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Abstract 

During the insert process when the windings of an electric motor are pushed into the stator slots, some 

detrimental phenomena can occur that affect the efficiency and life of the motor. To detect these 

phenomena and optimize the process, a simulation would be useful. An investigation of the possibility 

to perform a simulation, using an appropriate numerical method for the insert process of distributed 

windings in a permanent magnet synchronous motor, was performed. During the project, a literature 

study was carried out to investigate existing methods and key-parameters for the simulation of the 

process. Explicit finite element method has been shown to be a suitable numerical method for 

simulating another winding process. An explicit finite element analysis was performed with a simplified 

model of the stator, the wires, the transmission tool and the needles by using the software 

Abaqus/CAE. In order to reduce the computational time, beam elements were used to model the wires 

and the other parts as rigid bodies. The model accounted for example contact and provided numerical 

results. The result was a suitable model. However, it needs to be developed further. 
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Glossary 
Electromagnetic force Electromotive force is expressed as volts and is proportional to the 

current (Drury & Hughes, 2013) 

Magnetomotive force  Magnetomotive force in a coil defines as the product of the current and 

the number of turns of the wire which expresses in ampere-turns (Drury 

& Hughes, 2013) 

Phase A phase is a periodic curve displacement relatively to an arbitrary chosen 

reference 

Air coil A preformed coil which is not directly winded into the stator slots
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1. Introduction 
Today the automotive industry strives for lower costs and shortened lead times and the development 

of electric vehicle is a highly discussed topic. Physical tests are both time-consuming and costly, which 

drives the industry towards virtual development. Volvo Car wishes to increase their knowledge of the 

assembly of distributed windings in a permanent magnet synchronous motor, an electric motor, using 

the insert technique. The insert technique is a type of winding technique where the windings are 

pushed up into the slots of a stator, which will be described in section 2.8. During the insert process 

when the wires are pulled into the stator some phenomena can arise which affect for example the 

efficiency of the electric motor. Therefore, the possibility to develop and perform a simulation will be 

investigated, using an appropriate numerical method. A simulation can replace some physical 

experiments and by that reduce for instance material waste and time, but also favour the development 

of electric motors. 

By request of Volvo Car in Skövde the report is censured. Pictures of the actual process, stator and 

tools, and CAD-drawings have been excluded.  

 

1.1 Problem Statement 

During the insert process, one critical part is when the wires are pulled into the stator slots (Fleischer 

J. , Hofmann, Krause, Sell-Le Blanc, & Wirth, 2016). The friction of the wires causes high pull-in forces 

and according to Endisch, Franke, Richnow and Stenzel (2015), this can lead to elongation and lateral 

contraction, which increases the resistance of the winding. Endisch et al. (2015) also mention that 

increasing the winding resistance lowers the efficiency and continuous power output of an electric 

motor. Wire crossings also occurs in the stator slots and when subjecting the windings to mechanical 

stresses, the life of the electric motor reduces (Fleischer, Haag, & Hofmann, 2017).  

A simulation makes it possible to visualize what happens to the wires during the insert process and the 

ability to make virtual experiments instead of physical experiments. The most ideal scenario is if 

dimensions and parameters can be changed and replace most of the physical tests. Therefore, the 

possibility to develop and perform a simulation for the insert process will be investigated. 

 

1.1.1 Aim and Goal 

The aim of the project is to investigate if the insert technique can be simulated with an appropriate 

numerical method and to give a good foundation for further development. 

The goals for the project are:  

• Simulate the insert technique using an appropriate numerical method and software 

• Examine important parameters and implement as many parameters as possible during the 

analysis 

• Investigate different and appropriate numerical methods and software 
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1.1.2 Limitations 

As there are limited time to solve this task, limitations are set up in order to focus on the most 

important aspects of the project. The time for the project is 20 weeks and includes 30 academic credits. 

When establishing the simulation, the stator, insertion tool and other parts that are used during the 

insert process are assumed to be rigid, as the primary concern is how the insert process affect the coils. 

Considering that the project is limited to 20 weeks, there will not be enough time to simulate the whole 

process, including winding of the air coils and the compression of the winding ends. Therefore, only 

the insert process will be simulated. 

 

1.1.3 Sustainable Development 

The concept ”Sustainable Development” was first stated in Brundtlandrapporten the year 1987 and it 

is defined as “A development that meets the needs of the present without compromising the ability of 

future generations to meet their own needs” (Nationalencyklopedin, n.d.). Sustainable development 

is divided into three different dimensions, ecologically, socially and economically and they are 

dependent of each other to reach sustainability. A common way to visualize the three dimensions and 

their interaction with each other is through a Venn diagram, see figure 1.1 (KTH, 2018). 

 

 

Figure 1.1 Sustainable development 

 

A simulation representing the insert process is preferable rather than physical tests when working 

towards sustainable development. Today, physical investigations are made to determine whether if 

and how the wires have been damaged respectively if they have overlapped each other. A simulation 

could predict these detrimental phenomena. By developing a simulation for the insert process, physical 

investigations of the windings can be minimized and thereby reduce material waste, time and costs.  
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Internal combustion engines release carbon dioxide during combustion and carbon dioxide emissions 

contribute to the global warming. The use of electric motors in vehicles could reduce these emissions. 

With the ability to visualize the insertion of wires and change important parameters, efficiency of the 

insert process and electric motor could be improved, and a number of physical tests reduced. A 

simulation does not require for example heavy lifts and therefore, a person’s physical abilities does 

not affect the job tasks.  

 

1.2 Overview 

In chapter 2 are the electric motor, the stator, the windings, the insert technique, the numerical 

methods finite element method, FEM and multibody dynamics, MBD explained. Facts about the 

company Volvo Car are also stated in the same chapter. In the following chapter, chapter 3, the 

methodology of the work is presented, where important parameters that affect the insert process and 

the approach of the simulation are introduced. The approach of the simulation is further detailed in 

steps that consist of model properties, applied loads and restraints in the model, step definitions, 

interaction properties and the assigned mesh. The result of the simulation is presented in chapter 4. 

In chapter 5, discussion of the result, used methods and problems that occurred are presented. 

Chapter 6 presents the conclusions of the project. In chapter 7, future work is presented for further 

research of the project. 
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2. Background 
To be able to accomplish the project, a greater understanding of how an electric motor and the insert 

process work, suitable numerical methods and software for the simulation were needed to be 

investigated. Therefore, a literature study was carried out to get a bigger understanding and to be able 

to make decisions regarding the simulation. During the literature study, several articles were found 

simulating the linear winding process, using either FEM or MBD. 

