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Modelling interdependencies in an electric motor manufacturing process 
using discrete event simulation

Izhar Oswaldo Escudero-Ornelas , Divya Tiwari, Michael Farnsworth and Ashutosh Tiwari

Department of Automatic Control and Systems Engineering, University of Sheffield, Sheffield, UK

ABSTRACT

The manufacturing of electric motors is a complex process involving deformable materials and 
wet processes. When faults are created during the manufacturing process, they tend to 
accumulate, creating a downstream effect affecting the overall product quality. To detect the 
faults early in the process, it is crucial to understand how critical process parameters and the 
interdependencies between them influence the occurrence of faults. This paper proposes 
a computational framework to model process interdependencies in anelectric motor manu-
facturing process involving copper wire as a deformable material. A Discrete Event Simulation 
model was developed to capture process interdependencies and their influence on the gen-
eration of faults, in a linear coil winding process. The model simulated the behaviour of the 
copper wire during every turn in the coil-winding process. The applied tension in the wire, 
winding speed, the shape of the bobbin, and the diameter of the wire were identified as key 
input parameters that had maximum influence on the occurrence of faults. The model captured 
electrical and geometrical faults in the wound coil and was able to calculate accumulated faults 
in the final wound coil highlighting any hotspot regions. The results from the model were 
validated by conducting experiments using a lab-based linear coil-winding machine. The 
validation process also included presenting the results from the model to experts from the 
electrical machine manufacturing industry and obtaining their feedback..
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1. Introduction

Electric motors (EM) have recently received a lot of 
attention due to their role in the green revolution as 
a key constituent of electric vehicles (Ross, 2021). To 
meet the uprising demand for reliable electric motors 
with specific tolerances, a manufacturing process with 
strict process control and high flexibility is required 
(Hagedorn et al., 2018). Manufacturing tolerances 
during the various steps in the electric motor manu-
facturing process, e.g., coil winding or joining, signifi-
cantly influence the machine’s performance (Meyer 
et al., 2015). The commonly occurring faults such as 
overheating, insulation breakdown, and bearing fail-
ure that occur during operation could be attributed to 
a lack of process control during manufacturing 
(Hagedorn et al., 2018).

The manufacture of EM is a complex process invol-
ving both rigid and deformable material at multiple 
stages (Ross, 2021). Any variation in set process para-
meters at any of these stages or steps in the process 
could introduce a fault or defect in the finished pro-
duct. Currently, during an EM manufacturing process, 
inspection is conducted at the end of the line (EoL) 
tests where the product is inspected for any faults or 
defects developed in the process. These EoL tests con-
sist of an offline inspection that uses statistical process 

control to detect any defects (Meyer et al., 2015). 
However, to avoid the accumulation of defects during 
the production chain, it is desirable to identify and 
react to detected defects early in the process without 
having to wait until the final stage of the manufactur-
ing chain. Also, the EoL tests tend to be time- 
consuming and costly due to the rework or scrappage 
of identified faults.

Within EM manufacturing, the process of coil 
winding is a key manufacturing step that involves the 
use of an enamelled copper wire, which is 
a deformable material. Application of forces during 
the coil winding process can create deformation in the 
wire in the form of a variation in the cross-section 
thereby altering its physical and electrical properties 
and leading to the generation of geometric and elec-
trical faults (Hagedorn et al., 2018). A variation in the 
physical or electrical properties of the wire can have 
downstream effects in future manufacturing steps 
such as impregnation or joining due to the creation 
of gaps or air pockets. Detection of defects during the 
process can identify and rectify them and the causing 
parameters. In order to achieve this, it is essential to 
have a good understanding of the critical process 
parameters, the interrelationship between them, and 
their influence on the creation of defects (Concettoni 
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et al., 2012). However, due to the complexity involved 
in various manufacturing steps involving deformable 
material, the understanding of process interdependen-
cies and their impact on product quality has been 
a challenge for researchers and manufacturers.

2. Overview of an electric motor production 

process

An overview of the production process for an EM is 
presented in Figure 1. Each one of these manufactur-
ing processes is employed in the form of a sequence to 
produce the main components in an EM such as the 
housing, rotor, and stator (Kißkalt et al., 2018; Tiwari 
et al., 2021). Due to the variation in the process para-
meters, faults tend to emerge at various stages in the 
process (Hagedorn et al., 2018). If faults are not 
detected and corrected in time, they will be carried 
over into the next stage leading to a downstream effect 
that will alter the end product. Sell Le Blanc et al. 
(2014, 2016) highlighted that the stator is a key com-
ponent in electric motors and faults are common to 
appear whilst manufacturing this part. Hofmann et al. 
(2017) explains that having a fault-free stator has 
a major impact on electric motor quality, and this is 
because a faulty stator will lead to electrical faults that 
highly affect the performance of the motor, therefore 
making it essential to further investigate the origin of 
these faults earlier in the process.

The manufacturing process of the stator is com-
prised of the following key manufacturing steps: sheet 
cutting, stacking, insulation, winding, and impregna-
tion (Kißkalt et al., 2018). During sheet cutting and 
stacking, thin metal sheets are cut into specific sizes 
and shapes following tight tolerances using cutting 

techniques such as laser cutting or punching (Mayr, 
Lechler, et al., 2019). The resulting metal sheets are 
then stacked and joined with a welding technique or 
an adhesive to form the laminated core (Kißkalt et al.,  
2018). The laminated core is a critical component that 
holds the windings and the slot insulation and any 
deviation from the required tolerance can produce 
electrical faults in the coil (Sell Le Blanc et al., 2014). 
During winding, an enamelled copper wire is wound 
in a desired winding scheme to produce a magnetic 
field (Mayr et al., 2021). The final step is to impregnate 
the core to further improve the insulation and thermal 
conductivity of the stator.

The tendency of fault generation is high in pro-
cesses involving deformable materials, especially 
when the deformable material, for example, the copper 
wire, is stretched beyond its yield limit (Mayr et al.,  
2021). This can cause a permanent deformation that 
affects the overall electrical resistance of the coil. Also 
due to its elastic properties, a springback effect is 
created affecting the position of the wire (Hagedorn 
et al., 2018). As a result, the coil winding process is 
highly prone to errors, and hence the quality of wind-
ing influences all the end-of-line tests, suggesting its 
very significant influence on achieving the required 
manufacturing standards (Tiwari et al., 2021). Due to 
these reasons, the coil winding process was selected as 
the main focus of this research.

2.1 Coil winding

An increasing demand on the quality of winding 
products, with tighter tolerances of electrical char-
acteristics and geometrical dimensions, is a key 
challenge in the field of coil winding. For coil 
winding, different winding schemes are commonly 

Figure 1. A typical electrical machine manufacturing process.
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used in the industry such as wild layer and ortho-
cycling winding, with the last one in the list offer-
ing the highest fill factor (Hagedorn et al., 2018). 
Some of the commonly employed techniques used 
to perform an orthocycling scheme are linear, nee-
dle, flyer, and toroidal winding (Hagedorn et al.,  
2018). The linear winding technique, which is the 
focus of this research, is one of the most profitable 
techniques used in the industry for coil winding 
due to its simplicity and high reproducibility, 
where many coils can be wound at the same time 
using one machine (Sell Le Blanc et al., 2014).

2.1.1 Linear winding

During linear winding, copper wire is pulled straight 
on the coil’s bobbin through a nozzle using a linear 
movement that is guided by a device called a wire 
guide, which moves horizontally throughout the 
length of the bobbin creating a winding scheme (Sell 
Le Blanc et al., 2014, 2015). A representation of 
a linear winding technique is presented in Figure 2. 
This set of movements ensures that the wire is laid 
following a predefined scheme and produces a higher 
fill factor at a high speed (Hagedorn et al., 2018). 
A correct laying of the wire where no geometrical 
faults occur will result in a higher fill factor of the 
bobbin (Sell Le Blanc et al., 2013). Another aspect that 
needs to be considered during linear winding is that 
the wire is introduced to several stresses during the 
process (Sell Le Blanc et al., 2015). As a result of 
applied stress or tension, the wire sometimes is pulled 
past its elastic limit causing deformation and a change 
in the cross-section of the wire (Hagedorn et al., 2018). 
As previously discussed (Hagedorn et al., 2018), this 
type of permanent deformation can influence the 
overall electrical resistance of the bobbin. This defect 
can only be detected once the bobbin has been com-
pletely wound by using an end-of-line test such as 
a DC high potential test (Mayr et al., 2021).

