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Abstract

The vehicular electrical distribution system (EDS) is of cumbersome relevance

within the vehicle. Analog to the human body, the vehicular EDS plays the role

of the neural system sending communications and control signals all along the

electrical and electronic components but it also acts as the circulatory system,

delivering power from a central energy source such as an alternator-battery

tandem in a conventional vehicle towards every sensor, control unit and actuator.

The EDS must be intrinsically safe, soundless and invisible to the customer

but yet able to bring to life all the vehicle functions, from the most basic to

the most advanced. Nowadays, automakers face unprecedented requirements to

comply and exceed quality standards while attending to consumer expectations.

In the last years, complexity in the electronic architecture of vehicles has

significantly increased. All these electronics and connectivity are required to

withstand the ever-advanced functions within the vehicle. Among the challenges

are the insertion of new functions for driving assistance towards highly automated

vehicles, electrification and connectivity. In addition to that, current vehicles offer

a vast amount of equipment combinations, thus resulting in the need for a huge

amount of customized wiring harnesses which can be in certain cases, completely

unique and not fabricated twice in a year within the production line.

There are many challenges for the design and validation of such a complex

vehicle subsystem. Millions of different possible scenarios arise which can not

be all physically tested. Moreover, the automotive industry is aiming for a zero-

prototype production that could reduce resource wasting and deliver economical

savings. It is then necessary to implement new methods for the validation of the

EDS. In this regard, electrical and thermal simulation of the wiring harnesses

has been identified as a key-enabler for EDS prototype reduction and detection



of early phase design errors.

Even though there are already commercial tools related to the vehicular EDS

electrical design, these tools are not completely tailored to the particular needs of

vehicle producers. In particular, because they typically neglect the way in which

the electrical information is handled and result in practice difficult to use by the

potential virtual validators.

In this thesis, developed within the frame of an industrial PhD, we created

a methodology to simulate electrically and provide thermal estimations of the

low voltage DC wire harnesses. Chapter One introduces the necessary concepts

required to understand the data pre-processing and power flow. Chapter Two

contains an in-depth analysis of the available factory information to create

the necessary pre-processing algorithms able to transform the information

into appropriate matrices for the power flow solvers. Then, in Chapter Three

two different approaches for the power flow solvers are introduced. The first

implements a procedure based on a Backward/Forward Sweep (BFS) algorithm

for solving power flows in weakly meshed DC traction networks while the

second provides a methodology based on the Current-injection algorithm. Both

methods are found suitable for the simulation of the vehicular EDS. Finally,

in Chapter Four we implement a structured experimental validation scheme to

compare with the simulated data and found a proper matching according to the

industrial tolerances present in the wire harnesses.



Resumen

La red eléctrica de a bordo es de extrema relevancia dentro del vehículo.

Haciendo una analogía con el cuerpo humano se podría decir que la red de a

bordo cumple el papel del sistema nervioso central enviando señales de control y

comunicación entre todos los componentes eléctricos y electrónicos del vehículo.

De la misma manera, se puede comparar con el sistema circulatorio, irrigando

flujos de potencia desde una fuente de energía central conformada por el tándem

batería-alternador en vehículos convencionales hasta cada uno de los sensores,

unidades de control y actuadores del coche.

Algunas de las exigencias sobre la red eléctrica de a bordo es que sea

intrínsecamente segura, insonora e invisible para el cliente y a la vez debe poder

dar vida a todas las funciones del vehículo, desde las más básicas hasta las más

avanzadas. Hoy en día los fabricantes de vehículos enfrentan requerimientos

muy exigentes y deben ser capaces de proveer altos estándares de calidad a la

vez que satisfacen las expectativas del mercado.

Durante los últimos años la complejidad de la arquitectura electrónica en

los vehículos se ha incrementado sustancialmente. Toda esta electrónica y

conectividad es requerida para soportar las cada vez más avanzadas funciones

dentro del coche. Entre los retos están la inserción de funciones nuevas

orientadas a sistemas de asistencia a la conducción con miras a la conducción

autónoma, pero también funciones relacionadas con la electrificación y la

conectividad. Además de esto, los vehículos actuales ofrecen una gran cantidad

de combinaciones de equipamiento que derivan en la necesidad de un gran

número de mazos de cables customizados, los cuales pueden en algunos casos

ser completamente únicos y fabricados una sola vez a lo largo de un año de

producción.



Hay un gran número de retos para el diseño y validación de un subsistema

tan complejo como es la red de a bordo. Surgen millones de escenarios posibles

de topologías de cableado que no pueden ser testeadas en físico. Sumado a esto,

la industria automotriz está migrando a un concepto de producción de cero-

prototipos para optimizar recursos y generar ahorros económicos. Esto hace

necesaria la implementación de nuevos métodos para la validación de la red de a

bordo. A este respecto, la simulación eléctrica y térmica de los mazos de cableado

ha sido identificada como un proceso habilitador de la reducción de prototipos y

de la detección temprana de errores de diseño.

Pese a que existen herramientas comerciales por un lado dedicadas al

diseño de la red eléctrica de a bordo o a la simulación eléctrica, estas no están

completamente adaptadas a las necesidades de los fabricantes de vehículos. En

particular, porque dichas herramientas pasan por alto la manera en la cual la

información eléctrica es intercambiada dentro de la empresa y resultan a la

práctica difíciles de usar e implementar en el proceso de desarrollo.

En esta tesis, desarrollada en el marco de un doctorado industrial, hemos

creado una metodología para simular eléctricamente y dar estimaciones térmicas

de los cables pertenecientes a mazos de baja tensión que componen la red de

a bordo. El Capítulo 1 introduce los conceptos requeridos para entender el

tratamiento de datos y flujos de potencia. El Capítulo 2 contiene un análisis

detallado de la información eléctrica disponible para crear los algoritmos de

pre-procesado capaces de transformar la información a una forma matricial

para los algoritmos de solución del flujo de potencia. Seguidamente, en el

Capítulo 3, dos estrategias diferentes para resolver el flujo de potencia son

presentadas. La primera implementa un procedimiento basado en el algoritmo

de Backward/Forward Sweep (BFS) para resolver flujos de potencia en redes

DC de electrificación ferroviaria poco malladas mientras que la segunda provee

una metodología basada en el algoritmo de Current-injection. Ambos métodos



son apropiados para la simulación de la red eléctrica de a bordo. Finalmente, en

el Capítulo 4 se describe en detalle la estrategia de experimentación física que

ha servido para comprobar los resultados simulados y validar la metodología,

con resultados acordes con las tolerancias industriales presentes en los mazos de

cableados.



List of publications

1. Power Flow Simulation in the Product Development Process of Modern

Vehicular DC Distribution Systems. Paola Mantilla-Perez, Juan-Andrés

Pérez-Rúa, Manuel Alberto Díaz Millán, Xavier Domínguez and Pablo

Arboleya. IEEE Transactions on Vehicular Technology, Vol. 69, No. 5,

pp 5025, May 2020.

2. Vehicular Electrical Distribution System Simulation Employing a

Current-injection Algorithm. Paola Mantilla-Perez, Xavier Domínguez,

Nuria Gimenez, Bassam Mohamed, Manuel Alberto Díaz Millán and Pablo

Arboleya. IEEE Transactions on Transportation Electrification, DOI

10.1109/TTE.2021.3068569.

3. Web-Based Simulation Environment for Vehicular Electrical Networks.

Xavier Domínguez, Paola Mantilla-Perez, Nuria Gimenez, Islam El-Sayed,

Manuel Alberto Díaz Millán and Pablo Alboreya. Energies 2021, 14(19),

6087; https://doi.org/10.3390/en14196087.

4. Development of a computer platform for visualisation and simulation

of vehicular DC distribution systems. Xavier Domínguez,

Paola Mantilla-Perez, Nuria Gimenez, Islam El-Sayed, Manuel

Alberto Díaz Millán and Pablo Alboreya. IET Electrical Systems in

Transportation, 10(4), p. 341-350 (2020); doi:10.1049/iet-est.2020.0047.

5. Toward Smart Vehicular dc Networks in the Automotive Industry.

Xavier Domínguez, Paola Mantilla-Perez and Pablo Alboreya. IEEE

Electrification Magazine. DOI 10.1109/MELE.2019.2962890, march 2020.



Nomenclature
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Chapter 1

Introduction

As vehicular electronics gain in scope and variety of functionalities, so does the

importance of reliability within vehicular Electrical Distribution Systems (EDS).

The vehicle EDS supports the operation of an increasing amount of critical safety

functions towards highly automated vehicles [1–4]. Along the years, there has

been a growth in the complexity and weight of the on-board electrical networks

[5,6]. A review within the wiring department at SEAT reveals that an EDS from

the seventies had approximately 200 meters length and 5 kg weight, five years

ago these numbers reached 30 kg and 1.4 km for a premium vehicle and nowadays

the EDS of a top of range plug-in hybrid vehicle might weight 60 kg and reach

more than 2 km in wire length. Examples of three vehicles corresponding to these

metrics are shown in Figure 1.1.

These enlarged networks allow a high level of customization by means of

modularity [10]. The concept of modularity, which will be discussed later in this

work, introduces a manufacturing scheme by modules selection. These modules

are conceptually wire harness portions that when together conform the whole

electrical distribution system. Categories denominated families are conceived

inside the modularity concept. Each family describes a vehicle subsystem and per

each family a group of modules exists from which one module is to be selected.

1



Introduction

(a) Golf I [7].

(b) Third generation Seat León [8].

(c) Cupra Formentor [9].

Fig. 1.1. Vehicles with EDS from different generations.

Examples of families are the airbag family, exterior mirrors family, illumination

family, radio family, motor family, antenna family, navigation family, dashboard

family, among many others. A modern vehicle differentiates around 50 families.

The amount of modules per family might range between 1 up to 14 possibilities,

2



depending on the family. By doing simple mathematics, the theoretical possible

wire harness configurations of a common SEAT vehicle would even reach a number

elevated to the power of 20. This, of course, is not realistic, because there exists

many functional and commercial restrictions that forces co-existence of certain

modules, in other words, if Module A for Family A has been selected, then it is

mandatory to use Module B in Family B. Assuming that these restrictions cut the

module selection per family by half, the number of possible configurations is still

high, above 1010. Such restrictions or commercial rules could be understood with

an example. If a given customer selects a top vehicle equipment, best of its class,

then no basic features are offered. In practice, considering the case of a popular

SEAT vehicle, it has been found that in a half year of production as much as 17

thousand different main wire harnesses have been manufactured. Although this

is far from the theoretical estimations, this variability and complexity are unique

for the EDS and higher than any of other component present within a vehicle.

This leads to the latent need of ensuring a safe and reliable product that must

comply with ever-stricter regulations. Until now and different from other vehicle

development areas such as aerodynamics, crash studies, autonomous driving and

antenna design, validation processes for the vehicle EDS rely mostly on physical

testing. It is to bear in mind, that prior to the in-house OEM testing there are

many performance tests that must be addressed by the wire harness components

providers [11–13]. Concerning the in-house validation, two aspects are addressed.

One covers the geometrical and packaging aspects such as ensuring that mounting

of the wire harnesses within the vehicle is possible and free from collisions, and

that during operation the wire harnesses and connectors are not affected by

friction with other components, entrance of dust, snow, or any other external

element. The second aspect of the validation relies on the verification of electrical

parameters such as the fuse currents and voltage drops in the wires, together with

the control of maximum temperatures reached by the wires and connectors under

3
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different driving conditions. In spite of employing an extense physical testing

catalogue, the VW Consortium has commited to diminish prototyping. Going

to zero-prototypes is an objective that leads to important savings and optimizes

resources. Here, the second aspect of the EDS validation has been identified

as prone to be aided with computational methods. By means of computational

simulation, early detection of possible electrical network failures can be done, such

as excessive voltage drops or wrong components sizing for a huge range of feasible

architectures, and consequently, to discard those ones which do not comply with

operational and safety requirements in an early project stage. Moreover, with

the introduction of electrical vehicles it is no longer possible to ensure the safe

functioning of the vehicle without dynamic simulation of the electrical system [14].

Therefore, being able to build a digital twin of the EDS for simulation of the low

voltage network is a starting point of cumbersome relevance and motivates the

efforts dedicated to this thesis.

1.1 Definition of On-board Electrical Distribution

System

The On-board electrical network or EDS is an assembly of elements that

control, limit and deliver power and information signals among electrical and

electronics components within the vehicle. These elements include thousands of

components comprising wires with terminals and seals, connectors, fuses, relay

boxes, switching units, fixing components, and protecting components [15–17].

Single wires are typically bundled into wire harnesses using straps, tapes, cable

ties, cable guides, and similar elements. These assemblies permit an easier

installation during vehicle production. They are also designed to use less space

inside the car and provide secure fixation points, thus helping to prevent the

problems originated by vibration, friction, and other hazards [18].

4



1.1 Definition of On-board Electrical Distribution System

Fig. 1.2. Exploded view of the low voltage Electrical Distribution System in a
SEAT vehicle. Illustration by Pedro Manonelles (SEAT).

The complete EDS in a SEAT vehicle is formed by a set of individual wire

harnesses. Figure 1.2 shows the low voltage wiring harnesses within a SEAT

vehicle. Except for wiring harnesses numbered 10 and 11, the rest of them

are designed completely within SEAT. According to the numbers the wiring

descriptions are:

1. Interior wiring harness
2. Engine compartment wiring harness
3. Doors wiring harnesses
4. Trunk wiring harness
5. Seat cushion wiring harness
6. Seat back wiring harness
7. Back seats wiring harness
8. Bumpers wiring harnesses
9. Hook for trailer wiring harness

10. 12V VW Consortium common wiring harnesses
5



Introduction

Fig. 1.3. On-board electrical network components.

11. 48V VW Consortium common wiring harnesses (for MHEV)

In Figure 1.3 are represented some of the components of the wire harnesses.

For the electrical simulations, the mechanical elements of the wire harness are not

relevant. On the contrary, passive elements such as the wiring, soldered-unions,

couplings, connectors, ground bolts and fuses, conform a vast group of network

nodes inherent to the EDS. Active elements such as the electronic control units,

sensors and actuators are also nodes of the network but extrinsic to the EDS.

1.2 State of the art in EDS Simulation

As discussed, validation of the EDS by the automotive OEMs (Original

Equipment Manufacturer) bases mostly on experimental work that is

6



1.2 State of the art in EDS Simulation

rigorously conceived to ensure the safety and proper operation of the electrical

network at different driving conditions. Although simulation-driven design

is widely extended inside OEMs in areas such as vehicle crash and vehicle

dynamics [19–25], it is not the case for vehicle EDS modeling. Fuse design

is perhaps the part of the EDS where most simulation has been so far used

regarding thermal and electrical modeling [26–28]. On the other hand,

mechanical aspects of the wiring harnesses have also been subject of simulation

such as bundle stiffness [29] and bending dynamics with tools such as IPS Cable

Simulation [30].

It is important to clarify that the electrical distribution system is only a part

of the whole electrical vehicle system. Making a review of commercial tools,

there exists electrical simulation packages such as SABER by Synopsys [31] and

ANSYS [32]. Most of the existing tools are used to simulate a complete energy

transfer system that include three major parts: the alternator, battery and the

electrical loads, all operating under selected drive cycles or scenarios. These

programs center their usefulness on an early phase of design to determine the

correct dimensioning of the battery and alternator, given the required loads

and the different driving scenarios. For electrical vehicles, elements such as

the DC/DC converter and the high current consumers are studied. In these

programs the characteristics of the EDS itself with all its connecting wires and

flow control components such as fuses are generally not taken into account. On

the other hand, there are commercial tools for the design of vehicles EDS like

LDorado [33] or EBCable [34], which contain the detailed information of the full

EDS but are not suited for simulation. More recent programs such as PREEvision

from the company Vector enable finding cost-optimized wire harness designs with

functions such as wiring harness router and ground spot optimization, automatic

calculation of cable lengths, weight, costs, etc [35], always at the development

stage of the wiring harness.

7



Introduction

From these, important differences of the present work in comparison to the

existing commercial tools are summarized as follows:

• The group of commercial software for simulation does not center its

functionality in the vehicle EDS itself including the complex wiring and

components forming the harnesses. Instead, the focus lies on the proper

dimensioning of battery and alternator (energetic balance)

• The underlying simulation methods used in the commercial tools are not

always known by the user

• The simulation oriented commercial tools are mainly thought for an user

to insert every single functional box with its corresponding parameters,

while in the present work, a great advantage is the possibility for the user

to extract the information of a complete harness and connected loads from

the factory data, as received, thus saving the amount of effort required from

the user

• The existing commercial software tools for EDS design consider all the

details of the EDS components but do not allow the option for electrical

simulation

• The existing commercial software tools for EDS design focus on the

development but not on the validation

Not many academic works have been published to introduce a complete

methodology for power flow simulation in vehicle EDS. There are a few examples

of related work such as the development of freely-distributed Very High Speed

Integrated Circuit Hardware Description Language models (VHDL models) for

different components by the Research Association for Automotive Technology

(FAT) in the German Association of the Automotive Industry (VDA) [36].

Other reference is the work by Petit [37] which shows the modeling of an

8



1.2 State of the art in EDS Simulation

alternator, battery and light bulb using Matlab Simulink. In this work the

transient behavior of the network is simulated and experimentally corroborated

using detailed lumped parameter models. A similar work by Bilyi [38] uses

a combination of analytical calculations, lumped parameter models of power

components and SimPowerSystems-blocks in Matlab Simulink for the simulation

of a 12 V vehicle electrical network containing an alternator, excitation current

control, different types of loads and battery, showing a solid match with

experimental data.

In [39] Ruf and coworkers combine a modified discrete Particle Swarm

Optimization with a physical power net simulation to meet voltage stability

requirements in transient behaviors. Such physical power net simulation

is performed using a Dymola-based tool with the models implemented in

Modelica language. The simulation includes the model of chassis ground,

wiring harness, battery, alternator, loads, DC/DC converter and electric double

layer capacitors. However, the importance is given to the description of the

optimization algorithms to achieve a minimum network weight with voltage

stabilization topology rather than to the power flow description itself. In a

more recent work, Gorelik et al. [40] introduce a simulation model for energy

management systems to perform analysis of power net designs taking into

account the validation of safety requirements and the design of system fault

reactions for automated driving applications. Simulation and optimization

lie on the energy management, where under critical network conditions the

degradation of loads will occur under a priority criteria where safety prevails

over comfort. Similar to the work of [38] and [39], the wire harnesses are not

object of study. On the other hand, the need for weight reduction has motivated

the modeling and optimization of wire harnesses as described in [41,42]. In these

works, the authors have applied heat transfer equations to represent the thermal

behavior of automobile cable harnesses in steady state and transient regime,

9
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under application of constant currents through the wires. The models have been

validated against experimental data showing remarkable match. The modeling

is, however, limited to the simulation of single wires or bundles but not applied

to solution of full automotive electrical networks.

The related existing literature reports usually lack the methodic where it is

clearly stated the step by step procedure employed to carry out the simulations of

the power flow through the harnesses in the vehicle EDS. In particular, because

the translation of the standard vehicle EDS information into a suitable input for

a solver algorithm is challenging and secondly, in the existing works there is a

scarce description of the methods employed to solve the equations derived from

the network. In some cases, extremely detailed models are employed for each

element in a Simulink or Modelica based approach which are hardly scalable to

a more realistic network containing more than a hundred of power consumers.

Although the power flow analysis of static networks such as transmission and

distribution lines is a well-known topic within the power systems field, and it has

been successfully employed in other applications like railways [43, 44], aircrafts

[45, 46] or ships [47], the application of such techniques for the vehicle EDS has

been rarely addressed and needs to be adapted according to the complex structure

of the vehicle and the available factory information.

