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Electric machines are constantly developing in the wide area of industries. New ideas and 

innovations are investigated to find more advanced solutions. This thesis focuses on one of 

the rarer cases of drum wound machine. The aim of this study was to find a functional 

solution for fastening stator to a frame of the machine in a way that it allows cooling and 

pathways for windings on the outer body of the stator. 

 

The design process was step-by-step process of developing new design aspects to the 

fastening solution based on the knowledge obtained. The literature reviewing and consulting 

experts led to a functional end solution which took into account the necessary design 

elements for the machine as well as the electromechanical aspects. This design was taken 

into dynamical testing to test the side-by-side performance with the conventional machine 

to get an idea of the behavior in different structural frequencies. 

 

Finite element analysis gave a good indication that the designed structure could work in the 

real-world environment. However, it would need the manufacturing of the machine in real 

life and further experimental testing since the modal analysis alone does not give the absolute 

truth. To further study the frequencies gathered from finite element method should be 

analysed with the harmonic responses. This would give the most critical frequencies for the 

structure which should be avoided in end design of the machine.  
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Sähkökoneet kehittyvät jatkuvasti laajasti monilla teollisuuden aloilla. Uusia ideoita ja 

innovaatioita etsitään kehittyneiden ratkaisujen toivossa. Tämä diplomityö keskittyy 

harvinaisempaan rumpukäämittyyn koneeseen. Työn tarkoitus on kehittää toimiva 

kiinnitysratkaisu staattorin kiinnittämiselle runkoon, sillä tavoin, että se mahdollistaa 

jäähdytyksen ja käämien kierron staattorin ulkopinnalla. 

 

Suunnitteluprosessi eteni askel kerrallaan sitä myötä, kun uusia asioita mallin 

ominaisuuksiin liittyen tuli julki kiinnitysmenetelmään liittyen. Kirjallisuuskatsauksen ja 

asiantuntijoiden lausunnot johtivat lopulta toimivaan ratkaisuun, joka otti huomioon 

tarpeelliset suunnittelu elementit ja sähkömekaaniset näkökannat. Valmistunut malli 

laitettiin dynaamiseen testaukseen ja sitä verrattiin rinnakkain perinteisen koneen vierellä, 

jotta saatiin idea sen käytöksestä eri rakenteellisilla taajuuksilla. 

 

Elementtimenetelmän perusteella voitiin tulkita, että suunniteltu ratkaisu olisi 

toiminnallinen oikeassa elämässä. Koneesta täytyisi kuitenkin valmistaa oikea prototyyppi, 

jolle tehdä kokeellisia testejä tulosten validoimiseksi, sillä moodianalyysi itsessään ei kerro 

absoluuttista totuutta. Saatuja taajuuksia tulisi tulevaisuudessa tarkastella harmonisien 

taajuuksien kanssa, jotta selviää mitkä taajuudet ovat kriittisiä ja tulisi välttää lopullista 

koneen mallin suunnittelua tehtäessä.  
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SYMBOLS AND ABBREVIATIONS 

 

Symbols 

 

Asp Circumferential cross-sectional area of a stator tooth 

a System dimension factor 

C Damping matrix 

E Young’s modulus 

F Force vector 

G Gyroscopic matrix 

hsp Height of a stator pole 

f Natural frequency 

f0 Pulsation vibration mode 

fm ≥ 2 Circumferential natural frequencies for mode number two and up 

I Current 

K Stiffness matrix 

kcu Copper fill factor 

ksyst Stiffness of a system 

Lst Length of a stator stack 

M Mass matrix 

msyst Mass of a system 

Nsp Number of stator poles 

R Resistance 

Rm Mean radius of stator yoke 



 

 

Tsy Thickness of stator yoke  

w Dimensionless system weight factor 

wi Weight of insulation 

wp Weight of stator teeth 

ww Weight of winding 

wy Weight of stator yoke 

x Displacement vector 

𝒙̇ First time derivate of displacement 

ẍ Second time derivative of displacement 

xi Modal displacement vector 

ρcu Density of copper 

ρeq Equivalent mass density 

ρins Density of insulation 

ρs Density of stator 

ωi Natural angular frequency 

 

Abbreviations 

 

AC Alternating current 

CAD Computer aided design 

DC Direct current 

DOF Degree of freedom 

FE Finite element 

FEA Finite element analysis 



 

 

FEM Finite element method 

IM Induction machine 

PM Permanent magnet machine 

UMP Unbalanced magnetic pull 
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1. Introduction 

Spectrum of the different kind of electric motors is wide but they all have the same basic 

principle when it comes to producing power which is converting electrical energy to 

mechanical energy. When talking about industrial use motors most common motor types are 

alternating current (AC) or direct current (DC) motors. From these two the most usual choice 

is an AC motor. The most common ones of the AC motor types are induction machine (IM) 

and permanent magnet machine (PM). 

 

The environment in which the electric machine is fit into plays an important role when 

deciding the motor type and the motor’s properties since it sets boundary conditions in 

power, torque and rotational speed. Rotational motion of the rotor causes centrifugal forces 

so especially in high-speed motors the material and material thickness must be chosen 

accordingly. Also, the heat due to power dissipation is a problem which needs sufficient 

cooling. (Saari 2012, p. 17-19.) 

 

Stator is cylindrical static part of the motor. It is usually connected to frame of the machine 

securely. Stator pack usually consist of a core made of laminated sheets of electrical steel or 

similar and has slots for windings. When building and modelling a stator the windings are 

treated with special compounds to insulate the winding structure. Heat division, cooling, 

materials and dynamical and mechanical aspects play an important role on stator modelling. 

Windings can differ in different stator assemblies based on the use of the whole motor. Rotor 

is the rotating component inside the stator which together with stator convert mechanical 

energy to electrical and vice versa. Simple electric machine construction of this can be seen 

in Figure 1. 
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Figure 1. Simplified model of stator (Ranft 2010).  

 

This study focuses on drum wound stator which is a rare type of stator and has very little 

research done around it. One of the advantages on this product is that it can be cooled inside 

and outside of the stator by air-cooling if the stator core is attached to the frame in a way 

that it allows air flow through without the fastening solution impacting on the performance 

of the machine. 

 

Mechanical designing and vibrational analysis usually start with a designing process 

involving a computer aided modelling program and finite element analysis to do modal 

analysis. The given results can be compared to conventional stator to give understanding of 

the practicality of the drum wound stator build. 

 

1.1 Research background 

Designing process of a machine part is a long process which needs some validation through 

different steps of digital and physical analysis. Analysing mechanical and vibrational 

properties of an electric machines and machines overall is necessary especially during the 

design process. By measuring the vibrations of a machinery, we can establish the crucial 
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frequencies of a machine while it is working and avoid the dangerous ones, thus improving 

the life of the machinery.  

 

This research focuses on utilizing computer aided designing (CAD) and finite element 

analysing (FEA) on a problem. With the help of these tools the model can be modified to 

correspond the mechanical and dynamical requirements. By comparing conventional and 

experimental models with finite element analysis the properties of the models can be 

established before experimental analysing which needs a physical model. Therefore, the 

study should give a good basis on further research on the subject. 

 

1.2 Research problem 

Electric machines are complex assembly and therefore the design and analysing needs to 

take in account several different things like electromechanical aspects, cooling and 

vibrations. Modelling a fastening solution for stator to frame of an electric machine is a 

project which needs an understanding of the structure of the machinery. Conventional stator 

build is attached to frame with tight connection giving the best support possible. However, 

with properly made fastening solution the support can still endure with similar fashion. 

 

There are many kinds of electric motors, and the stator windings differ from each other. 

Drum wound stator like the stator in this study is rarer form of stator and the research done 

on the topic is also quite uncommon. The study is made before the prototyping phase to see 

if it is beneficial to produce this type of machine since there are some benefits in using this 

kind of construction.  

 

1.3 Goals 

The goal of the thesis is to find a practical fastening solution for drum wound stator. The 

solution must be valid in point of electromechanical perspective and validated with the help 
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of mathematical modelling.  The research will introduce the basic literature behind the study 

in literature review section to help understanding of the topic and the problems to solve. 

 

Goal is to also compare the studied machine together with the conventional one to see if the 

drum wound stator’s benefits can be introduced to system with applicable fastening in 

dynamical and mechanical analysis’ standpoint. 

 

1.3.1 Research questions 

The research in this study answers to the following research questions: 

− Which kind of fastening solution works for drum wound stator to frame? 

− How to implement cooling solution around the stator? 

− What kind of electromechanical aspects must be taken account in design process? 

− What kind of dynamic properties drum wound stator has compared to conventional 

stator structure? 

− How to validate the results? 

− How to get usable results about the practicality based on comparison to conventional 

stator? 

 

1.4 Research methods 

Research is done firstly by exploring the studies done around the area from reliable and 

recent sources to get the overall idea of the subject. Based on the research literature review 

is made to deepen the knowledge and showcase the subject with the help of the prior 

research. 

 

Designing process utilizes 3D modelling software and engineering simulation software 

Solidworks and Ansys to model a solution for fastener and simulate the effect of it to the 

whole construction. Solidworks is a CAD program in which the necessary machine parts are 
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modelled together with the fastening to give a prototype model for finite element analysis 

which is done with Ansys finite element (FE) software. 