2.1.2 Winding faults

As discussed in previous sections, a majority of faults 
or defects in the stator are created during the wind-
ing process (Hagedorn et al., 2018). The main faults 
that occur during linear winding can be divided into 
two types: geometrical and electrical (Mayr et al.,  
2021). The first type of fault tends to appear when 
there is an improper laying of the wire on the sur-
face of the bobbin leading to deviations in the wind-
ing schemes and a poor fill factor. This type of fault 
is caused by a variation in the speed of the wire 
guide, a lack of synchronisation between the rota-
tional movement of the bobbin and wire guide, or 
a change in the wire’s diameter (Mayr et al., 2021; 
Sell Le Blanc et al., 2014). The most common geo-
metrical faults found during linear winding are dou-
ble winding, gap, loose wire, and flange winding (Sell 
Le Blanc et al., 2014), a representation of these faults 
is shown in Figure 3. The second type of fault is 
electrical, which occurs when the cross-sectional area 
of the wire is reduced due to the application of 
compressive and tensile stresses. A change in elec-
trical resistance of the coil or winding with respect to 
increasing the fill factor of the coil has been investi-
gated by Dobroschke (2011).

2.2 Modelling techniques

Modelling techniques are increasingly being used 
across a range of industries to imitate real-world 
manufacturing systems and processes. Models allow 
an insight into how the process or system will per-
form under various situations. However, during 
manufacturing processes, correlations between 
input and output parameters are known to affect 
the creation of faults. Baier et al. (2019) point out 
that interdependencies can be detected to establish 
the level of influence that it has on the quality of the 
final product.

Figure 2. Ordinary linear winding process scheme (adapted from Hagedorn et al. (2018)).
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2.2.1 Modelling techniques for electric motors

Previous research has reported analysis of individual 
manufacturing steps using various modelling techni-
ques, thus leaving a gap in our understanding of inter-
dependencies between process parameters from 
various steps on the origin or occurrence of defects. 
Finite Element Analysis (FEA) has been used before to 
model and analyse the relationship between the phy-
sical properties and extreme vibrations in a stator 
system of a permanent magnet synchronous motor 
with concentrated windings (Chai et al., 2018). 
However, FEA may not be as efficient in identifying 
long-term interdependencies across an entire manu-
facturing process. de Oliveira et al. (2018) demon-
strated the use of Convolutional Neural Networks 
(CNN) for quality tests in induction motors to inspect 
defects in the stator windings for induction motors. 
Karanayil et al. (2005) utilised Artificial Neural 
Networks (ANN) to create a model of an induction 
motor drive that accurately represents the variation in 
the electrical resistance of a rotor. Nevertheless, to 
develop an accurate and precise neural network, an 
extensive data set is required as input to start training 
the model, which is not easily available in complex 
manufacturing problems.

Currently, there is a range of techniques and tools 
that can be used to model the process and parameters 
in electric motor manufacturing, an example is the 
work by Ghandi and Masehian (2015) on modelling 
and online detection of stator faults in electrical 
motors. It is discussed that this area of research offers 
an opportunity to explore the behaviour of various 
manufacturing process parameters that fluctuate dur-
ing the process and investigate the repercussions that 
they have on the final product quality (Ghandi & 
Masehian, 2015). Some modelling techniques in the 
context of EM manufacturing are discussed below:

Finite Element Analysis (FEA). This technique has 
the capability to solve complex problems involving 
deformable bodies, heat transfer, and fluid (Zaeh & 
Siedl, 2007). FEA has been utilised to model stress and 
structural analysis of components such as the stator 
and rotor in an electric motor (Weigelt et al., 2019). 
However, this technique has some limitations: it is 
considered an expensive technique due to the high 
level of expertise and computational cost needed to 

run simulations and when dealing with complex pro-
blems this method tends to be time-consuming.

Neural Networks (NN). NN is typically a supervised 
learning technique that uses algorithms such as back-
propagation to identify relationships in sets of data 
during a manufacturing process that is both stochastic 
and predominantly non-continuous (de Oliveira et al.,  
2018). This technique has been used in quality inspec-
tions in electric motors in order to detect faults in the 
stator winding of induction motors (de Oliveira et al.,  
2018). Nevertheless, using NN in electric motors pre-
sents a challenge in cases where there is no extensive 
data set to start training the model. This is a possibility 
in complex manufacturing problems and, hence, NN 
will not be accurate enough and can become 
unreliable.

Petri Nets. A Petri net is a modelling technique that 
can describe and analyse the flow of information in 
a graphical form (Wang et al., 2014). This technique 
has been used in modelling and evaluating faults in 
electric vehicle manufacturing research to perform 
reliability analysis and decision-making (Wang et al.,  
2014). Gaied et al. (2017) obtained favourable results 
in monitoring and fault detection analysis by imple-
menting a fuzzy diagnosis based on Petri Nets in 
a winding machine. The limitations of this technique 
are as follows: it is time-consuming, not statistically 
representative, and does not take into account the 
combined impact of multiple faults.

Discrete Event Simulation (DES). Discrete Event 
Simulation (DES) has been utilised to support deci-
sion-making, focusing on production planning as 
a method for enhancing and evaluating system 
performance (Negahban & Smith, 2014). Albers 
et al. (2019) identified that there is potential in 
implementing the elements provided by Industry 
4.0 such as simulation to model interdependencies 
between product and process parameters. They dis-
cussed that modelling relationships in 
a manufacturing process can result in a more con-
trolled and stable process. Mayr, Lechler, et al. 
(2019) utilised DES modelling approach for analys-
ing energy aspects in a production line. Paryanto 
(2017) demonstrated the use of DES as an 

Figure 3. Common faults detected at a linear winding process with an orthocycling winding scheme.
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approach for process planning and energy effi-
ciency. Prajapat et al. (2020) explored the use of 
DES for decision-making in real-time while imple-
menting the use of multi-objective optimisation 
methods such as random forests to improve objec-
tive functions in a turbine assembly process. 
Furthermore, random trees were introduced as an 
optimisation method to express the relationships 
that exist between input variables and conflicting 
objectives while also increasing the accuracy of the 
predictions.

Capocchi et al. (2008) utilised DES to model 

electric motor components such as the rotor and 

stator since it has been used before with promising 

results in a three-phase wound-rotor induction 

machine for early fault detection. By using DES 

in this case, the windings in the motor were pro-

tected and provided with efficient predictive main-

tenance (Budgaga et al., 2016). DES has previously 

been used for decision-making and visualising the 

relationship between input and output parameters 

in a turbine assembly process in the industry 

(Lomakin et al., 2020). DES has also been imple-

mented in the reconfiguration of factory layouts, 

which tend to be time-consuming and expensive 

(Prajapat et al., 2019). In this case, a repair facility 

that required a reconfiguration for a new mainte-

nance regime used a DES to model and assess 

various scenarios, which helped the decision- 

making process of a new layout planning. The 

innovation, in this case, was to merge the DES 

with immersive technologies such as Augmented 

Reality (AR) to provide the users with a new 

form of interaction with the simulations that have 

the potential for optimising shop floor activities. 

