
 

 

 

LAPPEENRANTA-LAHTI UNIVERSITY OF TECHNOLOGY LUT  

School of Energy Systems 

Degree Programme in Electrical Engineering 

 

 

 

 

 

 

 

 

 

Aleksi Sirviö 

 
STATOR WINDING TOPOLOGIES OF PERMANENT MAGNET TRACTION 

MOTORS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Examiners:  Professor Juha Pyrhönen 

  D.Sc. Juho Montonen 

 

 

 

 



 

 

 

 

ii 

TIIVISTELMÄ  

 

Lappeenrannan-Lahden teknillinen yliopisto LUT 

School of Energy Systems 

Sähkötekniikan koulutusohjelma 

 

Aleksi Sirviö 

Stator Winding Topologies of Permanent Magnet Traction Motors 

Diplomityö 

2020 

94 sivua, 38 kuvaa, 9 taulukkoa, 1 liite 

 

Työn tarkastajat: Professori Juha Pyrhönen 

TkT Juho Montonen 

 

Hakusanat: staattorikäämitys, kestomagneettitahtikone 

 

Työn tavoitteena on löytää paras staattorin käämitystopologia kestomagneettitahtikoneelle 

ajovoimansiirtokäytössä. Käämitystopologioiden valmistettavuutta, hintaa sekä suoritusky-

kyä arvioidaan kirjallisuustutkimuksen perusteella. Tahtikoneiden ominaisuudet käydään 

läpi, jotta käämityksien vertailu olisi helpompaa. Kirjallisuustutkimuksen perusteella ns. 

hiuspinnikäämitys valitaan tutkittavaksi käämitykseksi ja sitä verrataan perinteiseen lanka-

käämitykseen. Hiuspinnikäämityksen etuja ovat helpompi valmistettavuus sekä alhaisempi 

hinta. Hiuspinnikäämityksen suorituskykyyn vaikuttavat koneen mitat sekä käytettävä taa-

juus. 

 

Lankakäämityksen ja hiuspinnikäämityksen suorituskykyjä sekä parametreja verrataan ana-

lyyttisen sekä numeerisen analyysin keinoin. Molemmille käämityksille määritetään hyöty-

suhdekartat. Tutkitun hiuspinnikäämityksen huomataan tuottavan huonompi hyötysuhde, 

mutta parempi maksimivääntömomentti. Huonomman hyötysuhteen havaitaan olevan seu-

rausta 46 % suuremmista kuparihäviöistä. Suurempien kuparihäviöiden seurauksena hius-
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pinnikäämityksen tuottaman jatkuvan vääntömomentin havaitaan laskevan 25 %. Hiuspin-

nikäämityksen käämintämenetelmät esitetään. Lankakäämityksen sekä hiuspinnikäämityk-

sen kuparihäviöitä verrataan teho-taajuus -tasossa. 
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ABSTRACT 
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The goal of this thesis is to find the optimal stator winding topology for permanent magnet 

traction machines in terms of price, manufacturability and performance. The main parame-

ters and characteristics of synchronous machines are covered to make it easier to compare 

different winding topologies. The existing winding topologies and their characteristics are 

covered based on a literature research. Based on the research, hairpin winding is chosen to 

be compared to traditional lap coil winding. The main reasons for choosing the hairpin wind-

ing are the easier manufacturing process and the lower achievable manufacturing cost. The 

performance of the hairpin winding depends the machine dimensions and frequency. 

 

The lap coil winding and the hairpin winding are compared by using analytical and numeri-

cal analyses. Hairpin windings with different number of layers are compared. Efficiency 

maps are calculated for both winding types. The hairpin winding is shown to produce worse 

efficiency, but better maximum torque. The main reason for the difference is found to be 

46% higher copper losses. The continuous torque is estimated to be 25% lower in the hairpin 

machine. The winding principles of the hairpin winding are presented. A copper loss map 

comparing the coil winding and the hairpin winding in a power-frequency plane is shown. 
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LIST OF SYMBOLS AND ABBREVIATIONS 

 

A  area [m2], linear current density [A/m] 

a  number of parallel paths 

B  magnetic flux density [T] 

Br  remanent flux density, remanence [T] 

𝐵δ  air gap flux density [T] 

b  width [m] 

𝐶′  machine constant 

D  diameter [m] 

d  thickness [m] 

𝐸  electromotive force [V] 

𝑒  electromotive force [V], instantaneous value e(t) 

F  force [N] 

f  frequency [Hz] 

H  magnetic field strength [A/m] 

𝐻cB  coercivity of flux density [A/m] 

𝐻cJ  coercivity of polarization [A/m] 

Hs  saturation field strength [A/m] 

h  height [m] 

𝐼  electric current [A] 

J  current density [A/m2], magnetic polarization [Vs/m2] 

Js  saturation of polarization [Vs/m2] 

𝐾fill  space factor 

k  ordinal of layers 

𝑘C  Carter factor 

𝑘dv  distribution factor for vth harmonic 

𝑘pv  pitch factor for vth harmonic 

𝑘R  skin effect factor, resistance factor 

𝑘sqv  skewing factor 

𝑘wv  winding factor for vth harmonic 

𝐿  inductance [H] 
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𝐿md  direct-axis magnetizing inductance [H] 

𝐿mq  quadrature-axis magnetizing inductance [H] 

𝐿sσ  stator leakage inductance [H] 

l  length [m] 

𝑙′  effective core length [m] 

m  number of phases, mass [kg] 

𝑁  number of turns in a winding 

N  set of integers 

n  integer, number of layers 

P  power, losses [W], specific loss of a material [W/kg] 

p  number of pole pairs 

Q  number of slots 

q  number of slots per pole and phase 

R  resistance [Ω] 

r  radius [m] 

S  cross-sectional area [m2] 

s  skewing measured as an arc length 

𝑇c  Curie temperature [K] 

T  torque [Nm] 

t  number of phasors of a single radius, time [s], temperature [ºC] 

V  volume [m3] 

W  energy loss [J] 

Wtp   winding pitch factor  

v  harmonic 

y  pole pitch expressed in number of slots 

𝑦Q  number of slot pitches covering the pole pitch 

z  integer, number of layers 

   

Abbreviations 

AC  alternating current 

AM  asynchronous machine 

CFD  computational fluid dynamics 
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CPSR constant power speed range 

DC direct current 

DSPM double salient permanent magnet 

emf electromotive force 

EOL end-of-line 

EV electric vehicle 

FEA finite element analysis 

FEM finite element method 

FSCW fractional-slot concentrated winding 

FW field weakening 

HEV hybrid electric vehicle 

ICE internal combustion engine 

IGBT insulated-gate bipolar transistor 

IPM interior permanent magnet 

LCM least common multiple 

mmf magnetomotive force 

MTPA maximum torque per ampere 

MTPV maximum torque per volt 

PM permanent magnet 

PMSM permanent magnet synchronous machine 

PWM pulse width modulation 

pu per unit value 

SM synchronous machine 

SMC soft magnetic composite 

SPM surface-mounted permanent magnet 

SyRM synchronous reluctance machine 

SRPM synchronous reluctance-assisted permanent magnet machine 

 

Greek letters 

1/𝛼  depth of penetration 

𝛼 temperature coefficient of resistivity [1/K] 