 

1.5 Framing 

Objective of the research is to find solution for the research questions which are addressed 

earlier in the introduction. With the guidance of supervisors and information gathered from 

The Switch company regarding the study it should be possible with the help of past research 

made on the subject and tools provided by the LUT-University.  

 

The literature review consists of general information about electric motors which is 

convenient in researching the given induction motor in the study. The stator analysed in the 

study does not have real-life counterpart to be utilized in this study and for that reason the 

research is made based on the numerical and analytical tools only.  

 

The design focuses on the stator and the parts surrounding and affecting to it. The forces 

from the rotor are expected to affect very little to the stator based on research and is thus left 

out from the analysing part of the research.  

 

1.6 Contribution of the thesis 

This research gives valuable information for study on drum wound stator construction. Study 

has also novelty value since the study done on subject is rarely made. The build has many 

benefits and for that reason it would be worth to study further. 

 

The study gives an estimation of how similar results can be achieved with the drum wound 

motor compared to conventional style. If the results are feasible, it will give an indication 

that this kind of solution is possible to make. 
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The analysis made on the machine can be utilized in wide area of studies since the 

construction of the electric motors are typically close to each other. Especially the stators are 

practically similar in most motor types. 
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2. Electric motor design and dynamical analysis 

Electric motors have the same basic working principle whether the type of the motor was 

DC or AC motor. Their main objective is to convert electrical energy to mechanical energy 

and with the high currents comes high mechanical forces.  

 

When taken in account high-speed machine design and modelling a big portion is on 

understanding the entirety of the stator and rotor combination together with the 

electromagnetic, mechanical and dynamical aspects. To get the idea of the construction’s 

properties, the right tools are needed to carry through the research. 

 

Considering the mechanical design, it is important that strength and vibration analysis, 

manufacturing and material selection is done correctly to ensure that the assembly can 

withstand the forces and cycles the machine is exposed to. The problem in electric machine 

designing, especially in high-speed machine’s case is that the forces of high-speed rotation 

can be too large for traditional materials such as die-cast rotors and magnetic core or shaft 

connections to withstand, hence needing some more advanced materials and methods. 

Advanced methods need innovations and are case-by-case situations, thus making the result 

more reliable, safe and cost effective. (Ranft 2010, p. 3-4.) 

 

Induction machine like the one in this study, also known as asynchronous motor, is a 

common AC motor type. As usual the induction motor consists of main parts of stator, rotor 

and bearings. The torque to rotate the rotor is produced by electromagnetic induction. 

(Karmakar et al. 2016. p. 2-3.) The motor operates in speed less than synchronous speed, 

hence the name asynchronous motor. Synchronous speed is the speed of the rotating 

magnetic field. There are two types of electric motors, and they are either self-starting or 

not. If the motor is self-starting it is a single-phase motor and if not, it is a three-phase motor. 

(Electrical4U 2021.) 
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2.1 Electric machine construction 

The electric machine consists of the main parts of stator, rotor, bearings and frame which are 

also the most crucial parts to analyse when talking about the modelling and designing 

progress of a motor. This research merely focuses on is the stator and the parts around in 

contact with it in mechanical designing and dynamical analysis part of the study. It is 

important to know the structure and functions of the other parts as well so that the researched 

machine will not interfere with mechanical functionality and dynamics of the system.  

 

The stator is the cylindrical part around the rotor. Rotor is situated coaxially to the stator and 

as its name states it rotates inside it. Together with the stator it produces the mechanical 

power as output. The rotors type in induction motors are usually one of two: wound-rotor 

type or squirrel cage type. (Karmakar et al. 2016, p. 2.) 

 

The wound-rotor type is a three-phase motor with insulated windings which are connected 

to the motor shaft with three slip rings via brushes. That is why motor involving this type of 

rotor is sometimes also called slip ring induction motor. The other rotor type in induction 

motors is squirrel cage rotor which is built in a way that the rotor has endplates which are 

connected to each other with aluminium or copper rods installed to slots on the outer 

diameter of the rotor. It also uses the three-phase supply to the stator. (Karmakar et al. 2016, 

p. 2.) 

 

This study is mostly based on stator analysis of drum wound induction machine. Stator itself 

consists of three main components which are windings, insulation and stator core and is 

surrounded by a frame holding all together. 

 



18 

 

 

2.1.1 Frame 

The most important role of the frame of the electric motor (Figure 2) is to provide protection 

for the stator and rotor. It must be able to withstand mechanical and environmental stresses 

which are applied to it thus it is usually made of cast iron or cast aluminium alloy. 

 

Usually in electric motors case the stator is in touch with the frame leaving the airgap narrow 

since the construction is wanted to be rigid. Slight unwanted leeway between stator and outer 

frame can cause magnetic unbalance and non-centric motion in the rotor causing dangerous 

vibrations. In rotating machines this kind of phenomenon is also called unbalanced magnetic 

pull (UMP). UMP happens when there is an asymmetry in air-gap magnetic flux. It is usually 

caused by mechanical or electromagnetic source. The most significant mechanical source of 

the UMP in this study is stator and frame vibration. (Kim 2021, p. 19.) 

 

 

Figure 2. Stator frame (Electrical4U 2020). 

 

2.1.2 Stator core 

Stator core is made of thin insulated silicon steel plates as seen in Figure 3. Multiple plates 

are laminated with oxide and varnish to keep the hysteresis and eddy current losses minimal 
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in inner magnetic material. These plates or stampings together form the core of the stator. 

Slots in the core provide isolation for the overlapped coil. (Blaabjerg 2021, p. 302.) 

 

 

Figure 3. Stator core (Electrical4U 2020). 

 

2.1.3 Stator windings 

Stator windings are the third main part of the stator construction. They are connected to each 

other in series or parallel. Windings surround the stator core in most electric motors as seen 

in Figure 4. They are loops of copper-wire wrapped around the stator core. Every sub-

conductor is separated from each other with insulating materials like fibres, resins or films. 

(Tavner, Ran & Crabtree 2020, p. 45.) 

 

 

Figure 4. Stator windings (Electrical4U 2020). 
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Copper in the windings acts as conduit for the current flow. In electric machines stator 

current creates a rotating magnetic field which forces rotation in the rotor. To avoid 

overheating the cross-section of the copper conductors are made large enough to avoid 

overheating caused by the current. (Stone et al. 2004, p.44-46.) 

 

In drum-wound stators the stator winding varies what is shown from Figure 4. Drum winding 

is wound in a way that it travels along the stator outer diameter to next slot at the other end 

instead of the windings being as stacked to the ends of the stator. The conductors are placed 

on the stator slots and connected to each other with front and back connections at the ends 

of the coil. The drum winding offers substantial saves in copper usage in pitch windings 

reducing the costs and also leaving more space for other components thus reducing the size 

of the machinery. (Electrical4U 2020.) 

 

2.2 Electromechanical aspects and cooling 

Electric machine designing is a process where the electric and magnetic circuits must be 

taken in account. The materials that are selected must have low resistivity and high 

permeability. Metal’s properties suit those well which is why they are used widely in most 

parts of the motors (Table 1). Not all metals with good electrical and magnetic properties 

have high mechanical strength which is also a necessity when talking about machine 

constructions. Rarely a material with good conductor abilities has an atomic structure which 

provides a high yield strength and ductility. It leads to material selection problem since the 

circuits of the electric machine have to withstand the mechanical loads which are imposed 

upon them. On top of that the circuits are separated by the insulating materials which have 

even weaker mechanical properties. (Tavner, Ran & Crabtree 2020 p. 39.) 
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Table 1. Electric motor parts and their properties (Tavner, Ran & Crabtree 2020, p. 40). 

Part Material Elastic 

modulus, 

[GPa] 

Tensile 

strength, 

[MPa] 

Frame Structural steel 

Aluminum  

210 

70 

830 

310 

Core Electrical steel 220 450 

Windings Copper  120 210 

Insulation Epoxy-mica-glass composite 

Moulded organic/inorganic resin  

Cured phenol-formaldehyde Resin 

60 

5 

3 

275 

48 

35 

 

Materials which are shown in Table 1 as well often dissipate heat by ohmic and hysteresis 

losses in electrical and magnetic circuits and also by eddy current. This is because of the 

electromagnetic transfer of the energy. The insulation materials keep the circuits apart from 

each other but are highly vulnerable to temperature changes. (Tavner, Ran & Crabtree 2020, 

p.40.) 

 

The reasoning for using electrical steel in stator is that it is a strong material, and it has 

beneficial magnetic properties and raises the resistance. However, it also has disadvantages 

when comparing it to structural steel because electrical steel is known to be more brittle. The 

lamination of the stator structure needs to have enough cohesion to transmit load torque 

while also having minimal vibrations while carrying magnetic flux. That is why the stator 

must be clamped between the frame or attached to bearing shields rigidly and securely 

enough. (Tavner, Ran & Crabtree 2020, p.39.) 

 

Motor frame is usually made of cast iron or aluminium. While they both are used in frame 

purposes, the iron offers some usual benefits it being cheap and much better considering the 

mechanical properties. Aluminium can be great choice if the focus point is on reducing the 

weight of the machinery. 
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When the motor is operating it naturally causes temperatures to rise in certain parts of the 

motor. One of the main causes for it is the AC or DC current flowing in the windings between 

the stator and rotor. These kinds of losses are often referred as I2R-losses since the heat 

generated is proportional to the current (I) squared times the resistance (R) of the conductors. 