Lately, regarding electrical automotive systems simulation the main concerns

are the warranty of continuous energy supply and communications data for a

trust-worthy operation of fully autonomous vehicles. In a first stage, attention

has been given to integrated electrical vehicle (EV) energy management systems,

such as reviewed in [48–50]. However, most of the recent works on power flow

simulation related with automobiles refer to the relation between the distribution

network and the EV as a dynamic element, absorbing or delivering power to

the network [51–53]. The different articles employ diverse strategies towards

minimization of both battery charging/discharging and degradation cost due to

10
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vehicle-to-grid (V2G) operation. In [54], a flexible day-ahead optimal control

model based on the three-phase power flow and sensitivity analysis is described

to manage the available EV battery capacity. A new research field known as

Deep Reinforcement Learning is implemented by [55] in stochastic EV charging

navigation, to extract information such as charging prices and waiting time at

charging stations and thus minimize total travel time and charging cost. On

the other hand, introduction of optimization schemes using photovoltaic-powered

charging stations are presented in [56, 57]. The work by [58] analyses a series

of charging cost minimization algorithms applied to the problem of one vehicle

associated to one house. Regarding multiple target optimization, according to [59]

it is possible to achieve a globally optimal solution that fits a sustainable EV

charging scheduling together with minimization of the cost of power generation.

In more recent work by [60] the authors claim that technological aspects block

V2G penetration such as the need for a higher number of charging/discharging

cycles which reduce battery life, need of knowledge of parking patterns and

dependence on the actual and forecast EV market penetration, geographical area

and availability of charging stations. As a way to overcome these limitations the

authors propose a simulation platform to assist the deployment of demand-size

flexibility algorithms, the design of optimization procedures and the evaluation

of grid load from a single EV connected to a residential charger to an aggregated

V2G scale. In [61] a computer-based model to estimate EV energy consumption

along with a given driving cycle is presented and the results are compared with

experimental data from a BMW i3 vehicle.

As exposed, contrary to simulation within vehicular EDS, there is a wide

amount of works devoted to simulation of EV energy management strategies.

Analysis of the vehicular EDS itself, even if not widespread, should be kept

in focus and not treated as a fully solved topic. Nowadays, the automotive

industry is experiencing an enormous pressure to update the current wiring
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harness development processes in order improve reliability [62] and comply with

stricter regulations [63] such as Functional Safety for Road Vehicles ISO 26262

[64]. The introduction of ISO 26262 within the wire harness development is

not straight forward. Since 2015 there exists an industrial work group that is

exclusively dedicated to the topic of evaluating risk failure of the wire harness

components [65]. Technical limitations due to a highly-manual manufacturing

will have to be addressed and probably push for a more automated process [66]

but also other aspects are to be covered such as a stricter changes management,

traceability and consistency [65, 67]. The final goal is to ensure an intrinsically

safe EDS. Once again, a key to support such required process re-invention is the

introduction of simulation schemes within EDS deployment.

1.3 Power flow analysis

Complex electrical networks can be represented by a series of nodes connected by

transmission lines. For typical distribution systems the term bus is used because

it helps the imaginary of a busbar where different components are connected. In

automotive networks, the term node describe them better from the perspective

of a small stand-alone grid.

The power flow analysis gives an overall report of a network state, specifically

described by electrical quantities such as the voltages (magnitudes and angles)

at all nodes. Once the voltages are known, the branch currents and power losses

can be calculated. Given a group of known variables such as the amount of power

consumed and generated at different locations, the power flow allows to obtain

missing quantities [68].
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1.3 Power flow analysis

1.3.1 Admittance matrix

When considering Ohm’s law in its conventional form the voltage is calculated as

V = Iz, where z is the complex impedance. When calculating the current I, z

is required in the denominator. Using the inverse of the impedance, also known

as the admittance, Ohm’s law becomes I = vy avoiding formatting issues of the

division. It also allows to represent the absence of a connection by means of a 0

value of admittance instead of an infinity value for impedance, thus facilitating

handling of matrices. The admittance matrix Y is a n x n matrix describing a

linear network with n number of nodes. Every element Yij in the admittance

matrix can be written in terms of the lines admittances between nodes i and j

(yij) as indicated in Equation 1.1 [69].

Yij =

 −yij i ̸= j∑n
j=1 yij + ysi i = j

(1.1)

Figure 1.4 exemplifies line admittances of a simple network. The admittance

to ground ysi might represent a charging capacitance at either end of the line.

Kirchoff’s Current Law (KCL) requires that the current injection Ii at node i be

equal to the sum of the currents flowing out of the node into other nodes or to the

ground. This is described using Equation 1.2, where Vi is the complex voltage at

node i.

Ii =
n∑

j=1

yij(Vi − Vj) + ysiVi (1.2)

The current injection can also be formulated in terms of the admittance matrix

Y as in Equation 1.3.

Ii =

n∑
j=1

YijVj (1.3)

13



Introduction

If we consider the example of a 3 nodes network, the matrices can be written

as in Equation 1.4.

I = Y V


I1

I2

I3

 =


Y11 Y12 Y13

Y21 Y22 Y23

Y31 Y32 Y33



V1

V2

V3

 (1.4)

1.3.2 Power Flow Formulation

A full description of the power flow problem requires that for every node in

the network it is stated that complex power injected or consumed at the node

is the product of voltage at the node and current flowing inside or out of the

node. As typically each bus might have more than one line connecting it to

other nodes, then the sum of power injected SGi and power absorbed SLi must

be considered [70]. In this and the following section, the general case of an AC

power flow will be analyzed. For the algorithms introduced in Chapter 3 it will

be particularized for DC networks.

I1

yin

yik

yi1
i 1

k

n

Vi V1

Vk

Vn

ysi

Fig. 1.4. Admittance matrix elements representation.
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1.3 Power flow analysis

Expressing the power in complex notation at node i leads to Equation 1.5.

Si = SGi − SLi = ViI
∗
i (1.5)

Considering the expression above applied to all the nodes, it can be expressed

in matrix form as following:

S = diag(V )I∗i (1.6)

where S is the column vector with all nodes complex powers, diag(V ) depicts

a diagonal matrix which elements are those of vector V and I∗i is the net nodal

injected currents vector. It is very rare to know the nodal currents before hand

in a power system, therefore, they are usually expressed in terms of the voltage

by means of the admittance matrix:

S = diag(V )(Y V )∗ (1.7)

The complex power can moreover be expressed in terms of active and reactive

power P and Q, as S = P + jQ. On the other hand, the admittance matrix

can also be written as a function of the conductance G and susceptance B, as

Y = G+jB. From Equation 1.7 and the expressions just described, the equations

can be written as

P + jQ = diag(V )[G− jB]V ∗ (1.8)

Pi + jQi = Vi

n∑
j=1

(Gij − jBij)V
∗
j i = 1, 2, ...n (1.9)

V = V ejθ = V (cos θ + j sin θ) (1.10)
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Separating the active power Pi and reactive power Qi at node i, and

considering generation with subindex Gi and consumption with Li one obtains

Pi = PGi − PLi = Vi

n∑
j=1

Vj(Gij cos θij +Bij sin θij) (1.11)

Qi = QGi −QLi = Vi

n∑
j=1

Vj(Gij sin θij −Bij cos θij) (1.12)

Each node provides two equations and four unknowns, meaning that two

variables must be known to solve the missing load flow equations. In AC networks

there are different types of buses/nodes depending on these known variables as

depicted in Table 1.1.

Type of bus Given variables Calculated variables
Generator Real power (P) Voltage angle (θ)

Voltage Magnitude (V) Reactive power (Q)
Load or generator Real power (P) Voltage angle (θ)

Reactive power (Q) Voltage Magnitude (V)
Slack Voltage angle (θ) Real power (P)

Voltage Magnitude (V) Reactive power (Q)

Table 1.1: Variables in Power Flow analysis [68]

P,Q buses are generally load buses. Assuming that in such buses there is

no power generation (P sp
Gi = 0 and Qsp

Gi = 0), then the node comply with the

constraints

Pi = P sp
i = −P sp

Li ; Qi = Qsp
i = −Qsp

Li (1.13)

where the superindex sp stands for specified indicating that the value is known

and leaving as unknowns the voltage magnitude and angle (Vi and θi).

P, V buses are necessarily generator buses where voltage regulation takes

place. The voltage magnitude is set to a specified value (V sp
i ). In addition, the
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1.3 Power flow analysis

active power injected by the generator is also specified leading to the constraints

Pi = P sp
i = P sp

Gi − P sp
Li ; Vi = V sp

i (1.14)

remaining the reactive power Qi and voltage angle θi as unknowns.

Finally, a slack or swing bus sets the angular reference for all the other buses.

Its absolute value is irrelevant in the sense that it is the relative difference between

two voltage sources what dictates the real and reactive power flow between them.

For this reason, the angle for the slack node is usually selected to be 0º. Having

a swing bus is necessary to solve the power flow problem. Let’s consider a load

flow problem in which all load demands are known. Even if the generation can

be calculated as the sum of all these demands, there exists a mismatch between

generation and load due to the line I2R losses. Given that the I2R loss is a

function of the branch current, which, accordingly is a function of the voltages

angles and magnitudes of the buses at the extremes of the branch, estimating

loss without voltages calculation is almost unfeasible. Therefore, a generator bus

is typically chosen as the slack or swing bus without specifying its real power.

It is understood that the generator connected to this bus is able to provide the

balance of real power required including the line losses [71].

The constraints for the slack or swing bus are expressed as

Vi = V sp
i ; θi = θisp (1.15)

A DC vehicular electrical distribution network at low voltage can be modelled

by means of only two types of nodes; namely, the slack node which is given by

the battery and the P,Q or load nodes which are all the electric and electronic

components, exhibiting only active power P .
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1.3.3 Conventional Power Flow Solvers

An analytical or closed-form solution for the aforementioned power flow

formulation is in most of the cases not possible. Excluding very specific cases,

such as considering a DC problem with constant current loads, most of the times

a numerical approximation is required.

As a starting point some values are assumed for the unknown variables which

are typically the voltage angles and magnitudes of all nodes except the slack.

The most common guess is to assume that all voltage angles are 0º and voltages

magnitudes are equal to the nominal value. This condition is known as a flat

start [68]. Plugging these values into the power flow equations leads to a different

set of active powers P and reactive powers Q as indicated at the beginning.

The discrepancy vanishes by repeatedly inserting a more accurate set of voltage

magnitudes and angles. With voltage profiles matching reality more closely, the

discrepancy will reduce. A stop criteria based on accuracy or efficiency should

be introduced to finish the process and land at a solution. This is known as an

iterative process.

Most typically, the method known as Newton-Raphson has been employed

for solving the power flow problem iteratively in conventional electrical systems.

For very specific electrical networks, with particular characteristics, the

Backward/Forward Sweep method proved to be faster. In the next subsections,

a description of both methods is presented. A detailed analysis of them can be

found in [70].

Newton-Raphson (NR) Method

The problem can be stated as follows. Let’s consider a nonlinear function of the

type

y = f(x) (1.16)
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1.3 Power flow analysis

where it is desired to find x based on the information given by y and the

function f . This is, it is desired to find an unknown value of a function whose

explicit form is not known but there is some output given.

An approximation to the result can be done with a Taylor series expansion,

expressed as [72]:

y ≈ f(x+∆x) = f(x) + f ′(x)∆x+ f ′′(x)∆x2 + f ′′′(x)∆x3 + ... (1.17)

For not so curvy functions the series can be simplified to the first order, where

the unknown value of the function f(x) at some particular x can be expressed

only by the two first terms: the function’s value at a different but nearby x, let’s

say x0; and the rate of change of the function with respect to its x-slope at the

same nearby x0.

f(x) ≈ ŷ = f(x0) + f ′(x0)(x− x0) (1.18)

Fig. 1.5. Newton Rahpson approximation representation.

The next step is to re-write the equations to find an x that makes the function

equal to 0, in other words, f(x) = 0. The problem can then be seen as: starting
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with an arbitrary x and a known value f(x) that is not zero, what is the ∆x

for which the value of the function f(x + ∆x) is zero. From Equation 1.17 its

straight forward to deduce an explicit ∆x equal to −f(x)/f ′(x). In the power

flow problem, the function f(x) is essentially the power flow equations P and Q,

and x the voltage magnitudes and angles, as seen in Equation 1.19. From here,

f(x) will be considered a vector containing information from all the buses except

the slack, but instead of the P and Q functions themselves, it will be referring to

the mismatch between the specified power (sp) and the most actual values.

x =



|V2|

...

|Vn|

θ2

...

θn


f(x) =



∆P2(x)

...

∆Pn(x)

∆Q2(x)

...

∆Qn(x)


(1.19)

where specifically,

∆Pi = P sp
i − Vi

n∑
j=1

Vj(Gij cos θij +Bij sin θij) (1.20)

∆Qi = Qsp
i − Vi

n∑
j=1

Vj(Gij sin θij −Bij cos θij) (1.21)

The Jacobian matrix will also be necessary in the formalism, which is a large

matrix containing the partial derivatives of P and Q with respect to the voltage

magnitudes and angles. The vector ∆x can be written then in terms of a Jacobian

matrix as

∆x = −f(x)J(x)−1 (1.22)
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1.3 Power flow analysis

Moreover, considering iteration k, the Jacobian matrix components can be

grouped for an easier representation

H N

M L

k  ∆θ

∆V/V

k

=

∆P

∆Q

k

(1.23)

where:

Hij =
∂Pi

∂θj
, Nij = Vj

∂Pi

∂Vj
, Mij =

∂Qi

∂θj
, Lij = Vj

∂Qi

∂Vj
(1.24)

The x vector from Equation 1.19 is initialised and updated according to:

V
θ

k+1

=

V
θ

k

+

∆V

∆θ

k

(1.25)

The voltage amplitude and angle increment vectors (∆V and ∆θ) can be obtained

using the Jacobian matrix (J) as follows:

∆V

∆θ

k

=

∆P

∆Q

k

·
([

J
]k)−1

(1.26)

The active and the reactive power incrementals (∆P and ∆Q) represent,

respectively, the error between the specified active and reactive powers in the

nodes, and the ones calculated with the nodal voltages of the ongoing iteration.

The convergence is achieved when all voltage increments are below a given

threshold.

To summarize the method:

1. Initialise with a flat voltage profile

2. Compute the f(x) vector [∆P |∆Q] in Equation 1.19

3. Compute the Jacobian matrix HNML
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4. Compute the ∆x vector in Equation 1.26. If all increments are below a

threshold, stop. Continue, otherwise.

5. Update the x = [V |θ] vector in Equation 1.25 for the next iteration xk+1 =

xk +∆k

Reference [69] is recommended for a detailed example of the procedure.

Backward-Forward Sweep (BFS)

The BFS method assumes an initial voltage profile in all the nodes and it

calculates the nodal current for each node according to the next expression:

Iki =

(
Sk
i

V k
i

)∗

(1.27)

where S represent the apparent power and V the nodal voltage. The subindex i

represents the specific node and the superindex k the iteration number. Once the

nodal voltages are obtained, the branch currents can be obtained in a backward

way using the KCL according to the following expression:

Ikij = Ikj +
∑

m∈j,m ̸=i

Ikjm (1.28)

Iij represents the branch currents connecting the nodes i and j. The branch

currents are used to update the node voltages starting from the slack node and

sweeping the network in forward direction according to:

V k+1
j = V k+1

i − ZijIij (1.29)

where Zij represents the impedance between the nodes i and j. Once all the

voltages are updated the next step is the calculation of the currents (see eq.

(1.27)) until the convergence is achieved. Similar to the Newton Raphson method,
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1.3 Power flow analysis

convergence is achieved when the difference between the voltage profiles in two

successive iterations is below a given threshold.

Current-injection Method

The method proposes the use of the set of 2n current injection equations, written

in rectangular coordinates, for both PQ and PV buses. In PQ buses, the

Jacobian matrix has the elements of the (2 x 2) off-diagonal blocks equal to those

of the nodal admittance matrix expanded into real and imaginary coordinates.

The elements of the (2 x 2) diagonal blocks need be updated at every iteration

according to the bus load model being considered [73].

Considering PQ buses, the complex current mismatch at a given load PQ bus

i is given by:

∆Ii =
P sp
i − jQsp

i

V ∗
i

−
n∑

j=1

YijVj = 0 (1.30)

where P sp
i −jQsp

i is the net scheduled or specified complex power at bus i and

V ∗
i represents a complex conjugate voltage phasor at bus i. The net scheduled

active power is as described in Equation 1.14. In analogy, the reactive power can

be written as:

Qsp
i = Qsp

Gi −Qsp
Li (1.31)

The voltage dependence of the load powers is modeled using a polynomial

expression:

PLi = P0i(ap + bpVi + cpV
2
i ) (1.32)

QLi = Q0i(aq + bqVi + cqV
2
i ) (1.33)
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where:

ap + bp + cp = 1 (1.34)

aq + bq + cq = 1 (1.35)

Depending on the terms a, b and c, the load is classified as purely power

constant load, purely current constant load or purely impedance constant load,

respectively. Whenever the load presents a combination of two non-zero terms,

then the load is referred as a ZIP load [74].

The current mismatch ∆Ii in equation 1.30 can be separated into real and

imaginary components (subindex r and m, respectively):

∆Iri =
P sp
i Vri +Qsp

i Vmi

V 2
ri + V 2

mi

−
n∑

j=1

(GijVrj −BijVmj) = 0 (1.36)

∆Imi =
P sp
i Vmi −Qsp

i Vri

V 2
ri + V 2

mi

−
n∑

j=1

(GijVmj +BijVrj) = 0 (1.37)

which in compact form become:

∆Iri = Ispri − Icalcri (1.38)

∆Imi = Ispmi − Icalcmi (1.39)

Applying the Newton-Raphson solution to Equations 1.36 and 1.37 and

considering all buses as loads (PQ type):
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∆Im1

∆Ir1

∆Im2

∆Ir2

...

∆Imn

∆Irn


=


Y ∗
11 Y ∗

12 ... Y ∗
1n

Y ∗
21 Y ∗

22 ... Y ∗
2n

... ... ... ...

Y ∗
n1 Y ∗

n2 ... Y ∗
nn





∆Vr1

∆Vm1

∆Vr2

∆Vm2

...

∆Vrn

∆Vmn


(1.40)

which could be written in a compact form as:

∆Imr = Y ∗∆Vrm (1.41)

where:

Y ∗
jj =

B′
kk G

′
kk

G
′′
kk B

′′
kk

 (1.42)

Y ∗
jm =

Bkm Gkm

Gkm −Bkm

 (1.43)

The prime terms from Bjj and Gjj depend on the specified load, the

generation at the indicated bus and the selected load model. The detailed

expressions can be found at the appendix in [73]. The active and reactive power

mismatches for bus i are written as:

∆Pi = P sp
i − P calc

i (1.44)

∆Qi = Qsp
i −Qcalc

i (1.45)

where:
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P calc
i = VriI

calc
ri + VmiI

calc
mi (1.46)

Qcalc
i = VmiI

calc
ri − VriI

calc
mi (1.47)

The solution algorithm for the Current-injection is summarized as follows:

1. Assemble the nodal admittance matrix Y

2. Initialize an iteration counter k = 0

3. Initialize voltages and angles

4. Determine the current injections I = Y V

5. Determine the active and reactive power mismatches as shown in Equations

1.46 and 1.47. If all increments are below a threshold, stop. Continue,

otherwise.

6. Update the voltages and angles for the next iteration

7. If the maximum number of iterations have been reached deliver a result.

Subjected to 5; continue, otherwise

Comparative discussion between Newton-Raphson, Backward-Forward

Sweep and Current-injection algorithms

As already mentioned, conventional electrical systems have mainly relied on the

Newton-Raphson method to solve the power flow analysis. However, in very

particular networks, the Backward/Forward Sweep (BFS) method demonstrated

faster convergence. In [70] an in depth description of the methods can be found.