𝛼ph  angle between phase windings 

𝛼PM relative permanent magnet width 
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𝛼z  angle between two adjacent phasors 

𝛾 phase shift angle between A and B distribution [º], electric current angle [º] 

𝛿  air gap length [m] 

𝜃 current linkage [A] 

𝜅e eddy current coefficient 

𝜅h hysteresis coefficient 

𝜅h,e material-specific total loss per kg [W/kg] 

𝜇 permeability [H/m], friction coefficient 

𝜇r relative permeability 

𝜇0  permeability of vacuum, 4π × 10−7 [H/m] 

v ordinal of harmonic, Poisson’s ratio 

𝜉 reduced conductor height 

𝜌 resistivity [Ωm], density [kg/m3] 

𝜎  electric conductivity [S/m] 

𝜎F tension [Pa] 

𝜏p  pole pitch [m] 

𝜏v  zone distribution [m] 

𝜙  magnetic flux [Vs, Wb] 

𝜑  phase shift angle function for skin effect calculation 

𝛹  magnetic flux linkage [Vs] 

𝜓 function for skin effect calculation 

Ω  mechanical angular velocity [rad/s] 

𝜔  electric angular velocity [rad/s], angular frequency [rad/s] 

 

Subscripts 

0 section 

1 fundamental component 

15 at 1.5 T and 50 Hz 

ad additional 

amb ambient 

av average 

B bearing 
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c conductor, coil 

d direct, tooth 

e equivalent, external 

F force 

em electromagnetic 

HP hairpin 

i inner 

k layer 

LL line-to-line 

m main 

max maximum 

mech mechanical 

n nominal, normal 

p pole 

PM permanent magnet 

pp parallel paths 

pu  per unit 

q quadrature 

r remanence, rotor 

s stator 

sct minimum number of series connected 

t slot opening direction 

tan tangential 

tot total 

v ordinal of harmonics 

w winding 

x x-direction 

y yoke 

 

δ  air gap 

ρ  mechanical 

 

^  peak or maximum value, amplitude 
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1 INTRODUCTION 

In the recent years, more and more traction applications have been converted into hybrid or 

full electric to reduce the CO2 emissions and fuel consumption. The speed of the transition 

has been further increased as the development of the electric drivetrains has improved the 

efficiency, the power density and the payback time of the systems. The development of the 

power electronics, especially insulated-gate bipolar transistors (IGBTs) in combination with 

modern control methods such as vector-control algorithms have made it possible to develop 

efficient and power dense drivetrain systems. One factor in the change has been the car in-

dustry, as several car manufacturers with a significant market share have publicly announced 

plans to move completely away from the traditional internal combustion engines (ICEs). 

Especially electric traction machines used in cars and other traction applications have been 

an appealing research topic as demand for them has quickly grown. The specific require-

ments for the traction machines have made it difficult to find an optimal solution in terms of 

price, manufacturability and performance, and compromises have been done. Several differ-

ent designs have been proposed, but none of them has been found superior in all three seg-

ments. 

 

One subject which has received attention in the recent years is different stator winding to-

pologies. The stator approximately builds up 44% of the total cost of the electrical traction 

motor when the motor is manufactured according FreedomCAR 2010 specification (Ley and 

Lutz, 2006). It also has a significant impact on the manufacturability and the performance of 

the electrical machine, and therefore it is a topic which should be studied carefully. In this 

thesis, the stator winding topologies that have already been proposed in the literature are 

reviewed and compared to more traditional ones used already in the industry. For industry 

needs, the manufacturability and the cost are the two areas that have to be also studied care-

fully. Some of the newer stator topologies have already been successfully implemented in 

mass production, but production chains and methods still require research and development 

to be fully effective.  

 

1.1 Characteristics of traction motors 

The electric traction motors are used in hybrid electric vehicles (HEVs) and electric vehicles 

(EVs). The requirements for electric drives in the EVs and in the HEVs have been discussed 

in several papers. Common characteristics can be listed as follows: 
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1) high torque density and power density 

2) very wide speed range, covering low-speed crawling and high-speed cruising 

3) high efficiency over wide torque and speed ranges 

4) wide constant-power operating capability 

5) high torque capability for electric launch and hill climbing 

6) high intermittent overload capability for overtaking 

7) high reliability and robustness for vehicular environment 

8) low acoustic noise 

9) reasonable cost (Chau et al., 2008). 

Depending on the case, requirements for the electric traction motor can be different, as there 

are several different cases in the field of HEVs and EVs. Therefore, each case has to be 

studied independently. 

 

1.2 Goals and delimitations   

The goal of this thesis is to find the best available winding topology for synchronous traction 

motor in terms of performance, manufacturability and price. Literature research is used to 

compare existing information of different topologies and analytical and numerical analyses 

are only applied to selected topologies. Only analytical thermal analysis is applied instead 

of computational fluid dynamics (CFD) to reduce the workload. 

1.3 Research methods 

The performance of different winding topologies is analyzed based on literature research, 

analytical analysis and finite element analysis (FEA). The manufacturability of different to-

pologies is evaluated based on the literature research. Manufacturing costs are compared 

based on the literature research. 

 

1.4 Structure of the thesis 

This thesis is divided into four chapters. In chapter two the mathematical model and the 

different constructions of synchronous machine are presented. The performance, the manu-

facturability and the price of different stator winding topologies are also analyzed. In chapter 

three analytical and finite element analyses are presented and the results are analyzed. The 

winding principle of the selected winding is also covered. Conclusions and future work are 

presented in chapter four. 
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2 SYNCHRONOUS MACHINE 

The two most common electric traction machine types are asynchronous machines (AMs), 

and synchronous machines (SMs). The main difference between the machine types is the 

current linkage component created by the rotor. In the synchronous machine, it is created 

independently of the stator, and thus the air gap flux changes are not directly compensated 

by the rotor. In the asynchronous machine, rotor currents result from the air gap flux and a 

slip. In this thesis, permanent magnet synchronous machines (PMSMs) and separately mag-

netized synchronous machines are covered. The third synchronous machine group is syn-

chronous reluctance machines (SyRMs). This machine type produces torque only based on 

the reluctance difference between direct and quadrature axis, but permanent magnets may 

be used to generate additional permanent magnet torque to make a permanent-magnet-as-

sisted SyRM. Salient-pole PMSMs have also some reluctance difference between direct and 

quadrature axis creating additional reluctance torque, and therefore they are also known as 

synchronous reluctance assisted permanent magnet machines (SRPMs).  

 

The synchronous machines can be divided also depending on the air-gap direction of the 

main flux of the machine. Axial-flux machines are not used in large amounts in the industry, 

but they have been under research for some years. The latest results show that an axial-flux 

machine may offer a very high power density in moderate power range (Magnax, 2020; 

Emrax, 2020). Compared to axial-flux machines radial-flux machines represent a more ma-

ture technology. In the radial-flux machines, the main flux passes the air gap radially and is, 

therefore in perpendicular direction with respect to the axis of the machine. 