There are also other things that cause heat like magnetic core losses and eddy current losses. 

(Stone et al. 2004, p. 6.) 

 

To avoid temperatures rising too high and ensuring the functionality motors need cooling. 

The cooling medium is chosen based on the performance and costs of the electrical machine 

and is usually air or liquid. The cooling can be passive which means using a finned frame 

structure where the cooling relies on thermal conduction or forced where the air is forced 

through cooling ducts. Air cooling is usually used in low to medium power electric 

machines. When going into more powerful machines more heat dissipation capabilities are 

needed. Liquid cooling is used in those situations. There are many approaches in liquid 

cooling set-ups. One approach is to wrap a helical conduit configuration on or in the cast 

frame. Another very effective example is direct liquid cooling through hollow conductors. 

(Alexandrova 2014, p. 24.) 

 

Indirectly cooled windings get their name from the fact that the windings indirectly or 

conventionally cooled with cooling gas where the heat created within the conductors is first 

passed the insulation or stator core. Directly cooled windings are cooled from the surface of 

the windings where the water or air is internally passed through the conductors. Since the 

medium is in direct contact with the conductors it has an advantage of getting efficiently rid 

of the I2R-losses. (Alexandrova 2014, p. 26.) 

 

Indirect air cooling is one type of cooling in which the cooling is executed by air flow over 

the rotor and stator. The name indirect cooling comes from the fact that the cooling air is not 

directly in contact with the winding conductors due to electrical insulation on the windings. 

The air can be drawn from the environment continuously and that is why there should be 
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effort made to avoid particles like sand, pollution or dust or moisture from getting into the 

machine. This kind of solution is called open-ventilated machine and there should be 

filtering used for protection. However, the air can be also circulated in some systems, but 

they need a heat-exchanger units to cool the air. (Stone et al. 2004, p. 6-7.) 

 

Indirect hydrogen cooling follows the same principle as the air-cooling method, but it uses 

recirculated hydrogen gas as the cooling gas. Hydrogen gas is used as a cooling gas because 

of hydrogen’s molecule structure is smaller and lighter which results in lower losses in 

windage and better heat transferring compared to air-cooling. Hydrogen is used usually in 

large turbogenerators. (Stone et al. 2004, p. 6-7.) 

 

Saari studied thermodynamical and mechanical modelling of high-speed turbomachines in 

his doctoral dissertation and had a similar very similar induction machine construction to the 

one in this research. The study was on conventional induction machine but is very usable for 

this case study. The thing that makes this case different from normal machine is that the 

cooling channels are also on outer diameter of the stator allowing the space outside to be 

used for windings. As seen in Figure 5 the cooling channels travel in four different ways to 

cool the stator and rotor to maximize the cooling power. All cooling channels travel in axial 

direction and are marked with letters A, B, C and D in Figure 5 which state stator outer 

circle, stator yoke, air channel between rotor and stator and rotor’s axial cooling channels 

respectively. (Saari 2012, p.81.) 
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Figure 5. Cooling solution for similar case as researched in this study (Saari 2012, p.81). 

 

This kind of solution provides an excellent solution for axial cooling purposes especially 

since according to the study 96 % of all air travel through the channel A in Figure 5 which 

is also stated with big red arrow. Also, since the stator pack is not connected to the frame a 

lot compared to conventional stator, the heat conducting from stator to frame stays low.  

 

LUT-University has done a lot of research around the area of liquid cooling in electric 

machines. Especially direct liquid cooling has been studied in various research topics. One 

of the examples is Alexandrova’s doctoral dissertation about direct liquid cooling in wind 

turbine direct-drive permanent magnet generators (Alexandrova 2014). 

 

2.3 Fastening stator to a frame 

When studying the fastening solution between stator and stator frame there has been study 

made which concludes that the temperature changes in operating conditions of the electric 

motor should not affect on the fastener dimensions dramatically. When operating mode of 



25 

 

 

the machine changes the temperature will cause changes in structural parts. According to the 

study made by Shevchenko coefficient of linear expansion in steel, which is the usual 

material in stator construction, the value is 0.000012 metres per Celsius and in the example 

of 30°C rise in stator core, the dimensions will increase only by 0.04% of the original and 

since can be neglected when designing a fastening solution. Same goes for cooling around 

the stator core and heating on the circuits. (Shevchenko et al. 2018, p. 29-31.) 

 

Usual connection between stator and frame of an electric motor is done by shrink fitting. If 

the thermal expansion is stronger with the surrounding piece, it might loosen the joint 

causing problems. Another solution is to connect them together with bolts or other kinds of 

tools. For example, in this study the outer circle of the stator must be left clear to ensure the 

airflow and clear path for the windings. That reason it needs another kind of solution (Figure 

6). 

 

 

Figure 6. Isometric view of one kind of fastening solution (Chiwon 2016, p. 659). 

 

Chiwon et al. introduces another popular option which combines cooling and fastening for 

the stator in Figure 6. It is portrayed as the green part in Figure 6 and is a cylindrical piece 

with fins and ducts acting as cooling channel and support. (Chiwon 2016, p. 659) 
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In Figure 5 Saari offered one kind of solution for fastening where the whole stator pack was 

designed instead of having a round circle geometry to have eight flanges to support it. The 

thicker bearing shields at the ends of the structure support the stator construction. This is 

also a valid solution without the need of separate supporting piece. (Saari 2012, p. 81.) 

 

2.4 Modelling 

Computer aided design program usage has been gaining popularity throughout last years and 

new innovations have been introduced while the technology has evolved. Computers are 

used more and more in the industry and along the way also the usage of CAD has developed. 

 

Employing CAD in design engineering purposes supports the process in many ways as it 

increases the productivity and quality of the products, makes the designing work 

standardised and helps with the library of knowledge within the programs and helps to 

reduce inaccuracies. (Srinivasan & Fischer 1996) 

 

Agbachi made research about modelling and analysing of three phased induction motor, and 

they found that the CAD and finite element method (FEM) has many advantages over the 

analytical method of computing. CAD is easy to use and helps to avoid computational errors. 

The model produced with the CAD method was more efficient than the one made with 

analytical method which showed up in the results of losses and resistances in conductors for 

example. FEM also reduced greatly the time spent analysing the motor compared to 

analytical method. (Agbachi et al. 2012, p. 122.) 

 

Designing progress for an engineer involves using computer aided design programs. To 

analyse the constructed model’s behavior, the CAD programs use FEA as a tool. The results 

given by FEA are used to make decisions about the model in study by iteration method. 
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Finite element method is a numerical method which uses approximation functions generated 

from polynomials and is an effective method to do structural analysis. In FEM the whole 

construction geometry is meshed into smaller two- or three-dimensional elements. When 

meshing a geometry all the loads, masses and restraints are dealt to each individual element 

nodes rather than being linear throughout the body. With elements there is finite number of 

degrees of freedom (DOF). The reason for splitting the model into elements is that the 

computational power needed to analyze the simple subdomains instead of very complex 

polynomial functions in continuous model’s case is very advantageous. (Kurowski 2017, p. 

10-12.) 

 

Each elements behaviour is characterized by the nodes’ displacement. Every element 

contains multiple nodes as discussed later. The restraints set a boundary condition to each 

node whether the nodes can be displaced or not. The formulation of finite element equations 

comes from the structures strive to reach the static equilibrium state. Nodes achieve that with 

the minimum displacement and thus with the minimum potential energy. This leads to 

following formulation which is the fundamental FEM equation: 

 

𝐊𝒙 = 𝑭     (1) 

 

Where K is known stiffness matrix, x is unknown vector of nodal displacements solved from 

the form of linear algebraic equations which are solved by numeric solvers like Ansys, and 

F is known vector of loads on nodes. (Kurowski 2017, p. 13.) 

 

The process of FEA starts with creating a CAD model (Figure 7). The model can be done 

with another program than the analysis is done on by exporting the file into FEA program. 

In order to get valid results, the model has to be errorless. Usually, the CAD model is 

simplified for example in the case of electric motor study it would be beneficial to model the 

windings of the stator as one solid piece. The completed simplified FEA model is treated 

with boundary conditions for loads and restraints in FEA program. (Kurowski 2017, p. 14-

15.) 
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Figure 7. FEA project steps visualized (Kurowski 2017, p. 14). 

 

The CAD model is split into finite number of elements. The meshing is done for the model 

under the set boundary conditions. FEA equations are solved for the model which give the 

results. Lastly the results are analyzed. If the model matches the expectations, it is valid for 

use. Otherwise, if the model fully describes the behavior of the real life equivalent it should 

be valid and verified for future development. (Kurowski 2017, p. 14-15.) 

 

In FEA term discretization is used when the CAD model is meshed into finite number of 

elements. In theory, the shapes can be anything but for practical reasons they are usually 

made simple because the meshing becomes impossible with complex shapes. The most usual 

shapes are triangle and quadrilaterals in two dimensional elements and in three dimensional 

geometries tetrahedral, pentahedral and hexahedrals. Visual presentation of the mentioned 

shapes in Figure 8. (Kurowski 2017, p. 209.) 
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Figure 8. Common FEM element types (Moreno 2011). 

