is realised by applying fault-tolerant
design to a shifting system for the gear system of a formula student driverless race car. The paper is
structured as follows: the next two sections deliver a background describing the essentials of fault-tolerant
design and the formula student driverless competition. The fourth section describes the newly developed
gear shifting system. Section five is the core of the contribution and describes the application of fault-
tolerant design to the gear shifting system. The paper concludes with the conclusions and an outlook.

2. Fault-tolerant design

As mentioned above, a fault can be defined as unpermitted deviations of at least one characteristic
property or parameter of the technical system from the acceptable, usual, standard condition (Isermann,
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2006). The capability of a technical system to accommodate the consequences of such faults and to allow
a safe operation in a region of slightly degraded performance can be referred to as “fault-tolerance”
(compare e.g. Rouissi and Hoblos, 2012). Over the last decade, powerful algorithms, methods and tools
were developed for increasing the fault-tolerance by means of elaborate control systems (Witczak, 2014,
2019, 2020; Majdzik et al., 2016; Blanke et al., 2016; Stetter et al., 2018). The approaches for fault-
tolerant control (FTC) can be distinguished in passive approaches, which are characterised by the fact
that the system components and controllers are designed in a manner which enables them to be robust to
possible faults up to a certain degree and active approaches which are characterised by the fact that the
active FTC system includes an fault detection and identification (FDI) system and the fault handling is
realised based on information on faults received from this FDI system.

In the last years, the concept of FTC was accompanied by the concept of fault-tolerant design (FTD).
FTD intends to support the engineering design of technical systems in order to increase their fault-
tolerance. The approaches for increasing the fault-tolerance of technical systems can target their
observability and their controllability, but may also aim at intensifying their inherent fault-tolerant
design qualities, e.g. by means of applying robust physical effects (Stetter, 2020). The importance of
FTD is also emphasised by Rouissi and Hoblos (2012) and Dubrova (2013), who connect the
capability of a system to accommodate faults to the quality of the design of this system.

Until today, scientific activities concerning FTD are sparse. The existing rich body of research concerning
systematic design and the strategies, methods and tools of product development (Cross, 2008; Ehrlenspiel
and Meerkamm, 2013; Ponn and Lindemann, 2011; Lindemann, 2009; Pahl et al., 2007) may present an
excellent basis for the development of a FTD methodology; in these research activities FTD was however
usually not a point of main emphasis. Additionally, the existing research results in the areas “Design for
Monitoring” (DfM; Kukurowski et al. (2019), “Design for Control” (DfC; Stetter and Simundsson, 2017)
and “Design for Diagnosis” (DfD; Stetter and Phleps (2011) can expand this basis, because FTD covers
these three aspects. Several research activities are directly concerned with FTD, but are usually limited to a
specific field of application. Rouissi and Hoblos (2012) remark that the ability of a system to tolerate one or
more fault(s) must be achieved by means of designing the technical system. Oh et al. (2013) investigated
fault-tolerant design approaches for nuclear power plants; they describe fault-tolerance and fault avoidance
design approaches, e.g. the 2-out-of-4 (2/4) voting logic, redundant actuation devices and requirements
towards process instrumentation. Lin and Yang (2009) apply the notion “fault-tolerant design” for the
reliable design of wide area mobile networks. Shirazipourazad et al. (2014) use the same notion in the area
of designing wireless sensor networks; they focus on approximation algorithms for improved fault-
tolerance of gathering data from directional antennas. Hsieh et al. (2017) concentrate on the design of
microelectronics; they recommend “Triple Modular Redundancy” (TMR - two additional copies of an
intended design are additionally integrated in the chip and a voter is used - consequently the chip may work
correctly if at least two of the copies can work). Vedachalam et al. (2016) developed some elements
(“reliability modelling” and “redundancy analysis”) of a fault-tolerant design approach; the scope is limited
to frequency converters. To conclude, some elements of a fault-tolerant design methodology were already
investigated, but no generally applicable structure was presented. A model, which is based on levels of
abstraction of the product models (a distinction based on the level of abstraction is frequently used in
product development methodology, compare e.g. Ponn and Lindemann, 2011) was presented by Stetter
(2020); this model is shown in Figure 1.