Many authors have addressed the comparison between both methods [75–77],

coinciding in the asseveration that BFS is less prone to divergence problems
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1.3 Power flow analysis

derived from high R/X ratio distribution networks. BFS method performs better

in radial systems in terms of speed. To analyze this, comparative tests have been

done with a fully radial DC system with 200 nodes, half of them loads and the

other half generators. A battery test of 104 random load cases were generated

and solved in a conventional computer with a processor Intel(R) Core(TM) i7-

2670QM CPU @ 2.20GHz and 4GB of RAM.

Fig. 1.6. Comparison of the speed of convergence of the conventional
NR and BFS algorithms. ⃝ NR: Newton-Raphson algorithm. ▽ BFS:
Backward/Forward Sweep algorithm.

The convergence achieved by both algorithms was 100%. But in terms of

speed the BFS algorithm was nearly 8 times faster. In the Figure 1.6 are shown

the amount of solved cases in percentage versus the time invested per case. As it

can be observed the BFS algorithm solves 80% of the cases investing less than 80

ms per case while the NR algorithm solves 80% of the cases in less than 570 ms

per case. In Table 1.2, more details about the convergence speed can be found.

The mean time for solving a case for the NR algorithm is 0.563 s, while the BFS

invests as an average 0.071 s. In the table, it can be found also the minimum and

the maximum time invested for solving a case for both algorithms.

27



Introduction

Selected Min. time Max. time Mean. time Achieved
algorithm per case(s) per case(s) per case(s) converg.(%)
NR 0.403 2.524 0.563 100.0
BFS 0.043 0.916 0.071 100.0

Table 1.2: Comparative behaviour of the original BFS and NR algorithms.

On the other hand, comparing the BFS with the Current-injection method it

can be seen that both rely on an initial guess of the voltage profile to calculate

the currents demanded or injected in the nodes [78]. Then, a main algorithm

based on the KCL and KVL is applied to update the voltage profiles. In this

sense, the Current-injection algorithm shares with the BFS its robustness when

solving networks with nonlinear characteristics. Nevertheless, when it comes to

meshed networks, the BFS algorithm might show convergence problems as it

was mainly designed for fully radial networks. In such cases, it is necessary to

perform a network topology modification removing the branches forming loops.

Once the network in its radial form is solved, an additional formalism must be

added to compensate for the effect of the removed branches. The procedure

is described in detail in [79]. This branches removal and compensation process

slows down the solving execution time and introduces convergence problems.

As opposed to the BFS, the Current-injection method does not require any

topological transformation of the network, and it can solve it in its original

form. It has also been shown in [78] that a modification of the Current-injection

algorithm make it suitable to be applied to networks with bidirectional power

flow such as the case of DC Railway Networks.

The herein studied vehicle electrical networks are mostly radial and the power

flow is exclusively DC and unidirectional. In that sense the networks don’t impose

problems of convergence and different methods can then be applied.
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1.4 Thermal estimations

1.4 Thermal estimations

There are three mechanisms that describe the transfer of thermal energy:

conduction, convection and radiation. In a wire, the thermal conduction occurs

radially and axially, while thermal radiation and convection dominate the

interaction with the surroundings of the wire. The thermal transfer occurs

typically from a heated inner conductor, which acts as a thermal source and

which energy is described by I2R, to the wire insulation (see Figure 1.7). Axially

radiated heat can be neglected from the wire temperature estimations without

losing accuracy from the models, given that typically the ratio between wire

length and wire radius is high.

1.4.1 Heat conduction

The theory of heat conduction is expressed in the empirical law by Fourier

which stated that the heat flux Q(W/m2) resulting from thermal conduction is

proportional to the magnitude of the temperature gradient and opposite to it in

sign [80] as shown in Equation 1.48. In other words, the phenomena rely on a

temperature difference between two bodies and is described in Equation 1.48.

Q = −λ
dT

dx
(1.48)

where λ is the thermal conductivity and dT
dx is the temperature gradient. The

negative sign in the equation indicates that if the temperature decreases with x,

Q will be positive and then it will flow in the x-direction. If T increases with x

then Q will be negative and flux will flow opposite to the x-direction. Either way,

Q will flow from higher to lower temperatures. For materials with high electrical

conductivity such as metals, the thermal conductivity is also high while those

exhibiting low electrical conductivity also have a low thermal conductivity, such

as wire insulators.
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Fig. 1.7. Transversal section of a single wire.

1.4.2 Heat convection

Convection is the process of carrying heat away by a moving fluid [80]. For the

wire harnesses inside a vehicle, it can be considered that the convection occurs

freely, without external sources (for instance a cooling fan). The heat convective

transfer power Pk can be described by the following expression [81]:

Pk = αku0l(To − Ta) (1.49)

with αk being the coefficient for convective transfer, u0 an experimental

proportionality constant, l the length and (To − Ta) the temperature difference

between the body and the surrounding fluid.

For most of the cases it is difficult to get an exact calculation of the convective

heat power. From experimental data, there are a series of dimensionless numbers

used for the calculation such as the Nusselt (Nu), Grashof (Gr), Prandtl (Pr)

and Rayleigh (Ra) numbers. A review of them based on [81] is exposed in Table

1.3.
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Name Mathematical
Definition

Description

Nusselt

Nu =
αkla
λair

(1.50)

Ratio of convection heat
transfer to fluid conduction
heat transfer under the same
conditions [82]

Grashof

Gr =
βgl3a(To − Ta)

v2
(1.51)

Ratio of buoyant forces to
viscous forces and is used
to determine the flow regime
of fluid boundary layers in
laminar systems [83]

Prandtl
Pr =

v

au
(1.52)

Ratio of momentum
diffusivity (kinematic
viscosity) to thermal
diffusivity [84]

Rayleigh

Ra =
Gr

Pr
(1.53)

Defined as the product of
the Grashof and Prandtl
number. Determines whether
buoyancy-driven natural
convection plays an important
role in heat transfer [85]

Table 1.3: Characteristics of dimensionless numbers for calculation of convective
heat power.
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The characteristic length la of the thermal transfer can be written as a function

of the cylinder outer radius ri as:

la =
π

2
di = πri (1.54)

And the convective transfer coefficient αk can be described as a function of
the geometry, materials and temperature as [81]:

αk(To, Ta) =

0.752 + 0.387Ra(To, Ta)
1/6

(
1 +

(
0.559

Pr(To, Ta)

9/16
))−8/27

2

λair

la

(1.55)

1.4.3 Heat radiation

Heat radiation describes the energy emitted by a body in the form of

electromagnetic radiation. It usually covers for the infrared part of the spectrum

and depends upon the temperature of the body and its surface material. The

heat power that is transferred through this mechanism can be described as:

Ps(To − Ta) = ϵσsu0l(T
4
o − T 4

a ) (1.56)

being σs the Boltzmann constant and ϵ the coefficient of emissivity which

might be a number between 0 and 1. An expression for the radiation can be

written so that it is analog to the convection case:

αs(To, Ta) =
ϵσsu0l(T

4
o − T 4

a )

To − Ta
(1.57)

From this, a general coefficient for the total heat transfer denominated as αges

can be written as the sum of the convective and radiative coefficients [81]:

αges(To, Ta) = αs(To, Ta) + αk(To, Ta) (1.58)
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1.4.4 Stationary solution of the thermal transfer equation

The heat transfer equation for a cylindical wire of length l and cross section A

can be simplified as [41]

∂T

∂t
=

λ

β

1

r

(
r
∂T

∂r

)
+

1

β

Pe

Al
(1.59)

where β is the heat capacity in Ws/Km3, λ is the thermal conductivity of

the insulation, r is the outer radius of the cylinder and Pe is the electrical power.

Pe = I2Rwire(1 + αT (T − Tref )) (1.60)

where αT is the linear temperature coefficient of resistivity.

A solution to Equation 1.59 for the stationary state, is found when the

equation equals zero. To obtain a solution some initial conditions must be given.

For example, the temperature change at the center of the conductor is zero.

∂T

∂r
(r = 0) = 0 (1.61)

Boundary conditions at the interface between the wire and the environment,

and also between the conductor and insulator must also be given.

− λ
∂T

∂r
(r = rl) = αges(Trl − Ta) (1.62)

Tl(r = rl) = Ti(r = rl) (1.63)

− λl
∂Tl(r)

∂r
(r = rl) = −λi

∂Ti(r)

∂r
(r = rl) (1.64)

where subindex rl refers to the conductor radius, i stands for the insulation,

l for the conductor and Ta is the ambient temperature.

33



Introduction

From the given boundary conditions in Equations 1.62, 1.63 and 1.64, the

solution can be written as [81]:

Tl(r) =
Pe

Al

(
r2l
4λl

+
r2l

2riαges
+

r2l
2λl

ln

(
ri
rl

)
− r2

4λl

)
+ Ta (1.65)

and for the temperature at the insulation:

Ti(r) =
Per

2
l

2Alriαges
+

Pe

2λiAl
r2l ln

(ri
r

)
+ Ta (1.66)

1.5 Thesis Outline

In this thesis, we develop a simulation tool for the validation of the vehicular

electrical distribution system based on electrical and thermal parameters. Specific

objectives within the work include:

1. Design a data structure strategy from the existing factory information to

serve as inputs for the power flow

2. Apply different power flow techniques to the problem of low voltage DC

automotive networks

3. Obtain the voltages and currents at steady state at nodes and branches of

interests inside the electrical distribution system

4. Estimate the wires surface temperature at steady state

5. Prove the validity of the approach through experimental validation at

different maturity levels starting from sub-systems to a complete vehicle

wiring harness

6. Propose a pre-processing, computing and post-processing software

structures suitable for the development of an user-friendly graphical

interface
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7. Integrate the simulation within the product development of the vehicular

electrical distribution system

This thesis is organized into four chapters. Chapter 1 introduces the

motivation behind this thesis explaining the EDS complexity, the current

methodologies used for validation and the arguments behind the need of the

herein developed tool. In addition, basic concepts and formulation from the

power flow methodologies are addressed.

Chapter 2 describes the data modeling strategies implemented along the

evolution of the developed tool. To do so, the Wiring Harness Development

Process (WHDP) is introduced. The databases structures required for the

developed tool are described in detail.

Chapter 3 delivers the implementation of the different power flow methods

applied to the vehicular electrical distribution systems. A set of algorithms are

explained and supported with examples. A subsection dedicates to the modeling

used for thermal estimations of the wires. Comparison of the current algorithm

with other well known simulation tools is also presented.

Finally, Chapter 4 details the experimental validation procedures. Broad

graphical material is presented to help the reader visualize the characteristics

of the measurements. A comparison with the calculated data obtained through

simulation is shown and discussed.
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Chapter 2

Data Modeling

A critical workload on the development of an electrical simulation environment

for SEAT S.A is the treatment of electrical input data. The hereby mentioned

challenge implies the integration of sparse electrical data given in the form of

varied formats into ordered tables that serve as inputs for the power flow solvers.

A premise all along the development of the simulation tool was to require a

minimum effort by the user to setup a simulation scenario thus using minimum

parameterization. It is to bear in mind that, the current process employed in

the design of the electrical distribution system in vehicles of the VW consortium

is meant to deliver electrical diagrams for wire harnesses manufacture and not

thought to be directly applied in power flow simulation. This fact compels

additional efforts from the pre-processing stage. In addition, there might appear

some data inconsistencies that even if harmless for the final electrical diagrams

they could be job-stoppers for the power flow simulation. It is envisioned to

implement newer work methods that will allow a higher level in data quality. This

chapter is organized as following: first, an explanation of the current electrical

distribution system (EDS) development process is presented, followed by an

initial approach on data modeling to be combined with a modified backward-

forward sweep denominated Meshed Network Backward/Forward Sweep (MN-

37



Data Modeling

BFS) solver and a second approach to be used with a Current-injection algorithm.

The matching of the data processing approaches with the specific algorithms is

not restrictive, in other words, both algorithms could be applied to both data

modeling approaches. The hereby selected strategy followed a chronological

evolution of the algorithms, where the Current-injection method delivered better

results as compared with the MN-BFS.

2.1 The electrical distribution system development

process and its output data

Depending on the vehicle model, the full EDS has a given distribution of wire

harnesses to feed all the necessary electrical components. For instance, there is

typically a wire harness for the passenger interior compartment which transports

energy to most of the consumers, but there are also smaller wire harnesses such

as those for the doors or bumpers (refer to Figure 1.2). In many cases, there

is a differentiated wire harness for the engine area. The different harnesses are

interconnected by means of couplings in specific parts of the vehicle.

The most relevant source of electrical information are the final electrical

diagrams. Per each one of the wire harnesses in the vehicle there exists

one data container file. These container files are written in the form of an

Extensible Markup Language file (XML) denominated KBL from the german

word Kabelbaum Liste (Harness list), originated from the automotive branch.

In [86] a description of the KBL is given, indicating that the KBL files have

both a logical and a physical structure. The KBL file is composed of units

called entities, in a tree-structure. The beginning of the file is always a root

or document entity. Automotive KBL files contain wire harness components

information which can be viewed in 2D using specific software. The German

Association of the Automotive Industry VDA (Verband der Automobilindustrie)
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output data

has published a description of the structure for the KBL files in [36].

As described before, KBL files have a structure and definitions that are not

conceived for electrical simulation. They have been mainly developed to facilitate

exchange of product data between Original Equipment Manufacturers (OEMs)

and wire harness manufacturers for production purposes. A clear example is

the nodes definition in the KBL. Even though from an electrical point of view

the name node implies an electrical property, within the KBLs the nodes can be

electrical or mechanical, for instance, indicating the use of a fixation element or

the point where a given wire harness bends. In addition, not all the necessary

information is within the KBL files. It is required to obtain additional information

of the power consumers, electrical and wiring elements in external databases.

Examples of such information are the time-current characteristics of fuses, pin-

out information of the different consumers, temperature class of each of the cables,

among others.

As discussed at the introduction, the VW consortium has an approach towards

the wire harness product that allows many variants. This means that a vast range

of options is offered to the customer to configure or customize the vehicle. From a

commercial point of view, it gives added value to the product, however it requires

a strong logistic effort and a smarter design of the wire harness. The strategy that

supports the flexibility of the wire harness for a particular vehicle configuration

lies in the concept of modularity.

Modularity is referred as the property of a wire harness to be described

in terms of required units denominated modules. To sustain the modularity,

there exists the concept of family. A family represents a group of components

developing a specific function. An example of a function could be the lighting,

denominated as Family Lighting. The lighting functionality of the vehicle is

composed by the brake light, indicators, fog lights, head lights, rear lamps,

among others. For a given wire harness family, such as the lighting, there
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FamilyFamily

Module C Module DModule 1 Module BModule A

Radio
Front speaker
Back speaker
Doors speakers
Touchscreen
Mobile hotspots
Bluetooth units
          ...

Radio
Front speaker
Back speaker
Doors speakers
Crossover
Touchscreen
Mobile hotspots
Bluetooth units
          ...

Radio
Front speaker
Doors speakers
Crossover
Touchscreen
Bluetooth units
          ...

Radio
Back speaker
Doors speakers
Touchscreen
Bluetooth units
          ...

Radio
Front speaker
Doors speakers
Bluetooth units
           ..

Fig. 2.1. Concept of modularity.

might be a group of modules that perform the task of connectivity and delivering

power. The differences in the modules can be caused by a complexity level,

meaning that one module can perform more sub-functions inside a family than

other because it sustains a higher number of electrical components, or it can

differ in its current-handling capacity, or even the difference can be caused by

positioning of elements in the vehicle. The sound system is another functional

system formed by the radio, front loudspeakers, back loudspeakers, touch screen,

etc. A family modularity tree for the function of the sound system could be

as shown in Figure 2.1. As observed, the possible configurations might include

modules A,B,C and D. Module A could represent a higher equipped sound system

compared to Module B. The type of loudspeakers, which are loads in the vehicle

electrical system, would also be classified according to modules. The reason is

that the load characteristics have impact on the wiring harness components. For
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instance, a higher power loudspeaker would require a bigger wire cross-section.

Then, the modularity expressed in Figure 2.1 in terms of electrical consumers is

translated into a modularity intrinsic to the wire harness elements. The elements

in a specific wire harness family are not only electrical as fuses, wires, relays and

connectors but also fixing and protective elements such as clips and wire tapes.

Following this idea, Module A would have a higher number of fuses, wires and

connectors associated as compared to Module B or D. Each single element in the

vehicle wiring harness is associated to a module, which in turn is associated to a

family. As a general rule, for each family in the vehicle only one module is present.

Then, a full description of a specific and unique wiring harness configuration is

based on a list where for each functional family defined there is a module selected.

The final product of the EDS wiring harness development is mainly the full

wiring harnesses electrical diagrams in a manufacturing layout, maintaining the

modularity information all along. Side products of the EDS wiring harness

developments are supportive lists for the wires and components, named Wirelist

and Bill of Materials (BOM) list.

Databases containing the electrical information and properties of all

components to be used within the developed electrical network are built in

advance and used all along the process. The Wiring Harness Development

Process (WHDP) then starts with the design of system schematics and ends

with the actual development of the wiring harness inside the vehicle, going

through different stages.

As a starting step, the system diagrams for a particular car model are

drawn. They are general representations of the logical connections among all

the components inside the on-board electrical network and will be referred to as

wiring schematics WS. The components are sketched as boxes with a generic

description, indicating with codes when they should be equipped in a vehicle

and with a specific pin-out. In overall, the WS are a set of drawings that include
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clearly the electrical power distribution from the battery to the last of the

consumers, indicating the connections through fuses, relays and other electrical

elements and including the name of the signals and cross-references between

WS files. By employing the system diagrams it is possible to determine all the

connections that occur inside the vehicle excluding the technical details such as

type of wiring, wiring cross-section, couplings, among others.

The second step in the WHDP is the drawing of the wiring diagrams, also

described as WP files. Graphically, the wiring diagrams are similar to the WS

files, but they include the numbering of the cables together with the physical

characteristics of the cables holding the connections specified in the WS. Technical

information such as cables type, cables cross-section, connectors and couplings

are included in the WP.
C

onnector
C

onnector
C

onnector

CONNECTOR
ID TABLE

Splice

Segment length

Connector

Fixing element

Connector ID table
Connector code/Wires/pin out

Wire

WS files WP files

Routing files

Full wiring drawings (FWD): 2D representation

100

80

60 50

50

130
Merge of mechanical
  and electrical data

2,5 mm2

4 mm2

references
Cross

references
Cross

2,6 mm2

2,1 mm2

1,5 mm2

Fig. 2.2. Wiring Harness Development Process (WHDP).

The drawing of the wire routing by means of specific CAD tools occurs

simultaneously to the drawing of the WS and WP files. All the wire paths which

connect one component to another are designed taking mechanical considerations

into account and saved into 3D CAD files. As in the case of the WS and WP,
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there is a database containing the graphical information of every component that

can be imported through the CAD software.

A third step in the WHDP is the fusion of the cable wiring plans WP

information with the routing diagrams to generate a full graphical description of

the wiring harness containing also the wire lengths information. The result of

this fusion is a KBL file that contains the mixed mechanical representation of

the wires and components and their electrical data. The KBL file contains 3D

information that can be later represented into 2D schematics and saved with

XML extension. These elaborated 2D wiring drawings, which are the result of

the WHDP, contain all the relevant manufacturing information of the wiring

harness and will be referred to as full wiring drawings FWD.

As the last step of the process, all the generated information is uploaded to

specific databases. A scheme with the representation of the WHDP flow is shown

in Figure 2.2 including a section of a FWD. Specific software tools allow the

automatic generation of the previously mentioned files: the Wirelist (WL) and

the Bill of materials (BOM) for each of the KBL files representing a wire harness.