 

Splitting the model into elements is often called discretization. In three-dimensional space 

each node can rotate or move along the X. Y or Z axis meaning that each node has six DOF. 

(Moreno 2011.) 

 

Figure 8 also presents the shapes with only nodes in the ends of sides in the upper row and 

in the second row added nodes in the middle of each side. This is called first order and second 

order elements respectively. Second order elements can increase accuracy without the need 

to change the element type. (Skotny 2019.) Second order elements add the feature of 

parabolic displacement due to the node at the middle of the beam as well as linear stress 

compared to linear displacement and constant stress in the first order case. (Kurowski 2017, 

p. 18.) 

 

2.5 Mechanical vibration analysis 

Mechanical vibration analysis gives an understanding of what the machine’s behavior is like 

in different frequencies. Comparing natural frequencies of the construction with the modal 

analyzing results gives a good indication of how the model behaves in different frequencies 

based on the mode shapes. (Wang & Lai 1999, p. 734.) 
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Electric motors have many parts affecting the dynamic behavior of the machine. When 

analyzing the stator of the motor it is not only enough to analyze the stator but the geometries 

and the parts around it matter too. Teeth, yoke and slots of the stator, windings, frame and 

end shields are all connected to the stator and collaborate in the modal results. Also, the 

supports and substructures affect the vibrational properties of the whole construction. As the 

main structural part of the motor is the stator there is a lot of research done on the topic. One 

thing to conclude from that is that the reason for the noise in the motor is usually coming 

from radial vibration. Controlling the noise can be done by designing inverters in a way that 

they eliminate the undesired harmonics or changing the geometry changes the acoustics of 

the construction and thus the vibrational behavior too. (Wang & Lai 1999, p. 734-750.) 

 

Modal analysis or sometimes called frequency analysis finds natural frequencies of the 

model and the mode shapes of the structure associated to each corresponding frequency. 

These are also usually referred as eigenvectors. Modal analysis studies the structure without 

additional applied excitations or as it is in its normal state. This is frequently called 

undamped vibrations. In undamped free vibration there are no energy losses with movement 

which means that the structure vibrates forever without damping. Also, the only forces that 

are acting within the structure are internal. (Kurowski 2017, p. 69-75.) 

 

There are many ways to utilize the results of modal analysis and most often it involves 

experimental analysis on top of the finite element analysis. This study gets its novelty value 

from comparing the finite element analyzing results of the drum wound stator and the 

machine designed around it with a conventional machine. It will give a good indication of 

the usefulness of the drum wound structure since the main geometries are the same apart 

from the stator fastening and the windings around the stator.  

 

In Equation 1 before was presented a basic equation used for FEM which applies to all static 

analysis cases. To understand the dynamic effects of the system an equation of motion 

(EOM) must be considered. Equation of motion is formulated to each node in the system. 
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Total count for DOF is derived from combining all the DOFs in the system. Equation of 

motion for multiple degree of freedom system is presented below. 

 

𝐌𝒙̈ + 𝐂𝒙̇ + 𝐊𝒙 = 𝑭    (2) 

 

Where, 

M is the n×n mass matrix  

C is the n×n damping matrix 

K is the n×n stiffness matrix 

ẍ is the second time derivative of displacement 

𝒙̇ is the first time derivate of displacement 

x is the displacement 

F is the external generalized force affecting to the system 

 

All matrices are square and the size of them is equal to the total DOF of the system. The 

displacements and stresses are calculated by FEA program. 

 

In rotor dynamic perspective the analysis takes in account the gyroscopic effect which is 

implemented into equation of motion. (Friswell, et al., 2010, p. 96-97.) 

 

𝐌𝒙̈ + (𝐂 +  𝜔𝐆)𝒙̇ + 𝐊𝒙 = 𝑭   (3) 

 

Here the G represents the gyroscopic matrix and M, C and K are as discussed earlier in 

Equation 2 mass, damping and stiffness matrix respectively. 
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Structures are usually studied in undamped vibration mode which results in equation of 

motion to form of following equation with damping matrix C and force vector F set to zero. 

(Friswell et al. 2010, p. 34.) 

 

𝐌𝒙̈ + 𝐊𝒙 = 𝟎    (4) 

 

When the zero damping and zero excitation is considered the eigenvalue problem for the 

vibration mode is solved with numerical solvers like Ansys as following way: 

 

(𝐊 −  𝜔𝑖
2 𝐌)𝒙𝑖 = 0    (5) 

 

Equation 5 provides the solution for natural angular frequencies ωi and mode shapes xi. 

Natural angular frequencies provide the solution for natural frequencies with the equation: 

 

𝑓 =  
𝜔

2𝜋
     (6) 

 

Mode shapes of the analysed vibrating mechanical structure are thus analysed from the mode 

shape or eigenvalue vector while vibrating at the natural frequency f. (Čorović & Miljavec 

2020, p. 3.) All the modes are equivalent to situation where inertial forces are cancelled by 

elastic forces. That is why the vibration mode shape is the product of cancellations between 

stiffness and inertial forces with the given vibration frequency (Kurowski & Kurowski 2009, 

p. 41.) 

 

2.5.1 Analytical stator equations 

Geometry of the studied structure is studied and the Young’s modulus, Poisson’s ratio and 

mass density are approximated. Čorović and Miljavec studied interior permanent magnet 
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motor assembly in their study in which their goal was to find and investigate fast and accurate 

way to analyse mechanical vibrations of the motor assembly including the windings. 

(Čorović & Miljavec 2020, p. 3.) 

 

Čorović and Miljavec got accurate results by assuming all the materials to be homogenous 

and neglecting the lamination. Mechanical properties of the winding are considered as 

composite material of equivalent for insulation, resin and wires in modal analysis. To model 

the windings numerically they used an approximation of second order polynomial functions. 

(Čorović & Miljavec 2020, p. 5.) 

 

𝐸(𝑘𝑐𝑢) = 0.0004𝑘𝑐𝑢
2 +  0.0212𝑘𝑐𝑢 + 0.694  (7) 

 

Where, 

E(kcu) is the equivalent Young’s modulus for windings 

kcu is the fill factor 

 

𝜌𝑒𝑞(𝑘𝑐𝑢) = 𝜌𝑐𝑢𝑘𝑐𝑢 +  𝜌𝑖𝑛𝑠(1 −  𝑘𝑐𝑢)   (8) 

 

Where, 

ρeq(kcu) is the equivalent mass density of composite material 

ρcu is the mass density of copper 

ρins is the mass density of insulation 

 

The fill factor kcu tells how many percent of the conductor slot is filled when studying the 

cross section and it is one of the key parameters in the study. According to Čorović and 
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Miljavec the value has a usual span between 35% and 80%. (Čorović & Miljavec 2020, p. 

5.) 

 

Analytical method is another way to analyse the mechanical structure. It offers a rapid 

method of analysing the key frequencies and geometries instead of numerical method. 

Following equations offer a solution for analysing a stator core with windings with 

simplifications made to structure. Čorović and Miljavec made a study which resulted in 

accurate results when compared to experimental and numerical methods. (Čorović & 

Miljavec 2020.) 

 

Another way of expressing the natural frequencies of a system is to do it with stiffness and 

mass factors. 

 

𝑓 ≈  
1

2𝜋
√

𝑘𝑠𝑦𝑠𝑡

𝑚𝑠𝑦𝑠𝑡
    (9) 

 

Where,  

f is the natural frequency 

ksyst is the stiffness of a system 

msyst is the mass of a system 

 

Analytical analysis for stator core with windings is estimated with an Equation 10 developed 

by Jordan the equation is valid for modal numbers two and up. Čorović and Miljavec used 

the equation to get circumferential natural frequencies. (Čorović & Miljavec 2020; Jordan 

1950.) 
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𝑓𝑚≥2 =  
𝑚 (𝑚2−1)𝑎 𝑓0

√((𝑚2+1)+ 𝑎2 (𝑚2−1) (4 𝑚2+ 𝑚2 
𝑑

𝑤
+3))

  (10) 

 

Where, 

fm ≥ 2 is the circumferential natural frequencies for mode number two and up 

 

Next equations fill up the missing factors for the Equation 10. Factor a relates to thickness 

and mean radius of the stator yoke. 

 

𝑎 =  
1

2 √3
 +  

𝑇𝑠𝑦

𝑅𝑚
    (11) 

 

Where, 

Tsy is the thickness of the stator yoke  

Rm is the mean radius of the stator yoke 

 

Pulsation vibration mode which is also mode zero is defined with the help of factor w in the 

next two equations. 

 

𝑓0 ≈  
1

2𝜋 𝑅𝑚
√

𝐸

𝜌𝑠 𝑤
    (12) 

 

Where, 

f0 is the pulsation vibration mode 

E is the Young’s modulus of a stator 

ρs  is the mass density of a stator 
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Weight factor of the construction is expressed with factor w in calculating pulsation vibration 

mode and modal frequency for mode two as follows: 

 

𝑤 =  1 +  
𝑤𝑤+ 𝑤𝑖+ 𝑤𝑝

𝑤𝑦
    (13) 

 

Where, 

w is the dimensionless weight factor of the system 

ww  is the weight of the winding 

wi is the weight of the insulation 

wp is the weight of the stator teeth 

wy is the weight of the stator yoke 

 

Other way to express the weight factor of the system is to implement the equivalent Young’s 

modulus and mass density equations (Equation 6 & 7) to last two equations. 