The most concrete level “geometry and material” consists of rather obvious concepts for enhancing
the fault-tolerance such as redundancy. One example could be two optical sensors observing the same
scene. Central insights on this level (compare Stetter, 2020) are that elaborate methods, algorithms and
systems exist, which allow an optimum geometrical placement of sensors and actuators also with
regard to fault-tolerance and that the fault-tolerance can be enhanced with redundant system elements.
However, they may cause problems concerning the economic value and the performance and
redundant elements may still fail, especially in the case of cold redundancy. Consequently, the
respective redundant elements need to be consciously decided and concepts such as “over-actuation”
and “overlap” also need to be considered. The well-known strategies of “Design for Safety” (DfS)
such as “Safe-Life” and “Fail-Safe” may also increase the fault-tolerance; an adopted strategy
“inherently fault-tolerant system configurations” may also be applied on this concrete level.
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Requirement level:
+ Fault-tolerance definition
« Exploration of possible faults

Functional level:
* Transparent functional architecture
* Functional diversity, virtual redundancy

Physical structure:
* Optimized physical behaviour and effects
* Physical diversity, increased independence

Geometry and material:

* Optimized sensor and actuator placement
+ Redundancy, over-actuation, overlap

+ Inherently fault-tolerant configurations

FTD at different levels

Figure 1. Fault-tolerant design on different levels

More independence can be achieved on the next higher level “physical structure”. In the case of the
example mentioned above, one optical sensor and another sensor relying on different physical effects,
e.g. an ultrasonic sensor, can be applied and are less susceptible to certain sensor problems such as
fog. Central insights on this level (compare Stetter, 2020) are that the conscious design of the physical
behaviour of technical systems may be supported by the analysis of physical effects and lists with
potential physical effects and that physical diversity can be identified as important means for
increasing the independence of redundant system components and may consequently enhance the
fault-tolerance of technical systems.

Even more independence can result from diversity on the functional level. One example would be to
replace one real sensor by a virtual sensor, which works differently even in the functional domain.
Central insights on this level (compare Stetter, 2020) are that an overview and understanding of the
functional architecture of technical systems may be supported by function models and model-based
function modelling and that functional diversity is the most elaborate form of redundancy and may
increase the fault-tolerance of technical systems, if consciously applied.

A complete picture of design cannot be drawn, if the level of requirements is not considered, because
requirements are a decisive factor in any industrial product development process (compare e. g.
Bernard and Irlinger, 2016) and four of ten top risks in projects are connected with requirements
(Hruschka, 2014). Central insights on this level (compare Stetter, 2020) are that the exploration of
requirements should include the possible faults, the expected faults, the required level of fault-
tolerance and the required form and amount of redundancy and that the exploration of requirements
may be supported by fault tree analysis (FTA), failure mode and effects analysis (FMEA) and
benchmarking as well as by model-based requirements management (compare Holder et al., 2017).
The different elements on the presented level were applied to a gear shifting system for a formula
student driverless race car; this competition is characterised in the next section.

3. The formula student driverless competition

For the past 2 years, a competition for the further development of autonomous driving (“Formula
Student Driverless”) has taken place within the framework of the design competition “Formula
Student”. The team of the University of Applied Sciences Ravensburg-Weingarten was able to start
with an autonomous vehicle as early as 2018. The autonomous driving vehicle even earned the first
place in the category “Driverless Overall” at the “Fomula Student” competition in Spain. The
driverless formula student race was initiated in order to confront students with and to educate them in
the upcoming field of autonomous driving. Autonomous driving is a current topic of the future in the
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entire automotive industry and aims at a drastic improvement of traffic safety and driving comfort,
especially in high traffic density. The requirements for autonomous vehicles are enormous:

o they must recognize all aspects of the environment and also moving objects in real time,

e they have to localize themselves in the environment and record their own driving condition
with position, speed and acceleration,

o they have to identify possible driving manoeuvres and driving routes,

o they have to plan suitable and safe driving manoeuvres and driving routes and

e they have to implement and monitor driving manoeuvres and driving routes.