 

Non-salient synchronous machine design is achieved when direct- and quadrature-axis syn-

chronous inductances are made equal. Direct-axis synchronous inductance 𝐿d is composed 

of direct-axis magnetizing inductance 𝐿md and stator leakage inductance 𝐿sσ. Similarly, 

quadrature-axis synchronous inductance 𝐿q is composed of quadrature-axis magnetizing in-

ductance 𝐿mq and the stator leakage inductance. Saliency ratio is determined as the ratio of 

direct-axis and quadrature-axis synchronous inductance. In the separately magnetized sali-

ent-pole synchronous machines the saliency ratio is typically higher than one, as the reluc-

tance of the direct axis is minimized. In the PMSMs the saliency ratio is often lower than 

one, as the high-reluctance permanent magnets are placed on the direct axis. The higher the 
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inductance difference is, the higher is the reluctance torque. The reluctance torque is used to 

increase torque density in the salient-pole machines. An example of salient-pole permanent 

magnet machine is an interior permanent magnet (IPM) machine. The non-salient-pole ma-

chine design is achieved by using surface permanent magnets (SPMs). 

 

The PMSMs have significant benefits compared to other machine types when used as a trac-

tion machine, such as high torque density, excellent efficiency and possibility to achieve 

wide speed range. As rare-earth materials used in permanent magnets (PMs) introduce addi-

tional risk considering the volatility of their price, other synchronous machine types have 

gained more interest in the recent years. In a separately magnetized synchronous machine, 

the rotor magnetization can be controlled, which allows a wide constant power speed range 

(CPSR). It is possible to achieve a high torque density with both rotor magnetizing methods. 

The downside of the field winding is the additional Joule losses, which reduce the achievable 

efficiency especially at lower speeds and at full load. The reliability of the magnetization 

system is also an additional concern for the field winding. The permanent magnets do also 

introduce an additional loss component. As the magnets are conductive, eddy currents are 

induced to them during the operation of the machine. The currents create Joule losses, which 

should be minimized to reduce the temperature rise of the magnets. As the rotor excitation 

done by the permanent magnets is constant, air gap flux density has to be reduced with the 

armature reaction to reach field-weakening. 

2.1 Rotor topologies for a synchronous machine 

The permanent magnets can be mounted on the surface of the rotor or they can be embedded 

in the rotor construction. Typical permanent magnet rotor constructions are presented in Fig. 

2.1. In SPM machines magnets are mounted by using epoxy adhesives on the surface of the 

rotor creating a non-salient structure. The permeability of typical permanent magnet materi-

als is near to vacuum permeability. Thus, effective air gap remains constant in the SPM rotor. 

The permanent magnet torque can be maximally utilized when the load angle is 90º, as then 

permanent magnet poles are totally unaligned compared to armature poles. Even though ar-

mature field and permanent magnet field are then unaligned, the fields interfere with each 

other creating some voltage distortion. If the machine is operated in field-weakening region, 

the armature field and the permanent magnet field are at least partially aligned, and the re-

sultant field is therefore weakened. 
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As the magnet fixing mechanical structure in SPM machines is weaker compared to IPM 

machines, high-strength retaining sleeves must be used to improve the mechanical charac-

teristics of the rotor. In this case however, additional losses are induced on the sleeves if they 

are conductive. The direct-axis synchronous inductance is generally lower in the SPM ma-

chines because of the high magnetic air gap, but this can be improved by using higher num-

ber of turns in stator winding. (Zhao et al., 2019.) Even though SPM machines lack the 

reluctance torque, permanent magnet utilization in constant torque region is higher compared 

to the IPM machines creating a higher total torque (Wang et al., 2011). Lower torque ripple 

has also been reported over the whole speed range in SPM machines (Zhao and Schofield, 

2017.) 

 

 

Fig. 2.1. The most common permanent magnet rotor constructions. (a) SPM rotor, (b) magnets em-

bedded in the rotor surface, (c) pole shoe rotor, (d) tangentially embedded magnets, (e) radially em-

bedded magnets, (f) magnets embedded in V-shape (Pyrhönen et al., 2008). 

 

In the IPM design the permanent magnets can be embedded in several different ways in the 

rotor construction as can be seen in Fig. 2.1. The simplest way is to embed the magnets in 

slots on the rotor surface. This way a better realization of the fundamental component of the 

air-gap flux and thus also the highest output torque of all IPM configurations can be achieved 

(Wang et al., 2011). Permanent magnets can also be embedded tangentially with respect to 
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the rotor surface. The simplest and mechanically the most robust design is to arrange a single 

barrier design by using single layer of tangentially embedded magnets. With this design, 

reasonable permanent magnet torque and reasonable reluctance torque can be achieved. The 

field-weakening performance is also usually on an acceptable level. If more permanent mag-

net layers are inserted, an enhanced saliency ratio and thus enhanced reluctance torque can 

be achieved. The downside of this option is that the mechanical structure becomes more 

complex and weaker. If higher permanent magnet torque is desired, the radially embedded 

permanent magnet structure may be selected. Embedding magnets radially reduces the in-

ductance difference between direct and quadrature axis. Regardless, good field-weakening 

performance can be achieved. If even better field-weakening performance is required, em-

bedding the magnets in V-shape offers high reluctance torque and thus good performance in 

the field weakening region. Even higher inductance difference is achieved, when permanent 

magnets are embedded in W-shape. In this construction, high efficiency is achieved over a 

wide speed range (Wang et al., 2011.) As the IPM construction is mechanically more robust, 

it is a good option for high-speed applications. Embedding magnets in the rotor construction 

also reduces the demagnetization risk of the magnets. 

 

There are some constructions where the permanent magnets have been mounted to the stator. 

This type of construction is usually called double salient permanent magnet (DSPM) con-

struction, as it usually has salient poles both in the stator and the rotor. The construction can 

be mechanically simple and robust, and it is therefore a potential option for high-speed de-

signs. (Chau, K. et al., 2008). These constructions are still in research state and need further 

development. 

 

2.2 Permanent magnets in a synchronous machine 

Permanent magnets are at the same time beneficial and problematic in electrical machines. 

The geographical location of the rare-earth materials is one key question regarding the per-

manent magnets. As China has approximately one third of all rare-earth reserve deposits in 

the world, the price development of the permanent magnets remains uncertain in the future. 

The price of important rare-earth minerals, such as Neodymium and Dysprosium, has been 

extremely volatile in the past ten years. As all uncertainties in the machine manufacturing 

process should be avoided as much as possible, some new synchronous machine designs 
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without rare-earth materials have been introduced. At the moment the permanent magnets 

are still widely used in the industry regardless the issue. 

 

The properties of permanent magnets can be described with BH- and JH-curves. These 

curves are presented in Fig. 2.2. The first quadrant of these curves describes the magnetiza-

tion of a permanent magnet material. As the magnetic field strength H of an external field is 

increased, both magnetic flux density B and magnetic polarization J will increase until satu-

ration of polarization Js is reached. In this point the magnetic polarization has reached its 

maximum value. The weakest magnetic field strength where the saturation polarization is 

reached is called saturation field strength Hs. At this point, all magnetic moments are oriented 

parallel to the external magnetic field.  

 

 

Fig. 2.2. Typical JH- and BH-curves of permanent magnet materials (Vacuumschmelze, 2015). 

