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The vehicle industry is moving towards developing more sustainable and efficient solutions. This
movement towards sustainable and efficient solutions brings up the need to develop and inte-
grate new subsystem technologies that are beneficial for the overall vehicle system. However,
introducing new technology into an existing vehicle architecture may have knock-on effects on
the dependent subsystems. Furthermore, there can be a bias towards the existing technological
solutions as a large part of the architecture is developed pertaining to the established solutions.
Therefore, sufficient knowledge is required to understand the level of impact the interdependen-
cies, both direct and indirect, can have at a subsystem level and at the overall vehicle system level.
To address and assess these interdependencies that arise during the conceptual design phase, a
bottom-up design model is proposed. The model, utilizing network theory could represent each
subsystem as nodes and their interaction effects on each other as edges. Thus, the interaction
effects between different subsystems and their complex influence on the overall vehicle system
are considered. This model could serve to evaluate an optimal solution in terms of functional
density and economic benefits thus providing the opportunity to avoid any unintended negative
indirect effects. Furthermore, it could help in identifying the technological limits in the current
vehicle system and thus, identifying the areas that can be developed to further enhance the vehicle
system performance. The method of implementation, its advantages, disadvantages, applications,
and challenges in implementation are discussed.
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1. Introduction

The concept of sustainable design and sustainability oriented technology and innovation has been
prevalent and gaining more traction over the past decade [1]. But, since the establishment of Sustain-
able Development Goals (SDGs) as a part of Agenda 2030 by the United Nations General Assembly
in 2015, and the Paris Agreement in 2016, the concept of sustainability has gained more traction than
ever in most industrial sectors. Especially the transportation industry, which is one of the highest
contributor of the greenhouse gases, accounting for 24% of all greenhouse gas emissions in EU [2]
has been an active participant in the ‘Sustainability Transition’. This transition entails changes across
different dimensions such as technological, material, organizational, institutional and sometimes even
political, economic, and socio-cultural [2]. As a part of this transition, most if not all of the vehicle
manufacturers have introduced the aspect of ‘Sustainability’ in all of its processes, right from concept
development, vehicle design, until the end of life of the product.

Moreover, in accordance with SDGs and the Paris agreement, stricter regulations have been estab-
lished to reduce the carbon footprint. However, the current technology might be inadequate in order
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to effectively contribute towards achieving these sustainability goals and to adhere the stricter regu-
lations and standards that accompany. This brings about the need for developing better technological
solutions that can fulfill the performance requirements while adhering to the need for developing sus-
tainable and resource efficient products. However, while introducing this new technological solutions
into existing vehicle architectures or even new vehicle designs, there are several uncertainties and
challenges that needs to be accounted for at a subsystem level. This paper focuses on suggesting
possible solutions to tackle these uncertainties and challenges.

2. Problem Background

The central challenge in developing new technological subsystem solutions for the next generation
of vehicles is the uncertainty of the direct and indirect impact of the new solutions. The new solutions
can have direct and indirect effects on the other subsystems at a subsystem level and in turn they can
have an effect on a system level. However, most of the traditional models consider the beneficial
and adverse effects of improving a technology or integrating a new technology at a component level.
Thus ignoring the direct and indirect effects the new solution can have on a subsystem and in turn on
a system level.

This negligence of direct and indirect impact could lead to unintended negative effects on other
subsystems, e.g. reducing the efficiency of the subsystems that is dependent on the subsystem where
the new solution is implemented. The negligence could also cause inefficient utilisation of resources
i.e. the solution could help in reducing the size of the dependent subsystem, but without enough
knowledge of impact of subsystems at a system level, this benefit could be lost and thus could lead
to over-sizing and redundancy of some components, leading to a inefficient vehicle design. The iter-
ations required to identify the regions to improve the efficiency of the vehicle in different subsystems
are rather expensive both in terms of time and money. Moreover, much of the existing solutions for
the surrounding subsystem vehicle architecture are established and matured. Thus, while evaluating
the benefits and limitations of implementing the new technology at a subsystem level there can be a
bias towards the existing solutions.

Therefore, a model that captures the direct and indirect interaction effects on a subsystem level
and the complex influence of this interaction on the overall attributes of the vehicle system is required.