The Wirelist is a numbered list of all the wires present in the harness, along

with information such as identification tag, origin and destination node with pin

information, total length, cross-section, color, insulation type, and others; all

together with the family and module to which each cable belongs. This list is

fundamental because it contains all the connections performed with wires. On

the other hand, the BOM lists electrical components which are not wires, such as

fuses, relays, but also elements from the wire harness that have only mechanical

purposes such as fixings, clips, wire-guides, etc, specifying module and family for

each element.
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2.2 A first approach on input data architecture: the

dataContainer (dC)

In a first approach, the Wirelist and the BOM are used as inputs to the pre-

processing stage, together with a manually tailored file denominated Technical

Notebook or QT.

Both WL and BOM documents are excel files and are used as-received for the

pre-processing of the vehicle EDS data. The QT must be written manually for the

design of a multi-dimensional data structure denominated dataContainer. The

QT is also an excel file with condensed information from the BOM and Wirelist,

but also containing data about each electrical component in the network taken

from the WHDP database. Examples of these components are sensors, sources,

electronic control units, actuators and loads. A scheme with the factory data

inputs is shown in Figure 2.3.

Wirelist

BOM

QT

dataContainer
dC

Power Flow
Simulator

Fig. 2.3. Factory data inputs.
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(dC)

The components information is extracted from the databases and include

the pin diagram, the type of pin and also the current consumptions under

different operational states (inrush current, minimum, normal and maximum

regime currents). Each pin can be classified as input power pin, output power

pin, ground connection, signal or coil connection. Loads current information are

used to assign the input node currents for the MN-BFS algorithm.

The files shown in Figure 2.3 are used to create the structure denominated

dataContainer in Matlab. The fields composing the dataContainer are shown in

Figure 2.4 and provide all the required information of the vehicle EDS. In many

cases, the dataContainer copies directly the information from the input excel files,

Fig. 2.4. Mindmap of fields composing the data container.
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while in other occasions, operations are performed to associate together data from

the three files to generate the dataContainer tables.

In the group of Wire related fields there are four tables, as shown in the

mindmap of Figure 2.4: Wirelist, WireMaster, WireModules and WireSegments.

The WireList is a reduced version of the one generated at the WHDP. It has

selected information such as: wire id, wire number, parent harness, source

node, destination node, part number and length. It is common to have multiple

identification tags associated to an element. Examples are the wire id, wire

number and partnumber fields of the WireList. WireMaster is a table providing

geometrical and materials information. Each row contains the wire partnumber

together with the conductor material, isolation material, conductor cross-section

area, isolation cross-section area in mm2, specific weight (g/m) and specific

resistance (Ω/m). The WireModules table contains a list of every single wire

that can be present in the harness together with the logistics wire id, the module

to which it belongs and the family. In this list there can be rows where the wire

id repeats because a wire with a given id can be present in different modules.

Similarly, WiresSegments contains a list of all the defined physical segments

inside of a harness with their respective identification tags, describing the

segments trajectory of each cable. Complementary, the table SegmentJunctions

contains a list of each segment but instead of giving information about the

parent wires, it provides the identification tags for the geometrical nodes

interconnecting the segments inside of the parent harness and the ambient

temperature. Segments can provide important information for simulation given

that all along a wire there might be variations in the ambient temperature

to which a wire is exposed. For instance, the wires installed in the engine

compartment of a combustion vehicle, are known to experience higher ambient

temperature than those installed at the inner compartment of the vehicle.
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Identifier General Specific
1 Node Fuse box
2 Connector Wire
3 Node Soldered splice
4 Node Coupling
5 Node Device
6 Node Ground bolt
7 Connector Component internal
8 Connector Coupling internal
9 Connector Fuse
10 Node Negative terminal
11 Node Positive terminal
12 Connector Plate
13 Connector Relay coil
14 Connector Relay switch
15 Node Vehicle’s body

Table 2.1: Identifiers assigned to the different part types.

The field of Fuses information provides the list of fuses with their identification

tags and the specific input an output pins, while the FusesModularity contains

the modularity information per fuse. The table of FuseRefs is the list of product

numbers of the existent fuses with their type and current rating. Finally, the fuses

information is enhanced with the table FusesItData which contains the tripping

curves.

Table 2.1 shows a list of identifiers for the nodes and connectors. Depending

on the element to which a node belongs or the type of connector, a different

number is assigned. This should not be confused with the unique id that every

node or element on the network has. Precisely, for this matter exists the NodeList.

It contains a table of all the nodes, id tag, classification according to Table 2.1

and specific connection pin. From Table 2.1 Nodes of the type 5 are considered

Device Nodes. A device or also called component is basically every unit that might

consume energy, such as a load, or provide energy for loads such as an Electronic

Control Unit (ECU). Apart from a part number and id, another identification
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for the devices is a concept denominated “location”. For a particular device or

component there can only exists one location associated.

The table of Devices contains a list of the components with an id and

their location, and DevicesModularity contains the information of all elements

categorized as components, fuse boxes, battery and couplings, by indicating their

modularity, part numbers and location for the case of components. The table

Pins contains all the elements categorized as components with their respective

pin-out and the type of pin. There are 7 defined pin types: signal, component

power input, component power output, sink, switch power, switch coil or not

connected. In addition, information of current consumption and current peaks

is given in this table. For the calculations, as it will be explained in Section

3.1, it is necessary to establish a relation of the input pins with correspondent

output pins in the components. This is shown in the table DefInOut for every

component. The pin-out for the battery is given in the table Battery.

The tables Modules and Couplings are no more than lists of modules with

the families and the couplings with their id, respectively. On the other hand,

the AllSeriesDataSets (ASDS) is a two-table structure containing all the possible

current paths from the positive terminal of the battery to the negative terminal.

The first table is the ASDS.types and is constructed by a column with the Node

type followed by the Connector type sequentially until it finishes with a column

of Node type which is the negative terminal for the battery. In this way, the

column connector type describes the type of connector used in between each two

nodes. This type of connector, as shown in Table 2.1, can be a wire, a component

internal connection, an internal coupling, a fuse, a plate, a relay coil or a relay

switch. The second table is the ASDS.ids which in turn contains unique ids of

the elements. The id for an element is unique within its type classification. For

instance, for the type wires (2), there is only a wire with wire id equal to 1.

Likewise, for the type fuses (9) there is only a fuse with a fuse id equal to 1.

48



2.2 A first approach on input data architecture: the dataContainer
(dC)

An example of a row within the ASDS tables is shown in Tables 2.2 and 2.3,

corresponding to Figure 2.5.
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Table 2.2: Example row of an AllSeriesDataSets.types table.
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Table 2.3: Example row of an AllSeriesDataSets.ids table.
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Fig. 2.5. Circuit represented by Table 2.3.

An important part of the data handling in this approach is to classify the

components into sources or loads. Algorithm 1 reads the DeviceModularity

information within the dataContainer and with this classifies a component or

device as an ECU or as a consumer by analysing its pinout. A component

is considered an ECU or “source” if and only if it has at least one component

power in terminal and one component power out terminal. On the other hand, a
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Input: dataContainer as dC
Output: device type
1. From dC.DevicesModularity extract a vector with all devices
2. Count number of pins of the type ’Signal’, ’Power in’, ’Power out’, ’Sink’,

’Switch p’, ’Switch coil’ per each device
3. Classify each component as ’Source’ or ’Consumer’ according with the

number of pins of each type and save classification in the vector device type

Algorithm 1: Selecting Device Type

component is allocated as Consumer if it has only pins of the type Sink or power

inputs but without power output pins. Components containing only pins of the

type Signal are neglected. Two situations lead to an inconclusive classification: a

component without pins of the type component power in but at least one terminal

component power out, and a component with component power in pins but none

component power out or sink pins.

The WL and BOM extract the information from the XML. For a given wire

harness, its corresponding XML file contains all the possible modules that exist

for a given family, therefore, the generated dataContainer provides an over-

specified modules information. For production, a specific vehicle is described

by a selection of only one module per family, thus, to be simulated it is necessary

to apply filtering on the dataContainer. In order to do this, the user has to

insert the selected module per family in the form of a table, corresponding to the

car configuration to be studied. Once this table is introduced together with the

dataContainer, a pre-processing algorithm removes unnecessary data (see Figure

2.6). Filtered data is forward used as input for the power flow solver.
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table Fam (user introduced)

dataContainer (dC)

Filtering
Algorithm dC.filtered

Fig. 2.6. Filtering process.

2.3 Second approach: using more standardized

input data bases directly from the wire harness

container (XML)

Although the dataContainer is able to provide all the necessary information

for simulation, it requires the manual elaboration of a complex file referred to

as QT (see Figure 2.3). It is desirable to establish a procedure that extracts

all the dataContainer information directly from the XML without the need of

intermediate excel files.

In addition, a more intuitive input data architecture is also an advantage in

terms of software organization and optimization.

The programming language used at all stages of the simulation in this second

approach is Python. Using the library xml.etree.ElementTree [87] every wire

harness container can be fully parsed, thus allowing to display and extract the

required information out of the xml tree architecture.

In comparison to the previous approach using the dC in Matlab, the pre-

processing stage is highly automated and avoids the creation of labour-intensive

excel input files. Manually created inputs are still required from the user, but in

the form of easier to provide files. In addition, this new architecture of inputs

permit a significant number of functionalities that were not available from the
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previous structure, thus adding robustness and capabilities to the software tool.

For instance, the possibility to use time-dependent current profiles with their

corresponding post-processing in terms of fuse and wire evaluations. Another new

function is the wire temperature estimation. Besides that, this second approach

allows the integration with an user interface. For applicability, the integration of

an user graphical interface is almost mandatory to implement the tool within the

wire harnesses development process. In terms of the power flow simulation itself,

in this approach the modeling of the ground network is neglected, however, this

does not compromise the accuracy of the simulated results, as observed in the

experimental validation.

As shown in Figure 2.7, the whole workflow involves the set of input files to

the pre-processing which are represented inside the orange boxes at the left side

of the figure. A general description is as follows:

• Wire harness data container: the main data source for the simulation, in

the form an XML file

• Input variables: it has general data such as the name of the XML files, a

switch to select between a time dependent or static simulation, the default

ambient temperature for the simulation, a switch to indicate wether the

simulation end goal is an Autarke (small harness) or KSK (customized

main harness)

• Load current profiles: as the name indicates these are the load vs

time current profiles and can be obtained from the standard vehicle

experimentation

• Vehicle configuration: it is a list that indicates the equipment for the vehicle

to be simulated. This info will serve for the filtering of the wire harness

container. The reason is that the XML wire harness information contains

all the existent variations for every possible element. For instance, if a
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customer selects a vehicle with a given functionality such as the seated heats,

the affected wire harness in this vehicle will be different than the case of

another which doesn’t have the function. The XML wire harness container

will have the information of both cases, even if in the real situation only

one remains. By including the vehicle equipment as input, the algorithm

reduces the information to the one associated with the simulated vehicle

only. There are customized SEAT tools that deliver this information for a

given vehicle.

• Fuse boxes internal connectivity: is a list describing a fuses connectivity

internal distribution that is not stated in the wire harness data container

and has to be inserted by the user

• Linecode: is a list of wires with their reference, product number and

technical information relevant for simulation. It will be described in detail

in the following paragraphs

• Fuses dimensioning VW norm: is a table with the indications on proper

matching of a fuse with wire according to an internal VW consortium norm

• Fuses i2t: is a list with the parameter i2t for every possible fuse. This is

built from providers datasheets

The outputs of the pre-processing stage are represented in blue boxes. They

have been separated in terms of the functionality of such output files. The upper

blue box is formed by a set of four files, namely: Gendata, Linedata, Loaddata and

Linecode, devoted for the power flow solver operation. They will be discussed in

detail later. In addition, the second blue box contains information on the amount

of variants that have been tested in respect to the full variants possibility. The

tables are named Tested modules and All modules and are relevant in terms

of reporting and developing a bash simulation strategy to cover many different
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Fig. 2.7. Inputs and outputs of the pre-processing stage.
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scenarios. The third group of outputs are a set of files needed to develop the

graphical user interface. These files includes a nodelist with cartesian coordinates

taken form the XML for each node to facilitate a general 2D representation of

the wire harness, and provide nodes information by hoving over. The information

about the segments and routes are also needed for drawing the lines and for being

able to hove over the elements. Finally, the Loadtitlewithfuse table allows the

graphic interface to indicate whether a load is associated with a fuse or not.

The pre-processing upper outputs, represented by an architecture of four files

correspond to a simplified version of what has already been proposed in [88]. This

is a widespread data structure within power systems simulation, however, to date,

not implemented in simulation of vehicular EDS. Within this data structure the

name Gendata comes from the generator information. In this case it refers to

the battery data, as depicted in Table 2.4. The first column is a counter field to

specify the number of generator nodes. It is followed by the node name used for

the positive terminal and the internal resistance, which enables the modeling of

a non-ideal power source.

Counter Node name Internal Voltage (V)
resistance (Ohm)

1 Node_B 0 14.5

Table 2.4: Example of Gendata.

Finally, the last column indicates the nominal voltage for the positive battery

terminal.

The Linedata provides information about the wires and their connectivity,

such as indicated in Figure 2.8. The first field is a counter of wires, followed by the

connected nodes. The wire number is used all along for a unique identification,

while the part number might be common to several wires and it is correlated

with a given technical description in the databases. The signal name is also a

field description of the wires that identifies the potential. For instance, each wire
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connected 1 to 1 by a coupling has its own wire number, however, the signal

name is kept equal. The ambient temperature for each wire is also entered for

the maximum temperature estimations. Finally, the fields named Location code

with their corresponding pins, are related to the elements connected. Location

code is also a unique identifier for couplings and consumers.

Fig. 2.8. Example of Linedata.

The Loaddata has the information about the consumers. From left to right in

Figure 2.9 the initial fields include a load counter, the consumer node and part

number similar to the case of the Linedata. Next, the nominal load power is

given together with the constant impedance factor, constant current factor and

constant power factor, which define the type of power load modeled according

to the ZIP model [89]. The individual values should be in the range between 0

and 1 and the overall sum of the factors must add to 1. Depending on the type

of simulation mode given in the input variables file, whether if single time or

from current-time profiles, the nominal load power field is addressed. When the

simulation takes current-time profiles, the nominal power field is not used and

the initial power vector is calculated by multiplying the nominal battery voltage

with the current for each time step.

The Linecode, as shown in Figure 2.10, is a database with the wire technical

characteristics required to calculate the voltage drops and also to perform the

temperature estimations.

The pre-processing has been written in a group of four scripts. It was
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Fig. 2.9. Example of Loaddata.

Fig. 2.10. Example of Linecode.

found necessary to separate the scripts to facilitate the graphical interface

operation. Script 1 usually runs on the so-called KSKs, from the german

word Kundenspezifischer Kabelsatz, which are customized main wire harnesses

depending on a particular vehicle configuration and containing fuses information.

In the exploding view in Figure 1.2, the KSKs correspond to harnesses number 1

and 2. Script 2 is optional, used when the simulation of an Autarke is required.

Autarkes are secondary and smaller wire harnesses such as the doors wire

harness or the bumpers, where a fewer amount of variants is allowed. It is to

have in mind that in order to run script 2, it is mandatory to run the script 1

using the associated main KSK harness. The reason for that is that the XML

files of the secondary harnesses don’t contain fuses information. Then, script 3

and 4 are required to generate the definitive output files for entering the power

flow phase.
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Fig. 2.11. Temporary files created during the pre-processing stage.

There is a set of temporary files used for intermediate steps during the

preparation of the main pre-processing output files and visual data, and also

with information for the generation of automated simulation reports. The

architecture of such temporary files is shown in Figure 2.11. In addition,

variables are translated among the pre-processing scripts by means of variables

text files and through the Python pickle instruction. In general, the operation of

the pre-processing stage is described in Algorithm 2.
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Input: Set of input files as shown in Figure 2.7
Output: Set of output files for power flow, variants analysis and visualization

purposes as shown in Figure 2.7
1. Extract and save into variables the lists of fuses, wires, connectors
2. Filter out elements depending on the vehicle configuration and write new

reduced XML
3. Generate files with the total amount of modules in the XML and the

simulated modules
4. Filter out wires that carry digital signals or ground signals
5. Categorize the nodes depending on the original nodes name. The possible

categories are: fuse node, junction node, battery node, coupling node and
consumer node

6. Sub-categorize the fuses nodes depending on the fuse box to which they
belong

7. Expand list of fuses with their technical information (temporary files)
8. Match each fuse with the wire it is protecting (temporary files)
9. Extract load description data (visualization)

10. Extract load profiles and technical data for power flow
11. Extract list of nodes with their Cartesian coordinates (visualization)
12. Extract routes and wires segments data (visualization)
13. Define a network architecture limited to the first hierarchy pending from the

fuses (Elements hanging from ECUs are not considered)
14. Generate the main files for the power flow simulation: Gendata, Linedata

and Loaddata
15. Generate the files required for visualization

Algorithm 2: Pre-processing steps

On the other hand, the outputs of the power flow solver are represented

in the green box in Figure 2.12 being the voltages within the devices, voltage

drops within the wires and current profiles and temperatures the main calculated

results, which serve as inputs for the post-processing evaluation stage.
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Fig. 2.12. Outputs from the power flow solver and inputs for the post-processing
stage.

2.4 Conclusions

In this chapter, we have explained the process leading to the manufacturing

layouts of the electrical distribution systems in vehicles denominated the Wiring

Harness Development Process (WHDP). We have shown two approaches towards

data modeling of the electrical distribution system taking as inputs the output

data from the WHDP. In the first approach, a data structure denominated dC

is constructed using MATLAB, which requires two excel files as received from

the WHDP which are the BOM and the Wirelist, and the elaboration of an

extense third file that must be user-created denominated the QT. This structure

is formed by a group of tables with the wire harness elements information.

The connectivity information is given through the AllSeriesDataSets table, in

which a row represents a possible current path between the positive battery

terminal and the negative battery terminal. In the second approach, Python

language is selected for the parsing of the wire harness XML file directly, allowing

extraction of data without the need of the intermediate products BOM and
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Wirelist. Additional input files in the form of .txt are also required and created

by the user, but these are typically easier to build and include information that

can be practically transferred directly from factory databases. In addition, the

second approach generates a cleaner output structure, standard to other power

systems. The second approach is also conceived to allow much more functionality

as compared to the first approach, including the simulation of temporal profiles,

the integration with a graphical user interface, the elaboration of error log files

as part of the post-processing together with generation of automated simulation

user reports.
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Chapter 3

Power flow

Conejo and Canizares expose in Chapter 3 of their book in Electric Energy

Systems [70] a concise but precise description of the power flow problem:

The load flow or power flow problem consists in finding the steady-state operating

point of an electric power system. More specifically, given the load demanded at

consumption buses and the power supplied by generators, the aim is to obtain all

bus voltages and complex power flowing through all network components.

When applying this concept into automotive networks the problem can be at a

certain state simplified. For instance, if neglecting the AC current generated

by the alternator, the power flow variables are only real because we are dealing

exclusively with DC networks. The amount of generators is also reduced,

represented mainly by the batteries. For a combustion propelled vehicle, there

is only one generator and for electrical vehicles there are two generators such

as the high voltage battery and the low voltage battery, related by means of a

DC/DC converter. In hybrid and electrical vehicles there is power injection back

to the network in terms of re-charge of the battery. In this sense, the knowledge

and algorithms that have been widely developed for conventional electrical

systems can be applied to vehicular electrical networks as well. In the analysis

of the vehicular DC electrical distribution system, the power flow is solved by
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means of iterative methods, taking into account the load model assigned to the

consumers. In addition, the power flow as studied in this thesis extends merely

to the inner network of a vehicle in a stand-alone approach. The battery is

represented by an ideal voltage source with nominal value between 14 V and

14.5 V. The model of the wiring is based on constant resistance, as a function of

the ambient temperature that is assigned to each wire, depending on its location

inside the vehicle. The loads, as discussed in Section 2.3, can be treated as

constant impedance, constant current factor and constant power factor. The

loads information is given as input to the solver in the form of a constant value

or a time-current profile curve. In this chapter, two different algorithms for

power flow applied to vehicular electrical distribution systems will be shown

and discussed, namely, a Meshed Network Backward/Forward Sweep method

(MN-BFS) and the Current-injection method (CI). The first method is bound

with the first approach towards data modeling already explained in Section 2.2

while the latter relies on the second approach described in Section 2.3, but both

algorithms could be applied with any of the input data schemes presented.