However, there have been no previous attempts to 

use the DES approach that takes into account pro-

cess characteristics and interdependencies, thus 

providing a great opportunity for further research 

in this area.
Utilising a DES as a modelling technique offers 

greater advantages as compared to other techniques 
discussed above, for example, DES does not require an 
extensive database as in the case of Neural Networks to 
obtain accurate results when detecting relationships 
between parameters. The computational load in 
terms of memory and time is lower as compared to 
FEA. The fabrication of EM makes Petri nets limited 
and too simple when dealing with complex problems, 
while DES can be adapted to more complex problems 
easily. Finally, one of the main advantages that DES 
possesses is the fact that it considers the effect of 
multiple input and output parameters in 
a manufacturing process that helps to identify process 
interrelations.

2.3 Gap in literature and novelty of the work

As discussed in section 2.1.1, the typical geometry 
faults (such as crossover, gap, loose wire, and double 
winding), structural faults (such as bulging, convex or 
concave winding), and electrical faults (such as 
increased coil resistance) mainly result from the unde-
sired variations in process parameters (Hagedorn 
et al., 2018). As a result, the coil winding process has 
a massive influence on the generation of geometrical 
and electrical faults. This emphasises on the require-
ment of a model that can simulate the variations in 
process parameters (such as wire tension, winding 
speed, and caster angle) and predict the state of the 
coil and the accumulated error. Currently, there is 
a lack of such simulation models capable of identifying 
and detecting the influence of process interdependen-
cies in a complex manufacturing process for electric 
motors involving non-rigid deformable components. 
Nevertheless, to develop an accurate and precise 
neural network, an extensive data set is required as 
input to start training the model, which is not easily 
available in complex manufacturing problems. This 
data problem is solved using DES in this study/project.

This paper proposes a computational framework to 
model interdependencies in a complex electric motor 
manufacturing process, where the time dependency is 
a vital aspect while dealing with process parameters that 
affect the properties of deformable components during 
the manufacturing process. A DES model was created to 
simulate the variations in set process parameters (such 
as set wire tension with respect to winding speed, castor 
angle of the wire, shape and aspect ratio of the bobbin) 
and their impact on the final quality of the coil in terms 
of generated geometrical and electrical faults. The 
novelty of this simulation model is that it is capable of 
predicting faults and errors created at the end of each 
manufacturing step while considering the deformable 
properties of the copper wire. This leads to a reduction 
of quality tests such as the winding resistance test.

The accuracy and reliability of the DES model were 
validated with a series of experiments conducted using 
a linear coil-winding machine setup where key process 
parameters such as rotational speed, wire diameter, and 
shape of the bobbin were varied. The validation process 
also included presenting the model to experts from the 
EM manufacturing industry for their feedback and sug-
gestions on the model. Furthermore, this simulation 
model can be implemented as an innovative tool to 
create a new robust database.

The remainder of this paper is organised into the 
following sections: an overview of an electric motor 
production process particularly focusing on coil winding 
and winding faults; the techniques used for modelling 
interdependencies in electric motors manufacturing; the 
methodology to develop the DES model for a linear 
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winding process; the validation process by experiments 
on coil winding machine; results obtained from the 
simulation model and the lab-based coil-winding 
machine; discussion on validation by industry experts; 
directions for related future work and conclusions.

3. Methodology

The research methodology used for the development of 
the simulation model is presented in Figure 4. The first 
step was to identify an error-prone process involving 
deformable material in an electric motor. The second 
step was to determine from literature the critical inputs 
and outputs in that manufacturing process. The third 
step was to create the logic and rules that the simulation 
model had to follow based on the relationship that input 
parameters have with output parameters (Hagedorn 
et al., 2018). The next step was to develop a DES 
model that follows the logic and rules previously set. 
The model was run using a design of experiments in 
which the key input parameters were varied to verify 
that the logic and the rules were followed appropriately. 
The model was verified and validated using two 
approaches: the first one was validation through experi-
mentation and the second was through feedback from 
industry experts. This validation process was used to 
establish compliance of any process output as compared 
to inputs, providing evidence that the model performs 
as expected. Finally, the DES model was modified using 
the feedback provided by the industry experts.

3.1 Identification of an error-prone 

manufacturing process

The first step was to conduct a thorough literature 
review to identify an error-prone process step during 

the manufacture of an electrical machine. A survey of 
industries involved in EM manufacturing (Tiwari 
et al., 2021) and a review of the literature (Sell Le 
Blanc et al., 2014) revealed that the stator is one of 
the components in an electric motor with the highest 
number of faults during manufacturing. During its 
fabrication, several manufacturing operations such as 
coil winding include deformable material, which tends 
to alter its shape at various stages of the process caus-
ing variation. This variation can have an influence on 
the generation of faults. As a result, coil winding was 
selected as an error-prone step during the stator’s 
manufacturing process.

3.1.1 Identification of first parameters

As Hagedorn et al. (2018) explains, certain process 
parameters such as winding speed have a stronger 
influence than others on the generation of faults. 
From the literature review, the key input para-
meters were identified, namely, winding speed, ten-
sion, wire diameter, and bobbin geometry, as 
shown in Table 1. Although these were the first 
parameters selected to be used in the DES model, 
more parameters were added to the model at 
a later stage. The table presents the input para-
meters, their range, and the output parameters 
from the model.

3.2 Development of a DES model for the linear 

winding process

The DES model was developed in Witness Horizon 
simulation software, by The Lanner Group Ltd (2021). 
The models were based on a literature review and the 
information obtained from industry experts. The soft-
ware allowed modelling and simulation of a wide 

Figure 4. Research methodology for the development of simulation model.
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range of discrete events addressing complex industrial 
problems where time dependency is a vital aspect.

3.2.1 The logic and rules

The logic for the DES model was based on literature 
and represented the influence of process interdepen-
dencies on the winding process and generation of 
faults (geometrical or electrical) (Concettoni et al.,  
2012; Meyer et al., 2015). The DES model was 
designed to simulate the behaviour that input para-
meters have during the first five layers of the winding 
process. According to Hagedorn et al. (2018), the first 
five layers of the winding process present the highest 
number of faults due to the first contact of the wire 
against the bobbin’s surface. Once the first few layers 
of wire are set onto the bobbin surface, the next layers 
fit tightly into the grooves created by the copper wire 
(Hagedorn et al., 2018).

The winding scheme in the DES model was an 
orthocycling scheme, which is preferred in the indus-
try due to its high fill factor (Hagedorn et al., 2018), 
comprised of five winding layers, and each layer had 
20 turns. The DES model followed a logic depicted in 
the flowchart shown in Figure 5.

3.2.2 Features in the DES model

The DES model is composed of several process steps 
during the winding process. These steps include the 
storage of wire, the wire break, and the wire guide as 
shown in Figure 6. Storage is the first step in the 
winding process where the copper wire is slowly 

unwound from a larger bobbin and then fed to the 
winding machine. The DES model adds a small varia-
tion to the cross-sectional area of the wire to represent 
any abnormalities created during the wire’s fabrica-
tion. The wire break applies the first constant tension 
to the wire throughout the process. However, due to 
variations in the process parameters such as the wind-
ing speed, the applied tension by the wire break can 
vary impacting the cross-sectional area of the wire. 
The wire guide is the next step in the process, and its 
purpose is to allocate the wire to its final position over 
the bobbin’s surface. With a variation in winding 
speed, the wire can be misplaced and create 
a geometrical fault. Next is winding, during this step 
the wire has already been allocated to a determined 
position on the bobbin’s surface following a winding 
scheme. The winding scheme defines the order and 
position at which the wire is allocated throughout the 
bobbin to maintain a structure that reduces the space 
between turns (fill factor). The winding scheme also 
defines the number of turns and layers that need to be 
followed to complete a coil. During this step, the DES 
model follows an orthocycling scheme, which is the 
winding scheme with the highest fill factor.

The model then calculates the accumulated electri-
cal resistance variation of every turn as well as the 
caster angle that leads to the creation of geometrical 
faults. Further details about these process steps are 
explained in section 4. The output from the simulation 
model is (i) a winding scheme representation of every 
turn and layer during the winding process. This 

Table 1. Input and output parameters selected for the DES model.