3. Proposed Solution

Vehicles are complex systems with several intricately connected subsystem which communicate
with each other through complex interactions. Such complex interactions cannot be captured by the
traditional design models that describe the vehicle in a top-down approach. Therefore, a bottom-
up design model that sufficiently captures the complex interactions between the subsystems and its
influence on the overall vehicle system is proposed.

3.1 Network Theory Approach

To represent the complex vehicle system architecture and the relationship between the different
subsystems within this vehicle system, a network model is proposed.

Network models are graphical representation of complex networks in which discrete objects or
variables are represented as nodes or vertices and the relationship between these discrete objects or
variables are represented as edges. Network models have been a popular way to abstract complex
models across many disciplines including statistical mechanics, biology, neuroscience, psychology,
and psychiatry [3]. With the rise of interest in autonomous vehicle and vehicle fleets, the network
models are increasingly being used in the transportation and traffic models as well. Fig.1 depicts a
network model with nodes and edges. It can be observed from Fig.1 that two nodes can have multiple
edges connecting them indicating multiple relationships between two nodes.
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Figure 1: Example network model with nodes and edges

While representing the vehicle system architecture as a network model, we could consider each
subsystem as a node and the relationship between two subsystems as edges. This representation
could help us understand the ways in which the different subsystems are connected. Moreover, it
could allow us to observe, identify and analyse the direct and indirect interaction effects between the
different subsystems.

The first step in developing a network model representation of a vehicle system architecture is to
identify the different subsystems that are involved in the functioning of the vehicle. Next, with the es-
tablished knowledge of the physical and mathematical relationship between the different subsystems,
the nodes in the network model are connected. As suggested earlier, it is possible for two subsystems
to have multiple relationships, i.e., one subsystem may be connected to another subsystem physically,
it could also be thermally dependent, and they could be connected through the same vibration trans-
mission path. In such cases of multiple dependencies, there can be multiple edges connecting two
subsystems.

To illustrate the method, a typical architecture of a rail vehicle is chosen. The different subsystems
that are involved in the functioning of the train are identified and with the help of the known relation-
ship between the identified subsystems, a network model is developed. Fig.2 depicts this network
model for a typical rail vehicle.

Representing the vehicle system architecture using network models has multiple advantages.
These models allow the possibility to analyse the network structure at a subsystem and system level.
Thus, inferences on the behaviour of the whole system could be made which would have not been
possible using the traditional design models [3]. Understanding the dependency of one subsystem
over another could help in identifying the design bottlenecks i.e. it could be helpful in identifying
which subsystems needs to developed further to achieve the design goals. It is to be noted that the
proposed method could be used to represent any type of vehicle or even any system with interdepen-
dencies. Moreover, this type of design models are vital in the context of multidisciplinary approach
where no overall model exists.

However, there are some limitations to the network model approach that needs to be considered
as well. Network models require considerable knowledge on the direct relationship between different
subsystems to develop a model with appropriate level of detail. If not properly modelled, adding or
eliminating nodes and edges in a complex network model could be quite cumbersome.

Despite these limitations, there has been considerable research performed in the domain of repre-
senting complex system as abstract network models, and the applications of the network models are
increasing as well. These models, when appropriately modelled with enough detail could predict the
interaction effects of dependent subsystems that are far from each other in the network model (i.e,
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Figure 2: Example network model with nodes and edges

when they are not very evidently connected in real life). The interdependence of the subsystem pa-
rameters could be quantified if the models satisfy certain monotonicity or convexity requirements [4].
Furthermore, the interdependence of the subsystems could be quantified using Dijkstra’s algorithm.
Dijkstra’s algorithm is generally used to find the shortest distance between two nodes and evidently
finds its applications in traffic planning to find the shortest travel routes. However, by determining the
distance between two nodes in a network diagram, we could quantify the level of dependency of one
subsystem over another. Therefore, the applications of the network models could also be extended to
the rail vehicle network model that is described.