3.1 Meshed Network Backward/Forward Sweep

method (MN-BFS)

This algorithm uses the Kirchhoff Current and Voltage Laws (KCL and KVL)

iteratively instead of using the traditional power based formulation of the

conventional Newton-based methods (refer to Section 1.3.3). Several reasons

support selection of this method, namely:

1. Mathematical formulation for DC networks is much simpler

2. The speed of convergence of these BFS methods has been shown higher

than the Newton-based methods in radial or slightly meshed systems [79]
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In the specific application of vehicle EDS the system is almost purely radial, or

equivalently slightly meshed, hence a modification of BFS must be implemented

to allow simulation of meshed networks. The algorithm relies on the conventional

BFS, however, it includes minor modifications to treat the existent loops, as it

will be later explained on this section.

The vehicle EDS can be considered as a two-fold grid: the positive and

negative grid. The first one includes all the nodes and segments connecting

the positive terminal of the battery to components and between them, while the

latter refers to the nodes and segments that connect to the negative terminal of

the battery. An example network with the two sub-grids differentiated is seen in

Figure 3.1, showing in red the wires and nodes of the positive grid and in black

the ones of the negative grid. The three ground symbols represent ground bolts,

interconnected between them through the vehicle body.

ECU1

C1

13 2

1 1

22
C3C2

1

2

BATT

Plate Fuse

Fuse

gr 00.1 gr 01.1 gr 02.1

IC2p

IC2n

Fig. 3.1. Example network divided into positive grid (red) and negative grid
(black).

The reason of analysing the vehicle EDS as two separated networks is

based on the fact that in these networks the path to ground or equivalently,
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the negative terminal of the battery, represents an intricate network itself.

Commonly, reaching the negative terminal involves passing through current

ramification points (denominated splices) and sequential ground bolts before

reaching the main ground bolts in the vehicle body. If significant consideration

of the negative grid is required, then the selected approach is recommended

for a higher accuracy of the model. In addition, the MN-BFS adopts only

one voltage as the nominal value required. Both the battery positive terminal

voltage and negative terminal voltage can be interpreted as the nominal voltages

for two different grids. The variable that relates the two networks is the battery

current, namely, the current that flows from the battery positive terminal must

be equal to the one that flows into the negative terminal. As a result, addition

of current in the positive grid and negative grid at all branches is always equal

to zero. The voltage drops are easily addressed by subtracting node voltages of

the corresponding nodes, ones calculated for the positive grid and the others for

the negative grid.

In overall, for black boxes behaving as consumers a number of loads

appear that is equal to the number of relationships pin-pout associated to that

component. These relationships are clearly stated in the QT file and generate

an effective number of loads that is typically much higher than the initial list as

taken from the pre-processing stage. The loads can be seen as current injections

to the nodes where they are connected. A related nodal current injection for each

of the grids, the positive and the negative, is defined. Following the premise of

having an equal current in both battery terminals, a current distribution among

the nodes need to be settled. Considering the case of consumer C2 in Figure

3.1, it is observed that there is only one relationship (1-2), where 1 is the input

and 2 the output pin, therefore the nodal injection current in the node 1 or IC2p

(positive grid) and in the node 2 or IC2n (negative grid) are equal. However,

two relationships inside of a component could also occur. That were the case for
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a C2 consumer with 3 pins, having for instance the pin relations (1-2) and (1-3),

being pin 3 another output pin. In that case, the current injections assigned to

the nodes 2 and 3 (both belonging to the negative grid) were exactly the half of

the current associated to the input pin 1. For components classified as ECUs the

procedure is exactly the other way around: the current associated to a ground

pin is split among its associated input pins. Back to Figure 3.1, as observed for

ECU1, pin 1 is the only input pin linked to the ground pin 3, therefore there is

only one current load per each of the grids inside of this component, equal to

the current associated to the pin 3.

The workflow that contains the aforementioned considerations is described

in Algorithm 3 also denominated Voltage Constructor. It goes line by line

through all of the possible current paths between the positive and negative

terminal of the battery, taking into consideration that each odd column is a node

and each even column is a connection. The steps performed are, in sequential

order: classification of the elements as consumer or source using Algorithm 1,

determination of the interface between the positive and the negative grid (stop

node), calculation of the currents to inject in the stop node and neighbors or

node current injection vector Inp, formation of the incidence matrix Γp, branch

resistances matrix Rbp, voltage node id vector Vnp for the positive grid and

their equivalent for the negative grid Γn, Rbg, Ing, Vng. Finally, the algorithm

creates a pairing matrix which contains the information about the terminals of

the components where it is required to obtain their differential voltage (between

the inputs pins and output-grounded pins). For the example network in Figure

3.1 one possible current path goes from the positive of the battery passing through

ECU1, C2 and ending in the negative of the battery through ground bolt gr01.1.

The stop node for this current path would be pin 2 of C2.

The rules governing calculation of nodal injection currents In are:

1. If in a row there is only one element categorized as ‘Consumer’ through
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two nodes, the current of the input node belonging to the ‘positive grid’ is

assigned according to the modules selected, and the current of the output

node belonging to the ‘negative grid’ is equal to that of the input node

divided over all its related output pins (ignoring the signals).

2. When an output pin is associated to more than one input node, then its

current its calculated by adding up the currents that result from following

Rule 1 for each of the input nodes.

3. The current of an input node is assigned only once. If the same input node

appears in different rows forming new node pairs, the value of input node

current will remain the first assigned while the second node gets the current

of the input divided over all its related output pins (ignoring pins carrying

communication signals).

4. For 2 or more consumers connected in series within a single row the

minimum current among them is assigned to the input node of the

consumer which is connected to ground.

Input: dataContainer as dC with dC.ASDS Filtered
Output: Vnp, Inp, Γp, Rbp, Vng, Γn, Rbg, Pairing matrix
1. pathsnumber=lengthrows(dC.ASDS.types)
2. for currentpath=1:1:pathsnumber do
3. Create device type vector using Algorithm 1
4. Find position of the input node of the last

consumer connected to ground or Stop node
5. Assign injection currents to nodes according to the Rules 1 to 6
6. Create incidence matrix Γncp

7. Calculate branch resistances Rbp

8. Repeat for the negative grid to get Vng,Γncg, Rbg

9. Create the node pairs matrix or Pairing matrix
10. end for

Algorithm 3: Voltage Constructor
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5. If in a row there is only one element categorized as ‘Source’ through two

nodes, the current of the output node belonging to the ‘negative grid’ is

assigned according to the modules selected, and the current of the input

node belonging to the ‘positive grid’ is equal to that of the output node

divided over all its related input pins (ignoring the signals).

6. When an input pin is associated to more than one output node, then its

current is calculated by adding up the currents that result from following

Rule 5 for each of the output nodes. Exactly the opposite to the case of the

consumers.

Ii1

Cn

Pin-Pout

Ii1 Io1

Ii1 Io2

Ii2 Io1

Ii2 Io2

Ii3 Io2

Positive grid

Negative grid

Nominal currents (A)
Ii1

Ii1

Ii3

4
5
6

Rule 1 4 5

2 2.5

Rule 2 
4 5

2+2.5=4.5

6

2+2.5+6=10.5

Rule 3

Cm

Rule 4

Cm

4

4

Nominal currents 
Cn (A)

Ii1 4

Ii2 Ii3

Io1 Io2

Ii1 Ii2 Ii1 Ii2

Cn Cn

Io1 Io2 Io1 Io2

Cn Cn

Ii1

Ii1 5

Nominal currents 
Cm (A)

Io1

Ii1

Ii1

Io1

Ii1

Io1Io1

Fig. 3.2. Representation of nodal injections current rules for the case of
consumers.
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ECUn

Pin-Pout

Ii1 Io1

Ii2 Io1

Ii2 Io2

Nominal currents (A)

Io1

Io2

0.4
0.5

Rules 5 and 6

0.2 0.2+0.5=0.7

0.4 0.5

Positive grid

Ii1 Ii2

Io1 Io2

Negative grid

ECUn

Io1 Io2

Ii1 Ii2

Fig. 3.3. Representation of nodal injections current rules for the case of ECUs.

Figures 3.2 and 3.3 are graphical representations of the aforementioned rules.

The incidence matrix Γ brings the connectivity data, where each row

represents a branch of the system and each column a node. To write Γ it is to

consider that:

1. Γij = 1 when the tail of the edge i, is vertex j

2. Γij = −1 when the head of the edge i, is vertex j

3. Γij = 0 Otherwise

The KCL and KVL can be written in matrix form through the incidence

matrix, as follows:

ΓT · IBT + Id · IT
n = 0 (3.1)
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ΓT · V T −Rb · IBT = 0 (3.2)

where the newly introduced parameters are IB which is a vector containing

all the branch currents and Id which is the identity matrix.

To calculate the branch resistances, the algorithm uses information of

wire length between nodes given in the dataContainer, together with the

selected conductor resistivity. The calculated resistance takes into account

effects of temperature by means of the linear approximation of resistivity with

temperature shown in Equation 3.3, where T is the ambient temperature and α

is the temperature coefficient of resistivity in K−1.

R(T ) = R(T0) ∗ [1 + α(T − T0)] (3.3)

Before applying the algorithm Meshed-Network Back and Forward Sweep it

is necessary to detect and eliminate the branches which define loops in both

positive and negative grid. A straight forward strategy to do it is by analyzing the

incidence matrix: a node having associated more than one value of -1 is receiving

lines which provoke cycles or loops in the system. Branches are eliminated

following Algorithm 4.

Input: Γ
Output: lc, lnc

1: for nodes=1:1:lengthcolumns(Γ) do
2: for currentpath=1:1:lengthrows(Γ) do
3: Detect loops
4: Save to lc the lines to be removed (cut branches)
5: Save to lnc the lines to be kept (non-cut branches)
6: end for
7: end for

Algorithm 4: Detection of loops
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Once the system is radial, a conventional BFS algorithm can be used for

solving the problem, afterward, a compensation algorithm must be applied in

order to estimate the currents in the cut branches. The compensation algorithm

uses the Thevenin equivalent resistance in the cut branches. A very detailed

explanation of the electric principle used for making this Thevenin calculation

can be found in [79]. Basically it can be stated that connecting fictitious unitary

current sources between the nodes of the cut branches, the voltage obtained

between these nodes are the Thevenin equivalent resistance of the circuit from

the point of view of a given pair of nodes.

Having calculated the Thevenin resistance of the cut branches the

compensation algorithm can be embedded in the radial power flow algorithm

as observed in Algorithm 5. The algorithm starts with the initialization of

all branch currents to zero and all voltages to one, except the slack voltage

(battery) that is set to its predefined value. After that, all Thevenin resistances

of the cut branches are calculated using the unitary current sequential injection

method. It must be pointed out that the Thevenin resistances are calculated

just once and they don’t have to be updated through the iterative process.

Subsequently, we launch the iterative process, starting with the calculation

of the branch currents in the non-cut branches IB(lnc). This calculation is

direct from the nodal currents In, already assigned according to the six rules

previously stated, using the matrix Γ. By means of the branch currents and the

resistances of the non-cut branches we can update the value of the voltages of all

nodes (except the slack one). At this stage, the voltage drop in the cut branches

can be calculated using two different methods. In one side, since we have all

voltages in the network, we can use them to obtain the voltage drop directly in

the cut branches. The other approach is the use of the branch currents and the

resistance of the cut branches to calculate the voltage drop. Both calculations

must match when the algorithm convergence is achieved. If not, the second
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3.1 Meshed Network Backward/Forward Sweep method (MN-BFS)

Input: Γ, RB, In, lc, lnc, Vslack

Output: V , IB
1. Init. all IB to zero and all V to 1
2. Set V (1) to Vslack

3. Calculate Thevenin resistance of cut branches (Rth) using fictitious unitary
current sources [79]

4. Calculate the total branch resistance of cut branches RB
Total

5. for i=1:1:max number of iterations do
6. Calculate all currents of non-cut branches IB(lnc)
7. Calculate network voltages, except the slack V (2:N)
8. Calculate the voltage drop in the cut branches

using the previous voltages and the Ohm’s law
9. if Calculated voltage drops are consistent then

10. break
11. else
12. Calculate the new branch currents in the cut branches using the new

voltage profile
13. end if
14. end for

Algorithm 5: Meshed Network Back and Forward Sweep (MN-BFS) Solver

approach is used to update the branch currents in the cut branches and a new

iteration is launched. It has been demonstrated that this method is quite simple

and yet, quite robust and effective to solve this kind of systems.

To illustrate the power flow solver described in Algorithm 5, let us consider

the sample network in Figure 3.4. A given resistance value is only considered for

the wires where it is clearly stated. For the fuses, a resistance value is assigned.

The circuit is composed by a battery feeding a consumer C1 through a couple

of fuses. The nominal battery voltage (slack voltage) considered is 14V and the

consumer nodal injection current is 4A. There are three main branches identified:

l1 connecting the battery to the fuses, l2 corresponding to one of the fuses and

l3 to the second parallel fuse. The incidence matrix Γ together with the nodal

current injection vector In and the branch resistances RB are considered inputs
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1

C1

2

3

4A

branch I1

branch I2

branch I3

1Ω

0.2Ω

0.2Ω

Fig. 3.4. Sample network to describe the power flow algorithm.

for the Algorithm 5, obtained in previous steps. The branch selected to be cut is

branch l3.

Γ =


1 −1 0

0 1 −1

0 1 −1

 , IT
n =


0

0

4

A, RB =


1 0 0

0 0.2 0

0 0 0.2

Ω

lc = [l3] (3.4)

lnc = [l1, l2] (3.5)

After applying steps 1 and 2, the Thevenin resistance of the cut branch l3 is

calculated following step 3, using the Equation 3.2 in the form:

V T (2 : nN ) = −(Γ(lnc, 2 : nN ))−1

·RB(lnc, lnc) · ΓT (2 : nN , lnc)
−1 · ΓT (2 : nN , lc) · IBT (lnc)

(3.6)
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where nN is the number of nodes, equal to 3 for the sample network in Figure

3.4.

V T (2 : 3) = −

−1 0

1 −1


−1

·

1 0

0 0.2

 ·

−1 1

0 −1


−1

·

 1

−1

 · 1 =

 0

−0.2

V

The Thevenin resistance of the cut branch is calculated according to:

RB
TH(:, i) = Γ(lc, 2 : nN ) · V T (2 : nN ) (3.7)

RB
TH(l3) =

[
1 −1

]
·

 0

−0.2

 = 0.2Ω

In step 4, the total branch resistance of l3 is calculated:

RB
Total(lc) = RB

TH +RB(lc, lc) (3.8)

RB
Total(l3) = 0.2Ω + 0.2Ω = 0.4Ω

At this point, following step 5, the iterations start. In the first iteration, steps

6 and 7 of Algorithm 5 are as follows, considering IB(lc) = 0 from step 1:

IB
T (lnc) = ΓT (2 : nN , lnc)

−1 · (−ΓT (2 : nN , lc) · IBT (lc)− In
T (2 : nN )) (3.9)

IT
B(l1 : l2) =

−1 1

0 −1


−1

· −

0
4

 =

4
4

A
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V T (2 : nN ) = (Γ(lnc, 2 : nN ))−1 ·
(
(−Γ(:, 1) · V (1) +RB(lnc, lnc) · IBT (lnc)

)
(3.10)

V T (2 : nN ) =

−1 0

1 −1


−1

·


1
0

 · 14 +

1 0

0 0.2

 ·

4
4




V T (2 : nN ) =

10
9.2

V

The stop criteria makes use of the KVL in the cut branches. The voltage drops

are calculated using two methods as indicated in step 8 and explained before:

∥Γ(lc, :) · V −R(lc, lc) · IB(lc)∥ ≤ ϵ (3.11)

For the current example, the algorithm is considered convergent when

calculating a voltage drop error value equal or below 0.01V. This condition is

evaluated as stated in step 9.

∥0.2 · 0−
[
0 1 −1

]
·


14

10

9.2

∥ ≤ 0.01V (3.12)

In this first iteration the criteria in Equation 3.12 is false. Then, the current

in the cut branch is updated, following step 12.

∆IT
B(lc) = (RB

Total)−1 · Γ(lc, :) · V0
T (3.13)
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∆IT
B(l3) = (0.4)−1 ·

[
0 1 −1

]
·


14

10

9.2


∆IT

B(l3) = 2A

IT
B(l3) = 2A

(3.14)

A second iteration starts.

IT
B(l1 : l2) =

−1 1

0 −1


−1

· −

 1

−1

 · 2−

0
4

 =

4
2

A

V T (2 : nN ) =

−1 0

1 −1


−1

·

−

1
0

 · 14 +

1 0

0 0.2

 ·

4
2




V T (2 : nN ) =

10
9.6

V

∥0.2 · 2−
[
0 1 −1

]
·


14

10

9.6

∥ ≤ 0.01V (3.15)

For this iteration the criteria in Equation 3.15 is true. Then, it is considered

that the algorithm has successfully converged. The obtained values are:

V T
n =


14

10

9.6

V, IT
B =


4

2

2

A (3.16)

77



Power flow

3.1.1 Cases of Study

The previously described methodology has been applied to different scenarios of

a sample vehicle network after introducing a specific modularity information. In

these examples two families have been considered where each of these two families

has three electable modules each, as shown in Table 3.1.

Family Modules
family 01 mod01 fam01

mod02 fam01
mod03 fam01

family 02 mod01 fam02
mod02 fam02
mod03 fam02

Table 3.1: List of families with their electable modules.

The selection of modularity is inserted in the algorithm in the form of a table

denominated ‘Fam’ (see Figure 2.6). Table 3.2 shows an example of modularity

selection (‘Fam’), where for each of the two families studied, there is a single

module specified. To configure a full vehicle electrical network, there should be

a module selection for more than 50 families.

family 01 family 02
mod01 fam01 mod03 fam02

Table 3.2: Example of Table ‘Fam’ for Sample network 1.

Sample network 1 in Figure 3.5 corresponds to the selection depicted in Table

3.2. In here, the slack node for the positive network is a 14V battery, while

the slack node for the negative network is the vehicle ground. The node A1

represents a connection to a metal plate where two fuses (F1A and F2A) and a

single connection (C1) distribute the current. The fuse identified with node F3

is not connected to the common plate and receives the current through C1. The

nodes identified with the prefix Sp are splices nodes. Splices represent ultrasonic
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3.1 Meshed Network Backward/Forward Sweep method (MN-BFS)

soldered connections of multiple wires. On the other hand, consumers have been

named with the prefix C and couplings have been named with the prefix K

followed by a number. Electronic control units are named ECU followed by a

numeration. The reason the numbers are not exactly consecutive is to represent

the fact that given the modules selected, certain components have been filtered

out. The type of component (whether a consumer or source) is defined using

Algorithm 1.

Component ECU1 is an electronic control unit, therefore classified as source.

It has 4 pins where pin 1 and 4 are power inputs and pin 3 is a power output. Pin

2 is a signal pin and thus neglected. The numbered grounds represent bolt ground

points located in different places of the vehicle body and connected through the

vehicle body itself. The battery ground or negative terminal is identified with

the code gr00.1.