Input parameters Range Output parameters

Winding speed 100–350 RPM Electrical resistance value
Tension value 40–80 N Electrical resistance accumulated error
Wire diameter 0.30–1.20 mm Caster angle
Bobbin shape 1: Rectangular, 2: Square, 3: Circular Geometrical faults

Figure 5. Flowchart of the logic used in the DES model that represents a linear winding process.
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representation shown in Figure 6 (right side) presents 
the exact location of each turn as well as the turns that 

present a fault. These faults can be represented as 

a high electrical resistance fault, a geometrical fault, 

or a group of faults allocated together known as 

a hotspot. (ii) A database in the form of tables that 

include the electrical resistance value of every turn 

throughout the winding process. These tables also 

include the calculated caster angle of every turn and 

the type of geometrical fault created. This database will 

aid in the identification of the exact moment through-

out the process where an abnormality is created, 

affecting any of the key process parameters such as 

the winding speed, tension, and cross-sectional area of 

the wire. The database will later be used as a training 

set for a supervised learning algorithm that will 

enhance the manufacturing process.

3.3 Validation by experiments on coil winding 

machine

The results from the DES model were validated by 

conducting experiments on a lab-based linear 

winding machine that was used to produce an 

orthocycling winding scheme. Figure 7a depicts 

the lab-based linear winding machine which is 

a model 200 mm CNC Coil Winder MK4. 

Figure 7b shows the Coil Winder Controller MKII 

Software V4.5 that allowed the user to control 

process parameters such as the speed, the bobbin 

size, and the number of turns per layer. The wind-

ing machine was capable of producing small quan-

tity runs of coils or custom one-off coils for a vast 

range of bobbin shapes for electronic projects. The 

machine is fitted with closed-loop motors on both 

the feeder and bobbin assembly, which increases 

the torque, accuracy, speed, and number if losing 

steps. The highest winding speed capability of this 

machine was 2000 rpm.

3.3.1 Experimental plan to validate simulation 

model

The first part of the validation process was performed 
through experimentation. A linear winding machine 
was used for testing by varying the key input parameters 
such as rotational winding speed, bobbin’s geometry, 
and wire diameter. A systematic approach was required 
to conduct the experiments in order to determine the 
effect that the key input parameters have on the process 
output product. A full factorial design of 
experiment’s approach has proven its effectiveness in 
terms of flexibility and low cost while reducing the 
cogging torque in an electric motor using variables 
such as dimensional tolerances (Islam et al., 2011) and 
to determine the best prototype option for the develop-
ment and design of a new automated trickle winding 
process for an electric motor (Halwas et al., 2018). 
Therefore, a 23 two-level full factorial design of experi-
ments was used for experimentation.

These designs are known as screening designs and 
each design refers to k factors with two levels each. 
Each of the factors had two levels to identify poten-
tially important input process parameters. The first 
factor was the rotational speed with two levels (low 
speed = 100 rpm and high speed = 800 rpm). 
The second factor was the bobbin shape with two 
levels (rectangular shape = 1 and square shape = 2). 
The last factor was the wire diameter with two levels 
(small gauge = 0.30 mm and large gauge = 0.71 mm). 
In this case, k = 3 and 23 = 8 possible combinations. 
The eight different ways of combining the high and 
low settings are shown in Table 2.

As previously discussed, input process parameters 
have a great influence on the creation of faults during 
winding. Therefore, two critical input parameters were 
selected for further analysis.

Bobbin shape. The shape of the bobbin has a huge 
influence on the creation of faults (Hagedorn et al.,  
2018). The shapes that create the most variation in the 

Figure 6. Example of the DES model representing a linear winding process using the Software “Witness Horizon” (Lanner Group 
Ltd, 2021).
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system are the square and rectangular bobbins, this is 

because the wire length between the wire guide and 

the winding location is continuously changing 

throughout the process (Hagedorn et al., 2018). This 

variation is minimal in the circular bobbin since the 

shape of the bobbin remains constant; therefore, cir-

cular bobbins were not considered for the experi-

ments. The shape for each bobbin was designed 

using a CAD software (Fusion 360 (Autodesk,  

2022)), and once the design for each bobbin was 

finalised, a 3D printed version of each one of the 

bobbins was created.

Wire diameter. The wire diameter has an impor-
tant influence on the creation of faults. Dobroschke 
(2011) explains that a change in the wire gauge has 
a direct effect on the caster angle limit, the yield 
limit, and the spring back angle. The caster angle 
and yield limit tend to increase as the diameter of 
the wire increases; therefore, a thicker wire will 
withstand a larger tension resulting in less number 
of faults. Furthermore, the spring-back angle is 
created when a wire is laid on a surface and due 
to its elastic properties, it tends to return to its 
previous state with a spring-back effect. This 
springback angle is more noticeable in wires with 

a smaller cross-sectional area. Thus, having a large 
spring-back angle leads to wires moving from their 
intended position while winding producing geome-
trical faults. As a result, two different wire gauges 
(0.30 mm and 0.71 mm) were used for the experi-
ments to analyse the influence that the diameter of 
a wire had on this process step. These two wire 
gauges are normally used in the industry and are in 

the range that appropriately fits the wire guide in 

the machine without causing any extra tension to 

the wire when it passes through the nozzle.

3.4 Validation with industry

The next part of the validation process was to demon-
strate the simulation model to EM manufacturing 
experts from industry and academia, and simulation 
experts. Their feedback was recorded, and necessary 
amendments were made to the model.

4. Results from the DES model

The DES model required the following input para-
meters to be entered into the system: the rotational 
speed, tension, wire diameter, and type of bobbin 
shape (Figure 6). After receiving the input parameters, 

Figure 7. Linear winding machine used for experimentation model ”200 mm CNC Coil Winder MK4”.

Table 2. Standard order of the full factorial design of experiments for the linear winding 
process.

Process Parameters

Run # Rotational Speed (rpm) Bobbin Shape Wire Diameter (mm)

1 100 Rectangle = 1 0.30
2 800 Rectangle = 1 0.30
3 100 Rectangle = 1 0.71
4 800 Rectangle = 1 0.71
5 100 Square = 2 0.30
6 800 Square = 2 0.30
7 100 Square = 2 0.71
8 800 Square = 2 0.71
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the model created variations in the set value of the 
applied tension based on the input values. The detailed 
working of the simulation model has been explained 
in section 3.2.2. Research suggests that in non-circular 
bobbins, higher winding speeds create a variation in 
the process parameters that affects the wire tensile 
force applied to the wire eventually leading to changes 
in the electrical properties of the wire. The DES model 
calculates the variation in applied tension where the 
tension value fluctuates (Sell Le Blanc et al., 2015). 
Application of tension beyond the yield limit can 
cause a deformation in the wire and reduce the cross- 
sectional area of the wire, leading to increased electri-
cal resistance in that region. To calculate the electrical 
resistance of a wire, firstly, the electrical resistance of 
copper was calculated using Eq. 1: 

RCu ¼
ρCu

ACu
¼

4 � ρCu

π � dCu
(1) 

where the resistivity is represented by ρ (1.72 × 10−8 

Ωm) and then divided by the cross-sectional area of 
the copper wire (ACuÞ. Moreover, in literature, it is 
described that the fill factor affects the electrical resis-
tance of a coil (Dobroschke, 2011). When the fill factor 
of a coil is reduced, the electrical resistance in the wire 
increases. This is caused because the smaller the fill 
factor in a coil, the more spaced between the wires 
leading to greater electrical resistance. In addition, the 
geometries of the coil determine the degree of influ-
ence that the fill factor has on the electrical resistance 
when maintaining the same number of turns in the 
coil. Thus, having a bigger winding space, the influ-
ence of the fill factor over the coil’s electrical resistance 
tends to be smaller. However, research has shown that 
researchers tend to focus their efforts on calculating 
the electrical resistance value of a coil only after being 
wound (Dobroschke, 2011). However, during the 
winding process certain process parameters affect the 
diameter and the cross-sectional area of the wire lead-
ing to electrical faults. Wolf (1997) explains that the 
most important parameter that has the greatest influ-
ence on the electrical resistance is the diameter. He 
explains that there is a clear interdependence between 
the decrease in the diameter and the increase in elec-
trical resistance and it can be analysed by using the 
next equation: 