A team can only compete in this competition, if the team members are innovative. This competition
requires a high level of energy efficiency and lightweight construction, therefore innovative ideas can
be very important. A performant and robust shifting system is required in order to compete in the
challenging drive events. The automated gear shifting system which was developed in the last two
years is described in the next section.

4. Automated shifting system

In the race car, a motor bike combustion engine with integrated sequential gear box is used (from a
Honda CBR 600). The gear box is usually manually operated by means of a foot lever. For formula
student driverless an automated shifting system has to be adapted to this gear box. The newly
developed design was based on an earlier pneumatic shifting, which also allowed automated shifting
(Figure 2)

compressed air reservoir

two-stage pressure regulator

air cylinder for
clutch actuation

air cylinder for gear changing magnetic compressed air valves
Figure 2. Prior pneumatic gear shifting system

The newly developed gear shifting system is shown in Figure 3. The pneumatic gear system consumed
a lot of space, is rather heavy and is relatively slow. The pneumatic system can only achieve shifting
times of approx. 300ms (the newly developed electromechanical system described in the next section
is able to achieve 45ms). Due to the deficiencies concerning space, weight and speed, it was decided
to develop a new, electromechanical gear shifting system. The core of this system is an electrical
motor, which is equipped with an incremental encoder. After a predefined initialization run (for
instance for the 1st gear a position value of 22100 inc is assigned - this corresponds to 138,7° at the
gear exit and 60° at the shift drum), this encoder will obtain the exact rotary position of the motor
shaft. Via a long shaft and a pair of spur gears the motion is transferred to the slightly modified shift
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drum, which will cause a movement of sleeves, which will enable to select a gear, as usual for motor-
bike gear sets. At the end of the shift drum a potentiometer is fixed which will deliver a certain
analogous resistance depending of the rotary position of the shifting drum. The rationale of this design
with regard to fault- tolerant design will be explained in the next section.
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sensors, shift drum
gear and

encoder  potentiometer
Figure 3. Newly developed electromechanical gear shifting system

5. Fault-tolerant design of the shifting system

This section explains the fault-tolerant design of the shifting system; the subsections reference to the
model shown in Figure 1.

5.1. Measures on the geometrical and material level

Concepts to increase the fault-tolerance can be realized on the most concrete level “geometry and
material”. In the given case two instances of redundancy and the principle “over-actuation” were
realised. The system is driven by an electrical motor (maxon EC-i 30 Motor with gear GP 32 C) which
is controlled by an electronic position control (maxon EPOS4). This motor is also equipped with an
incremental encoder (maxon ENX 16 EASY). This motor drives a shaft going to the other side of the
gear system housing. At the end a spur gear is fixed which transfers the torque by means of another
spur gear to the shifting drum. Close to the second spur gear, an element is fixed which is formed
similar to a star. At this star, a spring loaded roller forces the shift drum to rotary positions which
conform to the gears of the gear system. On the shift drum, geometrical elements as shown in Figure 6
are integrated which can move shift forks which are responsible for fixing the gear wheels for certain
gear to one of the shafts. The position of the shift drum is monitored by a potentiometer.

The first example of redundancy is the use of two different sensors for the position information - an
incremental encoder directly mounted at the electrical motor and a potentiometer gathering the
position of the shift drum. As these two redundant sensors also rely on different physical principles,
they are discussed in section 5.2. The second example of redundancy is the switching star with a
spring loaded roller, which was mentioned above. This switching star assures in the motor-bike that
the shift drum is kept in the optimum position for each gear. In the automated shifting system this
switching star is theoretically not necessary, because the self-locking gear at the electrical motor (ratio
14:1) will by itself guarantee that a gear will be held, if it was once engaged. In testing it was found
that the star is not impairing the control quality and speed and that it gives additional safety for
holding a gear that was selected. Additionally, this redundant system eases the so-called “teaching” of
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the motor positioning system, as optimum positions for each gear are guaranteed mechanically. Even
more, it is possible to save electrical energy because of the switching star, because it is not necessary
to energize the motor permanently.