 

𝑤 =  1 +  
𝑉𝑤𝑖 (𝜌𝑐𝑢𝑘𝑐𝑢+ 𝜌𝑖𝑛𝑠 (1− 𝑘𝑐𝑢))+ 𝑤𝑝

𝑤𝑦
   (14) 

 

The main equation is completed with the last unknown factor d. 

 

𝑑 =  1 +  
91 𝑁𝑠𝑝 𝐴𝑠𝑝 ℎ𝑠𝑝

2  (𝑤𝑤+ 𝑤𝑖+ 𝑤𝑝)

𝐿𝑠𝑡 𝑅𝑚𝑤𝑝𝑇𝑠𝑦
 (

1

3
+  

𝑇𝑠𝑦

2 ℎ𝑠𝑦
+ (

𝑇𝑠𝑦

2 ℎ𝑠𝑦
)

2

) (15) 
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In calculating the factor d the last unknown parameters Nsp, Asp, hsp and Lst are the number 

of stator poles, circumferential cross-sectional area of a stator tooth, height of a stator pole 

and length of a stator stack respectively. (Čorović & Miljavec 2020, p. 9.) 
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3. Results 

This chapter introduces the findings of the study. The designing process is explained in 

chronological order in how the research evolved. Majority of the design progress is driven 

on the feedback of the interviewed experts of the area. The given results are validated and 

updated, if necessary, after the dynamical analysis. FEA is done with the help of Ansys and 

the models imported to it are done with a CAD program Solidworks. 

 

The results show the design and properties of the model and the given analysis methods and 

settings used to make the analysis recreational and clear to follow. The key-findings should 

show how the created solution compares to conventional construction in mechanical and 

dynamical point of view. 

 

3.1 Modelled structure 

To start modelling the electric machine in question the main principle of the parts of the 

machine must be reviewed and assimilated. The assignment is to find a solution for the 

fastening problem of a drum wound stator with a cooling space in between the stator and the 

frame of the motor. To find a proper solution the material’s mechanical and magnetic 

properties are assessed for the fastening in a way it does not intervene with the rotating 

magnetic field and can withstand the stresses and heat introduced in within the system. Main 

focus on modelling is on stator, frame and their connection in a way that allows free airflow 

for cooling purposes in between without disturbing the winding connection.  

 

Windings are made of Litz wire (Figure 9). Litz wires are beneficial to use in windings due 

to their capability of reducing AC losses. The wires are constructed in a way that each strand 

inside the wire is insulated individually, and all the wires are held together by outer 

insulation. Litz wires are often used in an applications requiring high frequency performance 

and good flexibility like in stators.  
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Figure 9. Litz wire. 

 

In simplicity the drum wound stator in question differs from conventional stator in a way 

that the windings are wound. In a normal stator the windings are wound in a way that they 

travel inside the stator in stator slots and are connected at both endings of the stator. Basic 

principle in drum wound stator is the same but the windings travel around the stator from 

inside the stator slots to around the stator yoke and back to next slot. For this reason, the 

stator cannot be connected in usual way with tight fit from frame to stator without extra 

analysing and modelling compared to conventional execution.  

 

This construction offers efficient machine, and the windings can be cooled directly when the 

cooling air also has plenty of room to flow in both inside the stator between it and rotor and 

outside of it. To guarantee the cooling outside the stator the fastening has to be modelled in 

a way that it allows the airflow and at the same time it must have easy access for the windings 

to be connected and routed. Early model of potential solution for fastening in Figure 10 

shows how the stator would be in a sense “floating in air” with the fastening supports holding 

it. The fastening pieces are portrayed as blue. 
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Figure 10. Early prototype for fastening solution. 

 

The models are produced by using Solidworks 3D CAD program. It is suitable for this kind 

of research since it is often used in machine designing in mechanical modelling. It is also 

easy to import the model for FEA analysis later with the Solidworks file. The dimensions 

for the machine in question are imported from a 2D DXF-file of a cross-section view of the 

electric motor to Solidworks and modelled in 3D with the help of machine length. The 

modelled parts do not include rotor part of the motor since the influence of the rotor 

vibrations affecting to stator body is assumed marginal.  

 

Modelling the construction is done in parts and finally put together in an assembly form for 

mechanical model. Windings are modelled orange, and the stator is plain silver colour. 

Modelling has some obvious simplifications for example the windings are modelled as solid 

rings around the stator body but resemble the reality counterpart sufficiently when it comes 

to mechanical properties and dimensions. 

 

Improvements were made to the model gradually as more information about the benefits and 

concerns regarding the construction were researched and brought up. It was concluded that 

the windings turning at the ends of the stator should be rounded to release the stresses on 

windings which would be caused by steep corner at the end of the stator turning into stator 

slot. This problem led to a fastening solution which had half wedge shaped like a half donut 
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to ease the angle which the windings bend at the ends. This part is connected to the frame 

with strips connected to it. This kind of solution is shown in Figure 11. 

 

 

Figure 11. Prototype of fastening solution helping with the winding turning angle. 

 

Determinising the turning angle needs some more investigation and is very much based on 

the rigidity of the Litz wires but for now the half circle cross-section is used to be safe. The 

windings travel from a slot to another. To help the installation and routing of the windings 

there could be some kind of “guide grooves”. 

 

Concept of the guide grooves in mind also other problems like materials, connecting the 

fastener and rigidity of the construction were speculated. The concept would likely need a 

mechanical connection and holes drilled into the stator connection which would not be 

desired solution. Also, as the stator is a laminated pack of electrical steel sheets their 

connection together without an extra support would raise some concerns in product’s life 
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expectancy. This in mind with the guide-grooving it was concluded that the stator structure 

would need a supportive case-structure which would eliminate the need of holes in the stator 

as the fastening part could be connected into the mid-frame. Other benefits would be that the 

guides for the windings could be engraved to it also and it would support the hanging 

laminate structure of the stator. 

 

Since the supports and the mid-frame are in the area of the rotating magnetic field the 

electrical aspects should be taken into consideration by selecting materials which would not 

be ferromagnetic like stainless steels for example. Another benefit for stainless steels over 

aluminium for example would be that the surface of the stator can get very high which would 

not suit the aluminium since it would expand and break up the connection between the stator 

and mid-frame. 

 

Design in Figure 11 was updated regarding the connecting flanges from stator to frame. That 

kind of solution would be vulnerable for fatigue and would most likely need some care 

during machine’s lifetime (Figure 11). To make it tougher it would need more support in 

axial direction. 

 

Figure 12 shows one solution in which the mid-frame has axial flanges going all the way in 

through the body supporting it completely. The midframe in this stage of the study was meant 

to be casted and connected to the outer frame with bolt-connection through the frame. The 

way the midframe would be assembled in the final form would be with a semi-loose shrink-

fit connection which would help to fix the frame in right direction in relation to the bolt holes 

and also give stiffness to the structure. 
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Figure 12. Mid-frame update. 

 

Like a conventional style stator to frame connection, the stator would be shrink-fitted to the 

mid-frame to ensure the rigid fit. The support from axial direction would come from some 

support piece like the donut-like structure in Figure 11 and 12. It would combine both 

benefits of the support of the stator in axial direction and the guidance of the windings at 

both ends. 

 

One of the advantages of the drum wound stator construction would be that it can be made 

in one piece and the end-windings are not as packed at the ends and thus made relatively 

short in length. However, it introduces some problems in cooling channels since it would be 

beneficial to put cooling air go through stator which is dealt in half and held together with 

spacers into to the airgap between stator and rotor. Also, as seen in the previous Figure 12 

one solid stator model without the split would isolate the cooling in stator outer body to inner 

body as well leading to extra designing to be made in cooling solutions. 
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Figure 13 shows how the shrink-fit connection between the stator and mid-frame would look 

like from the front without windings or frame in Figure 13a. Another similar option for 

connecting the flanges would have been to weld them into the stator directly. However, the 

magnetic properties of the stator would be interfered in the weld travelling past the laminated 

structure. This kind of solution will not cause any harm in that case and gives great support 

to the structure as well. The mid-frame must be non-ferromagnetic preferably stainless steel. 

 

Figure 13. Final stator and mid-frame assembly. 

 

Initial solution for the stator was to do it in one piece. Like shown in the Figure 13, the stator 

is split in two pieces in Figure 13b. The effective length of the stator is the same 420 mm 

but there is a gap in the middle for cooling purposes. 

 

Figure 13c shows the mid-frame structure with the split stator modifications. Initially it was 

stated that the mid-frame structure would be casted material but after consulting people 

working in the field of manufacturing it became clear that casting a stainless-steel structure 

would become too costly for the purpose. However, it would be possible to make the 

structure from two pipes and welding the flanges into them to keep them together. Figure 

13c also shows the guide grooves for the windings which could be milled into the parts, but 

another kind of guides could serve the equal purpose. 
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Most of the cooling air is channelled to the outer diameter and to improve the cooling in the 

rotor-stator gap the radial air channel is made to stator (Figure 14). Cooling air could be 

forced into the airgap via holes in the outer frame. In Figure 14 the green arrows display the 

airflow. When splitting the stator in two it needs some spacers into every face of the 

laminated structure to protect it from the tighteners holding the structure together. In between 

the two stator pieces there should be some pipes as supports and rods to keep the whole 

assembly concentric. 