Figures 3.5 and 3.6 show the calculated node voltages and branch currents of

Sample network 1, respectively. Table 3.3 gives a list of the components on both

sample networks.

A1

C1

F1A

F2A

F3A

E1
1

4

K2
1

K6
1

3 3

C5
1

2

3

C8
1

2

gr 01.1gr 00.1 gr 03.1

0V

14V

13.922V

13.881V

13.918V 13.873V 13.833V

13.78V

13.594V

0.248V

0.086V

C7
1

2

13.508V

0.792V

13.697V

13.620V 13.557V 13.522V

0.422V0.387V

0.364V

0.1V

0.369V

13.517V

13.502V

Sp 03

Sp 01

Spm 01
0.517V

13.428V

F3

Fig. 3.5. Calculated node voltages for Sample network 1.
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30.56A

22.54A

15.52A

7.02A

4.09A

3.93A

8.02A

8.02A

7.02A7.02A7.02A15.01A

3.93A

0.51A

22.54A

C1

F1A

F2A

F3A

K2
1

K6
1

3 3

C8
1

2

gr 03.1

C7
1
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Sp 03

Sp 01

F3
C1

A1

E1
1

4

C5
1

2

3

gr 01.1gr 00.1

Spm 01
15.01A

Fig. 3.6. Calculated branch currents for Sample network 1.

Code Description
E1 ECU/Source
K2 Coupling
C3 Consumer
C4 Consumer
C5 Consumer
K6 Coupling
C7 Consumer
C8 Consumer
C9 Consumer
C10 Consumer

Table 3.3: Components list

Voltage drops are observed in the lines following the calculated line resistances

given their physical characteristics.

Nominal node voltages decrease following the power flow as expected. In

addition, calculated branch currents are consistent all along the circuit.

Sample network 2 corresponds to a different modularity selection, as observed

in Table 3.4. In this case, the network is formed by a higher number of consumers,

thus increasing also the amount of fuses and splices present in the network.

Voltage drops are observed along the wires and fuses. The amount of voltage drop

in the fuses is dependent on their type. As to sample network 1, the obtained
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BATT

A1 F1A

gr 01.1

C1F5A

F4A

F3A
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Fig. 3.7. Calculated node voltages for Sample network 2.
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Fig. 3.8. Calculated branch currents for Sample network 2.
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family 01 family 02
mod03 fam01 mod03 fam02

Table 3.4: Example of Table ‘Fam’ for Sample network 2

power flow all along the network remains coherent, as observed in Figures 3.7

and 3.8.

Usually different parts of the EDS are fed by the battery or a different set of

ECUs that split the whole network in different subsystems that can be simulated

and studied independently.

3.2 Modified Current-injection algorithm (CI)

In Chapter 1 the advantages of the CI over the MN-BFS are presented. In overall,

it can be stated that the first allows a faster execution and convergence of the

power flow.

In Section 2.3 the data modeling approach used in combination with the CI

method is introduced. Before going into the details of the procedure, in the next

section, it will be described the framework and the assumptions made for the

simulations.

3.2.1 Considerations towards the vehicular EDS

The capability to process the formats in which the automotive industry manage

the EDS information has been a guideline all along the development of the current

simulation tool. This allows the semi-automation of the simulation workflow given

that for a complex harness with dozens of consumers, the network architecture

might be directly imported without requiring additional user steps. For instance,

manual introduction of electrical components and circuit drawing required in

most of electrical simulation tools would not be necessary.

In Figure 3.9 are shown in blue color the wire harnesses inside a SEAT Ibiza.
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3.2 Modified Current-injection algorithm (CI)

Fig. 3.9. Wire harnesses inside a SEAT vehicle model Ibiza.

As discussed in previous chapters, the whole electrical distribution system is

built upon an interconnection of wire harnesses. One possible configuration is

to have a primary harness that connects directly to the vehicle battery through

the fuse boxes and feed the secondary harnesses by means of couplings located

at different parts of the vehicle. Examples of such secondary harnesses are the

doors wire harnesses, the bumper harness or the tailgate harness. Those might

also be fed by electronic control units that connect directly to the primary harness.

The elements that are fed directly with wires connected to the fuses are treated

as “upstream” representing a first level hierarchy. In this sense, the upstream

elements are consumers electrically closer to the slack node, in this case the

battery. Many electronic control units and high current-consumption devices

such as the motor fan or PTC (Positive Thermal Coefficient) heaters fall into

this group. The current control elements that allow or block the power flow in
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accordance to the user requirements also belong to the first level hierarchy. There

are a huge variety of these elements inside the vehicle such as press buttons,

joysticks and selectors. These elements allow the activation and deactivation of

selected consumers. Even though they are not the consumers themselves, it is

assumed that they inherit the current consumption from its associated load for

the power flow analysis. Couplings that connect a primary harness to a secondary

harness are also considered first level elements.

The simulation is though to be executed for single wire harnesses, because

it is the way in which the input data is obtained. As a consequence, for a full

vehicle EDS simulation, a current consumption for each pin of the couplings that

interconnect with secondary harnesses should be given. These currents might

be calculated in a previous step simulation of the associated secondary harness,

considering the coupling as a slack node itself. On the other hand, connections

of the secondary harnesses couplings carrying control or activation signals in a

forward or reverse direction (upstream) are neglected due to their low power

consumption.

A second level hierarchy is formed by the many sensors and actuators that

feed from the ECUs. Within those elements, there are consumers of diverse

amperage. Such consumers don’t have a fuse directly associated and are

considered “downstream”. ECUs play the role of local sources of power and feed

the consumers through their corresponding wires. There are not protective fuses

for the wires that connect ECUs with the downstream devices or second level

hierarchy as output energy control mechanisms are already embedded within

the ECUs.

Considering these first and second hierarchy levels, Figure 3.10 shows a

simple representation applicable to a main wire harness. The current from

the battery or slack node is distributed through a set of fuses to different

elements such as 3 ECUs on the left, 2 activators, a motor and a coupling.
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1st level

2nd level

Coupling

Motor

ECU

AC fan

 
Temperature

sensor

Wipers

Blinkers

Headlights

Fuses

+ _

Fig. 3.10. Hierarchy of consumers within a primary wire harness.

These elements are the first level consumers in the power flow. At the bottom

in the second level, there are a set of consumers such as an air conditioner

fan, temperature sensor, wiper motor, blinker, headlight and generic motor.

As already discussed, the main simulation is performed through the first level

components. For this to work properly, their input current should already

account for all the secondary consumers that feed from them. Knowing that

the consumption of first level elements such as ECUs depend on the amount of

activated second level consumers, typical current load profiles are taken that

represent realistic operation of the vehicles or if required, to take worst-case

situations data. Within the vehicle EDS there might appear cross-connectivity

of power activation lines between consumers of the first level hierarchy. These

lines are neglected for the power flow analysis, and similarly to the case of the

second level consumers, the delivered power between consumers is taken into

account within the overall power consumption of the element that acts as a
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source.

It is possible, for a very accurate simulation, to consider the positive and

ground conductors as two separate circuits such as already described in Section

3.1. This is, however, computationally more demanding [78]. Therefore, for

this simulation grounding wires are filtered out and every first level consumer

is assumed to be grounded, by principle. Voltage drops at the fuses are also

neglected.

Algorithm 6 describes a series of preparation steps to put together the matrices

necessary for the calculation of the power flow. These steps take as inputs

the main files derived from the pre-processing stage (refer to Section 2.3). In

the algorithm the expression ‘devices’ refers to the first level consumers. The

operation varies whether the simulation is static or time-dependent. For the first

case, the load nominal power is taken from the Loaddata while for the latter, it is

imported from given profiles and a power matrix is created where there is a row

per device and a column per time step.
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Input: Gendata, Linedata, Loaddata, Linecode
Output: Γ, Devicecon, YN , Ys, Is, Vs,Kp,Ki,Kz, Pj,k

1. Get nominal battery voltage Vs and nominal battery resistance Rs from
Gendata

2. Get wires resistance vector Line_R from Linedata and Linecode
3. Get loads ZIP model current factor vector Ki, impedance factor vector Kz

and power factor vector Kp from Loaddata
4. if Simulation is static (single time) then
5. Assign load nominal power vector Pk from Loaddata
6. else
7. for k=1:1:number of devices Dev_count do
8. Import current profiles Ik(t)
9. Calculate power vector Pk(t) by multiplying Ik(t) with Vs

10. Create power matrix Pj,k for each time step j by column stacking Pk(t)
11. end for
12. Create Incidence matrix Γ from Linedata
13. Calculate adjacency matrix Am using Γ
14. Check connectivity of all nodes to battery using Am

15. Calculate lines admittance vector Line_Y as 1/Line_R
16. Create devices connectivity matrix Devicecon
17. Obtain admittance matrix YN excluding source
18. Obtain admittance matrix Ys of the battery
19. Calculate battery current vector Is
20. end if
21. for j=1:1:number of time steps do
22. Calculate power flow with Algorithm 7
23. end for

Algorithm 6: Matrices preparation

Algorithm 7 takes as inputs matrices and vectors calculated in Algorithm

6. The incidence matrix Γ has a number of rows equal to the number of lines

and a number of columns equal to the number of nodes and its construction is

already discussed in Section 3.1. On the other hand, the matrix denominated

Devicecon has as many rows as number of existing devices and as many columns

as nodes. Devicecon(i, j) is 1 when Devicei is connected to Nodej and zero

otherwise. A maximum iteration number is defined to achieve convergence. The

iterations occur for every time step defined in the current profiles. To start the
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first iteration in a given time step, a device voltage vector Device_V is obtained

by multiplying Devicecon by Vs. It is to note that the voltage vector V has the

voltages for every node in the network, while Device_V only for the nodes that

have components connected. The device power and current vectors are calculated

using the equations in Lines 3 and 4 of Algorithm 7. Line 6 represents the

application of the Kirchoff Current Law (KCL), to compute the branch currents

vector In which further multiplied by the inverse of the admittance matrix YN
−1

yields a new nodes voltage vector Vnew. Establishing an error criteria between

the previous and actual node voltages, the calculation is stopped or continued.

If the difference between both voltages is still greater than the selected value the

algorithm continues by using a damping factor D to obtain an updated voltage

vector V . This strategy has proven effective in reaching a faster convergence [78].

The line voltage drops are then calculated using the incidence matrix Γ and the

currents per line using the voltage drops multiplied by the admittance matrix.

For each time step the output vectors are column-stacked to form matrices. The

number of rows in Vout and Iout is equal to the number of nodes in the network

while for Vdevices and Idevices the number of rows is the number of connected

devices. The number of columns is the amount of time steps for all the four

matrices.
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Input: Γ, j, Itermax, Devicecon, YN , Is, Vs,Kp,Ki,Kz, Pj,k, ϵ,D
Output: Vout, Iout, Vdevices, Idevices
1. Init. vector V to Vs

2. for it=1:1:max iteration number Itermax do
3. Device_V = Devicecon ∗ V
4. Device_P = Pj,k ∗ (Kp +Ki ∗Device_V /Vs +Kz ∗ (Device_V )2/V 2

s )
5. Device_I = Device_P/Device_V
6. In = −Is − (Devicecon)

T ∗Device_I
7. Vnew = YN

−1 · In
8. tol = norm(V − Vnew)
9. if tol< ϵ then

10. break
11. end if
12. V = D ∗ Vnew + (1−D) ∗ V
13. Vo = V
14. Vdrop = Γ ∗ Vo

15. Iline = YN ∗ Vdrop

16. end for
17. if j>0 then
18. Column stack Vdrop(j) to get Vout

19. Column stack Iline(j) to get Iout
20. Column stack Device_V to get Vdevices

21. Column stack Device_I to get Idevices
22. else
23. Vout = Vdrop(j)

24. Iout = Iline(j)
25. Vdevices = Device_V
26. Idevices = Device_I
27. end if

Algorithm 7: Power flow.

To compare performance of the MN-BFS algorithm in Section 3.1 against the

CI algorithm, a series of simulations were launched to calculate average execution

times for a static simulation scenario. A conventional computer with an Intel(R)

Core(TM) i7-4510U CPU @ 2GHz and 8GB of RAM processor was used. In a

first stage, average time for 100 simulations at full load in a network of 44 nodes

(100% node activation) was calculated for the MN-BFS algorithm. Then, the
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total of activated loads was reduced to 80%, 60%, 40% and 20%. For each load

scenario, 100 simulations were run using randomly selected activation by means of

a random binary vector used as multiplier to the input power vector Pk. Average

times were then calculated. Using the MN-BFS in Section 3.1, three topologies

were run 100 times each to obtain the average execution time. The topologies

had a total of 14, 27 and 46 activated nodes (orange dashed line in Figure 3.11).

The CI algorithm was tested with different sized topologies (blue dashed line in

Figure 3.11).
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Fig. 3.11. Comparison of average execution times of the algorithm in 3.1 against
CI.

As observed in Figure 3.11, as the number of active nodes increases, the

improvement over the previous algorithm gains more relevance. For the last

simulation point, the CI algorithm is almost three times faster as the MN-BFS

implemented in Section 3.1.

90



3.2 Modified Current-injection algorithm (CI)

3.2.2 Cases of Study

For the Current-injection method the test cases evaluated were simulated and

compared with experimental data. The results can be found in Chapter 4,

Sections 4.3 and 4.4.

3.2.3 Comparison with other simulation tools

A simple network was used as a test case to compare accuracy of the implemented

algorithm with other existent tools. The first comparison was performed among

the herein developed CI algorithm in Python, a Python based open source tool

for power flow modeling named pandapower [90] and Ltspice XVII [91] which is a

platform for analog circuit simulation. Within pandapower it can be selected the

type of algorithm to be implemented. For the current case, Newton-Raphson was

employed. The network is described in Figure 3.12. A battery feeds a group of

elements through fuses. Their voltage drops are neglected for the current example.

The loads are considered as constant power. The nominal battery voltage is 14.5V

with an internal battery resistance of 0.1 Ohm. The nodes are drawn in Figure

3.12, where node 1 represents the nominal battery voltage and the node 2 stands

for the output voltage considering the battery internal resistance. Voltage drops

are considered within the wires that connect the fuses to the devices.

Tables 3.5 and 3.6 reflect the results for the voltages at the nodes and

the branch currents, respectively, showing negligible differences for the EDS

validation.
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Fig. 3.12. Test network used for benchmark of the power flow algorithm.

Ltspice XVII Current method pandapower (new rap)
Node 1 14,5000 14,5 14,5
Node 2 11,2047 11,204670 11,204671
Node 3 11,0823 11,082261 11,082262
Node 4 11,0676 11,067596 11,067598
Node 5 11,0758 11,075840 11,075842
Node 6 11,0581 11,058048 11,058049
Node 7 10,1947 10,194646 10,194647
Node 8 11,0550 11,054981 11,054982
Node 9 11,0536 11,053576 11,053577
Node 10 11,0341 11,034105 11,034107
Node 11 11,0776 11,077629 11,077631

Table 3.5: Node voltages.
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Ltspice XVII Current method pandapower (new rap)
Isource 32,9532900 32,953250 32,953289
Inode4 4,5063480 4,506347 4,506349
Inode5 3,3359450 3,335944 3,335945
Inode7 4,7620670 4,762064 4,762067
Inode8 4,2128410 4,212839 4,212841
Inode9 6,1430290 6,143027 6,143029
lnode10 7,5868340 7,586832 7,586835
Inode11 2,4062240 2,406223 2,406224

Table 3.6: Node and branch currents.

Another test case with 44 nodes representing the inner wire harness of a SEAT

vehicle was simulated comparing the current injection algorithm and the tool

Open DSS. Although Open DSS was not originally designed to run simulations for

DC networks, it can still be used for the purpose, by setting a very low frequency

value. In the current example, 0.1Hz was selected, as shown in Figure 3.13. A

Matlab script was used as interface to call the Open DSS for the calculations,

introducing input data obtained from the pre-processing Python scripts through

Matlab. Given that the typical applications with Open DSS handle voltages in the

KV range for transmission networks, the nominal voltage of 14.5V for the vehicle

application was rather low, thus limiting the tool accuracy. The obtained results

between both tools differed in around 0.03% mainly as a consequence of losing

decimals with the Open DSS, but once more confirming that the calculations of

the herein developed algorithms were correct.
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Fig. 3.13. Simulation parameters in Open DSS.

3.3 Wire thermal estimations

One of the parameters that experimental validation of the vehicular EDS aims

to control is the temperature increase of the wires and connectors. Higher

temperatures of the wires can be reached in overload conduction conditions, for

instance, when driving a vehicle carrying a trailer up-hill, or during an emergency

braking that peaks the current consumption of control units such as the Electronic

Stability Control (ESC). The vehicular EDS must be safe under all possible

conditions and not prone to burn due to wires over-heating.

To deliver information related to the wire temperatures, a model has been

incorporated into the program to calculate the maximum possible temperature

experienced by a single wire surrounded by air in steady state conditions, given

a constant current and an ambient temperature and considering only the radial

temperature transfer from the wire conductor to the insulation. The model, that

has been taken from literature [81], is intended to provide merely an estimation

of the wire surface temperature and is not foreseen as an in-detail simulation of
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the thermal transfer phenomena. When simulating a current profile, the current

RMS value is fed to the model as input current. This approach for the time-

varying profiles might work well for many current profiles but it can lead to under-

estimations for profiles where there are long periods of inactivity, equivalently,

currents that might arise significantly but then fall to 0A. In addition, there are

other phenomena that have not been taken into account:

• Thermal transfer between a single wire and the wire harness surrounding

wires

• Effects of the different tapes that cover the wires

• Axial temperature transfer

• Transient behaviours of the temperature and the voltage drop related with

the change in resistance

The physics behind the implemented model is described in Section 1.4. As

explained, it is required the calculation of a total heat transfer coefficient which

takes into account the convective and radiative heat transfer phenomena as show

in Algorithm 8. Then, the temperature of the wire insulation at steady state is

calculated following Algorithm 9.
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Input: Initial temperature To, wire ambient temperature Ta, insulation radius
ri

Output: Total heat transfer coefficient αges(T )
1. Read fundamental constants: gravitational acceleration g, Steffan-Boltzman

σ
2. Read experimental constants for heat convection in air
3. Read emission coefficient from the insulation ϵ
4. Calculate thermal conductivity from surrounding ambient λair(T )
5. Calculate air density ρair(T )
6. Calculate Grashof number Gr(T )
7. Calculate Prandtl number Pr(T )
8. Calculate Rayleigh number Ra(T )
9. Calculate Nuzelt number Nu(T )

10. Calculate heat transfer coefficient for convection αcon as a function of
Nu(T ) and λair(T )

11. Calculate heat transfer coefficient for radiation αs as a function of ϵ, σ, T
and Ta

12. Calculate the total heat transfer coefficient αges(T ) = αs(T ) + αcon(T )

Algorithm 8: Calculation of total heat transfer coefficient αges as a function
of temperature.
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Input: Linear temperature expansion coefficient of conductor αt, wire
resistance per length Rges, wire length l, wire area A, wire ambient
temperature Ta, insulation radius ri, thermal conductivity of insulation λi

Output: Wire surface temperature at steady state Tline

1. for line in Linedata do
2. if current profile then
3. Calculate RMS value i
4. else
5. Get current value i
6. end if
7. Read wire thermal properties αt, λi, Ta

8. Read wire resistance per length at the indicated ambient temperature
Rges(Ta)

9. Read wire geometrical properties l, A, ri
10. Calculate wire conductor radius rc
11. Give an initial value To to the solver
12. Call Algorithm 8 to get αges(Tline)
13. Solve the equation

Tline − (i2Rges(Ta)(1+αt(Tline − To))l)(1/(2ilαges(Tline)))
+((1/(2πλil))log(ri/rl))− Ta = 0

14. end for

Algorithm 9: Calculation of wire surface temperature at steady state.