 

2.1 Finite Element Method 

According to Kurowski (2004), the definition of FEM is a tool of design analysis that converts a 

continuous system into a discrete system with subdomains, called finite elements. The use of FEM is 

numerous in science and engineering due to the tool being powerful and demanding for engineering 

analyses. The advantage is the change in the design process, from having iterative cycles of “design, 

prototype, test” into creating models virtually. 

The fundamental finite element formulation is defined by equation 2.1. 

 

[𝐹] = [𝐾] × [𝑑] (2.1) 

 

K stands for the stiffness matrix, d denotes for the nodal displacement matrix and F is for the force 

vector which occurs due to the application of the boundary conditions (Kurowski, 2004).  

 

2.1.1 Finite Element Method Software 

Different software for FEM were reviewed and summarized in appendix 2. The gathered information 

could work as a foundation when selecting appropriate software for future work of simulation of the 

insert process. 

 

2.2 Multibody Dynamics 

The fundamentals of MBD are based on analytical mechanics. The Principia of Newton, the Mécanique 

Analytique by Lagrange and the Corporum Rigidarum by Euler were the starting point for analytical 

mechanics. People like D’Alembert, Jourdain, Kane and Levinson and their works have a great impact 

for the computational aspects when using MBD (Guse, Schiehlen, & Seifried, 2006). When performing 

an MBD study, the movement of mechanism system which is influenced by different forces will be 

analysed. An MBD system consists of several bodies, modelled as solid bodies or as links connected by 

joints. When connected through joints, each model’s relative motion gets restricted. To get a bigger 

understanding of the interaction between several moving parts and the generated loads during 

movement, an MBD analysis is of good importance. The design of a product is dependent of the 

interaction between several parts during movement (MSC Software, n.d.).  



5 
 

2.2.1 Multibody Dynamics Software 

Different software for MBD were reviewed and summarized in appendix 3. The gathered information 

could work as a foundation when selecting appropriate software for future work of simulation of the 

insert process. 

 

2.3 Articles found during the literature study 

Fleischer, et al. (2016) used MBD for the insert technique and have shown that it is sufficient for 

simulation of the bending behaviour and the tensile force of the coils. Fleischer, et al. (2016) 

mentioned that an MBD simulation would give a better understanding of the interaction between the 

wires, the slots of the stator and the tool. The model consisted of wires, modelled as rigid bodies with 

binding elements called “General-Forces” applied between two chain elements. Two simulations were 

performed with few numbers of turns of a coil, a tensile force for the coil and the bending behaviour 

that occurs by inserting the coil into a slot. The results showed critical loading conditions which need 

to be validated.  The author could not find any current scientific research that could contribute for the 

simulation.  

According to Bickel, Bönig, Fischer, Franke & Spahr (2014), powerful simulation models with low 

computational time and the use of appropriate algorithms need to be developed for optimization of 

the winding result for the linear winding process. The used simulation software were ANSYS 

Workbench and LS-DYNA. An explicit finite element analysis, FEA, was carried out, modelled the tools 

as rigid bodies and the wire with beam elements and circular cross section. The choice of modelling 

the wire with beam elements was due to the authors wish to simulate the whole process in an 

acceptable computational time. The result of the simulation was considered good, but there were 

some limitations for the simulation. All the physical effects for the process could not be simulated. 

Another article by the same authors, Bickel, Bönig, Fischer, Franke & Spahr (2015), did a similar 

simulation with the same conditions. For example, both did a simulation of linear winding, used beam 

elements on the wire body and rigid bodies on the rest of the parts and modelled on the same software 

with an explicit dynamic analysis. Realistic wire behaviour was simulated, and the result was validated 

by experiments. 

According to Fleischer, Ruprecht and Sell-Le Blanc (2013) an MBD simulation had to be carried out to 

fully describe the whole linear winding process and to determine the mechanical load on the wire 

caused by the machine components. The wire was modelled with short rigid bodies respectively 

chained joints. Realistic wire behaviour was described by matching the copper wire stiffness and the 

linear respectively rotational stiffness of the applied joints. According to the authors, the established 

MBD model could work as an optimizing tool to increase the winding speed and at the same time 

control the tension during the process.Another article made by Fleischer, Hofmann, Sell-Le Blanc and 

Simmler (2016) uses the same numerical method for simulating the linear winding process and the 

choice of method was due to the model’s large geometric size. The goal was to get a broader 

knowledge of the wire tension during the process and it was achieved by developing an analytical and 

a simulative model. Both models were validated through experiments, using a table-winding machine. 

By developing these models, process speeds and maximum wire tension could be calculated. 
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2.4 Volvo Car 

Volvo Car Group, owned by Zhejiang Geely Holding, is a well-known car brand that sells cars in over 

100 countries. Most of the manufacturing is placed in Sweden, Belgium, China and USA. Volvo Car’s 

core values are quality, safety and care for the environment. The company’s vision is an electric future 

and by the year 2025 at least half of the sold cars should only be driven by electricity (Volvo Car Sverige 

AB, n.d.). Volvo Car Group was founded in 1925 by Assar Gabrielsson, the VD, and Gustaf Larson, the 

construction manager and was an affiliated company to SKF (Rabe, 2015). The year 1927 Volvo Car’s 

first car model was manufactured. The model was called ÖV4 and it was an open tourer with a four-

cylinder engine. Volvo Car Group was bought by Ford Motor Company in 1999 and in 2010 the 

company was sold to Geely Holding (Volvo Car Sverige AB, n.d.). 

Volvo Car has been producing motors in Skövde since the beginning of 1930 (Volvo Car Sverige AB, 

n.d.). It all began in 1925 when the Swedish foundry Pentaverken got their first order from Volvo, a 28-

horsepower engine, due to their long experience of producing engines. In 1927 the first 710 engines 

were delivered. Volvo Car bought Pentaverken in 1935 and renamed the company to Volvo 

Pentaverken (Volvo Penta, n.d.). 

 

2.5 Electric Motor 

An electric motor consists of several parts, for instance a stator and a rotor. The stator is the stationary 

part of the electric motor and the rotor is the rotational part. The design of the stator and rotor can 

distinguish depending on the type of electric motor, for example magnets can be mounted inside the 

rotor and windings inside the stator or vice versa. The electric motor is based on the fundamental laws 

of electromagnetism, the relationship between electricity and magnetism. When an electrical charged 

particle is moving in a magnetic field it is exposed to a force perpendicular to the magnetic field’s 

direction and the direction of the particle’s movement (Nationalencyklopedin, n.d.). These forces are 

then generating a rotational motion when the windings are fed with an electrical current. The 

interaction between the windings and the magnets creates motor torque. Common for all types of 

electric motors are the conversion of electric energy to magnetic energy and lastly to mechanical 

energy (Tong, 2014). An electric motor is fed with AC-power or DC-power (Tong, 2014). The difference 

between an AC- and DC electric current is that the direction and instantaneous value change in time 

for an AC current (Nationalencyklopedin, n.d.).  