 

The magnetic flux density will increase linearly even further as the field strength is in-

creased: 

 

𝐵 = 𝜇0𝐻 + 𝐽. (2.1) 
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𝜇0 is the vacuum permeability. If the external magnetic flux density is reduced to zero after 

the magnetization, the magnetic polarization will remain at the same level, but the total mag-

netic flux density will fall linearly to the same order of magnitude as the magnetic polariza-

tion. The value in this point is known as residual flux density, or as remanence, Br.  

 

If a permanent magnet is placed in an opposing magnetic field, it can be demagnetized with 

high enough magnetic field strength. The demagnetization characteristics of a permanent 

magnet material are described in demagnetization curve, which forms the second quadrant 

of the BH- and JH-curves. As the opposing magnetic field strength is increased, the total 

magnetic field strength of the magnetic material is decreased. The change is reversible as 

long as the magnetic flux density of the magnet changes linearly. If the opposing magnetic 

field strength is increased further, irreversible partial demagnetization will happen. When 

the opposing magnetic field strength is then reduced back to zero, the flux density will in-

crease linearly to a remanence value lower than before the partial demagnetization. An in-

crease in the temperature of the permanent magnet material results in lower coercivity values 

and shorter linear region. A permanent magnet material will demagnetize without external 

magnetic field, if the material reaches Curie temperature 𝑇c. 

 

If the opposing magnetic field is increased until magnetic flux density reaches zero, the co-

ercivity of flux density 𝐻cB is reached. Similarly, as the magnetic polarization reaches zero, 

the coercivity of the polarization 𝐻cJ is reached. The energy density of a point in the BH-

curve can be obtained as the product of the related values of the flux density and the field 

strength. The maximum value of this product between the remanence and coercivity is called 

maximum energy density (BH)max. It should be considered when the suitability of a perma-

nent magnet material is determined. In the optimal case, the operating point of the magnet 

material is in the same point as the maximum energy density. (Vacuumschmelze, 2015). 

 

Several characteristics have been proposed for the permanent magnet materials used in the 

electrical machines in the literature. According to (Pyrhönen et al., 2008), they can be listed 

as follows: 

1) remanence 

2) intrinsic coercivity 

3) normal coercivity 
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4) relative permeability 

5) resistivity 

6) squareness of the polarization hysteresis curve 

7) the maximum energy product 

8) mechanical characteristics 

9) chemical characteristics. 

 

Next, the main permanent magnet materials will be presented shortly. The first real modern 

permanent magnet material was Aluminum Nickel Cobalt (AlNiCo) developed nearly 90 

years ago. It has a high remanence, high operating temperatures, good thermal stability and 

good corrosion resistance. Because of its low coercive force, maximum energy density is 

limited to 110 kJ/m3. The next permanent magnet material, ferrite, was developed in the 

1950s. Ferrite magnets offer relatively low remanence, which is the biggest weakness of the 

material. The cheap price is an appealing factor, and as the material itself is non-conductive, 

there are applications where the ferrite magnets are used. The ferrite magnets can be found 

for example in permanent magnet assisted reluctance machines. The ferrite magnets can 

reach a maximum energy density of 40 kJ/m3. The first significant rare-earth magnet material 

was Samarium Cobalt (SmCo). Two most used SmCo magnet alloys, SmCo5 and Sm2Co17, 

were found in the 1960s and in the 1970s respectively. They offer relatively high remanence 

in combination with the highest maximum operating temperature. The materials have also 

high corrosion resistance. The high maximum operating temperature is the main reason why 

these magnet materials are still used in permanent magnet machines, even though the high 

price of cobalt is a limiting factor. Maximum energy densities of 180 kJ/m3 and 280 kJ/m3 

respectively can be reached with these materials. 

 

The newest and the most widely used permanent magnet material is Neodymium Iron Boron 

(NdFeB) found in the 1990s. It offers the highest remanence, which is appreciated especially 

in traction machines. This characteristic has further improved the efficiency and the torque 

density of the PMSMs. NdFeB has lower operating temperature compared to SmCo5 and 

Sm2Co17. For this reason, NdFeB cannot be always used. NdFeB has largely linear demag-

netization behavior. The material is vulnerable to corrosion, but it can be protected by using 

protective coating. Another weakness of the material is its fragile structure. NdFeB has very 

low relative permeability. The maximum energy density of NdFeB magnets at the moment 
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is somewhere between 430-450 kJ/m3, even though a level as high as 485 kJ/m3 could be 

theoretically reached. (Vacuumschmelze, 2015.) 

 

The output torque of the machine is significantly affected by the dimensions of the perma-

nent magnets. The relative width of the magnets affects greatly the cogging torque generated 

by the machine. Methods for selecting the permanent magnet width for integer slot winding 

have been introduced in (Ishikawa and Slemon, 1993). Some methods for optimizing the 

magnet width in PMSMs with fractional slots have been proposed in (Salminen, 2004). Ac-

cording to Salminen cogging torque can be significantly reduced with small changes in the 

relative magnet width. The relative magnet width producing the lowest cogging torque de-

pends on the slot opening.  The methods introduced in (Ishikawa and Slemon, 1993) can also 

be used for fractional slot windings. 

 

Torque ripple created by current harmonics and space-harmonics interacting with the mag-

nets should be minimized. Some methods for reducing the torque ripple were proposed in 

(Hendershot and Miller, 1994) and (Li and Slemon, 1988). The methods include using in-

creased air gap length, thick tooth tips, minimized slot openings, magnetic slot wedges, 

skewed stator or permanent magnets, fractional slot windings or high number of slots per 

pole, to name a few. If the number of slots per pole is close to one, slot geometry adjustment 

can be used to reduce the torque ripple. For fractional slot windings with a high number of 

slots per pole, skewing has been found to be especially effective. (Salminen 2004.) 

 

2.3 Stator winding topologies for a synchronous machine 

Standard stator geometries will be first explained in order to make characterizing different 

stator constructions easier. Pole pitch 𝜏p in electrical machine is defined as  

 

𝜏p =
π𝐷δ

2𝑝
. (2.2) 

 

In the equation 𝐷δ is the diameter of the air gap and p is the pole pair number of the machine. 

The pole pitch can be divided into phase zones, each covering the arc of one phase. Phase 

zone distribution 𝜏v can be obtained from the equation 
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𝜏v =
𝜏p

𝑚
, (2.3) 

 

where m is the number of phases. One key parameter in different stator topologies is the 

number of slots per pole and phase 𝑞: 

 

𝑞 =  
𝑄

2𝑝𝑚
=

𝑧

𝑛
. (2.4) 

 

In the equation 𝑄 is the number of slots, z the numerator and n the denominator. z and n are 

selected such that they are the smallest possible integers. If q is increased, the current linkage 

of the stator winding will be more sinusoidal. Depending on if q is an integer or a fraction, 

stator winding is called integral slot winding or fractional slot winding respectively. The 

fractional slot windings can be further divided into first-grade and second-grade windings. 

If n is an odd number, the winding is called a first-grade winding, and in the case of an even 

number, a second-grade winding. The fractional slot windings have several benefits; the 

number of slots can be chosen freely, different magnetic flux densities are easier to reach 

with the same dimensions of the machine and short pitching has more possible options, to 

name a few. Another parameter describing the slot properties is the number of conductors in 

one slot 𝑧Q. It describes the number of conductors N placed in one slot. (Pyrhönen et al., 

2008.) 