ΔR ¼ R1 � R0 ¼
4L1 � ρ

π � dnom1
2 �

4L0 � ρ

π � dnom0
2 (2) 

A reduction in the diameter (dnom1Þ leads to 
a reduction in the current carrying area, thus an 
increase in the electrical resistance. As it was pointed 
out, in multi-layering, a smaller diameter of the wire 
leads to a reduced length considering the same num-
ber of turns since the wires are now laid tighter (Wolf,  
1997). This creates a smaller cross-sectional area lead-
ing to an increase in electrical resistance. Therefore, 

fluctuations in the process or the product tolerances 
often lead to inconsiderable variations in the electrical 
resistance (Wolf, 1997).

Komodromos et al. (2017) demonstrated in an 
experiment the effect that the tensile force has on 
different copper wire diameters and the effects it cre-
ates on the electrical resistance. These copper wires 
were strained until their cross-sectional area changed 
and then measured the change in electrical resistance 
showing that wires with a smaller diameter (0.63 mm) 
had an increase in electrical resistance of 23%, while 
wires with a larger diameter (1.18 mm) only had an 
increase of 8% in their electrical resistance. 
Dobroschke and Wolf agree that the main problem is 
that the electrical resistance of a wire cannot be deter-
mined directly during the winding process since it will 
damage the insulation.

Therefore, a model that can accurately model pro-
cess interdependencies that lead to faults during wind-
ing was developed. This model was able to calculate 
the variation of the wire diameter, cross-sectional area, 
and length during each turn. Having the electrical 
resistance of each turn will allow the user to determine 
any hotspots in the coil during winding, resulting in 
a time reduction for quality tests. Furthermore, an 
important feature in the DES model was the identifi-
cation of the exact location of faults during winding 
that highlighted a region if the faults lay in close 
vicinity of each other, i.e., a hotspot.

A representation of the orthocycling scheme was 
designed to represent the winding scheme in the 
model as shown in Figure 6, in which each turn was 
represented by a circle where the colour or text in the 
circle represented fault or no-fault in that turn 
depending on the process parameter values. For exam-
ple, during winding when the set tension was under 
the established yield limit, no reduction of the cross- 
sectional area was reported and the turn is displayed as 
a green circle representing a non-faulty turn. In cases 
where the variation in the value for the set tension 
exceeds the yield limit of the copper wire, an electrical 
fault (area of increased electrical resistance) is dis-
played as a red circle instead of a regular green circle. 
Moreover, when a few turns with geometrical or elec-
trical faults lie in the vicinity of one another, they are 
represented as a region of a local hotspot.

A feature was added to the simulation model to 
calculate the cumulative increase in electrical faults 
in the winding system. This feature determined the 
stage at which the increase in electrical resistance 
exceeds beyond a set threshold making the winding 
unsuitable for use. To obtain the cumulative error, the 
percentage error in every turn of each layer was calcu-
lated and added as the winding progressed. After the 
discussion with the industry experts, the threshold 
value for cumulative error in electrical resistance was 
set as 10% for this model and the model was set to stop 
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the process when this value is reached to avoid produ-
cing nonviable coils.

Based on the values of process parameters and any 
variations, a set of rules (presented in Table 3) estab-
lished the generation of a specific type of geometrical 
fault (Hagedorn et al., 2018; Meyer et al., 2015). As 
shown in Table 3, some types of faults in lower layers 
can lead to further generation of faults in the top or 
adjacent layers, hence affecting the overall winding 
scheme. Therefore, it was important to consider the 
faults (electrical and geometrical) in previous turns or 
layers before determining the electrical and geometri-
cal in the next turns or layers.

In order to represent a geometrical fault in the 
simulation model, the caster angle value was calcu-
lated for each of the turns based on the position of the 
wire guide and the wire on the bobbin’s surface 
(Hagedorn et al., 2018). When the model detected 
that the caster angle value was out of range, it was 
categorised as a geometrical fault. The geometrical 
faults were represented by the initial letter for each 
fault as shown in Table 3 and displayed inside of each 
turn (Figure 6). The DES model used this approach to 
represent when a geometrical fault appeared in the 
winding and define the type of fault. Results showed 
that the most common fault that occurred during 
winding was a double winding, whereas the geometri-
cal fault that appears the least was flange winding. This 
is the least common fault because flange winding can 
only appear on the edges of the bobbin, limiting the 
number of faults. Unlike, the rest of the geometrical 
faults that can occur at any point during winding.

The DES model provided the value of the para-
meters applied to the wire for every layer and turn in 
a rectangular bobbin at a high speed as shown in 
Figure 8. Figure 8(a) shows the variation that the 
tension value had throughout the winding process 
and presents an upper boundary (yield limit) that, 
when exceeded, leads to an electrical fault. The graph 
also presents a lower boundary that once reached 
a loose winding occurs due to the lack of tension in 
the wire. Figure 8(b) demonstrates the variation in 
electrical resistance during winding and presents the 
incremental step after each layer in the bobbin. 
Figure 8(c) shows the variation in the caster angle, 
faults, and the effect that a reduction of the diameter 

in the copper wire has on the cross-sectional area. 
Since the copper wire is a deformable material, it is 
important to identify the location where there has 
been a change, and when the upper and lower limits 
were reached, different geometrical faults such as a gap 
were created. Figure 8(d) presents two example lists 
obtained from the DES model that highlight the loca-
tion of geometrical faults and the effect that 
a reduction of the diameter in the copper wire has 
on the cross-sectional area. Since the copper wire is 
a deformable material, it is important to identify the 
location where there has been a change in the cross- 
sectional area as this may impact the quality of the 
winding scheme with the generation of an electrical or 
a geometrical fault.

The results from the DES model also showed 
that variation in critical input parameters has an 
impact on the origin of faults such as increased 
electrical resistance. The model highlighted two 
main relationships between critical process para-
meters: the first between wire tension and electrical 
resistance and the second between the wire gauge, 
wire guide, and caster angle. The graph in Figure 9 
demonstrates an influence on the increase in varia-
tion of the electrical resistance in a rectangular 
bobbin with respect to tension in the wire. This 
variation in the electrical resistance reached a level 
of 11% when the tension value (represented by 
a solid green line) went beyond the yield limit 
(represented by a red dashed line) by almost 40 
N. The graph shows the point of transition between 
the elastic and plastic deformations marked by the 
established yield limit (61.75 N) for an annealed 
copper wire with a diameter of 0.71 mm. The yield 
limit marks the point at which the copper wire 
returns to its original diameter due to elastic defor-
mation. Meanwhile, beyond the yield limit (plastic 
deformation area) the increasing tension produces 
a smaller diameter for the wire leading to an 
increase in electrical resistance. This causes 
a problem in the overall electrical resistance of 
the coil affecting the performance and reliability 
of the motor.

In addition, the DES model showed that para-
meters such as the wire’s diameter affected the wire 
guide speed and caster angle as shown in Figure 10 

Table 3. Rules for the selection of geometrical faults adapted from (Hagedorn et al., 2018), (Meyer et al., 2015).