There exist several types of electric motors, for example synchronous, brushed, brushless and 

induction motors, with different characteristics and designs. Brushed motors consist of a commutator 

and brushes which connects to a rotor winding. Brushless motor uses permanent magnet rotors 

instead, which offers great electrical and mechanical advantages. By replacing from rotor winding to 

permanent magnet rotors, rotor inertia reduces, and motor acceleration and efficiency increases 

(Tong, 2014).  

The type of motor relevant for the project is a permanent magnet synchronous motor. 
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2.5.1 Permanent Magnet Synchronous Motor 

A permanent magnet synchronous motor, PSM, is a synchronous motor with permanent magnets 

embedded in the rotor (Fleischer, Haag, & Hofmann, 2017). A synchronous motor is fed with a three-

phase electric current and by that the rotor runs at the same speed as the stator’s rotating magnetic 

field. Identical ACs, alternating currents, are applied to three circuit conductors in a three-phase power 

system. Each current is a sinusoidal function of time and the amplitude and the frequency are the 

same. The difference between the currents is the shifted phase, they are shifted relatively from each 

other by 120°. Figure 2.1 illustrates a three-phase electric power system, where the horizontal axis 

represents time and the vertical axis represents current.  

 

 

Figure 2.1 Three phases, i1, i2 and i3, in time with an offset of 120° 

 

On the stator of a synchronous motor, every pole has three windings. They are equally spaced from 

each other by 120° and a rotating magnetic field is produced when applying an AC electric power. 

Permanent magnets are placed inside the rotor and creates a magnetic field. It is the interaction 

between these two magnetic field that creates motor torque.  

One advantage using a three-phase motor is for example its ability to produce self-starting torque 

(Tong, 2014). When placing the windings inside the stator they can be better isolated and worked 

mechanically. The reason for placing the windings inside the stator is due to the high stresses which 

they are exposed to (Nationalencyklopedin, n.d.). 
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Figure 2.2 A schematic PSM with 3 phases (Fyhr, 2018) 

 

The PSM has a low-maintenance design. Some other advantages of the motor are its high-power 

density and high efficiency. But high speeds lead to reduced efficiency (Tong, 2014). Figure 2.2 shows 

an illustration of a PSM with three phases. The outer part with light purple colour is the stator and the 

rotor with a slightly darker purple, which is placed inside the stator, has blue permanent magnets 

placed inside. The white colour represents air gaps and the orange-brown hues represents the phases.  

 

2.6 Stator 

The stator is the stationary part of the electric motor. It is made out of a stack of thin steel laminations 

which have been prepunched and assembled into an aluminium or cast-iron motor housing. The 

reason of why the stator is made out of thin laminations is because if the stator is solid, then it would 

become an electrical heater which is undesirable for an electric motor.  
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Figure 2.3 Illustration of a stator, presenting its design 

 

The inner surface of the stator has a number of slots in which the coils are to be inserted and they are 

distributed in the circumferential direction, see figure 2.3. Comparing with the rotor that is subjected 

to high centrifugal forces when it rotates, the stator has lower forces acting on it. This leads to less 

requirements for its mechanical strength properties. How the windings are arranged determines the 

number of poles (Tong, 2014). 

 

2.7 Windings 

There are different types of windings that are convenient for different applications. Most known are 

concentrated and distributed winding (Tong, 2014). Volvo Car is using distributed winding, so this type 

is further analysed in the project. See appendix 4 for more information about concentrated windings 

and a comparison with distributed windings. Figure 2.4 presents different types of windings, where 

the stator in the upper right corner contains of distributed windings. 
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Figure 2.4 Different types of windings (Fleischer, Hagedorn, & Sell-Le Blanc, 2018) 

 

2.7.1 Distributed Windings 

In distributed winding, there are coils that are made by arranging a number of winding turns which are 

then inserted into the stator slots and fills the air gap periphery. When using distributed winding, it 

would result in a sinusoidal magnetomotive force, MMF distribution and electromotive force, EMF 

waveform. Depending on the size of the motor, high slot fills can be obtained. In general, if the motor 

is larger, then the slot fill is higher (Tong, 2014). Distributed winding is usually done by using the insert 

technique (Fleischer et al., 2016). 

 

2.8 Insert Technique 

According to Fleischer, et al. (2016), insert technique is most widely used for manufacturing distributed 

windings, almost 80% of all electric motors globally is made of distributed windings. Fleischer, et al. 

(2016) also mention that due to the possibility of performing the insert process in one step which gives 

high productivity, short cycle times and wide range of applications, many manufacturers are using this 

technique.  

The insert process works in a way where preformed air coils are inserted into the stator by an insertion 

tool. The preformed air coils are made in a separate process, by a flyer or linear winding process. The 

winding of the air coils and insertion can take place in one or several steps. All phases can be wound 

and inserted in one step or each phase separately. The air coils (2) are placed on the insertion tool, see 

figure 2.5 to the left (Fleischer, et al., 2016). 
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Figure 2.5 To the left close-up on the insertion tool, to the right the insert process step-by-step from a) to c) (Fleischer, et al., 
2016). 

 

The tool is divided in three parts. In the middle there is a moving part (3), called transmission tool, that 

helps the coils to get pushed into the stator (1). There is a wire guidance consisting of an inner (5) and 

outer needle (4) which guides the coils to moving into the stator slots while keeping its initial shape 

(Fleischer, et al., 2016). The needles are positioned in front of the stator tooth and the length of the 

needles is determined by the length of the stator. The stiffness and the profile shape of the needles 

are some parameters that need to be considered for the process (Fleischer, Hagedorn, & Sell-Le Blanc, 

2018). 

Figure 2.5 (right), demonstrates the process. The stator is first placed on the insertion tool (a) and then 

the transmission tool moves upwards, pushing the coil into the slot (b). The windings are pushed 

upwards inside the tool and moves into the slots on the outside due to the inner motion. In the last 

step (c) the coils are fully inserted into the slots and a slot liner is added. The slot liner keeps the coil 

in place inside the slot during removal of inserting tool (Fleischer, Hagedorn, & Sell-Le Blanc, 2018). 

Before the insert process, slot liners are added in the slots of the stator to insulate the coils which 

prevent short circuits and keeping the coils in place when removing the insertion tool (Fleischer, Haag, 

& Hofmann, 2017). A slot liner is a thin film or paper made from materials that are either heat-resistant 

and mechanically stable or from thermoplastic materials. Depending on the material of the slot liner 

and stator operation conditions, the thickness of the paper usually ranges from 0.1-0.65 mm in 

thickness (Tong, 2014).  