3.4 Conclusions

We proposed two different algorithms to solve the problem of power flow

in DC vehicular electrical distribution systems, namely, a Meshed Network

Backward/Forward Sweep and the Current-injection algorithm. Both methods

proved feasible for the analysis of the studied networks. For each of the methods,

different assumptions were considered. For instance, in the first, the vehicle EDS

is treated as a two-fold grid formed by a positive and negative network. The

calculations were performed separately in the two networks, taking the battery

voltage and the ground as the slacks nodes for the positive and negative grid,

97



Power flow

respectively. The current from pins in the consumers are assigned following a

scheme of pin-pout relationships, distributing the current linearly among the

pins, when there are more than one consumer output pins related to an input

pin. For the case of ECUs, the current that is distributed is the current from the

ground pin, which is split among its associated input pins. Using this approach,

it is intended to simulate all elements in the network, including consumers that

are fed by electronic control units, also treated in this chapter as second level

hierarchy elements. This requires a careful design of rules that govern nodal

injection currents. On the other hand, with the Current-injection algorithm,

the simulation is limited to the first level hierarchy elements, given that it is

understood that the current demanded by an electronic control unit is a direct

reflection of the current from the elements that feed from the unit. In addition,

the experimental validation of the EDS remains in the level of the first hierarchy

elements and its proper fuse-wire matching. For the second formulation, every

single pin from a consumer represents a load itself that should be associated

to a current input value or profile. Opposite to the approach used with the

MN-BFS, only one network is considered, corresponding to the positive grid,

and all consumers are assumed to be grounded, without taking into account the

lengths of the actual wires that reach the ground bolts. This approach simplifies

the calculations and yet leads to accurate results. Moreover, it allows a higher

automation in the creation of the network architecture from the pre-processing

stage, requiring less effort from the user. The Current-injection algorithm can be

directly applied to the vehicular electrical network without the need of removing

eventual loops, as in the case of the MN-BFS algorithm. We bench-marked

both algorithms applied to sample vehicular networks observing that a gain in

execution time was evident from the Current-injection formalism.

As from the wire thermal estimations, we introduced a simple but powerful

model already validated in the literature, that is able to provide worst-case
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scenarios for most of the regular current profiles. There is room for improvement

in the thermal estimation algorithm for the time varying profiles, which is still

under development and is of great interest from the industrial point of view.

However, the already provided worst-case temperature situations are nowadays

of great value because they serve to determine where the actual physical testing

should focus on.
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Chapter 4

Experimental Validation

The project of the development of a software tool for the simulation of the

vehicular distribution system required from the very beginning a plan for the

testing of the program itself when compared with realistic vehicular networks.

From an industrial point of view, the scope of the project was beyond an academic

research effort and it was intended to provide applicable results.

1

2

3

4

Wire harness level

Wire harness connecting real vehicle 
consumers mounted in a test bench

Vehicle subsystem: driver door wire harness     

Vehicle

Fig. 4.1. Physical validation along the software development process.
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The strategy towards validation of the simulation is described in Figure 4.1.

The starting point is the validation at the wire harness level. Here, a set of

wires were tested by applying different currents under a controlled temperature

environment. A second validation level introduced the use of a customized wire

harness to connect real vehicle consumers where everything was mounted on a

test bench. The third validation level was a selected vehicle subsystem, in this

case, a driver door. The harness hereby used was the original harness from the

door, and opposed to the previous validation levels, not constructed specifically

for the test. Finally, for the last level of validation, a group of selected wires of an

interior KSK harness from a SEAT Ibiza prototype vehicle were instrumented.

4.1 Stand-alone wire harness

The goal of the first experiment performed on stand-alone wire harnesses was

to measure the temperature increase until steady state given a constant current

and constant ambient temperature at different points of the harness. Another

objective was to compare the mean temperature of the wire as calculated from

measured voltage drops at steady state with the measured temperatures. In

other words, to compare direct measurements of temperature, which are strictly

localized, with a temperature indirect measurement by means of the voltage

drops, that represented a de-localized or average temperature measurement.

The objects of study were four different wire harnesses. The first three

wire harnesses were specifically manufactured for the experiment and didn’t

correspond to a wire harness of a given vehicle. The approach was to take a

single wire with an extensive length and fold it many times to create a bundle,

covered and fixed with automotive tape, as it is shown in Figure 4.2. The need

for long wires was to have a precise voltage drop measurement for each bend. For

this reason, a length of 10 meters was defined for each loop.
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4.1 Stand-alone wire harness

Fig. 4.2. Sketch of the experimental setup.

As there were only one beginning and one end of the long wire folded to itself,

when applying current with a power source, it travelled through all the loops, thus

elevating heat inside the harness. The current was controlled by synchronizing the

power source TDK Lambda GEN 60 - 250 and using an electronic load PLI 2106.

Data acquisition was performed using a Yokogawa DL850EV with the module

720221 (16Ch Temp/Volt). The wire references and the cover tape materials

were standard from the automotive industry. The last wire sample was a single

high voltage harness taken from a real vehicle, for the feeding of the 3-phase power

to the electrical motor. The type of wire, the wire section, electrical resistance

per length unit at 20ºC (R20), amount of wires per bundle and total length of

the harnesses under study are described in Table 4.1.

Type Section R20 Wires per bundle Length
(mm2) (mΩ/m) (N) (m)

FLRY0.35A/T105 0.35 52 67 670
FLRY1.5A/T105 1.5 12.7 52 520
FLRY4B/T105 4 4.7 31 310

FHLR2GCB2G35/T180 35 0.527 1 0.6

Table 4.1: Wire harnesses under test.
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The first three wires from the table 4.1 had technical characteristics as

described in Figure 4.3. The voltage rating for the FLRY wires was 60 V DC,

25 V AC. On the other hand, the last wire analyzed had a silicon insulation

able to withstand until 180ºC during 3000 hours of operation and a shield of a

composed material PET-Al, Polyethylenterephthalat-Aluminium. The voltage

rating of the last wire was up to 600V.

Fig. 4.3. FLRY wires characteristics as taken from LEONI.
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4.1 Stand-alone wire harness

The temperature probes were attached at different positions in the harness

(Figure 4.4):

• T1: surface temperature of wire cover tape at the harness end

• T2: surface temperature of an exterior wire at the harness end

• T3: surface temperature of an interior wire at the harness end

• T4: surface temperature of wire cover tape at the harness middle

• T5: surface temperature of an exterior wire at the harness middle

• T6: surface temperature of an interior wire at the harness middle

In addition, a probe was set up to measure the ambient temperature within the

chamber.

Fig. 4.4. Transverse cut of the wire harness indicating the positions for the
temperature measurement.
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The wire harnesses were prepared adding voltage and temperature probes

(Figure 4.5a). A climatic chamber from the company Dycometal, model CCK C6

was used for the tests. A structure was designed so that the wire harnesses were

as most as possible free-standing and in no-contact with the chamber surface.

Figure 4.5b shows the structure with a wire harness inside the climatic chamber.

(a) Preparation of probes.
(b) Structure with wire harness inside
climatic chamber.

The voltage drops were measured at 5 different loops inside the bundles,

including exterior and interior loops. The probes were put at the loops extremes,

at 10 m wire length difference between each other. As the measurement

was differential, for each of the 5 measurements it was required to connect 2

channels of the datalogger element. By calculating the average voltage drop

within a loop in the harness, using the five measurements, together with an

experimentally calculated R20, the average temperature for a wire inside the

harness was calculated and further compared with the direct measurements with

the temperature probes.

106



4.1 Stand-alone wire harness

Tamb Current T1 T2 T3 T4 T5 T6
(ºC) A (ºC) (ºC) (ºC) (ºC) (ºC) (ºC)

55
1.6 63.8 65.5 69.1 67.4 70.1 74.6
1.8 66.1 68.5 73.2 71.0 74.4 80.3
2.45 74.6 78.7 87.8 83.4 89.5 100.1

70

1.3 77.1 78.1 80.3 79.1 80.8 84.2
1.8 81.9 84.0 89.1 86.6 89.9 96.0
2.04 84.7 87.2 93.6 90.8 94.6 102.3
2.6 92.9 97.1 108.2 103.5 109.5 122.4

85

1 89.8 90.5 91.9 91.0 92.0 94.5
1.5 93.6 95.2 98.6 96.7 98.9 103.5
1.8 96.2 98.4 103.2 100.7 103.5 109.9
2.3 103.0 106.8 115.3 111.0 115.6 126.1

Table 4.2: 0.35 mm2 wire harness temperature readings at steady state.

Tamb Current T1 T2 T3 T4 T5 T6
(ºC) A (ºC) (ºC) (ºC) (ºC) (ºC) (ºC)

55
3 57.8 58.8 60.1 58.4 59.6 63

4.3 60.6 62.6 65.3 61.5 64.7 71.4
6.6 68.6 73.2 79.8 71.7 78.8 94.4

70

3 72.5 73.5 74.8 73.1 74.3 77.7
3.6 73.8 75.2 77 74.7 76.5 81.2
5.48 79.6 82.9 87.5 82.2 86.3 97.2

7 86.4 91.9 99.7 91.2 98.1 116.1

85

2.7 86.7 87.5 88.5 87.4 88 90.7
3 87.5 88.5 89.9 88.3 89.4 92.6

4.1 90.4 92.3 94.9 92 93.9 100.3
6.2 98 102.2 108.4 101.8 106.6 121.1

Table 4.3: 1.5 mm2 wire harness temperature readings at steady state.

The temperature measurements for the different wire harness sections are

shown in Tables 4.2, 4.3, 4.4 and 4.5. Different current values were selected

according to the wire section going from lower to higher values that could bring

the wires to stressed conditions of operation, surpassing the 70ºC in most of

the cases. The indicated temperature values correspond to those reached at

steady state, approximately obtained at 30 minutes after applying the constant

current. The experiment itself, with a constant current flowing through all the
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Tamb Current T1 T2 T3 T4 T5 T6
(ºC) A (ºC) (ºC) (ºC) (ºC) (ºC) (ºC)

55

9.7 59.8 63.3 67.4 61.8 65.8 70.4
13.9 65.4 72.6 81.2 70.3 78.4 88
14.6 66.3 74.5 84.3 72.1 81 91.8
22 87.8 106.3 131.1 107.7 124.7 149.5

70

8.1 73.4 75.7 78.6 75.3 77.6 81
12.5 78.6 84.1 91.1 83.5 89 96.4
13.9 81.5 88.6 98 88.2 95.2 104.9
18.4 91.6 104.2 121.3 105 116.2 133.7

85
6.1 86.7 87.9 89.7 87.8 88.9 91.1
9.2 89.5 92.6 96.6 92.4 95.1 99.7
13.9 96.7 103.6 113.1 103.2 109.7 119.5

Table 4.4: 4 mm2 wire harness temperature readings at steady state.

Tamb Current T1 T2 T3 T4
(ºC) A (ºC) (ºC) (ºC) (ºC)
55 110 61.5 61.1 57.8 57.6
70 110 76.1 75.7 72.5 72.3
90 110 96 95.7 92.6 92.5

Table 4.5: 35 mm2 wire harness temperature readings at steady state.

wires within the harness, represented a critical scenario for the operation of the

wires and probably not realistic. However, it was relevant to study how different

could be the temperature within the wire harness. A set of conclusions can be

drawn from the results:

• Temperatures at the harness end are lower than temperatures at the harness

middle. The harness end is closer to an uncovered and loosened wires area,

where wires are in less contact with each other and part of the heat can be

dissipated through the air

• Temperature at the interior wires is higher than temperature at exterior

wires. Interior wires suffer directly the effect of heat transfer by contact of

all surrounding wires carrying current and therefore, acting as heat sources.
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4.1 Stand-alone wire harness

Exterior wires have part of their surface in contact with the tape, which is

not a heat generator

• Temperature at the wire tape cover is lower than at an exterior wire, given

that it acts as an insulator

• The higher the applied current the greater the temperature difference

between an interior and an exterior wire

• For a very critical operation condition, such as the one in the experiment

where all the wires carry current simultaneously, temperature gradients

between interior and exterior wires can surpass the 20ºC in a given position,

such as the case of the 4 mm2 wire at 55ºC of ambient temperature and

carrying 22A.

Figure 4.6 shows the temperature evolution of the 4mm2 wire harness as a

function of an increasing step input current while at 55ºC of ambient temperature.

The curves are a good example of the typical temperature evolution of wires.

Similar curves were found for the different scenarios evaluated. On the other

hand, Figure 4.7 shows the voltage drops evolution under the excitation with a

different step current. As is is expected, the voltage drops increase due to the

linear increase of the resistance with the temperature and reach an steady state

value when the temperature stabilizes.
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Fig. 4.6. Temperature evolution of the 4 mm2 wire harness as a function of an
increasing step input current at 55ºC of ambient temperature.

Fig. 4.7. Voltage drops evolution for the conditions in Figure 4.6.
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The measured voltage drops for the wire harnesses are shown in Tables 4.6,

4.7, 4.8 and 4.9. For the case of the 35 mm2 wire, only one probe was set up for

the measurement of the voltage drop between the wire extremes.

Tamb Current V1 V2 V3 V4 V5
(ºC) A mV mV mV mV mV

55
1.6 1004.58 1005.26 1011.96 1010.11 997.45
1.8 1164.06 1165.86 1176.31 1171.98 1154.85
2.45 1629.89 1634.54 1658.91 1647.74 1613.83

70

3 849.30 849.18 852.91 852.33 843.51
1.8 1215.06 1216.35 1225.60 1223.16 1205.47
2.04 1381.85 1383.01 1396.12 1392.88 1369.53
2.6 1835.66 1842.16 1867.97 1857.97 1816.84

85

1 718.19 716.63 720.69 721.07 713.22
1.5 1059.03 1059.30 1064.62 1063.72 1051.64
1.8 1265.22 1265.09 1276.09 1273.78 1254.20
2.3 1664.20 1667.56 1685.27 1680.10 1648.77

Table 4.6: 0.35 mm2 wire harness voltage drop readings at steady state.

Tamb Current V1 V2 V3 V4 V5
(ºC) A mV mV mV mV mV

55
3 457.31 454.56 456.38 454.20 453.56

4.3 668.58 665.78 669.07 665.89 662.65
6.6 1085.89 1085.09 1091.34 1085.25 1072.24

70

3 479.52 476.49 478.67 476.59 475.44
3.6 580.50 577.37 579.92 577.22 575.59
5.48 920.84 918.39 923.22 917.91 910.58

7 1235.73 1234.94 1242.38 1235.28 1218.35

85

2.7 450.80 448.23 450.41 448.48 447.50
3 509.98 506.91 503.41 501.06 500.31

4.1 705.10 701.23 704.68 701.31 698.34
6.2 1135.4 1110.58 1116.81 1110.57 1099.28

Table 4.7: 1.5 mm2 wire harness voltage drop readings at steady state.
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Tamb Current V1 V2 V3 V4 V5
(ºC) A mV mV mV mV mV

55

9.7 550.16 553.47 550.18 549.55 548.21
13.9 832.55 836.93 831.27 831.94 828.17
14.6 886.29 890.95 884.92 885.87 881.33
22 1544.75 1550.47 1537.43 1545.19 1528.31

70

8.1 475.18 478.11 475.28 474.61 473.66
12.5 751.44 755.68 750.81 750.75 747.84
13.9 871.95 876.49 870.65 871.29 867.14
18.4 1244.11 1249.84 1240.43 1244.15 1234.13

85
6.1 370.75 372.93 370.74 370.10 369.77
9.2 574.16 577.48 573.98 573.49 572.07
13.9 910.26 915.08 908.96 909.65 905.26

Table 4.8: 4 mm2 wire harness voltage drop readings at steady state.

Tamb Current Voltage drop
(ºC) A mV
55 110 53.43
70 110 55.73
90 110 58.64

Table 4.9: 35 mm2 wire harness voltage drop readings at steady state.
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4.1 Stand-alone wire harness

Fig. 4.8. Temperature at steady state as calculated from the average of the
voltage drops (points) and the average of the measured harness temperatures
(stars) for the case of the 4 mm2 harness (orange), 1.5 mm2 harness (blue)
and 0.35 mm2 harness (red) at 55ºC of ambient temperature and different input
currents.
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Fig. 4.9. Temperature at steady state as calculated from the average of the
voltage drops (points) and the average of the measured harness temperatures
(stars) for the case of the 4 mm2 harness (orange), 1.5 mm2 harness (blue)
and 0.35 mm2 harness (red) at 70ºC of ambient temperature and different input
currents.
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4.1 Stand-alone wire harness

Fig. 4.10. Temperature at steady state as calculated from the average of the
voltage drops (points) and the average of the measured harness temperatures
(stars) for the case of the 4 mm2 harness (orange), 1.5 mm2 harness (blue)
and 0.35 mm2 harness (red) at 85ºC of ambient temperature and different input
currents.

The average temperature throughout the wires surface was calculated using

Equation 3.3, considering the experimental value of the resistance at T0 obtained

by dividing the measured voltage drop by the applied current and multiplying by

the length. This calculation was further compared with the average of the direct

temperature readings. The two direct and indirect temperature measurements

gave close results, as can be observed in Figures 4.8, 4.9 and 4.10. An error

between −6/+ 8% was found between the two measurement strategies.
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4.2 Test bench with custom wire harness

In a second level of validation, a group of consumers were selected that required

simple control for their operation. Namely, a motor blower, a blower for the

air conditioning system, motor refrigeration water pump, water pump for the

wipers, vacumm pump, resistances for the heating system, a halogen headlamp

and a back wipers motor. The power source was a car battery and the energy

distribution was performed as in the real vehicle, by using a cascaded main fuse

box with the interior fuse box and the motor fuse box. Figure 4.11 shows the

distribution of the elements in the test bench.

Fig. 4.11. Sketch of consumers selected and their distribution in the test bench.

A picture of the final test bench is shown in Figure 4.12. The test bench was

divided in two zones. The left part in Figure 4.12 corresponded to the “Cold”

zone where the blowers were located. When activated, the flowing air refrigerated

the surrounding wires. An intermediate methacrylate panel was used to provide a

support surface for the wiper operation and served as well as division between the

“Cold” and the “Hot” zone on the right. Small distribution boxes where used for

the 12V coil activation signals and the ground distribution, as shown in Figures
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4.2 Test bench with custom wire harness

4.13a and 4.13b.

Fig. 4.12. Picture of the built test bench.

(a) 12V distributor box. (b) Ground distributor box.

Fig. 4.13. Additional distribution boxes.

A switch box was constructed for the activation/deactivation of the consumers
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and the interruption of current to the fuse boxes. The halogen front headlamp is

internally composed by a group of lights, namely: blinkers, dimmed headlights,

daytime running lights and high or upper beam lights. To allow regulation on the

intensity of these lights, a set of potentiometers were introduced in the control

box. Figure 4.14 is a close up of the electrical control box.

Fig. 4.14. Electrical control box for the activation and regulation of the
consumers.

It is to bear in mind that within the vehicle the activation/deactivation of

some of these consumers is not directly performed by the driver. That is the

case of the blower motor, the vacuum pump, the pump for re-circulation of

refrigeration liquid to the motor area and the heating resistances. Such systems

are activated/deactivated through the control performed by electronic control

units depending on the inputs from the driver. Because in the test bench the

consumers were working in an isolated manner, their operation-mode had to be

slightly changed. For instance, the water pump for the refrigeration of the motor,

shown in Figure 4.13a, was set to function in a closed loop and not dispensing

water, due to safety operation reasons of the test bench. The same was applied to
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4.2 Test bench with custom wire harness

the water pump of the wipers. The vacuum pump, which in a real vehicle would

be mounted at the combustion engine, was installed to a plastic recipient able to

withstand the reached vacuum.