Faults Symbol Rules Produces

Flange  
Winding

F Only appears at the beginning of each layer when the tension is above the yield limit Gap, Cross over and Double 
Winding

Gap G It is produce anywhere in the coil under low or high tension N/A
Cross Over C Occurs only during high tension and it can be located in any turn or layer Double winding
Double 

Winding
D Only is created after the second layer and when the tension is over the yield limit Multiple Winding, Gap

Multiple 
Winding

M It can be produce after a double winding and sometimes by it self after the yield limit is 
reach

N/A

Bulgy Turn B This fault appear when the tension is under the 35 newtons in any layer or turn Bulgy Turn
Loose Wire L It only appears at the end of the winding process if there is a low tension Problems during contacting
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(a). Graph (a) displays a variation in the wire’s 
diameter when the wire guide speed (blue line) 
increases, leading the caster angle (purple line) to 
decrease from 6.2 to 5.8 degrees.

The DES model calculated the caster angle using 
the following equation (Dobroschke, 2011): 

CA ¼ A þ B � ln dbð Þ (3) 

The caster angle is calculated by multiplying the nat-
ural logarithm (ln) of the bobbin’s diameter (db) times 
the sum of the A and B angles created between the 
wire guide and the winding location. A angle is created 

Figure 8. Tension chart of the DES model using a rectangular bobbin.

Figure 9. Plot showing variation in electrical resistance for a rectangular bobbin with respect to tension in the wire, the red dashed 
line shows the yield point of the wire.
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between the winding location and the point exactly in 
front of the wire guide. The B angle is located in front 
of the wire guide between the tip of the wire guide and 
the winding location. Once the caster angle was calcu-
lated, the DES model calculated the maximum caster 
angle limits with the next equation (Dobroschke,  
2011): 

CAmax ¼ �þ 0:4 � A þ B � ln dbð Þ½ � (4) 

The maximum caster angle was considered as the 
upper and lower boundaries in which no geometrical 
faults occur. However, when too much variation 
appeared in the process due to an increase in rota-
tional speed and the caster angles were beyond the 
safety limits, a geometrical fault was created. These 
results showed that variation in the wire’s diameter 
causes the wire to become lighter and this new weight 
has an influence on the wire guide velocity, which was 
calculated using equations 4.1 and 4.2. To calculate the 
new wire guide velocity, the wire guide’s acceleration 
must be calculated using the equation 4.1. 

a ¼
F

m
(5) 

The equation shows that the force applied to the wire 
guide is divided by the new combined mass of the 
copper wire and wire guide. Then with acceleration, 
the new wire guide’s velocity can be calculated using 
equation 9.2, in which the initial speed is added to the 
acceleration multiplied by the elapsed time. 

v ¼ v0 þ at (6) 

Normally, during winding the initial position of the 
wire guide is located behind the winding location 
(where the wire touches the coil) to create a positive 
caster angle that allows the wire to be tense and pro-
duce a good winding scheme. However, results 
showed that when the wire guide speed increases due 
to a lighter wire, the caster angle decreases because in 
every turn the wire guide gets closer to the winding 
location. When the wire guide surpasses the winding 
location and the caster angle becomes negative, 

geometrical faults such as gaps tend to appear. The 
opposite effect occurs when the wire guide becomes 
too slow due to a heavier wire. The wire guide starts to 
pull the wire in the opposite direction to the winding 
placing it on top of the previous turn creating a double 
winding fault. The result of this interdependency 
between the wire’s diameter, the wire guide speed, 
and the caster angle creates a bulgy, convex, or con-
cave winding geometry that leads to a low fill factor for 
the coil.

Figure 10b shows that a reduction in the wire’s 
diameter to half its size increases both the wire’s feed 
represented as the green line to almost 40% more 
speed and the amount of variation (red line) when 
stopping at the turning points by over 35%. As pre-
viously discussed, having a lighter wire causes the wire 
guide to increase its speed but also increases the speed 
of the actual wire. When the speed of the wire 
increases (wire feed), it has an influence the amount 
of variation at the turning points. The turning points 
are the points during winding where the wire guide 
must stop to change its direction to start a new layer. 
The DES model calculated the variation when stop-
ping at the turning points by calculating the distance 
travelled by the wire guide after starting to deaccele-
rate using the following formula: 

s ¼ vt þ
1

2
at2 (7) 

Eq. 5 calculates the displacement from the wire guide 
from the point where it starts to stop to reach the 
turning point. The displacement (s) is calculated 
when the velocity of the wire guide (v) is multiplied 
by the elapsed time (t) and then add half of the accel-

eration (a) times the elapsed time square (t2). The 
variation is created because the wire feed increases 
and creates a momentum that does not allow the 
wire guide to stop at the exact turning point, causing 
the wire in the next layer to be misallocated. This is an 
accumulative error that with every turn more wires are 
not placed in the right position creating geometrical 
faults and possibly a low fill factor. As a consequence, 

Figure 10. (a) Variation in winding speed and caster angle with respect to the diameter of the wire. (b) Relationship between wire 
diameter, wire feed rate and variation of wire guide at turning points.
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the variation is then calculated by obtaining the per-
centage difference between the turning point and the 
actual point where the wire guide stops which could be 
before or after the turning point depending on the 
acceleration of the wire guide.

Hence, using a DES model has proven the ability to 
identify and model correlations between parameters in 
an error-prone process that involves deformable mate-
rial. This approach could be utilised to further analyse 
next manufacturing steps such as joining.

5. Validation experiments on coil winding 

machine

5.1 Electrical resistance faults

The experiment with the linear winding machine 
demonstrated the effects of changing process para-
meters such as the winding speed, wire diameter, and 
bobbin shape on the occurrence of faults. The first 
parameter to be measured was the electrical resistance 
variation of the wire, which was measured using 
a FLUKE 8808A bench digital multimeter. The resis-
tance of the wire length used for experiments was 
measured before and after each experiment to record 
any changes in values. The rotational speed was varied 
for each experiment according to the full design of the 
experiments. The recorded values have been plotted in 
Figure 11 which shows the relationship between the 
winding speed and the variation in the electrical resis-
tance while comparing different bobbin shapes.

Winding speed and change in electrical resistance

The results from the experiments in Figure 11 show that 
the highest increase in electrical resistance was observed 
for cases when a rectangular bobbin was used and when 

the winding speed reached 800 rpm. The trend showed 
that when the rotational speed of the winding machine 
was increased, the variation in electrical resistance 
increased as well. In particular, it was noticed that the 
smallest change in electrical resistance variation was 
always presented at low speeds. This shows that there 
is a clear relationship between the winding speed and 
the increase in electrical resistance during winding.

Bobbin shape and change in electrical resistance

The relationship between the bobbin shape and the 
change in electrical resistance was also analysed. The 
rectangular bobbin presented on average an increase 
in electrical resistance of 4% at high speeds, while in 
comparison, the square bobbin only presented an 
average increase of 2.7%. The shape of a bobbin mostly 
depends on the aspect ratio, which defines the height 
and base of a bobbin. The results showed that having 
a larger aspect ratio of 1:6 (rectangle) causes the bob-
bin to have almost double the amount of variation in 
electrical resistance. However, in comparison, when 
using a square bobbin with an aspect ratio of 1:1, the 
variation in electrical resistance tends to be lower. This 
shows that a rectangular shape in a bobbin has a more 
significant impact on the electrical resistance.

Wire gauge and change in electrical resistance

The results also gave insight into the relationship 
between the wire gauge and the change in electrical 
resistance. Results showed that a larger wire diameter 
leads to a larger increase in electrical resistance. 
However, the increase in electrical resistance between 
the large and small wire gauge while using a square 
bobbin was far greater, reaching almost a 2% incre-
ment in electrical resistance. While the difference in 

Figure 11. Electrical resistance variation percentage with different wire gauges and bobbin shapes.
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variation between the large and small wires when 
using a rectangular bobbin was only 0.2%. This 
shows that different wire gauges have a different 
impact on the electrical resistance depending on the 
shape of the bobbin.