The material of the wire that is commonly used for stator winding is copper. Copper has an electrical 

conducting capability of 60 m/(Ωmm2) and to reach such a high conductivity, copper must have the 

lowest contamination as possible. Copper used for manufacturing wires must have at least a 

conductivity of 58 m/(Ωmm2) according to ISO standards. This requires a purity of minimum 99.9%. 

The only material with a higher conductivity is silver, but its raw material costs more (Fleischer, 

Hagedorn, & Sell-Le Blanc, 2018). Copper is used due to its excellent electrical properties, high 

electrical conductivity and high melting temperature.  
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To prevent the wires from forming electrical short circuit when they come in contact with each other, 

coating of some kind of insulation material is applied on the wire (Tong, 2014). Polyvinyl acetate, 

Polyurethane, Polyimide and Polyamide-imide are some materials used for the insulation of the copper 

wire (Fleischer, Hagedorn, & Sell-Le Blanc, 2018). Too high temperatures generated when a current is 

flowing through the windings can damage the insulation. To prevent it from happening, the current 

needs to be limited. There exist several classes of insulations, e.g. class F, which is the most used (Drury 

& Hughes, 2013).   
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3. Method  
Methodology is a fundamental work procedure which sets up the principles of how to proceed in the 

project. To be able to carry on the project, a choice of an appropriate methodology or combinations 

of those are made. The methodology does not prescribe in detail of what and how to do, but rather is 

a tool that starts with a comprehensive objective and increases knowledge of the problem statement 

(Höst, Regnell, & Runeson, 2006).  

A literature study was carried out at the beginning of the project to gather relevant information of the 

insert process, such as important parameters, and to get an understanding of how the insert process 

respectively how an electric motor works. To achieve the goals for the project, suitable numerical 

method and simulation software had to be investigated. It was found that both FEM and MBD were 

the most used numerical methods for simulating winding processes and FEM was chosen for this 

project. To get inspiration of how to establish the simulation and to know how similar problems have 

been solved, sources such as YouTube, books and research databases were searched to gather relevant 

information for the simulation process. Before the simulation could be carried out, relevant 

information had to be gathered about suitable element types, determine if implicit or explicit FEM 

were appropriate, contact properties etc. Striving for low computational time was preferred due to for 

example costs. A time plan for the project was set up to have a visual and structural plan to follow, see 

appendix 1. 

 

3.1 Important Parameters 

Important parameters which affects the insert process were identified to implement into the 

simulation. During the insert process there are parameters affecting the result, such as the wire pull-

in force, type of insulation material used etc. A wire’s properties do also affect the function of the 

electric motor. The parameters were identified through relevant literature. See gathered parameters 

in appendix 5. Some of the presented parameters were considered during the simulation process, such 

as wire geometry, wire material, friction etc.  

 

3.2 Simulation 

FEM was chosen for the project and the used software was Abaqus/CAE. The manual for Abaqus/CAE 

was studied to get a good foundation for the simulation. The stator, the transmission tool, the needles 

and the wires were modelled and other parts that were not needed for the simulation were excluded. 

 

3.2.1 Model Approach 

The aim of the simulation was to create a model that represents the insert process. During the creation 

of the simulation, reduction of computational time was desired and to achieve that, a model consisting 

of beam elements and rigid bodies were used. The main advantage of modelling with beam elements 

are few numbers of degrees of freedom as being simple geometrically. The degrees of freedom, such 

as translations, are calculated at the nodes in an element. A solid element contains more nodes than 

a beam element.  
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Therefore, does the computational time increase when using solid elements instead of beam elements. 

Rigid bodies are computationally efficient due to no deformations during applied loads. Rigid bodies 

are suitable when modelling tools, such as the transmission tool (Dassualt Systèmes, 2013).  

If the approach did not work, another approach would be used with solid elements instead of beam 

elements, see appendix 7. Copper, Corman, Hilty and Zhmurkin (2008) demonstrated the ability to 

model wires with solid elements and rigid bodies. 

 

3.2.2 Model Properties 

The stator, needles and transmission tool were modelled as discrete rigid bodies with shell elements 

due to insignificant deformations in comparison to the wires. By using rigid bodies, the computational 

time was reduced. Material properties does not have to be assigned to a discrete rigid body, but a 

deformable body does. The wires were modelled as deformable bodies and the material used was 

copper. The material properties for copper were retrieved from CES EduPack, a database for materials. 

The yield stress for copper was set to 200 MPa, the density to 8940 kg/m3, Poisson’s ratio to 0.35 and 

Young’s modulus to 128 GPa.  

Three wires were modelled with beam elements in 3D space. The definition of beam elements is that 

it represents a 1D model from a 3D continuum. If the model’s cross-section dimensions are small 

comparing to the rest of the typical dimensions, e.g. length, then choosing beam elements would be 

appropriate. It would be a direct result of slenderness assumptions (Dassualt Systèmes, 2013). The 

shape of a wire represented the actual shape of the air coils, see figure 3.1. 

 

 

Figure 3.1 The shape of a wire 

 

The wire’s cross-sectional area is circular, therefore was the wire modelled with a circular cross-

section, with a radius of 0.4 x 10-3 m. The height and width of the wire were customized to fit into the 

slots. 
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3.2.3 Loads and Restraints 

All loads and restraints were applied to represent the behaviour of the process. A reference point was 

placed on the transmission tool, and in that point all translations and rotations were restrained in x- 

and y-direction. The rotation in z-direction was restrained, but not the translation due to the 

movement along the z-axis. The displacement was set to 0.13 m. The stator was restrained in all 

directions, no translations and rotations were allowed, due to the fixed position during the insert 

process. 

If a boundary condition is applied instantaneously at the beginning of the step during a dynamic explicit 

analysis, jumps will occur. Jumps are not allowed and to address this an amplitude curve had to be 

specified. The type of amplitude curve chosen was smooth step to smoothly move up or down for 

every amplitude value, such as the velocity continuously varies and no singularity points for the 

acceleration (Dassualt Systèmes, 2013). Figure 3.2 illustrates the chosen amplitude curve during the 

analysis, where the horizontal axis represents time and the vertical axis represents the amplitude. As 

can be seen in figure 3.2, from time 0.00, the curve illustrates how the amplitude smoothly increases 

over time. 