Over-actuation can either be the usage of more actuators than necessary or the use of stronger
actuators than necessary (Stetter, 2020). Over-actuated systems dispose of the advantage of an
improved controllability and can enhance fault-tolerance, because the potential of over-actuation may
be used to compensate the effects of faults (Stetter and Simundsson, 2017). In the given example,
over-actuation could be realized in the motor itself. Measurements using a wrench for driving the shaft
made clear that a torque of about 1,5 Nm is necessary in order to engage a gear safely and quickly.
The applied motor with the gear system is able to achieve up to 6 Nm (for a short time, but definitely
long enough for the shifting process and also for multiple shifting processes). This was found to lead
to fast shifting times and to lead to a good control quality.

5.2. Measures on the physical level

In product development methodology, the analysis of physical effects is recommended for fostering a
better understanding of the technical system and for developing innovative solutions, which use
different physical principles (Ehrlenspiel and Meerkamm, 2013). An in-depth analysis of innovative
break-through products even resulted in the insight that such products in most cases rely on different
physical principles. In recent years the analysis of physical effects was expanded in order to include
uncertainties in form of disturbances (Mathias et al., 2011). The analysis of elementary physical
effects leads to effect chains describing the physical phenomena (Figure 4).

o o counting of o
shaft ) trigger EEE) changes in a Emms)  shaft
(a) lever, Wwheel nalleffect hall effect (d)

CRB (@) sensor

(a): analog; (d): digital; CRB: cohesion of rigid bodies
Figure 4. Physical effect chain incremental encoder

In this effect chain, the physical effects which allow the function of the incremental encoder on the
motor shaft are visible. It was found that this analysis fosters a deeper understanding of the physical
phenomena and eases the communication in the design team.

The most important design principle on this level concerns physical diversity. Physical diversity is the
use of system elements which apply different physical effects for achieving certain goals (Stetter,
2020). For instance, airplanes achieve their high level of fault-tolerance by applying a combination of
hydraulic power lines and hydraulic actuators together with electrical power lines and electrical
actuators (Charrier and Kulshreshth, 2007). As mentioned above, two sensors were applied which
essentially share one intention: to monitor the position of the shift drum in order to allow a position
control of the motor and ensure a safe engaging of the gears. The incremental encoder at the motor shaft
in combination with a gear system with transmission ratio of 14:1 allows to distinguish 57.344 positions
(1024 (pulses per channel per revolution) * 4 (resolution) * 14 (gear reduction)) within the whole
possible movement. Figure 5 shows the information gathered by the motor potion control unit (EPOS 4)
from the incremental encoder on the motor shaft respectively from the motor control itself. The figure
shows an error analysis when switching from the neutral (0 inc) to the first gear (22100 inc).

In Figure 3 it is obvious that some kind of redundancy is already given by the unit electrical motor,
incremental encoder and motor position control (EPOS). The EPOS can determine a motor rotary
position at certain instances of time. This determination is based on information from the encoder.
Additionally, it can determine the motor velocity at certain instances of time, by means of combining
information form the encoder with a numerical differentiation and information form the hall sensors of
the motor (which existence also leads to another instance of redundancy). Finally, the EPOS delivers
electrical current to the motor in order to trying to achieve a desired position. It is important to note
that a PID control loop is realised within the motor controller.
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Figure 5. Position over time (top) and velocity over time (bottom)

As mentioned above, another sensor was also applied which essentially shares the intention to monitor
the position of the shift drum - a potentiometer driven by the shift drum. The potentiometer will
deliver an analogous resistance, which is evaluated in the superordinate control unit and not in the
position control of the electrical motor. Consequently, the superordinate control may know the
engaged gear, even if the electrical motor or the motor position control would be faulty. In this case,
the car could continue the race in the given gear. For slow speeds, it is possible to open the clutch in
order to avoid stalling the engine. It could even be possible to start the car form standstill in other
gears than the first gear, if the clutch characteristic is adapted, because in the race courses there are
only small inclinations. In the formula student competition it is extremely important to finish a course
even in the case of a fault, because for early retirement no points at all are awarded (did not finish
(DNF)). Consequently, in this example an increased fault-tolerance by means of conscious design can
lead to enormous advantages in the competition.