5.2 Geometrical faults

During experimentation, videos of the winding 
scheme were recorded to monitor and study the crea-
tion of geometrical faults. The videos of each run were 
analysed frame by frame using a checklist to mark the 
type and location of geometrical faults in the winding 
scheme. An example of a video frame representing 
a trial run with a square bobbin displaying geometrical 
faults such as gaps, crossings, and double windings 
while running at high speeds (800 rpm) is shown in 
Figure 12. From the images obtained, the number of 
geometrical faults that occur at different winding 
speeds was also recorded and presented in the form 
of a plot as shown in Figure 13.

Winding speed and geometrical faults

The plot in Figure 13 shows that the highest number of 
geometrical faults tends to appear at low and high 
winding speeds, for example at 200 and 800 rpm. 
Results also showed that at a mid-range speed 
(500 rpm), the number of faults tends to decrease for 
both bobbin shapes. However, after this point, when 
the speed increases the number of faults increases as 
well leading to a similar number of faults as the ones 
obtained at low speeds. Therefore, a trend is created 
that causes the number of faults to increase and 
decrease as the winding speed increases. This shows 
that there is a correlation between the winding speed 
and the number of geometrical faults during winding.

Bobbin shape and geometrical faults

Figure 13 demonstrates that the shape of the bobbin 
affects the number of geometrical faults that appear in 
a winding scheme. It was discovered that a square bobbin 
has on average a far greater number of geometrical faults 
than a rectangular bobbin. It can be noticed that at low 
speeds the square bobbin had more than double the 
number of faults than with a rectangular bobbin. At mid- 
range speed both bobbin shapes had a similar number of 
faults except with the smaller gauge wire for a square 
bobbin in which the number exponentially increased to 
almost three times the number of faults produced with 
the other bobbins. Then, at high speeds, the rectangular 
bobbin tends to have the lowest number of faults with 
only two faults while in comparison, the square bobbin 
had eight faults at high speeds.

Wire gauge and geometrical faults

Figure 13 results show that the wire gauge also has an 
important effect on the creation of geometrical faults. 
This effect can be seen when using a smaller wire gauge. 
In both cases (square and rectangle shapes), the smaller 
wire gauges created more faults than a larger wire gauge. 
Using a thicker wire creates fewer geometrical faults in 
the winding scheme for both types of bobbin shapes; for 
example, in the case of the square bobbin, the thinner 
wire created 25 faults while with the thicker wire only 9 
faults were created at high speeds. This shows that 
a smaller wire gauge has a greater impact on the creation 
of geometrical faults.

6. Discussion

The purpose of this research was to model interdepen-
dencies in a complex electric motor manufacturing 
process that involves deformable material. This was 

Figure 12. Geometrical faults during linear winding at 800 rpm using a square bobbin.
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conducted by creating a DES model that simulates the 
variations in set process parameters and their impact 
on the final quality of the wound coil in terms of 
generated geometrical and electrical faults. A review 
of literature highlighted that the deformable proper-
ties of copper wire were not taken into consideration 
during the modelling of process parameter interde-
pendencies and their influence on the creation of 
faults (Dobroschke, 2011). The results from the simu-
lation model showed that input parameters such as 
winding speed and tension were critical factors in the 
creation of defects during coil winding (Escudero- 
Ornelas et al., 2021).

The simulation model demonstrated that when the 
winding speed was increased, it created a variation in 
tension between the wire guide and the winding location 

at the bobbin. This action created a variation in tension 
that affects the electrical properties of the copper wire. The 
yield limit marks the boundaries between elastic and plas-
tic deformation impacting the diameter of the wire tem-
porarily or permanently. When this limit was surpassed, it 
caused a permanent reduction of the cross-sectional area 
in the wire, thus increasing its electrical resistance. The 
increase in electrical resistance leads to further faults down 
the production line such as short circuits and reduces the 
overall performance of the electric motor.

6.1. Electrical faults: comparison of results from 

simulation model and physical experiments

The results from the DES model were validated by 
conducting a series of experiments in a lab setting 

Figure 13. Plot with the number of geometrical faults at different winding speeds variating input parameters.

Figure 14. Comparison for a rectangular bobbin with two different wire gauges using a DES model and linear winding 
experiments to determine the percentage error in electrical resistance.
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using a linear coil-winding machine where key process 
parameters varied. The results from the DES model 
and the experiments were also compared to under-
stand the accuracy of the model. To evaluate the 
performance of the DES model against the experi-
ments, the electrical resistance variation on the wire 
was analysed as shown in Figures 14 and 15. Figure 14 
presents the correlation between the rotational speed 
and the electrical resistance percentage variation using 
a rectangular bobbin, while Figure 15 uses a square 
bobbin. In the figures, a series of experiments were 
represented as straight lines, while the DES model is 
presented as dashed lines. Each figure presents two 
scenarios where different wire thicknesses were 
employed: the blue lines represented a thicker wire 
(0.71 mm) and the red lines represented a thinner 
wire (0.30 mm). Figures 14 and 15 show that there is 
a correlation between the winding speed and the per-
centage variation in the electrical resistance of the 
bobbin. It can be noticed that in both cases (rectan-
gular and square bobbins), a higher percentage varia-

tion is presented with thicker wires. This effect is more 

noticeable at higher speeds where the percentage var-

iation increases up to 4% as seen in Figure 14. 

However, in both figures, the DES model and the 

experiments shared the same trend to increase its 

variation when the winding speed increases. 

However, the rectangular bobbin shows overall 

a larger variation compared to the square bobbin in 

which only at higher speeds and with thicker wires the 

variation starts to increase from 1.3% to 3.7%.
The results confirmed that the shape of the bob-

bin plays a key role in the increase in the percen-
tage variation of the electrical resistance in the 
copper wire. It can be noticed that the rectangular 

bobbin tends to create a higher variation even from 
slow winding speed. Whereas, with the squared 
bobbin, the variation percentage remains low until 
higher speeds were reached. This is due to the 
aspect ratio of the bobbin shape and the influence 
that it has on the tension. Having a greater aspect 
ratio causes the tension to fluctuate rapidly 
throughout the process and surpass the yield 
limit. Meanwhile, with the square bobbin, the 
aspect ratio remains constant during the process, 
thus leading to less variation during winding. This 
is critical for manufacturers since taking into con-
sideration the shape of the bobbin can reduce the 
variation in electrical resistance and improve the 
quality of the coil.

Furthermore, experimenting with different wire 
gauges during this research presented a correlation 
between the winding speeds and wire diameter. The 
comparisons between the DES model and the experi-
ments showed that the wire with a larger diameter 
tends to deform more easily at higher speeds produ-
cing higher electrical resistance. Similarly, one of the 
key aspects to notice from the DES model in compar-
ison to the experiments was that with a smaller wire 
diameter the least amount of electrical resistance var-
iation was presented. One of the reasons for this beha-
viour can be that in the DES model no other input 
parameters apart from the selected ones were consid-
ered. For example, friction in the wire guide could be 
an input parameter that affects the creation of faults 
during winding by applying extra tension to the wire. 
However, currently the DES model does not consider 
all of the possible input parameters that influence the 
creation of faults, it only considers the three that have 
the highest influence (Sell Le Blanc et al., 2014). 

Figure 15. Comparison for a square bobbin with two different wire gauges using a DES model and linear winding experiments to 
determine the percentage error in electrical resistance.
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However, for future research, more input parameters 
can be added to the simulation model to improve its 
accuracy.

Subsequently, the percentage error or difference 
between the results from the DES model and the 
physical experiments (Figures 14 and 15) was also 
analysed to determine the accuracy of the model. 
The percentage error is the difference in the trend 
between the DES model and the experiments using 
the linear winding machine. Table 4 presents the per-
centage of difference in electrical resistance between 
the DES model and the experiments. For the case of 
the rectangular bobbin, the thinner wire (0.30 mm) 
presented the highest percentage of error between 
the model and the experiment having a percentage of 
1.56%. This can be attributed to external factors such 
as the environment, the material handling, and the 
machine tear and wear. Whereas, in the case of the 
square bobbin, the error was smaller with 0.27%. 
Overall, it can be defined that the square bobbin pos-
sesses a lower percentage error making this model the 
most accurate out of the two. Nevertheless, it has to be 
noted that the percentage error for both cases stayed 
under 5% making them accurate and reliable models.