 

The amplitude of stator current linkage for harmonic v is determined as 

 

𝜃sv =
𝑚𝑘wv𝑁s

π𝑝𝑣
îs, (2.5) 

 

where 𝑘wv is the winding factor and îs is the peak current of stator winding. There are three 

winding factors that should be considered: distribution factor, pitch factor and skewing fac-

tor. The distribution factor can be derived from shifted voltage phasors in the case of a dis-

tributed winding. It is denoted with the subscript ‘d’. For the harmonic v distribution factor 

can be written as 
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𝑘dv =
2 sin(𝑣

π
2𝑚

)

𝑄
𝑚𝑝

sin(𝑣
π𝑝
𝑄

)
. (2.6) 

 

In the short pitching, phase coils are narrowed by a multiple of the slot pitch. As the coils 

are shortened, the length of end windings is reduced. This results in a reduced copper con-

sumption and a reduced harmonics content of the air gap flux density. If the short pitching 

is done correctly, the winding produces a more sinusoidal current linkage distribution com-

pared to a full-pitch winding. As the area of the coil is smaller, flux linkage is reduced, and 

the number of coil turns has to be increased accordingly. If the short pitching is applied in 

the winding, the pitch factor 𝑘p has to be also considered. The pitch factor for vth harmonic 

may be written as 

 

𝑘pv = sin (𝑣
𝑦

𝑦Q

π

2
) , (2.7) 

 

where 𝑦Q is the number of slot pitches covering the pole pitch and y is pitch expressed by 

the number of slots. The short pitching can be achieved by winding step shortening, coil side 

shift in a slot, coil side transfer to another zone or by double short pitching. (Pyrhönen et al., 

2008.) 

 

The skewing factor 𝑘sq is applied if the stator or the rotor is skewed. The skewing factor for 

the vth harmonic is determined as 

 

𝑘sqv =

sin (𝑣
𝑠

𝜏p

π
2

)

𝑣
𝑠

𝜏p

π
2

, (2.8) 

 

where s is skewing measured as an arc length. The winding factor for the vth harmonic can 

be calculated from these three factors as follows:  

 

𝑘wv = 𝑘dv𝑘pv𝑘sqv. (2.9) 
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The winding factor affects also induced voltages in the electrical machine. Angular fre-

quency 𝜔 and the magnetic flux of the phase windings 𝜙m have also an impact on the in-

duced voltage. Electromotive force (emf) for a pole pair and for the vth harmonic as a func-

tion of time t can be written as 

 

𝑒v(𝑡) = −𝑘wv𝑁p

d�̂�m(𝑡)

d𝑡
= −𝑁p𝜔𝑘wv�̂�m cos 𝜔𝑡 . (2.10) 

 

The effective value of the fundamental component of the induced voltage for one pole pair 

can be written as 

 

𝐸1p =
1

√2
𝜔�̂�mp = −

1

√2
𝜔𝑘w1𝑁𝑝

2

𝜋
�̂�δ𝜏p𝑙′, (2.11) 

 

where �̂�mp is the maximum value of the air gap flux linkage of one pole pair, �̂�δ is peak 

magnetic flux density in the air gap and 𝑙′ is the effective core length of the machine. The 

effective length of a machine can be obtained by adding two times the air gap length to the 

core length of the machine. (Pyrhönen et al., 2008.) 

 

In electrical machines, it is essential to fill symmetry conditions. If the conditions are filled, 

a winding fed from a symmetrical supply creates a rotating magnetic field. The first condi-

tion of symmetry can be written for single-layer windings as follows: 

 

𝑄

2𝑚
= 𝑝𝑞 ∈ N. (2.12) 

 

For n-layer windings, the number of slots is then divided also by n. The second condition of 

symmetry is written for normal system as  

 

𝛼ph

𝛼z
=

𝑄

𝑚𝑡
∈ N. (2.13) 
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In the equation 𝛼ph is the angle between the phase windings, 𝛼z is the angle between two 

adjacent phasors in electrical degrees and t is the number of the phasors of a single radius. 

For reduced systems, the number of slots is divided by two. (Pyrhönen et al., 2008.) 

 

The magnetomotive force (mmf) of the magnetic circuit of an electrical machine is affected 

heavily by the air gap length of the machine. There are also often slots on the surfaces of 

stator and rotor, which affect the air gap flux density. To make analytical analysis easier, 

F.W. Carter introduced Carter factor for the air gap length. The physical length of the air gap 

is shorter than what the length seems to be, according to Carter’s principle. For stator, the 

correction of the physical air gap length can be applied by the following equation: 

 

𝛿es = 𝑘Cs𝛿. (2.14) 

 

𝑘Cs is the Carter factor when the rotor surface is assumed to be smooth and the stator surface 

slotted. Similarly, factor 𝑘Cr for smooth stator surface and slotted rotor surface can be ob-

tained. The total Carter factor is obtained from these two, as follows: 

 

𝑘C,tot ≈ 𝑘Cs ∙ 𝑘Cr =
𝐵max

𝐵av
. (2.15) 

 

The Carter factor is thus determined also as the ratio of the maximum magnetic flux density 

𝐵max and the average magnetic flux density 𝐵av. With Carter factor, the equivalent air gap 

length is obtained as follows: 

 

𝛿e ≈ 𝑘C,tot𝛿 ≈ 𝑘Cr𝛿𝑒𝑠. (2.16) 

 

Even though the results obtained by using the equivalent air gap length are usually quite 

accurate, more accurate results can be obtained by using a finite element method (FEM) to 

solve the field diagram of the air gap. (Pyrhönen et al., 2008.) 

 

One possibility to obtain d- and q-axis synchronous inductances is to first calculate equiva-

lent air gaps 𝛿de, 𝛿qe, 𝛿def and 𝛿qef. 𝛿0e is used to denote the equivalent air gap in the middle 
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of a pole shoe, when Carter factor is applied. Theoretical value for equivalent d-axis air gap 

length can be written as 

 

𝛿de =
4𝛿0e

π
. (2.17) 

 

The corresponding value for q-axis equivalent air gap is obtained by using following rela-

tions between the magnetic flux densities and the equivalent air gaps: 

 

�̂�δ: �̂�1d: �̂�1q =
1

𝛿0e
:

1

𝛿de
:

1

𝛿qe
. (2.18) 

 

For non-salient-pole machines all three air gap lengths are approximately the same. Next, 

the current linkage required by iron is determined. This can be done by increasing the air 

gap length as follows: 

 

𝛿def =
�̂�m,δde

�̂�m,δde + �̂�m,Fe

𝛿de. (2.19) 

 

The same formula can be applied for the q-axis air gap length with 𝛿qef and 𝛿qe. Direct and 

quadrature magnetizing inductances are finally determined by using these air gaps as 

 

𝐿md =
2𝑚𝜇0

π

𝜏p

𝑝π𝛿def
𝑙′(𝑘w1𝑁p)

2
(2.20) 

 

and 

 

𝐿mq =
2𝑚𝜇0

π

𝜏p

𝑝π𝛿qef
𝑙′(𝑘w1𝑁p)

2
(2.21) 

 

respectively. In general, inductance describes the ability of a coil to generate flux linkage  

𝛹 according to following relation: 
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𝛹 = 𝑘wv𝑁𝜙 = 𝐿𝐼. (2.22) 

 

The flux linkage is a key parameter in the torque production of an electrical machine. (Pyr-

hönen et al., 2008.) 