Wire From To Length Section
number (m) (mm2)

1 Battery HSB 5 16
2 Battery Ground 2 25
3 HSB LVI 5 10
4 HSB EBOX 5 16
5 LVI F19 Wipers water pump 9.93 0.35
6 Wipers water pump Ground 2 0.5
7 LVI F14 Back wipers motor 9.97 1
8 Back wipers motor Ground 2 1
9 LVI F21 Halogen lamp 10.06 1.5
10 Halogen lamp Ground 2 1.5
11 LVI F17 AC blower 10.034 2.5
12 AC blower Ground 2 2.5
13 EBOX F27 PTC1 5.09 4
14 EBOX F28 PTC1 5.07 4
15 EBOX F25 PTC1 5.07 4
16 PTC Ground 2 16
17 EBOX F20 Motor blower 8.72 4
18 Motor blower Ground 2 4
19 EBOX F19 Vacuum pump 7.33 1
20 Vacuum pump Ground 2 0.5
21 EBOX F21 Motor water pump 9.99 0.35
22 Motor water pump Ground 2 0.5
23 EBOX F20 PTC2 5.15 4
23 PTC2 Ground 2 4

Table 4.10: Wirelist for the test bench in Figure 4.12.

119



Experimental Validation

Fig. 4.15. Electrical schematic for the test bench including battery and interior
fuse box (LVI).
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4.2 Test bench with custom wire harness

Fig. 4.16. Electrical schematic for the test bench including battery and motor
fuse box (EBOX).
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The list of wires within the custom harness is described in Table 4.10, and

the list of fuses in Table 4.11. Figures 4.15 and 4.16 correspond to the electrical

schematics of the test bench. There are three main key-switches to control the

current from the battery to the main fuse box (HSB) and subsequently from the

HSB to both the interior fuse box LVI and the motor fuse box known as EBOX or

EMBOX, represented as S0, S1 and S2, respectively in the schematics. The rest of

the switches are press buttons for an on-off activation of the loads, denominated

S followed by a number. The three potentiometers used to adjust the different

lights inside the halogen headlamp are also drawn in the schematic, and named

P1, P2 and P3. Information of the wire length, wire number and section are also

represented in the graphics. Auxiliary signals, such as 12V activations for some

of the consumers are represented as well, however, as those are considered control

signals with a low power, they were not measured.

The equipment used for voltage drop and current measurements were data

acquisition modules from Picotech, model PicoLog ADC-24. The current

measurements were indirect, by measuring the voltage drops in high precision

shunt resistances. Depending on the current rate, different shunt resistances

were selected. For the higher currents flowing in the wires connected to the

HSB, the shunt resistances were placed in series between the wires connections.

Those can be observed at the left in Figure 4.17, in the two wires connected

at the HSB, where the shunt resistors were covered using insulation material

with aluminum foil for safety operation of the test bench. The temperature

acquisition modules were also from Picotech, reference USB TC-08. The data

acquisition equipment is shown in Figure 4.18. Details of consumers at the

left part of the test bench are shown in Figure 4.19 and the high power shunt

resistors in Figure 4.20.

The PicoLog modules offered a data software package with a visual, easy-to-

use interface that allowed a fast set up of the desired variables.
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4.2 Test bench with custom wire harness

Fig. 4.17. Battery and fuse boxes.

Fig. 4.18. Data acquisition equipment.

For a first validation of the power flow algorithms, each consumer was

considered a constant current load. The regime considered was static, where

the constant load currents were inputs to the solver. At this point, the

pre-processing stages explained in Chapter 2 were not in operation, given that

this test bench was not representing any realistic wire harness. In here, the
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Fig. 4.19. Detail of consumers.

Fig. 4.20. Shunt resistors with voltage drop probes for the HSB lines.

Fuse number Fuse Box Type Rate (A)
1 HSB Plate fuse 350
2 HSB Plate fuse 80
3 HSB Plate fuse 150
14 LVI MINI 15
20 EBOX JCASE 40
21 LVI JCASE 20
17 LVI ATO 30
19 LVI ATO 7.5
19 EBOX ATO 15
23 EBOX ATO 7.5
25 EBOX JCASE 40
27 EBOX JCASE 40
28 EBOX JCASE 40

Table 4.11: Fuses list.
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4.2 Test bench with custom wire harness

linedata, the loaddata and the gendata were manually generated and not a

result of any pre-processing. The linecode database, was also needed. This is

however a database and in none of the cases is automatically generated. As

observed in Figure 4.21, the measured and simulated variables indicate a proper

match. Moreover, the test bench was useful also as a learning platform for the

experimental validation of the tool at superior stages, where many conclusions

could be drawn:

1. The power flow calculations as programmed were correct and coherent

2. It was important to test the operation always at the component level to

then scale up to the operation of multiple consumers simultaneously

3. The methods and instruments employed for the current and voltage drops

probes were valid and led to correct results

4. It was important to validate the readings with the PicoLogs with higher

level, well-established and well-known data acquisition equipment from

other manufacturers commonly used in automotive applications

5. Experimental measurement of the resistance per length of the wires at

room temperature (R20) helped discarding possible sources of error between

calculated and measured values

6. Driving the wires to stressed operation conditions was difficult with the

selected loads as opposed to the experiment with wires and using an

electronic load shown in Section 4.1.

7. Setting up instrumentation to get proper and correct measurements takes

time and patience, even if the experiment seems simple
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Fig. 4.21. Comparison between simulated and measured test case. Simulated
voltage drops (yellow stars), measured voltage drops (green dots), simulated
currents (blue triangles), measured currents (red crosses).
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4.3 Driver door test bench

A further step in the validation strategy was the test at a subsystem level, such as

the case of the wire harness of the driver door. A test bench was set up to verify

the reliability of the developed tool, as shown in Figure 4.22. At this stage, the

pre-processing algorithms were already included in the program, thus being also

subject of proof with the experimental validation. The analyzed consumers were

the mirror blinker, mirror heater, door lock actuator, door open-close indicator

LED, windows and mirrors control buttons lightning, electric window motor ECU

and mirror movement motors regulator. Based on previous analysis performed

on the loads, they were treated as constant current loads.

1
2

3

Fig. 4.22. Vehicle driver door test bench. 1) Windows and mirror control
buttons 2) external control panel including the radio (dashboard) and 3) coupling
position.

On the right side of the driver door (see 3 in Figure 4.22) there is a coupling

that connects the door wire harness with the interior wire harness in the case

of the assembled vehicle. To allow operation of the isolated door test bench it

was necessary to employ a power source (Delta Elektronika SM66-AR-110) set at

14.5V together with a control panel for activation of the consumers (number 2 in
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Figure 4.22). The control panel is serially connected to a printed circuit board

that emulates the outputs of the ECUs for the consumers that require it. The

windows and mirrors control buttons are extracted from the door panel to allow

visualization of the wire harness (number 1 in Figure 4.22). Figure 4.23 depicts

the connectivity between all elements in the test bench, where continuous lines

represent the positive voltage and dashed lines indicate the ground voltage.

Data acquisition was accomplished by means of a Yokogawa DL850EV scope-

recorder with a 720221 Module (16 Ch Temp/Volt). Only wires carrying power

were studied. Their voltage drops were measured by rolling up voltage probes

to stripped areas of the wire extremes at around 4 cm from the end connectors

to provide contact while the currents were measured by inserting high precision

shunt resistors at the vehicle side of the coupling.

The consumers were manually activated and deactivated in an arbitrary

sequence, described in Table 4.12, with measurements being taken every 5

ms. The current load profiles were considered as inputs for the solver. These

currents are then used to calculate a power matrix (Pj,k) employing the nominal

battery voltage as indicated in Algorithm 6. For the particular case of an

isolated driver-door harness, the network configuration resembles a pure radial

configuration where the coupling point can be interpreted as the supply source

(Battery node) and the rest of consumers are connected downstream. Therefore,

the load profile currents that represent the input node currents for the algorithm

match with the respective branch currents in this circuit. Validation of the

pre-processing and power flow algorithms is performed through the voltage

drops calculations.
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Power source

Coupling

PCB

Blinker

Mirror
Heater Mirror 

lock
Window

motor
Door

motors 

Dashboard

LED Buttons lightning

Vehicle side

Door side

Fig. 4.23. Connections scheme of the door test bench.

Consumer Activation (s) Deactivation(s)
Mirror blinker 8.1 58.7
Mirror motors 12.3 30

Buttons lightning 2.8 37.5
LED 21.8 46.3

Window motor 38.8 44.7
Mirror heater 53.1 77.2

Door lock 32.5 35.8

Table 4.12: Door test-bench consumers activation sequence.

According to the inputs indicated in Figure 2.7, for simulation it was

necessary to input the wire harness data container for the driver door together

with the consumers currents profiles and the vehicle equipment. Once the

simulation is succeeded all the different output files are available. The wires

for the electric window motor and the mirror movement motors regulator

have 7.5A protecting fuses each, which are correctly matched and evaluated

showing no failure conditions. Figure 4.24 shows the voltage drop profiles in

the wires connected to each door consumer, also named “Wires Vdrop” in

Figure 2.12. It can be observed that experimentally, some transient peaks which
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are not recorded in the current profiles are catched during the voltage drop

measurements for the motors. As the input to the solver is the node current

profile data, where the peaks are missing, those peaks are not reproduced in

simulation. The voltage drop in the wire feeding the door lock actuator reflects

a change of polarity representing its turn into a closed or an open position.

Concerning the simulation errors, for the case of the electronics regulating the

motors, the error in voltage drops is calculated by using the signals RMS values

for the activation period neglecting the peaks, thus obtaining a relative error of

maximum 5%. For the blinker and door lock the error is also evaluated using

the RMS values, while for the rest of the consumers it is calculated by using the

signals averages. The maximum error is 11.4% for the case of the door lock. It

is desirable that the simulated values reflect worst case scenarios, however, this

might not always be the case, as observed for the door lock.
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Fig. 4.24. Comparison between measured (dashed) and simulated (continuous)
voltage drops for wires powering the door consumers.
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4.4 Vehicle testing

To validate the approach further, static tests were also performed within the

interior and engine KSKs of a prototype vehicle. Measurements of currents

and voltage drops were performed on main branches and the wires feeding the

consumers. For the on-vehicle voltage drop measurements, perforation connectors

were used to reach the conductors through the insulation. Currents were also

measured by means of high precision shunt resistors as in the driver door test

bench. A schematic with the representation of the power distribution inside the

vehicle is observed in Figure 4.25.

Batt

Interior fuse box

Branch A loads Branch B loads Engine loads

Engine fuse box

Main fuse box

Electrical 
steering

Fig. 4.25. Fuse boxes distribution scheme.

The battery is connected directly to the main fuse box (MFB or HSB) which

in turn distributes the current through four fuses, namely, two connecting to the

interior fuse box (IFB or LVI), one connecting the electrical steering and the

last connecting the engine fuse box (EFB/EBOX/EMBOX). The interior fuse

box feeds most of the vehicle consumers by means of two separated fuse groups

referred as Branch A and Branch B. This strategy follows operative safety issues

and regulations. The engine fuse box feeds components in the engine surrounding,

such as the electronic control unit for the motor, airbag, brakes, among others.

A fuse with 80A rate in the main fuse box feeds directly the electrical steering
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due to its high current peaks.

Fig. 4.26. Vehicle fuse boxes with measuring probes.

Current and voltage drops in the wires feeding the electronic control unit

known as the Body Control Module (BCM) were measured. These were related

to consumers such as the front headlamps, wipers, horn and door lock, that are
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Consumer Activation (s) Deactivation(s)
Open door 20 –

Switch and daily running lights 32 119.3
Wipers 34.8 36.7
Ignition 38.9 102.2

Horn honk 45 45.4
Steering wheel fully to the left 48 51.2

Lights in AUTO mode 55.6 58
Full beam lights 60 67.5

Fog lights 62.7 65.9
Lights in AUTO mode 70 71.7

Steering wheel fully to the right 75.5 80.7
Steering wheel to center 81.6 87.4

Horn honk 91 91.9
Close door 143 –

Table 4.13: On vehicle activation sequence.

all controlled by the BCM and considered as constant current loads for the solver.

In addition, branch currents and voltage drops were also measured.

The activation sequence is described in Table 4.13. Figure 4.27 shows in the

first column the currents associated to a group of consumers from Branch A,

and in the second column the ones from Branch B. In the first row, the total

branch currents are depicted comparing them with measured data (dashed lines).

As expected, the calculated branch currents follow the activation of consumers

powered from that branch. When opening the vehicle, lighting functions such as

blinkers and interior lights activate, therefore there is a correlated peak between

the lightning fuse A and the door lock. On the other hand, the starting switch

activates and deactivates the daily running lights. This is shown in the current

increase present at both lightning fuses at around 39 secs and its return to zero

at around 120 secs, corresponding to the switch turning on and off. Constant

parasitic currents for the consumers fed from the branches and not measured

were taken from previous experimental factory data and used as inputs for the

solver. In overall, there is a good agreement between simulated and measured
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Fig. 4.27. Interior fuse box currents.

data. A slight offset from the measured values is observed for the current in

Branch B, thus suggesting that an improvement could be obtained by a deeper

analysis and characterization of the parasitic current profiles.

Figure 4.28 shows the calculated versus measured voltage drops. There is

a good match between the theoretical and measured values. Voltage probes

readings were at some point less accurate than the current readings due to the

difficulty of placing the perforation probes within the wires in the vehicle. In

addition, the measured voltage probes accounted for the length in between the

probes, which was not exactly the total length of the wire from the connectors

extremes as indicated in the xml container. The previous test benchs reported

closer matching between the voltage drops due to a better control and easiness

of the instrumentation placement.

An example of a very close agreement between measured and simulated

voltage drop can be seen in Figure 4.29 for the electrical steering feeding wire.

This indicates a proper contrast between the theoretical data as given in the

electrical diagrams and the wire harness construction.
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Fig. 4.28. Voltage drops in wires connecting to the interior fuse box. Measured
(dashed) and simulated (continuous) values.
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Fig. 4.29. Voltage drop in the electrical steering feeding wire.
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The validation at the vehicle level gave also important guidelines for

the methodology concerning data processing. Thanks to this validation a

modification in the input data and the program was added to correctly assign a

group of fuses to the respective branches at the interior fuse box.

4.5 Conclusions

To implement a new simulation tool within the process development of the

electrical distribution system, it is of cumbersome importance that the simulated

data matches with the empirical data. To guarantee the accuracy of the calculated

results an empirical validation was performed starting from the stand-alone wire

harness level to the vehicle entire system.

It is worth mentioning that from a manufacturing perspective, the wires

resistance per unit length at 20ºC (R20) and wires length might vary to upper or

lower values than the theoretical. Resistances are allowed to change in about +/-

4% while manufacturing wire length tolerances typically range up to +/-10% due

to their manual assembly. At some cases, the tolerance can even go higher, to +/-

15%, and from the experiment, it was found for a certain case, that a higher wire

section was employed compared to the documented in the information from the

harness XML data container. These could bring differences between simulated

and measured data such as the ones found for the experiments. However, for

the purpose of the EDS validation, these errors are within an acceptable range

and still result useful to determine if design inconsistencies exist. In this sense,

important differences would reflect problems such as a harness construction that

is not following the theoretical data specified in the design, and the use of

inappropriate or incomplete loads data (including stand-by currents for electronic

control units). At a mature stage, a detailed virtual validation would replace most

of the experimental work.
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Chapter 5

Conclusions

Aiming to zero-prototypes is an enormous challenge within the automotive

industry. In particular, for the EDS, the customization brings a complexity

that opens the window of thousands of architectures, turning it into the most

complex electrical element within the vehicle. In spite of that, so far, electrical

simulation has been scarcely used within the Wiring Harness Development

Process. Using computational simulation, early detection of possible electrical

network failures is feasible such as excessive voltage drops or wrong components

sizing for a vast range of network topologies, thus allowing to discard those

ones which do not comply with operational and safety requirements in an early

project stage. To reach the level of vehicle EDS simulation is mandatory to

understand the way in which the network information is presented and be able

to extract it and transform it.

In this thesis, we developed a computational tool for the electrical and thermal

simulation of low voltage DC vehicular electrical distribution systems. The main

contributions of the work are listed per chapters as follows:

Chapter 2 proposes a detailed methodology to take and adapt the vehicle EDS

factory data into suitable and standard matrices that serve as inputs for a power

flow solver. In addition, a databases structure suitable for the development of an
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intuitive user-graphic interface is delivered. The data processing represents one

of the big challenges within the current work.

Chapter 3 delivers the description and application of two different algorithms

to solve the problem of power flow in DC vehicular electrical distribution systems,

namely, a Meshed Network Backward/Forward Sweep and the Current-injection

algorithm. Both algorithms proved appropriate for the solution of the mostly

radial vehicular low DC networks. In addition, a comparative analysis between

different methods was presented indicating advantages and disadvantages of each.

Regarding the thermal aspects, a simple but accurate thermal model for the wires

already validated in the literature is applied, that is able to provide worst-case

scenarios for most of the regular current profiles.

Finally, Chapter 4 provides details from the experimental validation of

the developed tool starting from the stand-alone wire harness level to the

vehicle entire system. It is demonstrated that the simulation results using the

theoretical factory data show typically an error between +/-10% matching with

manufacturing tolerances for prototype wire harnesses in vehicles.
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Conclusiones

Prescindir de prototipos es un gran reto dentro de la industria automotriz. En

particular, para la red eléctrica de a bordo, la customización trae consigo una

complejidad que abre la ventana a miles de posibles topologías, convirtiéndose

en el elemento eléctrico más complejo dentro del vehículo. A pesar de ello, hasta

ahora, la simulación eléctrica ha sido escasamente utilizada dentro del proceso de

desarrollo de la red de a bordo. Mediante la simulación computacional es posible

detectar errores de manera temprana tales como caídas excesivas de tensión

dentro de los hilos o una selección incorrecta de componentes como cableados

y fusibles de protección en múltiples topologías, permitiendo desestimar aquellas

que no cumplen con requerimientos operacionales y de seguridad. Para llevar a

cabo la simulación de la red de a bordo es necesario entender la manera en la

cual la información de la red es presentada y estar en la capacidad de extraerla

y transformarla.

En esta tesis desarrollamos una herramienta computacional para la simulación

eléctrica y térmica de la red de bajo voltaje DC en el vehículo. Las principales

contribuciones de este trabajo se listan a continuación por capítulos:

El Capítulo 2 propone una metodología detallada para tomar y adaptar la

información de la red eléctrica de a bordo en formas matriciales aptas para lanzar
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un flujo de potencias. Adicionalmente, se detalla una estructura de datos que

facilita el diseño de una interfaz gráfica intuitiva. El procesado de datos representa

uno de los grandes retos del presente trabajo.

El Capítulo 3 entrega la descripción y aplicación de dos algoritmos diferentes

para resolver el problema del flujo de potencia DC en redes eléctricas vehiculares,

específicamente, el algoritmo denominado Meshed Network Backward/Forward

Sweep y el denominado Current-injection. Ambos algoritmos son apropiados

para resolver las redes de bajo voltaje DC vehiculares, que son mayoritariamente

radiales. Adicionalmente, se expone un análisis comparativo entre los diferentes

métodos indicando ventajas y desventajas de cada uno. Respecto a los aspectos

térmicos, se ha aplicado un modelo simple pero exacto tomado de la literatura

para describir la transferencia térmica en los cableados que genera escenarios

desfavorables, típicamente peores de lo que se obtendría en la realidad, pero que

permitan minimizar posibles riesgos.

Finalmente, el Capítulo 4 arroja detalles de la validación experimental de

la herramienta software empezando desde el nivel de mazos sueltos al nivel de

vehículo completo. Se demuestra que los resultados de la simulación usando como

datos de entrada los datos teóricos de los mazos de cable tienen un error alrededor

del +/-10% respecto de las mediciones en prototipo, acorde con las tolerancias

conocidas de manufactura.
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