The cumulative error was also calculated for the 
different scenarios used with the DES model as 
shown in Table 5. The cumulative error of the DES 
model is the percentage difference between a regular 
electrical resistance and a high electrical resistance 
during winding. This error was recorded and added 
for every turn until the simulation process was fin-
ished. Table 5 shows that the cumulative error tends to 
increase as the winding speed increases for both types 
of bobbin shapes. However, the rectangular bobbin 
presented a higher cumulative error than the square 

bobbin. This was due to the constant change in the 
wire length during winding which was more notice-
able with rectangular bobbins than with square bob-
bins due to its shape. The change in the wire length has 
been shown to possess a greater effect on tension and 
electrical resistance, leading to a higher cumulative 
error. The variation in the wire diameter also showed 
that thicker the wires produced a higher error. 
Normally, thicker wires when stretched tend to be 
more brittle and lead to higher electrical resistance.

6.2. Geometrical faults: Comparison of results 

from simulation model and physical experiments

To evaluate the performance of the DES model regard-
ing the detection of geometrical faults on the first layer 
of the bobbin, two plots were developed as shown in 
Figures 16 and 17. From the figures, it was observed 
that the DES model and the experiments presented 
a higher number of geometrical faults at high speeds. 
Similarly, both the DES model and the experiments 
presented a high number of faults at low speeds. The 
reason behind this was that the wire guide normally is 
ramping up and down affecting the caster angle and 
thus the laying of the wire creates more geometrical 
faults at these points. It was also determined that this 
phenomenon normally affects to a higher degree the 
thinner wires since they have a larger springback effect 
than thicker wires.

Furthermore, at mid-range speed, the number of 
geometrical faults tends to decrease, as the caster angle 
is more stable at this speed. The main difference 
between both plots (Figures 16 and 17) was that with 
the square bobbin the number of faults was consider-
ably greater. In some cases, the number of faults 
increased to more than double. For example, when 
using a thinner wire with a rectangular bobbin at low 
speed, the number of faults was only seven. 
Meanwhile, using the same configuration but 
a different bobbin shape (square), the number of faults 
increases to 16. This showed that having a smaller 
aspect ratio (1:1) in the case of the square bobbin 
generated more geometrical faults in a coil during 
winding.

Also, from the plots shown in Figures 16 and 17, it 
can be determined that the winding speed has a great 
impact on the creation of geometrical faults. This is 
because during high speeds, the wire guide moves fast 
and misses its turning points leading to changes in the 
caster angle eventually causing the wire guide to be 
desynchronised with the bobbin leading to poor pla-
cement of the wire. This effect also causes the caster 
angle to gradually start increasing until it creates 
a geometrical fault such as a gap or a double winding. 
Having a positive caster angle under the established 
limits depends partially on the aspect ratio of each 
bobbin and the variation in speed. Thus, having both 

Table 4. The Percentage Error results for the rectangular and 
square bobbins when calculating the electrical resistance.

Rectangular bobbin

200 RPM 500 RPM 800 RPM

0.71 mm 0.02% 0.25% 0.49%
0.30 mm 1.56% 0.74% 0.85%

Table 5. The cumulative error results for the rectangular and 
square bobbins when calculating the electrical resistance in 
the DES model.

a

Rectangular bobbin

200 RPM 500 RPM 800RPM
0.71 mm 0.90% 2.60% 3.47%
0.30 mm 0.89% 2.45% 3.01%

b

Square bobbin

200 RPM 500 RPM 800 RPM
0.71 mm 0.43% 0.16% 1.04%
0.30 mm 0.27% 0.31% 0.19%
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parameters under control leads to a correct winding 
scheme. To address this, control features can be imple-
mented that can keep the caster angle constant 
throughout the process. The solution would be to 
calculate the specific turning points that adapt to the 
current winding speed, that way even at high speed the 
wire guide would be able to stop at the right point and 
keep the caster angle stable.

Additionally, the comparison between the DES 
model and the experiments showed that thinner 
wires tend to create more geometrical faults than 

thicker wires. This happens due to their spring-back 
effect as previously discussed in section 3.3.1, in which 
thinner wires have a higher tendency to spring back 
after being laid on the bobbin. It is recommended that 
to avoid this problem, the diameter of the wire 
remains constant during the process.

The DES model was also validated by obtaining 
feedback from experts in the field of simulation and 
electrical motor manufacturing. The experts agreed 
that the DES model was capable of identifying process 
relationships and their impact on the final quality of 

Figure 16. Comparison for a rectangular bobbin with two different wire gauges using a DES model and linear winding 
experiments to determine the number of geometrical faults in the first layer.

Figure 17. Comparison for a square bobbin with two different wire gauges using a DES model and linear winding experiments to 
determine the number of geometrical faults in the first layer.
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the winding. They responded that currently there was 
no model available that detected faults during winding 
and provided their exact location in the bobbin. This 
model could be useful to manufacturers since the 
electrical resistance for each turn can be known, add-
ing confidence to the end-of-line tests. The limitation 
of the validation process is that the experiments only 
consider two different wire gauges to represent the 
lower and upper bounds of the spectra. However, 
further experiments can be carried out to analyse the 
effect that variation in a wire diameter on the electrical 
resistance of a bobbin after coil winding. Finally, the 
experts suggested that this model can be tested against 
further winding techniques, for example, needle 
winding.

7. Conclusions and future work

Electrical motor manufacturing process comprises 
complex manufacturing steps that involve deform-
able material. Due to the interdependencies in the 
process parameters in this complex process and the 
deformability of the coil, defects are accumulated 
creating a downstream effect on the process and the 
end product. This can be avoided by detecting faults 
early in the process. This can be achieved if critical 
process parameters and their interrelation with the 
creation of faults are identified. This paper proposed 
a DES model that models interdependencies in 
a complex environment for the production of electric 
motors, where time dependency is a key element 
while dealing with process steps that affect the 
deformable properties of copper wire. The DES 
model simulates the behaviour of the copper wire in 
each turn during the coil-winding step. The model 
was able to identify the applied wire tension, winding 
speed, the shape of the bobbin, and the diameter of 
the wire as key input parameters. The model captured 
electrical and geometrical faults in the wound coil as 
soon as they appeared and was able to calculate 
accumulated faults in the final wound coil highlight-
ing any hotspot regions.

To validate the model, a linear winding machine 

was used to perform experiments where critical 

parameters were varied to analyse the influence 

that it has on the creation of faults. The model 

was also presented to experts to get their views 

and feedback as part of the validation process. 

The results from the experiments and the feedback 

from the experts determine that the DES model 

was able to identify how input parameters such as 

the winding speed and wire tension influence the 

creation of geometrical and electrical faults.
The future work for this research would be to combine 

the developed simulation model with the tools that 
Industry 4.0 has to offer, such as machine learning and 

digital twin. There is an expanding development in 
adapting these approaches to achieve an autonomous 
system (Khan et al., 2020). By implementing both con-
cepts it is possible to have an integrated, robust, fast 
response and flexible manufacturing environment 
(Onaji et al., 2022). This system would be capable of 
predicting process faults by feeding in real-time data 
into a DES model.

Then, the data obtained from the DES model can be 

used as a database (and constantly be updated with 

new data) to be fed into an artificial neural network 

that can be trained to predict the current state of 

a component. This approach will allow the neural 

network to learn how interdependencies influence 

the creation of faults in the various steps that 

a complex manufacturing process has and minimise 

the effects as much as possible by selecting the optimal 

setting for each step in real-time.
This will drastically reduce the time and cost 

required for quality inspections after each step by 
directing the attention to only faulty areas (hotspots).
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