 

The leakage inductance of a machine is the sum of different leakage inductances. These 

leakage inductances are air-gap leakage inductance 𝐿δ, slot leakage inductance 𝐿u, tooth tip 

leakage inductance 𝐿d, end winding leakage inductance 𝐿w and skew leakage inductance 

𝐿sq. The determination of these inductances has been explained in (Pyrhönen et al., 2008) 

and will be not further explained here. 

 

The main parameters and characteristics of three-phase rotating field stator windings are 

explained next. A stator winding can be concentrated or distributed. In a concentrated wind-

ing the coil is not divided into parallel slots. Tooth-coil winding is a concentrated winding, 

where a phase winding is wound around one stator tooth. A tooth-coil wound stator can be 

constructed by combining multiple ready-wound stator teeth to form a complete stator struc-

ture. In general, a tooth-coil wound stator is easy to manufacture. A combination of high 

torque density and small torque ripple is another benefit of the winding type. Especially 

fractional-slot concentrated winding (FSCW) has been found to provide good performance. 

This construction increases the speed range of constant power operation in SPM machines. 

As the mmf formed by a FSCW is far from sinusoidal, the design and the analysis of the 

construction is challenging. (El-Refaie, 2009.) A tooth-coil winding is illustrated in Fig. 2.4. 

 

 

In distributed windings a phase of one pole is divided into more than one slot. Distributing 

windings to parallel slots is widely used as high saliency ratios can be achieved through the 

low ratio of leakage and magnetizing inductance. As mentioned before, a more sinusoidal 

mmf is also achieved. A distributed winding can be overlapping or nonoverlapping. These 

windings may also be called diamond winding and lap winding respectively. In the nonover-

lapping winding the coils do not overlap each other and thus the lengths of the coils are not 

equal. In the diamond winding the lengths of the coils are equal. This difference is illustrated 

in Fig. 2.5. Conventional three-phase rotating field machines have one of these windings. 

The use of these winding types leads to longer end windings, which is illustrated in Fig. 2.4. 



 

 

 

 

23 

   

   

 

Fig. 2.4. A comparison of the end windings of a tooth-coil winding (left) and a diamond winding 

(right). Modified from (Ixy Motor, 2019). 

 

Rectangular wire windings have been implemented in some cases in the industry in the re-

cent years. The main benefits of using rectangular wire windings are short end-windings, 

low cost, high slot space factor, high torque-density, good heat dissipation between the con-

ductor and slot, strong rigidity, good steadiness, low torque ripple and low acoustic noise. A 

rectangular wire winding can be a wave winding or a lap winding. The end winding of a 

wave type hairpin winding is illustrated in Fig. 2.6. 
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Fig. 2.5. The winding diagrams of (a) a nonoverlapping and (b) a diamond winding (Pyrhönen et 

al., 2008.) 

 

 

Fig. 2.6. A wave winding formed from hairpins with q = 2, m = 3, p = 6. The winding has eight 

layers. Different phases are illustrated with different colors. 
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A rectangular wire winding can be a hairpin winding or an I-pin winding. In an I-pin wind-

ing, a hairpin is formed from two identical halves, which are joint together to form the hair-

pin shape. (Zhao et al., 2019.) These pin structures are illustrated in Fig. 2.7. Different as-

pects of the rectangular wire windings will be studied in the following sections. 

 

 

Fig. 2.7. Different pin structures used for manufacturing rectangular wire windings. (a) I-pin. (b) 

hairpin. 

 

Slot copper space factor 𝐾Cu is a good parameter for comparing different stator windings. It 

can be calculated as a relation between the total cross-sectional area of conductors in a slot 

and the total cross-sectional area of the stator slot: 

 

𝐾Cu =  
𝐴Cu

𝐴slot
. (2.23) 

 

Lap and diamond coil windings usually have space factors in the range of 35-55%. The space 

factor of a concentrated winding can be as high as 65%. With the hairpin winding even 

higher space factor is achievable. Examples of the slot filling of a distributed winding, a 

hairpin winding and a concentrated winding are given in Fig. 2.8. The space factor has a 
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significant impact on the torque density of motor, as with higher slot space factor higher 

current density and thus higher torque can be achieved. A higher space factor also improves 

the thermal conductivity of the slot, as the amount of air and resin is reduced, and the amount 

of conducting material is increased. If the direct contact area of the conductors to the slot 

insulation is also increased, the thermal conductivity between the conductors and stator core 

is improved. This consequently leads to better cooling and higher achievable current density 

in the slot. The copper space factor of a coil winding can be improved if the round conductor 

bundles are rolled into hexagon shape, forming a “honeycomb” structure. This is illustrated 

in Fig. 2.9. 

 

 

Fig. 2.8. Slot filling with three different winding layouts. (a) distributed winding using round enam-

eled strands, (b) hairpin winding using rectangular conductors, (c) concentrated needle winding using 

Litz conductors (Fyhr et al., 2017). The thickness of the insulations is chosen based on the stator 

voltage and the winding temperature.  The space factor of the slot can also be limited by manufac-

turing reasons. 
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Fig. 2.9. The impact of shaping the conductor bundles on the copper space factor. (a) round bundles, 

(b) hexagon-shape bundles. 

 

A stator core structure can be segmented or laminated. In a laminated structure the stator 

core is divided in axial direction to thin laminates. The iron losses created by eddy currents 

in the core depend on the thickness and the resistivity of the laminates. The losses can be 

thus reduced by selecting thinner laminations with higher conductivity. The crystal size of 

the silicon steel affects the resulting iron losses, and therefore manufacturers offer materials 

of different quality.  

 

To increase the slot copper space factor, some stator core segmented structures, such as the 

tooth-coil winding arrangement, have been introduced. In a segmented structure, the cross-

section of the stator is divided into several segments. With segmented soft magnetic compo-

site (SMC) structure, a space factor of 78% has been achieved with pre-pressed coils (El-

Refaie, 2009.). In this structure the stator is formed from solid pieces of SMC. The structure 

is not mechanically as rigid as conventional laminated structures. By using a plug-in tooth 

structure, a slot copper space factor of 60-65% can be achieved (El-Refaie, 2009.). This 

configuration uses laminated stator structure with rigid stator back iron. The third presented 

option is joint-lapped core, with which a space factor of 75% can be achieved (El-Refaie, 

2009.). The structure of the joint-lapped core is also laminated, and a segmented back iron 

is used. 

 

A stator winding can be formed from multiple layers to reduce the length of the end wind-

ings. While doing this, significant phase-to-phase coupling will happen through mutual slot 

leakage. As a lower fundamental stator current linkage space harmonic content is achieved, 

less rotor losses are created. The emf in a multilayer winding is generally more 
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sinusoidal, but the drawback is that increasing the number of layers leads to a more difficult 

manufacturing process. (El-Refaie, 2009.) 

 

The number of pole pairs has a significant effect on iron core dimensions, the length of end 

windings and pull-out torque characteristics. Small pole pair number results in larger flux 

components and consequently thicker iron passages and lower torque production. Increasing 

the number of pole pairs is, however, not always possible. As more pole pairs are used higher 

supply frequency has to be used to achieve the same rotational speed. The magnetizing in-

ductance is inversely proportional to the square of the pole pair number Thus, machines with 

high pole pair numbers will need higher magnetizing currents if the rotor magnetization is 

achieved with stator magnetizing current. This is not case with the synchronous machines, 

as their magnetization is achieved with permanent magnets or with a field winding. 