5.3. Measures on the functional level

Figure 6 shows a part of function model of the gear shifting system. This model is based on the
integrated function modelling framework (IFM), which has received increasing attention in the last
years (compare Eisenbart et al., 2016; Ramsaier et al., 2017; Elwert et al., 2019). Here only the state
view is shown (upper left part of an IFM model). It is obvious, that some of the fault-tolerant qualities
of the developed design are visible in the function model, such as the redundancy between encoder
and potentiometer. Also, the operands energy and signal are clearly visible in this model.
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Figure 6. Part of a IFM model of the gear shifting system (state view)

The fault-tolerant design aspects on the functional level focus on the fault “tooth-on-tooth”. Figure 7
shows the information from the motor position control which can be used together with a rather simple
theoretical model (virtual sensor) in order to detect this fault and to define countermeasures.
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The most common fault of the shifting system is a so-called “tooth-on-tooth” situation; in this kind of
situation the gear cannot be applied, because two side surfaces of the switching toothing are just
opposite to each other and hinder a sideward movement of the shift forks which would engage the
switching toothing. It is obvious that this fault can be detected, if the velocity over position reaches a
certain region (shown in red hatched in Figure 7). This zone can be understood as the fault signature of
the fault “tooth-on-tooth”. If the second kind of available information is present, which is the current
over position, it is rather sure that the respective fault is present.

The first measure of fault-tolerance is to move the electrical motor just a bit in the opposite direction
and then to try again to engage the switching toothing. In most of the cases, this new approach will be
enough to be able to allow the complete movement of the sleeve and to engage the gear. In this case
only 10 to 20 microseconds are lost. Additionally, if a faulty shifting is detected, the superordinate
system can slightly attach the clutch in order to realize a small rotation in order to generate a non
“tooth-on-tooth” situation.

Additionally, the developed fault-tolerant design can also lead to an improved performance of the
whole race car in term of real shifting times (also including the time the engine needs to be able to
deliver again the full power after the ignition cut-off during switching). Through the combined
position, and current detection, it is possible to be sure that a gear will be engaged, even before the
final position is reached. In this case the superordinate control can already reconnect the ignition and
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increase the petrol injection quantity of the engine. In this case the so-called gear-cut control for
shifting is overruled, i.e. the combustion motor acceleration is initiated even before the final position
of the shift drum is sensed.

6. Conclusions and outlook

In this paper, the application of the methods and tools of fault-tolerant design to an automated shifting
system for a formula student race car was described. On the three different levels of abstraction
“geometry and material”, “physical structure” and “functional level” concrete measures were
explained in detail, which are intended to improve the fault-tolerance of this system. Additionally,
some measures also contributed to an increase of the overall performance of the superordinate system
- the race car. It is important to point out that the intelligent measures only lead to the addition of one
element (a potentiometer) and did not cause excessive consequences in terms of space, weight and
money. Most of the examples are possible by a combination of an intelligent mechanical and
electromechanical design together with elaborate diagnosis and control systems. In the age of
ubiquitous computing, one can expect that the possibilities for fault-tolerant design (FTD) and fault-
tolerant control (FTC) will be further increasing in the near future. A positive influence from the
application of the methods and tools of product development methodology such as integrated function
modelling and a conscious analysis of physical effects could be observed. It is obvious from the
example, that FTD is able to support engineers to develop technical systems which are fault-tolerant
because of their controllability but also their inherent fault-tolerant design qualities. Obvious is as well
that a large potential to increase the fault-tolerance of technical systems stems from a combination of
FTD and FTC. It is important to point out that the experience in the presented project indicated a lack
of guidance in current literature. The existing knowledge base concerning fault-tolerant design is still
incomplete. The presented research aimed at contributing to the expansion of this knowledge base.
One future aim is the development of further guidelines and tools, which will help designers to
synthesize fault-tolerant products. In addition it was found that a conclusive metric for assessing the
fault-tolerance of technical systems is not yet existing. The development of this kind of metric is an
important part of the intended future research activities. Additionally, further research is planned
which will expand FTD and will concentrate on technical systems with different sets of requirements,
application scenarios and levels of complexity.
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