 

 

Figure 3.2 The amplitude curve 

 

3.2.4 Step Definitions 

A dynamic explicit analysis was performed in Abaqus/CAE due to nonlinearities, such as large amount 

of contact surfaces. A dynamic explicit analysis is efficient when models undergoes large deformations, 

using a consistent large-deformation theory and the analysis is able to define very general contact 

conditions (Dassualt Systèmes, 2013). The main difference between an explicit and implicit analysis is 

how to obtain the solution. An implicit analysis uses the calculation of inverse stiffness matrix to 

calculate the displacement vector and an explicit analysis obtain the solution through acceleration and 

the inverse of a diagonal mass matrix instead. Analysis containing nonlinearity becomes 

computationally intensive during an implicit analysis due to that the stiffness matrix becomes a 

function of the displacement. The mass matrix diagonals need to be inverted in only one step to obtain 

the solution (Crump, Ferté, Jivkov, Mummery, & Tran, 2017).  
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The fundamentals of a dynamic explicit analysis are the implementation of an explicit integration rule 

and diagonal element mass matrices. By using diagonal element mass matrices, the computational 

time is reduced. An explicit analysis uses small time increments and therefore do not require iterations 

during the solution, simplified contact treatment and do not require a tangent stiffness matrix 

(Dassualt Systèmes, 2013).  

 

3.2.5 Interaction Properties 

When defining the interaction properties, general contact was used, which is one of the available 

interaction types provided by Abaqus/CAE for a dynamic explicit analysis. General contact provides 

simple contact definitions and the restrictions between different surfaces are minor (Dassualt 

Systèmes, 2013). Due to many possible contact options between the wires and the stator, general 

contact was chosen with “all with self” surface pairs. The selected option for surface pairs includes all 

exterior faces of bodies, beam segments, feature edges and surfaces of analytical rigid bodies. 

Therefore, no specification of surfaces that would be in contact was needed. Edge-to-edge contact, 

such as contact between beam segments and shell perimeter edges, is considered during general 

contact. This is effective due to that the contact cannot be detected as penetrations of nodes into 

faces. Edge-to-edge contact is useful when penetrations of nodes into faces cannot be detected during 

contact between bodies (Dassualt Systèmes, 2013). A “feature edge criteria” was added to the global 

surface, with an angle of 20° due to wires passing through the needles. When an angle is specified via 

“feature edge criteria”, edge-to-edge contact can be detected between geometric feature edges in a 

model (Dassualt Systèmes, 2013). The coating of the wires causes a coefficient of friction of 0.1 

according to Bickel, et al. (2015) and was therefore added to the created interaction property. 

 

3.2.6 Mesh 

The type of beam theory used in the model is Timoshenko theory, which is available for explicit 

analysis. Other types, such as Euler-Bernoulli bending theory were not available for explicit analysis 

and Mindlin shell theory was not appropriate for beam elements. When simulating Timoshenko 

beams, they allow to be subjected to large axial strains (Dassualt Systèmes, 2013). The used element 

type for the beams was B31, linear beam element in 3D space and the global mesh size was set to 

0.005. 
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4. Results 
The result proves that it is possible to simulate the insert process using FEM and Abaqus/CAE, with 

beam and shell elements. To work as an optimizing tool for the insert process, the simulation needs to 

be built upon, but the result works as a good foundation for Volvo Car in Skövde for further 

development. Figure 4.3 to 4.7 shows sequences of the analysis, from start to finish, to demonstrate 

how the wires were pulled up into the stator slots. The wires lays against the transmission tool during 

the whole process, as can be seen in figure 4.2. Figure 4.1 shows a close-up of the model, consisting of 

the transmission tool, the needles, the stator and the wires. The purpose of figure 4.1 is to demonstrate 

the model and the appeared stress distribution of the wires are not of intersest and can be ignored. 

The total time for running the simulation was about 90 minutes. 

 

 

Figure 4.1 Close-up of the model 

 

 

Figure 4.2 The wires laying against the transmission tool 
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Figure 4.3 Starting point of the analysis 

 

Figure 4.3 illustrates the starting point of the simulation, where the wires lays onto the transmission 

tool. The tool will move upwards along the stator and needles, pushing the wires into the stator slots.  

 

 

Figure 4.4 Sequence of the analysis  

 

Figure 4.4 to 4.6 illustrates the transmission tool moving a little bit further in every figure, pushing the 

wires up into the slots. In figure 4.7, the transmission tool has moved all the way and pushed the wires 

entirely into the slots.  
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Figure 4.5 Sequence of the analysis 

 

 

Figure 4.6 Sequence of the analysis 

 

 

Figure 4.7 Final result of the analysis 
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Figure 4.8 Highest strain in the wires 

 

Figure 4.8 illustrates the highest strain of the wires during the simulation, which was up to 0.0011. At 

the end of the simulation the strain was up to about 0.0009.   
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5. Discussion 
The aim for the project was to investigate if the insert technique could be simulated with an 

appropriate numerical method and to give a good foundation for further development in future work. 

According to the literature study, two numerical methods were commonly used for winding processes, 

which were FEM and MBD. FEM was chosen for this project. The reason is based on which numerical 

method has been used in found scientific articles and showed that FEM is sufficient, but also due to 

good knowledge about the numerical method. Some of the major problems that can occur during the 

insert process are elongation and lateral contraction of the wire. Therefore, FEM was chosen as the 

numerical method to perform the analysis due to the ability to analyse these events. Using FEM for 

this project gave an advantage and minimized the problem concerning time limit of the project. The 

found articles mentioned that FEM can be used to simulate a linear winding process and when using 

MBD, the tensile force can be calculated. MBD could be used instead of FEM to be able to simulate the 

whole process in an acceptable time period. By simulating the whole process, consisting of e.g. enough 

wires to fill a slot, when using FEM, the computational time would increase drastically. However, 

simulation of the insert technique with MBD had been shown and there was an interest to investigate 

if FEM does also work for the process.  

Regarding the software, University of Skövde provided two software that could perform a FEA, PTC 

Creo Parametric and Abaqus/CAE. Abaqus/CAE is mostly known with most experience compared to 

the other software. Another advantage of using Abaqus/CAE is that the software consists of both a 

pre- and post-processer and does therefore not require another software for the simulation. A 

thoroughly analysis of the Abaqus manual was done to ascertain that the software could do everything 

that takes to establish the simulation. If that was not sufficient, then choosing another secondary 

simulation program would be considered if possible. During the literature study it was found that LS-

DYNA worked for simulating the linear winding process and could therefore be an alternative if 

Abaqus/CAE was not sufficient. Another alternative was PTC Creo Parametric. Due to the chosen 

numerical method, further comparison of MBD software were not made. 