 

End windings are a key part of a stator winding. The length of end windings has a significant 

effect on the length of a machine. Some ways to reduce the length have been already pre-

sented. Reducing the length of end windings reduces the Joule losses of a stator, as the re-

sistance of the phase windings is reduced. Usually the end windings are the hottest part of a 

stator winding. Therefore, some cooling designs have been developed to cool down espe-

cially the end winding area. One of these designs is an oil spray cooling, where oil is sprayed 

on the end windings. This cooling method can be combined with other cooling methods to 

improve an existing cooling system. 

 

2.4 Torque production in a synchronous machine 

Linear current density A on a metallic surface creates a tangential field strength 𝐻xδ and a 

tangential flux density 𝐵xδ on the surface. These components are needed in the torque pro-

duction of electrical machines. If numerical methods are applied, the magnetic field strength 

creates, according to Maxwell’s stress tensor theory, a stress 𝜎F in vacuum: 

 

𝜎F =
1

2
𝜇0𝐻2. (2.24) 

 

The tangential component of the stress produces the torque in electrical machines. It can be 

obtained as follows: 
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𝜎Ftan = 𝜇0𝐻n𝐻tan = 𝐵n𝐴. (2.25) 

 

As the tangential stress is not constant, but varies depending on the local value of current 

density and the local flux density, the average value for the tangential stress may be approx-

imated as: 

 

𝜎Ftan ≈
𝐴�̂�δ cos 𝛾

2
. (2.26) 

 

𝛾 is phase shift angle between the A and B distribution. Depending on the required torque T, 

the volume of the rotor 𝑉𝑟 is obtained from 

 

𝑇 = 2𝜎Ftan𝑉r. (2.27) 

 

The torque may be also written according to cross-field principle as follows: 

 

𝑇 =
3

2
𝑝(𝜳s × 𝒊s). (2.28) 

 

The power of a three-phase synchronous machine is determined with the load angle equation. 

If a machine has saliency, the torque is increased by the amount of reluctance torque. The 

first part of the sum is produced by the permanent magnets and the second by the reluctance 

difference: 

 

𝑃 = 3 (
𝑈sph𝐸PM

𝜔s𝐿d
sin𝛿 + 𝑈sph

2
𝐿d − 𝐿q

2𝜔s𝐿d𝐿q
sin2𝛿) . (2.29) 

 

𝑈sph is the stator phase voltage, 𝐸PM is the emf produced by the permanent magnets and 𝛿 

is the load angle. In the case of non-salient-pole machine, the maximum power is achieved 

at the load angle of 90º. In the case of salient-pole machine, the angle is smaller. If the sali-

ency is inversed, such as in a permanent magnet machine, this angle is larger than 90º. (Pyr-

hönen et al., 2008.) 
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 Centrifugal force in a rotor causes a mechanical stress 

 

𝜎mech =  𝐶′𝜌𝑟r
22. (2.30) 

 

In the equation constant 𝐶′ is 
3+𝑣

8
 for a smooth homogeneous cylinder, 

3+𝑣

4
 for a cylinder 

with a small bore and one for a thin cylinder. 𝑣 is Poisson’s ratio, 𝜌 is the density of the 

material, 𝑟r is the rotor radius and  is the mechanical angular speed. (Pyrhönen et al., 2008.) 

The mechanical stress is a limiting factor for the mechanical speed of a machine, and it is 

therefore important factor also for traction motors. The mechanical power of a machine is 

determined as a product of electromagnetic torque 𝑇em and mechanical angular velocity r: 

 

𝑃mech = 𝑇emr. (2.31) 

 

With higher mechanical angular velocity lower torque is required to produce the same me-

chanical power. A smaller rotor diameter can be then selected according to equation (2.27). 

Torque can be increased with a gearbox as the mechanical velocity is lowered. Thus, a com-

bination of a high-speed machine and a gearbox can be used to reduce the diameter of a 

machine. 

2.5 Losses in a synchronous machine 

One of the main concerns in using form wound stator winding is the amount of Joule losses. 

Usually the Joule losses are the most significant loss component in low- and medium-speed 

permanent magnet machines. Joule losses in m-phase winding are determined as 

 

𝑃s,Cu = 𝑚𝐼s
2𝑅s. (2.32) 

 

𝑅s is the stator phase resistance and 𝐼s is the stator RMS current. Joule losses are also known 

as copper losses. The DC resistance of a coil with a total length 𝑙c, parallel paths a, a cross-

sectional area of a conductor 𝑆c and conductivity 𝜎c is determined as 

 

𝑅DC =
𝑙c

𝜎c𝑎𝑆c
. (2.33) 
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The resistance is also temperature dependent, but this can be taken into account when choos-

ing a suitable value for the conductivity. For AC resistance calculation the same equation 

can be used, when the equation is multiplied by skin effect factor 𝑘R. The skin effect factor, 

also known as resistance factor, can be determined as 

 

𝑘R =
𝑅AC

𝑅DC
. (2.34) 

 

The skin effect factor increases as a function of frequency. In the skin effect the current 

concentrates on the proximity of the conductor surface, decreasing effective conductor area. 

The higher the frequency is the smaller the effective area becomes. According to (Vogt, 

1983), skin depth δskin is determined as 

 

𝛿skin =
1

√π𝑓𝜇r𝜇0𝜎
, (2.35) 

 

where 𝜇r is the relative permeability of the conductor material and 𝜇0 is the vacuum perme-

ability. Current density distribution in a rectangular wire winding has been analyzed for ex-

ample in (Du-Bar and Wallmark, 2018).  

 

Reduced conductor height 𝜉 is determined as 

 

𝜉 = 𝛼ℎc0 = ℎc0√
1

2
𝜔𝜇0𝜎c

𝑏c

𝑏
, (2.36) 

 

where ℎc0 is the height of an individual subconductor, 𝑏c is the width of a subconductor and 

b is the width of the stator slot. 𝛼 is the inversion of the depth of penetration. The reduced 

conductor height can be used in the calculation of the resistance factor. The resistance factor 

for kth layer in a winding with several conductors in width and height directions in a slot 

with a uniform width in conductor area can be determined as 

 



 

 

 

 

32 

kRk = φ(𝜉) + k(k − 1)ψ(𝜉) = 𝜉
sinh 2𝜉 + sin 2𝜉

cosh 2𝜉 − cos 2𝜉
. (2.37) 

 

The functions φ(𝜉) and ψ(𝜉) are determined as 

 

φ(𝜉) = 𝜉
sinh2 𝜉 + sin 2𝜉

cosh 2𝜉 − cos 2𝜉
(2.38) 

 

and 

 

ψ(𝜉) = 2𝜉
sinh 𝜉 − sin 𝜉

cosh 𝜉 + cos 𝜉
(2.39) 

 

respectively. The average resistance factor for each winding layer can be approximated as 

 

𝑘R = φ(𝜉) +
zt

2 − 1

3
ψ(𝜉), (2.40) 

 

where 𝑧t is the number of layers in slot opening direction. The winding layers next to slot 

opening have higher resistance factors. As a result, Joule losses are not equal within the slot. 