3.2 Traction system modelling using network theory

The traction system of a rail vehicle provides the necessary tractive power required to accelerate
the train and overcome the running resistance (i.e. air drag, rolling resistance, gradients, etc.) [5]. Due
to the complex dependencies and the different indirect benefits that can be realized, traction systems
are an interesting application to model using network theory. To illustrate, consider the Silicon Car-
bide (SiC) based semiconductors. Compared to the conventional Silicon based semiconductors, the
SiC-based semiconductors have lower switching losses, can operate at higher switching frequencies,
and can endure at higher voltages and temperatures [6]. These advantages of the SiC-based semicon-
ductors could help in redesigning some components and their requirements, and in turn, could help in
improving the efficiency of the vehicle. For example, due to the higher switching frequency and low
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switching losses, the cooling system of the vehicle can be changed from a forced convection system
to a natural convection system. Furthermore, the higher switching frequency opens the possibility to
reduce the size of filters, motors, and transformers. This helps in developing a compact unit, freeing
up volume. This further allows to reduce the weight of the vehicle which can be utilised for other
purposes such as increasing payload, increasing vehicle performance, or even adding extra amenities
for a more comfortable journey for the passengers. Furthermore, representing the traction system
using network models could allow us to identify the bottlenecks i.e. to identify the critical compo-
nents that needs to be improved to realise the design requirements. It is important to understand that
these type of indirect vehicle-level benefits would go unexploited if there is not enough knowledge
on the interaction effects of the subsystems in the vehicle system. And one good way to gain such
knowledge about a vehicle system is by representing them using network models.

4. Challenges

Utilizing network theory to represent vehicle systems and the complex interactions of the sub-
systems could offer various advantages and consequently different applications. But, it also entails
certain challenges when representing such complex vehicle systems.

While representing the different subsystems as nodes and their complex interactions as edges,
it could be challenging to understand in what manner the subsystems are represented. They could
be represented as physical components while optimising for volume and mass; they could be repre-
sented as objects in a vibration transmission path while optimising for noise and vibration reduction;
they could be considered as heat exchange elements while optimising for thermal capabilities of the
system. Therefore, understanding the manner in which the subsystems are represented could help
in identifying the complex interactions between the subsystems in what ways the subsystems are
connected.

Deciding the complexity of the models while representing vehicle systems using network models
could also be a huge challenge. Here, complexity refers to the precision of the model. Highly complex
models require high computational time and cost, and could produce plethora of data which could be
not entirely useful. On the other hand, low complexity models may not be able to produce required
level of detail on the data or even worse, it could produce inaccurate data. Therefore, understanding
what type of data is relevant in the context of the chosen optimisation aspect (i.e. mass optimisation,
noise and vibration reduction, power and efficiency optimisation) could help us understand the level
of complexity that is required while modelling.

While optimising two subsystems with multiple interactions between them (e.g. they could be
dependent on each other in terms of both mass dependency and heat exchange), conflicting situa-
tions may arise. For example, redesigning one subsystem could benefit the other subsystem in terms
of mass, however, it could be detrimental in terms of thermal management. Therefore, it is impor-
tant to quantify the interdependencies between different subsystems and find a method to handle the
importance level of the interactions and the desired design requirements.
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5. Future Work

To fully realize the described and desired model that captures the intricate interactions of different
subsystem and its complex influence on the overall system, certain tasks must be performed:

– Initially, the manner in which the input and output of each of the subsystems and the manner in
which each subsystem is represented will be identified. This allows to gain an understanding of
how different subsystems are connected.

– The required optimisation goals (i.e. mass optimisation, heat exchange optimisation, noise and
vibration reduction etc.) will be identified.

– The priority of the desired optimisation goals will be identified.
– To test the validity of the assumptions, a scaled problem including only few subsystems in

traction system will be identified and tested with different optimisation algorithms.

6. Conclusion

This paper focuses on proposing a network model that is able to capture the intricate interaction
effects of different subsystems and its complex influence on the overall attributes of the system. The
need for such a network model was explained by comparing it with the traditional models and their
limitations. The repercussions of ignoring the interaction effects of subsystems were addressed with
examples, including a solution proposal to overcome these shortcomings. The steps involved in de-
veloping a network model for a vehicle system, the advantages, and the limitations of representing the
vehicle model using network theory were explained. The application of network theory was exempli-
fied with the traction system modelling. The implementation of such a network model does not lack
challenges, and the focus for the upcoming work will be centered around finding the right variables
to analyze and optimize, balancing model complexity such that the network methods would be able
to handle the designed complexity levels while having accurate representation of the subsystems, and
the methods to prioritize design variables and even the design process.
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