It was important to save computational time and therefore decisions were taken regarding e.g. 

deformable parts respectively rigid parts, elements etc. When performing an explicit analysis, the 

solver does not take equilibrium into account. Instead the increment size is small enough to derive a 

solution, but when simulating a whole process, the total time can be extensive. To reduce the 

computational time for the analysis, the time period can be reduced. But an explicit analysis requires 

stability, the inertia forces will increase when reducing the time period too much and affect the 

predicted response. Therefore, the inertia forces must be checked when reducing the time period. An 

implicit analysis does not have to consider stability, but edge-to-edge contact, contact between beam 

and shell elements, is not supported by the implicit solver. Therefore, an implicit analysis was not an 

alternative for the simulation. When performing the simulation, it took a substantial amount of time 

to complete it. To speed up the total time of the simulation, the time period could be decreased. The 

actual time of the insert process and the velocity of the tool were not applied into the simulation 

because it would otherwise result to large computational time and too many increments than what 

the software can handle.  
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The boundary condition for the tool was applied as a displacement instead of velocity, because it would 

take large computational time to simulate with a realistic velocity and it would require changing the 

time period or use mass scaling to shorten it. However, if mass scaling is too large then the overall 

mass properties would increase and as a result lower the accuracy of the solution (Dassualt Systèmes, 

2013).  

The result accomplished by the chosen method led to a functioning simulation. However, the 

simulation lacks real parameters that could be assigned, has estimated geometry of the tool 

respectively wire and has no data to validate the result. Volvo Car Skövde did not require a fully 

developed and working simulation, therefore was the simulation simplified with no correct parameters 

for the actual process. The project should work as a good foundation for future work. Due to the aim 

and goal of the project, which was to investigate if the insert process could be simulated using an 

appropriate numerical method and to perform the simulation, the insulation of the wires and the slot 

liners were not considered. During the literature study, it was not found whether if the insulation of 

the wires forms cracks or not at the time of the insert process. This has to be investigated. 

Complications occurred during the establishment of the simulation and some simplifications had to be 

done. It was a difficulty to model a continuous wire, formed as a coil with correct geometry and 

dimensions. Modelling a coil with right amount of turns would increase the computational time. 

Therefore, the coil was modelled as three separate wires, representing three turns, with an 

approximated shape. The wires were not connected to each other and did therefore not move 

relatively to each other. The placement of the wires into the slots are not correct, due to the difficulty 

of modelling the wire. In the model, only one slot is between the wires, but it really is multiple slots.  

According to Bickel, et al. (2014) there are no convergence problems when performing an explicit 

analysis and due to already large computational time during the simulation of this project, no further 

convergence analysis was performed. For the analysis to run smoothly, the mesh required to be 

relatively small. If not, the contact between the wires and the needles would not be detected, and the 

wires would penetrate the needles entirely, see figure 5.1. 

 

 

Figure 5.1 Wire penetrating the needle 
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5.1 Technology, Society and the Environment 

Establishment of a good functioning simulation for the insert process lead to reduced physical 

experiments. Reducing material waste is beneficial for a sustainable development and the material 

waste, e.g. copper and time would be minimized when reducing physical experiments. Indirect, from 

an economically point of view, the simulation would be cost-efficient to perform unlike the physical 

experiments. The simulation can work for optimization of the insert process. It would be ideally if 

dimensions of the coil can be changed in order to reduce material and enhance the electric motor. A 

developed simulation with the use of FEM is favourable for the technology, making it possible to 

improve the process and the electrical motor. 
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6. Conclusions 
The parameters assigned in the model e.g. material properties are not correct and no validation could 

be made which makes the result not reliable. However, it can be changed or added in the model. 

Dimensions of the wire can also be changed. The connection between the wires were not assigned in 

the model which makes the response of when they got pushed into the slot not dependable. It has 

been shown in the simulation that it is possible to model the insert process by using beam elements 

and rigid shell elements. It has also been shown that it is possible to visualize the wires when they are 

inserted into the slots of the stator. 

All the goals that were defined at the beginning of the project were achieved, which are the following: 

• A simulation was performed using suitable numerical method and software 

• Relevant parameters for the process were identified and some were implemented during the 

simulation 

• Different and appropriate numerical methods were investigated 

• Different software were investigated 

  



25 
 

7. Future Work 
Further work of the model is required to achieve a fully developed and functioning simulation. The 

wire stiffness was not considered as a problem due to large dimensions in comparison to the cross-

sectional area. However, the realistic behaviour of a wire consisting of beam elements need to be 

further investigated and simulated due to potentially stiff wires and no continuous coil on the current 

model.  

Replacing the displacement to a velocity may perform a more realistic simulation of the process. By 

assigning an actual velocity for the transmission tool, the time period has to be changed to represent 

the whole process and the computational time will therefore increase. To address the problem of long 

computational time, only a part of the insert process can be simulated, e.g. the end of the process 

when the windings are being pushed into the stator slots. Another alternative to speed up the 

simulation is to use a computer with for example a faster processor and more RAM running at a faster 

clock speed. The used computer during the simulation consisted of an Intel i5-6600 processor and 16 

GB RAM.  

Consequently, to take into consideration of details such as the insulation properties of the wire, the 

friction that occurs between the wires and the surrounding materials, correct material properties, and 

correct dimensions of the wire will improve the result.  

The placement of the wires and the number of slots in between the wires were not matched to realistic 

winding scheme and needs to be adapted to the right number of slots, for example have three empty 

slots. Figure 7.1 illustrates the placement of the wires during the simulation. 

 

 

Figure 7.1 The wires with an empty slot in between them 
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Furthermore, adding more wires into the simulation would be preferable to eventually have a bundle 

of wires, representing a coil, that will fill the slot. By modelling the wires with solid elements, unknown 

predictions of the response of the process or introduced parameters that were not defined in this 

project may be detected. Moreover, reducing the time period and keeping a stable analysis by mass 

scaling would reduce the computational time of the simulation.  

Mesh convergence must be checked but it should not be a problem to reach convergence when using 

beam elements. Validation from experiments is recommended to get a reliable result.  

During the literature study, when different MBD software were investigated, it was found that several 

software are able to analyse systems containing both rigid and flexible bodies, for example RecurDyn 

and COMSOL Multiphysics. An alternative to FEM, an MBD software, which supports flexible and rigid 

bodies, can be used instead for the analysis of the insert process. By using an MBD software that can 

combine both types of bodies into one system, the understanding of the interaction between moving 

parts gets bigger and the effects on the deformable wires when they are pushed into the stator slots 

can be achieved e.g. stresses and elongations. By simulating the process using MBD as the numerical 

method, the result from both analyses can be compared to determine which numerical method is 

optimal.  
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Appendices 

Appendix 1 Work Breakdown and Time Plan 
A Gantt chart was created for the project to structurally have a visual plan to follow. Deadlines of 

submissions and presentations, meetings, weekly reports and lectures were included in the first Gantt 

chart. Every Friday a weekly report was done for evaluation of the week, what has been done, if it is 

in-line with the time plan and planning to do the next week. In case of meetings, about once per week 

with supervisor or co-supervisor was intended and for approximately 30 min per meeting. The project 

is in 20 weeks and was carried out as a full-time job with 40 hours per week. 