 

 

Figure 14. Cooling channel. 

 

The geometry of the stator is calculated for the purpose of this machine. The key parameters 

of the stator are shown in the Table 2. The length of the stator means the axial length and 

means the total length of both stator stacks combined including the spacers and gap between. 

 

Table 2. Key parameters for stator. 

 

 

 

Stator length 420 mm 

Inner diameter of the stator 264 mm 

Outer diameter of the stator 540 mm 

Number of stator slots 48 
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The final construction of the machine includes all the mentioned parts in this chapter and are 

the ones affecting the stator. The outer frame, bearing shields and legs are designed to match 

with a conventional machine structure for the dynamic study for easier comparison (Figure 

15). 

 

 

Figure 15. Final prototype assembly without the bearing shield. 

 

3.2 Finite element model comparison 

Resonant frequencies are established with the FEA method by using Ansys. The analysed 

structure includes outer frame, bearing shields, legs and of course the stator itself. The 

research compares the mode shapes and frequencies of the modelled solution incorporated 

into electric machine body which is used also in conventional machine model counterpart. 

 

In order to make the models comparable the stator is kept similar in both cases to have a 

similar power output. Since the drum wound motor type has the midframe fastening solution 
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it is also naturally wider (Figure 16). The other parts apart from stator of the conventional 

model is scaled in Y- and X-direction to fit the stator size. Figure 17. has the same coordinate 

system for reference. 

 

 

Figure 16. Ansys models of drum wound model on left and conventional model on right. 

 

To make the analysis more accurate there are also bearing shields in the structure (Figure 

17). Based on the research made before the effect of the bearing shields are quite small but 

still significant enough to keep the in the structural study. For visual convenience they are 

hidden in the result mode shapes to see the local shapes in the stator. 
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Figure 17. Assembly with bearing shields and coordinate system. 

 

For the FEA, it is necessary to model equivalent simplified model for the stator (Figure 18). 

The stator geometry for the FEA is the same as the stator yoke geometry. In other words, it 

is missing the teeth of the original model. Based on the past research this is the best way to 

express the equivalent stator model and the same time minimize the computing power 

needed to run the analysing. Also, it was concluded during the research by testing that the 

stator teeth cause unnecessarily large number of extra modes to analyse because the teeth 

vibrate in clusters and their position changes in different modes. 
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Figure 18. Original stator geometry on left versus Ansys study equivalent on right. 

 

3.2.1 Materials 

Every part except stator has their material properties defined by the default Ansys material 

library. The key properties for the used materials in isotropic materials are Young’s modulus, 

Poisson’s ratio and mass density (Table3). 

 

Table 3. Materials and their properties in different components from Ansys library. 

 

The study concluded earlier that the midframe material would be stainless steel and the other 

materials would be of steel (Table 3). Optional material for the outer frame would be 

aluminium which would be beneficial due to its weight. However, in this study it was 

decided to make it steel since it is cheaper, stiffer and has smaller thermal expansion 

coefficient. 

Motor 

component 

Material Mass density 

[kg/m3] 

Young’s 

modulus [GPa] 

Poisson’s ratio 

Midframe Stainless steel 7750 193 0.31 

Outer frame Structural steel 7850 200 0.3 

Bearing shields Structural steel 7850 200 0.3 

Legs Structural steel 7850 200 0.3 
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Because the stator stack is made of thin laminations of silicon steel which are insulated by a 

varnish layer from each other it needs a special material setting. Wang & Lai made a study 

on vibration analysis of an electric motor in their study, and they had a similar setup to one 

in this study with casing, end plates, stator and fixed support. In their research they concluded 

after experimental and mathematical analysis that the order of the modes matched with the 

experimental one in the FEA study when the stator had orthotropic properties due to stiffness 

in axial direction being different. Also, the frequencies calculated were close to the 

experimental ones. (Wang & Lai 1999) Orthotropic materials for stator and rotors have been 

studied in the past and the material configurations for the stator used in this study are based 

on the literature. 

 

It was mentioned that the Young’s modulus in Z-direction would have very little effect on 

the symmetric nor antisymmetric modal frequencies. In the study there 80GPa value used 

(Shevchenko, Minko & Strokous 2019). Marcon et al. studied three-dimensional equivalent 

material properties for laminated disk packs of electric machine stators, and they used a value 

of 3-6GPa as Young’s modulus in axial direction (Marcon et al. 2019). Zhangjun et al. 

studied Young’s modulus for laminated machine structures and they found out the value of 

around 160GPa resulted in accurate results (Zhangjun et al. 2004). The values in the study 

are based on doctoral dissertation of dynamic behavior of electric machine stators with a 

Young’s modulus of 157GPa in Z-direction (Millithaler 2015). Table 4 offers the properties 

needed to define the orthotropic material. 
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Table 4. Custom orthotropic material properties for stator stack in Ansys (Millithaler 2015, 

p. 90). 

 

  

 

 

 

 

 

 

 

Because the stator geometry was changed from the real model to Ansys equivalent (Figure 

18) it means that the density of the stator must be defined too to make it correspond the mass 

of the original. The mass of the stator combines the weight of the stator and winding. The 

total mass is estimated with the Solidworks mass property tool in which the winding is 

modelled with a slot fill factor of 50 %. The materials are set to normal copper for winding 

and grade M400-50A alloy steel for the stator in Solidworks. With these preparations the 

estimated mass for the whole stator assembly is 641 kilograms. 

 

Both models in the study will use the identical stators when it comes to geometry and 

material properties. When making the equivalent stator model for FEA study (Figure 18) the 

density of the FEA stator model is set to 15032 kg/m3. The mass density difference is 

explained from the geometry of the stator model used in numerical analysis. Since the teeth 

and slots are removed from the model it has to be compensated by adding the material density 

to keep the properties comparable to the original stator. With this change the mass of the 

stator stays the same. 

 

Orthotropic material properties Stator stack 

Young’s Modulus X direction 205 GPa 

Young’s Modulus Y direction 205 GPa 

Young’s Modulus Z direction 157 GPa 

Poisson’s Ratio XY 0.25 

Poisson’s Ratio YZ 0.25 

Poisson’s Ratio XZ 0.25 

Shear Modulus XY 61.6 GPa 

Shear Modulus YZ 38.4 GPa 

Shear Modulus XZ 38.4 GPa 
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3.2.2 Contacts and boundary conditions 

The models are imported from Solidworks to Ansys with the mentioned changes. The 

connections between the parts in the motor are made with automatic connections produced 

by Ansys program. Every contact area has a bonded contact. Even though, the midframe 

connection to outer frame would be connected with bolts, it would produce more inaccurate 

modes as results. If the contact in Ansys was made on bolt holes, the holes would introduce 

more vibrations to the modes. For that reason, that contact is also done to whole contact area 

between the bodies. Both models have fixed supports in the legs. The leg plates have five 

M16-holes and the fixations are situated at the hole faces to imitate the usual bolt-connection. 

 

3.2.3 Meshing 

Meshing is done for both models with an appropriate quality to guarantee the accuracy of 

the results and sufficient computing time of the results. The mesh is accomplished with an 

element size of 30 mm all around and element order is set to quadratic. Adaptive mesh sizing 

is left on. Also, to make the mesh better quality especially in the stator which is the main 

point in this study there is face meshing added to stator, end plates and frame faces. Since 

the conventional stator model construction is smaller compared to the drum-wound stator 

assembly it also has fewer nodes and elements as seen in Table 5. 

 

Table 5. Nodes and elements of the models in FEA. 

Model Elements Nodes 

Drum wound 114570 210833 

Conventional 62895 118230 

 

Since the conventional stator model construction is smaller compared to the drum-wound 

stator assembly it also has fewer nodes and elements as seen in Table 5. The node and 

element number for the stator is same for both and they are 14898 and 8226 respectively. 

The midframe adds 64758 nodes and 35525 elements to the drum wound model which is the 
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main difference-maker between the model’s element and node numbers. Mesh for the drum 

wound motor type is seen in Figure 19. 

 

 

Figure 19. The final mesh for the drum wound motor type. 

 

3.2.4 Thermal effect 

There are multiple different materials connected closely together and most with a shrink-fit 

connection. Different materials have different thermal expansion coefficients and since the 

structure undergoes temperature changes a lot during its life it is important to take the 

thermal effect into account during the FEA analysis (Table 6). Shrink-fit connections are not 

calculated as an initial condition in this study. Instead, the initial condition is set to be at zero 

clearance between the bodies. 
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Table 6. Thermal expansion coeffiecients. 

Material (part) Isotropic thermal expansion coefficient 

[1/°C] 

Silicon steel equivalent (stator stack) 12e-6 

Stainless steel (midframe) 17e-6 

Structural steel (outer frame) 12e-6 

 

The main components which are crucial in the view of this study and the ones connected to 

each other are the stator made of silicon steel, midframe made of stainless steel and outer 

frame made of cast steel (Table 6). The thermal load is set to all three of these components 

as 120°C, 85°C and 40°C respectively based on a rough estimate. The initial default values 

for the modal analysis are 22°C in all components. 

 

Static structural analysis can be made based on these estimates to get a total deformation in 

the construction (Figure 20). The deformation is small but has to be considered when 

deciding tolerances. 