 

 

Appendix 1 A Initial Gantt chart 

 

Some changes have been done compared to the initial and updated Gantt chart, see appendix 1 A for 

initial Gantt chart and appendix 1 B for updated Gantt chart. 
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Appendix 1 B Updated Gantt chart 

 

The submission of the first part of the report, introduction, literature study and method, was changed 

to a week earlier so the analyzation, the performance of the simulation, results and discussion moved 

a week earlier too. More tasks were added in the meantime, such as presentations and preliminary 

report to the supervisors at Volvo Car Skövde, and some of them were deleted. Weekly reports were 

deleted because they were done weekly which was easy to remember and unnecessary to have in the 

Gantt chart. The overall updated Gantt chart can be seen in appendix 1D. 
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Appendix 1 C Detailed Gantt chart for the simulation 

 

A detailed Gantt chart for the simulation was made because a more structured plan was needed, such 

as look through the CAD drawings on stator and wire, simulate simple tests before modelling the 

simulation and read Abaqus manual to get an understanding of the created FEM model, see appendix 

1 C. Otherwise, all deadlines have not been a problem. 
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Appendix 1 D Gantt chart 
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Appendix 2 FEM software 
 

Software Capabilities 

Abaqus/CAE • Provided by Dassault Systèmes 

• Supports both implicit and explicit FEM 

• Used for both pre- and post-processing, such as modelling, 

visualization etc. 

• Supports linear and nonlinear analysis 

• Ability to import CAD models for meshing and geometry-based mesh 

(do not have associated CAD geometry)  

• Able to perform analyses such as static, low-speed dynamic, quasi-

static, contact etc. 

• Contains several visualization options (Dassault Systèmes, n.d.) 

ANSYS LS-DYNA • Provided by ANSYS 

• Can solve large deformations using explicit solver 

• Contact problem between several surfaces and/or parts can be solved 

• Ability to perform nonlinear analysis 

• Complex models can be simulated using different accessible controls, 

such as contact formulation and many elements  

• Offers several contact options. The thickness of shells and the cross-

sectional area of beams are considered during contact problems 

• At severe loading, applied during a short amount of time, the 

response of the material can be simulated (ANSYS, n.d.) 

Autodesk Nastran 

In-CAD 

• Provided by Autodesk 

• Capable to perform several analysis types, such as dynamic, linear and 

nonlinear stress etc. 

• Basic and advanced analysis types are available 

• Example of basic analysis types are linear statics (strain, stress etc. 

due to static load and constraints), buckling (critical loads and mode 

shapes), normal modes (mode shapes and natural frequencies), 

thermal loads etc. 

• Example of advanced analysis types are nonlinear statics (large 

deformations, contact, compute creep, plasticity etc.), nonlinear and 

hyper-elasticity materials, nonlinear steady state heat transfer etc. 

(Autodesk, 2018) 

LS-DYNA • Provided by Livermore Software Technology Corporation, LSTC 

• Able to perform several analyses, for example rigid body dynamics, 

thermal analysis, linear static, nonlinear dynamics, implicit springback, 

FEM-rigid multi-body dynamics coupling etc. 

• Able to model with elements such as beams, discrete elements, 

solids, shells etc. 
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• The contact algorithm includes edge-to-edge contact, CAD surfaces, 

rigid body to rigid body contact, flexible body contact, tied surfaces 

etc. (Livermore Software Technology Corporation, n.d.) 

MSC Nastran • Provided by MSC Software 

• A multidisciplinary structural analysis software where it provides 

static, dynamic, and thermal analysis with linear and nonlinear 

domains 

• Nonlinear analyses can be solved using its built-in implicit numerical 

techniques 

• Contact analysis provides automatic contact generation feature which 

automatically defines the contact interactions and its relationship 

• For different analyses that becomes large in size and requires more 

time to solve it, MSC Nastran provides High-Performance Computing 

capabilities for quicker solution (MSC Software, n.d.) 

PTC Creo 

Simulate 

• Provided by PTC 

• Creo Advanced Simulation Extension for nonlinear analysis is 

recommended 

• Provides Nonlinear Static Structural Analysis for large deformations, 

nonlinear materials and varying loads depending on time 

• Has Dynamic Structural Analysis for frequency response, time 

response, random response and response spectrum 

• Contact force is simulated between contacting interfaces and detects 

them by an automatic contact interface detection. Provides friction’s 

influence when components are in contact 

• Includes structural and linear steady state thermal analysis, material 

libraries, meshing, optimization and post processing 

• The steps of making the simulation is to create a CAD-model in Creo 

Parametric, assign materials and apply loads and boundary conditions 

to the model in Creo Simulate and get quick results (PTC, n.d.) 

StressCheck 

Professional 

• Provided by Engineering Software Research & Development, Inc. 

(ESRD, Inc.) 

• Used for solid mechanics 

• Compatible with windows 

• Fully integrated pre- and postprocessor  

• The elements are able to represent a model’s shape accurately by 

high-order mapping 

• Different theories can be switched seamlessly, e.g. from linear elastic 

to buckling 

• The result of a simulation is mesh-independent 

 



37 
 

• Elements are not dependent on theories, so the element type does 

not have to be changed when switching from nonlinear elasticity to 

heat transfer (Engineering Software Research & Development, Inc, 

n.d.) 

 
  



38 
 

Appendix 3 MBD software 
 

Software Capabilities 

ANSYS Motion • Provided by ANSYS 

• Includes both flexible and rigid bodies 

• Uses standard connections and joints between parts in a system 

• Uses four solving schemes, EasyFlex, flexible body, rigid body and 

modal 

• Some toolkits are available 

o ANSYS Motion Car is suitable for vehicle systems with many 

parts which are in interaction with each other 

o ANSYS Motion Drivetrain appropriate when constructing 

power transmission devices 

o ANSYS Motion Links is used for systems with flexible power 

transmission features, such as chains 

o ANSYS Motion EasyFlex used for determining stresses and 

deformations in flexible bodies with automated mesh-free 

solver (ANSYS, n.d.) 

COMSOL 

Multiphysics 

• Developed by COMSOL Group 

• MBD Module is an expansion of COMSOL Multiphysics FEA Software 

• Supports flexible and rigid bodies which allows both to be used 

together in one system 

• Has a variety of joints that can be used for 2D and/or 3D models, for 

example cylindrical, slot, planar and hinge 

• Analysis with nonlinear material properties are provided by adding 

the Nonlinear Structural Materials Module or Geomechanics Module 

• Analyses that is available to perform are eigenfrequency, frequency-

domain, stationary and transient 

• Import of CAD-models is available with the add-on CAD Import 

Module (COMSOL, n.d.) 

MSC Adams • Provided by MSC 

• Design characteristics such as safety, performance and comfort can 

be optimized through managing the interactions between parts 

• Optimized for large-scale problems 

• There exist optional modules to Adams, such as Adams Vibration and 

Adams Flex 

• Able to determine the factors that have the biggest effect 

• Able to import flexible components from other FEA software using 

MNF files (MSC Software, n.d.) 
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RecurDyn • Provided by FunctionBay GmbH 

• The software is able to perform both pre- and postprocessing 

• CAD models is standard format, can be imported 

• Non-linear FEM is integrated 

• The solver uses differential algebraic equations, a combination of 

differential and algebraic equations. The differential equations 

describe the motion of the bodies and the algebraic equations 

describes joint constraints 

• Ability to perform non-linear deformations 

• Uses Recursive Dynamics solver technology which provides high-rated 

solver robustness 

• Ability to analyse the motion of a system containing both rigid and 

flexible bodies through Multi Flexible Body Dynamics, MFBD. MFBD 

uses both MBD for the rigid bodies and FEM for the flexible bodies 

• Uses a combination of two different body formulations, modal 

synthesis and nodal method. These methods combined makes it able 

to perform nonlinear analysis, such as geometrical and material 

nonlinearity (FunctionBay GmbH, n.d.). 

Simcenter 3D • Provided by Siemens 

• Used for analysing motion, thermal, composites, structural flow and 

acoustics 

• MBD simulation is integrated to the software 

• Includes pre- and postprocessing 

• Torques, reaction forces, velocities, acceleration etc. can be 

determined for mechanical systems 

• Ability to create models or import and assemble CAD models 

• Able to analyse both rigid and flexible bodies 

• The displacement and position of parts connected to e.g. flexible 

bodies and springs can be calculated (Siemens, n.d.) 

SimWise 4D • Developed by Design Simulation Technologies 

• Simulates dynamics and rigid body kinematics 

• Objects for functionality of the software are for example rigid, curved 

slot, bushings, distributed forces and friction forces 

• Forces between contacting bodies including friction can be calculated 

and plotted using SimWise FEA, which are included in SimWise 4D 

• Presents the results from a simulation in graphic and numeric formats 

• Includes FEA and optimization in SimWise 4D 

• The models or assemblies that is created in CAD software from 

SOLIDWORKS, Autodesk Inventor, Solid Edge etc. including the 

standard files STEP, IGES, ACIS and Parasolids can be open directly in 

SimWise 4D (Design Simulation Technologies) 
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Appendix 4 Concentrated windings 
There has been a growing interest in concentrated winding due to fact that they have short winding 

ends and that it has a simple winding structure which is favourably for high-volume automated 

manufacturing. The wires are wound together on a multiturn coil that is concentrated in every slot. 

The designs of the windings are potentially more compact on the concentrated windings compared to 

the distributed windings. According to FEM calculations, when using concentrated windings in an 

electric motor the performance is superior due to the copper volume is being minimized. This reduces 

power losses and manufacturing costs. 

There are advantages and disadvantages for distributed winding and concentrated winding and which 

type is suitable depends on different of applications. Concentrated windings have higher induced EMF 

compared to distributed windings (Tong, 2014). Due to best sinusoidal MMF for distributed windings, 

the possibility of performing the whole assembly process in few steps makes it e.g. low-costly. This 

type is preferred for electric power trains (Fleischer, et al., 2016). However, when it comes to the slot 

fill, concentrated winding is superior if the segmented single tooth winding method is used. This would 

allow to approach for tighter wire packings by having full control on the placement of the wires which 

gives higher slot fills (Fyhr, 2018). 
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Appendix 5 Important parameters 
 

Parameters Impact 

Clamping factor The clamping factor describes the relation between the wire diameter and 
the width of the stator’s slot. Appendix 6 illustrates the relation and critical 
ranges which is not favourable for the process. The clamping factor was 
introduced due to the possibility of wire blockage within the groves 
(Fleischer, et al., 2016). 

Elongation behaviour Elongation of the wire can lead to higher resistance and a poorer 
inductance value (Fleischer, Haag, & Hofmann, 2017). 

Friction Dependent on the wire material and the surrounding material. Friction can 
cause elongation of the wires due to high pull-in forces, which leads to 
higher resistance of the windings (Endisch, et al., 2015). 

Insulation material Insulation material is used to prevent electrical short circuits between for 
example adjacent phase windings. Insulation materials ages faster during 
too high temperatures. This leads to reduced lifetime of the windings 
(Tong, 2014). 

Material properties Some material has a better electrical conductivity, such as silver and 
copper. The choice of material depends for instance of the motor 
operation conditions (Tong, 2014). A material with higher mechanical 
strength can be subjected to higher stresses. However, the ability to form 
the material gets lower (Fleischer, Hagedorn, & Sell-Le Blanc, 2018). 

Slot fill ratio The slot fill ratio should be as high as possible for an electric motor. A high 
ratio lowers e.g. the resistive loss. The slot fill ratio is defined as the ratio 
between occupied space by the wires and the available space in the slots 
(Tong, 2014). 

Wire geometry Both the length and cross-sectional area of the wire have an impact on the 
resistance. According to Tong (2014), see equation A.5, the smaller cross-
sectional area and lower length the lower resistance.  

𝑅𝐷𝐶 =
𝜌𝑙

𝐴
 (A.5) 

RDC is the resistance of a conductor, in this case the wire, l (m) is the length 
of the conductor, ρ (Ω*m) is the conductor’s resistivity and A (m2) is the 
cross-sectional area of the conductor. 

Wire pull-in force The wire pull-in force is caused by friction (Endisch, et al., 2015). 
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Appendix 6 Clamping factor 
 

 

 
 

Appendix 6 Region 2 critical process window and region 1 respectively 3 uncritical process windows (Fleischer, et al., 2016) 

 

Window 2 marks the critical process. Window 1 marks the uncritical process where the width of the 

slot is twice or more the wire diameter. Window 3 marks another uncritical process where the width 

of the slot is only a little bit bigger than the diameter of the wire. 
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Appendix 7 Alternative Model 
Copper, et al. (2008) analysed the crimp formation of an open-barrel crimping process of wires. A 3D 

non-linear dynamic explicit FEA was performed. The reason for this chosen model was because a 3D 

simulation would capture parameters that is not possible to obtain in typically used 2D models, for 

instance wire extrusion. Due to multiple contact interactions between the wires, the wire barrel, the 

anvil and the crimper, an explicit analysis was performed. Penetration was defined as contact 

definition because it creates an “elastic spring” between the contact surfaces. This would avoid the 

bodies to pass through each other due to the “elastic spring” acting as a contact force (Copper, et al., 

2008). 

 