 

 

Figure 20. Total deformation caused by thermal expansion. 
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As from Table 6 can be seen the thermal expansion coefficients are same in frame and stator 

but the midframe made of stainless steel in the middle has higher value. The materials have 

different stiffness values and the outer frame material should provide support in case of faster 

expanding midframe since the stiffness of the outer frame can be made higher than the 

midframe’s depending on the alloy. It is important thing to consider since especially the 

shrink-fit between the midframe and stator is the only thing holding them connected and it 

cannot be let loosen up. Static structural study also gives equivalent (von-Mises) stress figure 

and also maximum and minimum principal stresses which are included in the Appendix 3.  

 

The results of the static structural analysis are fed to another modal analysis to get the final 

results with the pre-stress analysis done for it. When comparing the initial modal analysis 

with the one with a pre-stress configuration it can be seen that the effect on frequencies is 

slightly higher but barely impactful. It also seems to change the phase of the vibrations when 

visualised in the Ansys modal study. 

 

3.2.5 Modal analysis results 

FEA gives results in both scenarios with the applied pre-stress on both cases. The lower 

mode shapes and frequencies causing the horizontal, vertical and axial modes are presented 

first side-by-side and then higher local modes causing the vibrations in the stator afterwards. 

The mode shapes show how the structure is vibrating in the given excitation frequency.  

 

Comparison between the models is done in order to see the structure’s response to this kind 

of change in the geometry. Afterall, the modal analysis is used for seeing how the 

optimization like changing masses or stiffness of the system affects the natural frequencies 

of the construction so in that sense the midframe-stator assembly could be regarded as one 

kind of optimization method. 
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The first six modes are defining lower modes for the whole machine vibrating. Both models 

have these in the same order from mode number 1 to 6. The modes are gathered from the 

Ansys modal analysis and compare the drum wound model with a conventional one (Table 

7). 

 

Table 7. Lowest mode shapes and frequencies of the body. 

Mode Drum wound Conventional 

1.(Horizontal swing) 

 
110.49Hz 

 
122.57Hz 

2.(Axial) 

 
122.38 Hz 

 
147.89Hz 

3.(Vertical) 

 
225.97Hz 

 
256.56Hz 
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Table 7 continues. 

4.(Axial swing) 

 
247.73Hz 

 
301.67Hz 

5.(Twisting around 

vertical axis 

 
342.57Hz 

 
419.89Hz 

6.(Horizontal swing 

upside-down) 

 
515.43Hz 

 
575.93Hz 

 

The frequencies of these two models compared are relatively close to each other compared 

side-by-side (Table 7). However, when comparing the frequencies to the harmonic 

frequencies of the machines the smallest difference matters if the frequency happens to 

match with the modal analysis frequencies. 

 

These frequencies (Table 7) are relatively low for the lower mode frequencies. It is probably 

due to the slightly too elastic leg plates which cause a lot of vibrations in the modal analysis 

and probably lower the natural frequencies of the lower modes. In the real high speed 

machines the legs should be designed stiffer. These lower modes are usually excited by the 

rotational speed of the machinery. If the rotational speed of the machine was for example 

12000 rpm it would introduce a harmonic response of 200Hz to the machine. This frequency 

and its multipliers should be analysed in the experimental tests to see how critical they are 
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regarding the harmonics and possible should be avoided. At least multipliers 1, 2, 3 and 6 

are ones to consider. If the results were expected to be correctly analysed, it would mean that 

it would not interfere with this operational frequency. 

 

As mentioned, the frequencies seem to be higher in the conventional machine model. The 

model of the drum wound model naturally weighs more due to frame being larger due to 

midframe. This results in the total masses of 1450kg and 1020kg for drum wound and 

conventional model respectively. The stiffness seems to be still close to each other when 

checking the mode shapes and solution information in the Ansys. The deformation seems to 

be less divided in the conventional model which shows in less colours across all modes. This 

might be an indication of slightly stiffer construction or lower mass not acting as much in 

the frequencies. Overall, the frequencies are lower in drum wound model and its mass is 

higher which could be explanation for it and the difference in the shapes is not significant. 

 

Results are gathered from 0-9000 Hz range and the main local modes of the stator are picked. 

Running the results with the maximum frequency roof of 9 kHz gives a total number of 415 

and 661 mode shapes and frequencies for conventional and drum wound model respectively. 

Table 8 presents usual stator core mode shapes. These are the modes which are uniform 

throughout the stator body causing oval, triangle and square shaped mode shapes. More of 

the results with different order sets are found in the Appendix 1 & 2. 
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Table 8. Usual stator core local mode shapes. 

Drum wound Conventional 

 
687.9Hz 

 
759.84Hz 

 
1501.9Hz 

 
1859.9Hz 

 
3187.9Hz 

 
3150.2Hz 

 
1146.9Hz 

 
2197.2Hz 
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Generally, from these frequencies and mode shapes presented in Table 7 & 8 can be 

concluded that the natural frequencies given by the modal analysis can be used as a reference 

in comparison with the harmonic response analysis to extract the most critical frequencies 

from all of them. These modes should be avoided since they can be harmful or even 

destructive when resonating. The frequencies often can be conflicting with the machine’s 

excitation and running frequencies and in these situations.  

 

In double input frequency the vibrations are usually caused by the unbalance in the airgap 

between the stator and rotor. They show up us oval mode shape in the modal analysis. 

Usually in modal testing this frequency is playing a big part on the harmonics and if it is 

caused by the unequal airgap, it is usually very hard to fix.  

 

Based on the natural frequency equation (Equation 9) it can be established that the natural 

frequency of the structure can be changed by changing the stiffness or mass of the system. 

This can be done for example by changing materials or adding structural elements. This way 

the undesired excitation frequency no longer collides with the natural frequency of the 

system. If the changing of the machine is not possible it is also an option to add vibration 

absorbers. 

 

In this study the stiffness of the midframe structure could be changed by increasing or 

decreasing the flange-count. When adding more flanges, it was concluded to increase the 

frequencies of the modes because of the increase in stiffness. 

 

As mentioned before the number of modes in the same frequency span was very noticeably 

different between the two models. It can be explained with the higher stiffness compared to 

the mass of the system in conventional machine when compared to drum wound machine. 

This is leading to higher frequencies per mode and thus there are less modes when the 

frequency range is capped to 9 kHz. Also, since the midframe is in a way an extra component 

it introduces its own vibrations to the system resulting in more modes. 
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When comparing the modes of the two models in the given frequency range it is noticed that 

some of the mode shapes are not present in the conventional machine that are found from 

the drum wound machine. 

 

The mode shapes in Figure 21 show mode shapes not found in the conventional machine. 

There may be different reasons why this is but all of the mode shapes in these figures are 

usual modes for stators found in literature as well (Millithaler 2015, p. 180; Shevchenko, 

Minko & Strokous 2019, p.5; Jian et al. 2008, p. 4133; Hongbin et al. 2020, p. 78140-78150). 

The midframe cylinder is not as stiff support for the stator as the outer frame in conventional 

machine which may bring up these modes easier. It is also a possibility that the outer frame 

in conventional machine may act too stiff due to meshing or the frequency range is not wide 

enough to bring up these frequencies. 
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Figure 21. Other higher mode shapes for the drum wound machine. 

 

When looking at the first-row modes in Figure 21 the triangular shape fits the gaps of the 

flanges well which could be exciting this type of shape. The conventional model has the 
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stator bonded to the stiff outer frame and it is possible that it is preventing this kind of mode 

to occur. Changing the thickness of the midframe or increasing the number of flanges could 

prevent these kinds of modes to happen in the drum wound machine too. 

 

Millithaler (2015) did sensitivity analysis concerning the electric machine stators (Figure 

22). He found out that when the magnetic core’s elastic parameters effect on the mode shapes 

of the stator are analysed the most critical parameter are the tangential elastic properties. 

These undergo the largest deformations and affect the most on the ovalisation modes. 

 

 

Figure 22. Elastic parameters effect on the modes (Millithaler 2015, p.50). 

 

This shows that the majority of the modes are sensitive to the changes of tangential material 

properties as seen in Figure 22. Especially the Young’s and shear modulus parameters 

related to the stator yoke are important based on the research. (Millithaler 2015, p.50.) 

 

There are also noticeable pairs found in higher frequencies between the model (Figure 23). 

This comparison between the modes verifies the same conclusion in the higher modes that 
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the same kind of vibrations occur in the higher natural frequencies in the conventional 

machine model. 

 

 

Figure 23. Higher mode shape found in both machine models. 

 

There is a possible problem with this kind of solution with six flanges in the midframe. When 

the flange count is even, it could interfere with the harmonic frequencies of the two-pole 

machine. Solution to this could be changing the flange count to odd number like seven for 

example. However, in this kind of design it introduces problems when keeping the equal 

division in the winding on outer body of the midframe since the stator is 48-slotted and the 

outer diameter would be dealt in seven parts. This is good thing to take in account if the 

results are utilized in other studies or if the stator properties are changed. 
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4. Discussion 

This section is for the discussion of the results and the overall research progress. It tells how 

the research went and what was achieved. The research has limitations made and it does not 

tell the whole truth which is why the reliability and error analysis is also made.  

 

Design process was a combination of literature reviewing and a kind of expert interviewing 

to find a solution which is possible to produce regarding the material properties and 

manufacturing and the same time being functional in the electromechanical way. 

 

The FEA process also evolved during the process by taking the temperatures into account. 

The construction has many different materials affecting to each other in radial direction when 

the thermal expansion is considered. That is why the thermal load was set on the stator, 

midframe and outer frame to see the effect on the modal analysis. 

 

The research progress followed a timeline which was created before the research started. It 

is done for the span of six-month time, and it includes the starting times for each segment of 

the study. If the study is observed based on the time it can be concluded that the study was 

successful. 

 

4.1 Reliability and validity 

Reliability and validity are achieved by using the reliable references in literature review and 

doing the research before starting the work process. 

 

Since the study is done on the prototype machine the materials and their properties must be 

estimated based on literature and past research made on the similar topics. There are a lot of 

studies made on orthotropic material in electric machine stator and rotors to find the material 



66 

 

 

property values to imitate the material in FEA. Since there is variation on the material 

properties between the studies the final values are concluded based on the reliability of the 

reference and the conclusions made on other similar studies. 

 

To have accurate results for the research the design needs to be verified with a real-life model 

and to validate the results given by FEA an experimental analysis is needed. The design at 

this point of the research is more or less “guessing” and to see the real functionality it needs 

to be proven in real-life. 

 

4.2 Error -and sensitivity analysis 

Errors may occur in a study like this without an extra validation to the results and do not 

offer the absolute truth as it is. However, they are good indication about what the results may 

be like without manufacturing the real machine. The compared models as close to each other 

in design as possible to make them comparable with the given presumptions and restrictions. 

Errors may occur in materials, simulation settings, design defects or similar. 

 

Since the material properties rely on the literature and the results are not verified with an 

actual experiment there may be slight error in the material properties of the laminated 

material in the stator. The values however are relatively similar to each other in multiple 

sources related to the stator equivalent material properties even in different size of machines 

so it can be concluded to not matter too much. 

 

The parts used in the assembly while doing the FEA can affect to the results of the modes 

and natural frequencies. This research uses end plates, leg plates and outer frame which are 

used in another research. However, it is not verified to work in the drum wound and the 

conventional model used in comparison in this study. Conventional electric machine has for 

example bearings, rotor and different kind of cooling guide parts which could affect to results 

but based on the past research made on topic they are left out as they are irrelevant to this 

study. They would also cause some unnecessary computing in the FEA. 
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The models in FEA are simplified for the ease of computing and analysing of the results. 

Usually, small details like holes and fillets cause excessive amounts of extra local modes on 

the parts not in focus and thus also add computing time. Leaving them out can cause the 

parts in analysis to act too stiff causing distortions to mode shapes and frequencies. In Ansys 

the set boundary conditions and contacts between the material are computed in a way that 

most of the ignore them may differ from the real connecting method and for that reason 

causing inaccuracies. Also, the fixed connections in the legs do not take in account the 

possible dynamic behaviour of the base it is connected to. 

 

Stator in the FEA is an equivalent model of the real counterpart. Using the produced CAD 

geometry causes lot of disturbances in the modes like local clusters in teeth vibrations. That 

is why the equivalent stator model is used but the calculated material properties may have 

small human errors. The stator geometry was provided by the electrical department in the 

university and the file had some problem when importing it to the Solidworks. The 

dimensions were a bit unclear since they were small in Solidworks scale and had to be scaled 

in 1:1000 scale to get the real dimensions. The dimensions had multiple decimals up to 10 

numbers which meant that it needed some rounding to get the real dimensions in the stator 

model. The dimensions should not affect on the results a lot, but they are one example of 

human error. 

 

4.3 Key findings 

Based on the literature the values are relatively similar to each other when it comes to values 

used in stator orthotropic material properties in Poisson’s ratio and shear modulus. 

Something to point out is that the Young’s modulus in axial-direction was different between 

the studies. 

 

This study introduces conventional fastening solutions and provides a solution for drum 

wound machine. The solution is done in the way that sufficient cooling can be made for the 



68 

 

 

system around the stator. The design of an electric machine must consider the 

electromechanical aspects and they are offered in the literature review section and 

implemented in the design. 

 

To get the overall idea of the functionality of the solution it was compared together with a 

conventional model both in mechanical design and dynamical analysis. The designs utilized 

in the FEA were made similar for accurate modal analysis comparison. The results were 

found to be comparable. 

 

From the modal frequencies could be found that the frequencies of both models were 

relatively similar, but the conventional model seemed to have slightly higher frequencies 

between the modes in comparison which could be explained with the stiffness differences. 

The drum wound model seems to not act as stiff as the conventional model but that should 

not be a problem unless it leads to dangerous harmonics in the structure. From both cases 

could be concluded that the legs of the machine were not stiff enough for this kind of 

machine and they caused a lot of vibration modes in the modal analysis results. 

 

There was comparison made between the flange counts in the midframe fastening solution. 

Adding the flange-count seemed to make the structure stiffer and thus making the 

frequencies of the modes higher. The significance of the flange-count in a sense of being an 

odd or even number was also contemplated since an even number of flanges might be hitting 

the harmonic frequencies of the two-pole machine. 

 

4.4 Novelty value of results 

There are plenty of research made on the area of electric motors designs and dynamical 

analysis. This research gets its novelty value on the design process which involves a new 

kind of design for the existing drum wound machine to fasten the stator to a frame in a way 

that the airflow and windings are not interfered. 
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Topic is rare and the studies made on drum-wound stator assemblies are hard to find. 

However, when proven useful the study may give an indication of usefulness in electric 

machines and can be used as a reference in future studies. 

 

4.5 Generalization and utilization of the results 

There are a lot of research papers and books which study the design and dynamics of electric 

machines. Same thing as those the results of this study can be utilized and used as a reference 

for future studies. The results are generally valid to use in different kind of motors since the 

motor assemblies are usually quite similar. 

 

If the study is based on the drum wound machines like the one in this study the fastening 

solution could be utilized in making a solution fitting for the purpose of the study. The 

geometry is easily modified for example by changing the flange count to fit the stator. Since 

this study has a stator with 48 slots the out diameter of the midframe has six flanges to ensure 

the equal division of the windings in relation to each other. Same could be done with other 

slot counts if division is considered when deciding the flange counts at least when using 

similar solution to this study. 

 

The modal analysis is described in the study and if there is similar study made the research 

should be repeatable with the given information. Also, the results give a good base for the 

future research. 

 

4.6 Future research 

To validate the FEA results there should be a real prototype made of the machine. Next step 

in the study would be making an experimental analysis set-up to validate the modes and find 

the dangerous frequencies of the structure.  
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Also studying the harmonic frequencies crucial to the machine should be investigated and if 

they would be interfering with the natural frequencies of the machine the modal analysis 

could be used as a tool to try and figure out the changes to make to the construction to avoid 

those. 

 

Also, the design could be improved to have proper guides for the windings and the 

dimensions of the midframe could be studied in structural integrity’s point of view since the 

wall thicknesses and flange geometries may not be optimal. 

 

Both compared models used a same kind of parts to ensure results to be comparative with 

each other in modal analysis. To further study the design the geometries of the other parts 

should be modelled for the purpose of drum wound stator usage in the machine. 
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5. Conclusion 

Modelling of an electric machine stator fastening solution is a several-step progress. To 

understand the possibilities, it is important to know the physics behind the structure so that 

the solution does not interfere with the dynamics. The materials of the machine have to be 

chosen with the electromechanical properties in mind. Literature review was done to underlie 

the research for the designing and analysing process. 

 

The goal was to design a solution for fastening a stator to a frame in a drum wound induction 

machine in a way that it offers sufficient cooling in 3D CAD. The designing process of the 

fastening solution was a long process of back and forth analysing of the structure and the 

final design was a result of synergy of all different design restrictions. The model was built 

up together in a reference machine body and compared together with a conventional model 

in Ansys FEA.  

 

The models were designed in a way that they would be as close to each other in a design that 

they could be compared to each other in numerical modal analysis. The materials were 

chosen based on the literature review and based on that the stator was given orthotropic 

material properties.  

 

The numerical modal analysis gave comparable results between the two models. It was seen 

that the frequencies in the conventional machine were higher in comparison which may be 

explained by the stiffness or mass difference between the machines. The comparison showed 

that in the set range of frequencies in the study, the number local modes found in the stator 

in drum wound model was higher. However, if they are not considered critical regarding the 

harmonic’s they should not be a problem. The drum wound model’s stiffness could be 

manipulated in many ways if the dangerous harmonic frequencies interfere with the natural 

frequencies. The modal analysis is not an absolute truth of the real-life machine’s behavior 

and to validate the results it would need prototype model to carry through the experimental 

testing to gather the harmonic responses of the machine to compare with the modal analysis.  
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Appendix 1. Additional modal shapes of drum wound machine. 

 

 

Figure a is oval mode shape with the stator halves in different phases, b and c are triangular 

modes with the halves in different phases and d is almost pentagon-like 

 

 

 

 

 



 

 

Appendix 2. Additional modal shapes of conventional machine. 

 

 

Figures a and b are oval modes, c triangular mode where the stator halves are in different 

phases and d circular mode 

 

 

 

 

 



 

 

Appendix 3. Equivalent stress, minimum principal stress and maximum principal stress 

figures. 
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