Another effect that reduces effective conductor area is the proximity effect created by an 

external magnetic field. The proximity effect concentrates the current on the proximity of 

the conductor surface depending on the direction of the external magnetic field. To minimize 

the resistance factor, conductors should be divided into several subconductors. This can 

however lead to circulating currents between the subconductors. To avoid this, the subcon-

ductors have to be surrounded by the same amount of leakage flux, which is achieved by 

transposing the conductors. The transposition has to be done once for every coil starting 

from the second coil. Roebel bar and Litz wire use this method to reduce the resistance factor 

in high frequency applications. (Pyrhönen et al., 2008.) 

 

Iron losses consist of two loss components: hysteresis losses and eddy current losses. The 

iron losses can be determined with several different methods presented in the literature. C.P. 

Steinmetz created the foundations of the iron loss evaluation in 1892. According to 

Steinmetz, iron losses are determined as: 
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𝑃Fe = 𝑊Fe𝑓 = 𝜅h𝑓�̂�1.6 + 𝜅e𝑓2�̂�2 (2.41) 

 

(Steinmetz 1984). In the equation 𝑊Fe is the energy loss, 𝜅h is a hysteresis coefficient and 

𝜅e is an eddy current coefficient. According to (Pyrhönen et al., 2008), iron losses in the 

individual parts of a machine can be determined as 

 

𝑃Fe = 𝜅h,e�̂�2𝑚Fe (2.42) 

 

and for a volume V of laminate the eddy current loss is 

 

𝑃Fe,Ft =
𝑉π2𝑓2𝑑2𝐵m,peak

2

6𝜌
. (2.43) 

 

In (2.42), 𝜅h,e is material-specific total loss per kg and 𝑚Fe is the mass of the iron circuit. 

Instead of the coefficient 𝜅h,e, also manufacturer specific coefficients can be used. In modern 

systems, analytical approaches are not as accurate, as the systems are often fed with fre-

quency converters. Pulse width modulation (PWM) excitation causes additional iron losses 

in machines. Frequency converters introduce some additional harmonics, also affecting flux 

waveform. High switching frequencies such as 5 kHz and above minimize the loss increase, 

when they are combined with modulation index close to unity (Boglietti et al., 1993) (Bo-

glietti et al., 1995). 

  

In (2.43), d is the thickness and 𝜌 the resistivity of a metal sheet. The resistivity and the 

thickness of laminations have therefore a significant effect on the total iron losses. Iron losses 

can be further reduced by optimizing the geometries of a machine. For example, the number 

of stator teeth, rotor barrier thicknesses and rotor angular locations have an effect on iron 

losses.  

 

The core losses of a stator and a rotor core depend on the space harmonic content in the air 

gap. If there are no high-order time harmonics in stator current waveform, and if the space 

harmonics in the winding distribution are small, the core losses can be neglected. In IPM 

machines, a rich space harmonic content can be observed. Additional rotor slots and 
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a high pole count introduce additional harmonics. As the speed of a machine increases, also 

the magnitude of core losses increases.  

 

Magnet losses are specific for machines with a permanent magnet excitation. These losses 

are composed of hysteresis and eddy current losses. The hysteresis losses are normally sig-

nificantly smaller than the eddy current losses, but a strong armature reaction or high accel-

erating torque can increase the hysteresis losses. This depends on if the residual flux density 

of a permanent magnet is exceeded during operation. The eddy current losses are the more 

significant part of the losses. If the eddy current losses are too high, thermal demagnetization 

can occur in the magnets. The main contributors for the eddy currents in permanent magnets 

are different harmonics, such as permeance harmonics, current linkage harmonics and time 

harmonics. The permanent magnets mounted on the rotor surface are more prone to these 

harmonics. The eddy currents occur in magnet materials, as the resistivity of them is rela-

tively low. The analytical determination of eddy current losses in permanent magnets is pre-

sented for example in (Pyrhönen et al., 2008). The harmonics and thus also the losses in 

permanent magnets can be greatly reduced by segmenting the permanent magnets circum-

ferentially. The most effective segmenting is achieved when the magnets are segmented into 

two or three segments per pole-arc. This results in approximately 70% and 85% loss reduc-

tion, respectively. (Atallah et al., 1999.)  

 

Mechanical losses consist of two loss components: bearing friction and windage losses. The 

parameters that affect the bearing losses are shaft speed, bearing properties, lubricant prop-

erties and applied forces. The most common bearing type used in electrical machines is a 

single-row deep grove ball bearing. Usually the evaluation of bearing friction losses is based 

on the information provided by the manufacturer. Friction losses may be written as 

 

𝑃friction = 0.5𝛺𝜇𝐹𝐷B, (2.44) 

 

where 𝜇 is a friction coefficient, F the bearing load and 𝐷B the inner diameter of the bearings.  

The windage losses are formed as the result of the friction between the rotor surface and the 

surrounding air. The friction increases as the mechanical angular velocity of the rotor in-

creases.  
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The electromagnetic losses that are not included in previous losses are considered in addi-

tional losses. These losses are extremely difficult to calculate or to measure. IEC standard 

EN 60034-2 suggests that losses of 0.1-0.2% and 0.05-0.15% are used for salient-pole and 

non-salient-pole synchronous machines respectively. The supply current magnitude and fre-

quency increase the additional losses, but the current magnitude has a bigger impact. The 

additional losses can be divided depending on the supply current and its harmonic content. 

The first group is the additional no-load losses caused originally by the stator and rotor per-

meance variations. The second group is the additional losses caused by both the effect of the 

current linkage waveform and the machine leakage components. A small part of additional 

losses is concentrated on stator winding and the rest on rotor surface. A pulsating main flux, 

caused by for example relative motion between stator and rotor, causes additional losses. 

Skewing is another loss adding element when additional losses are considered.  

2.6 Control principles of a synchronous machine 

The selected control principle of a synchronous machine greatly affects the performance of 

the machine. Synchronous machines often cannot be connected directly to the grid, and thus 

they must be used as a part of a controlled electrical drive. Traction motors are always a part 

of a controlled electrical drive. In a modern electrical machine drive the machine can operate 

in four different quadrants, covering both torque and speed directions and each combination 

of these two. For this, advanced control principles are required. As an electrical machine 

supplied with a PWM converter is in principle always in a transient state, traditional control 

principles cannot be applied in electrical machine drives. Space-vector theory was developed 

to estimate the machine parameters in the transient state. The space vector of a three-phase 

machine can be described with two- or three-phase components. As the two-axis represen-

tation allows the control of direct and quadrature axis components separately, it is often 

preferred. 

 

The stator voltage equations can be written as per unit (pu) values in the dq-plane in these 

forms when stator resistance is considered. 

 

𝑢d = 𝑅s𝑖d − 𝜔𝐿q𝑖q (2.45) 

𝑢q = 𝑅s𝑖q + 𝜔𝐿d𝑖d + 𝜔𝛹PM (2.46) 
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𝑢s = √𝑢d
2 + 𝑢q

2 = √(𝑅s𝑖d − 𝜔𝐿q𝑖q)
2

+ (𝑅s𝑖q + 𝜔𝐿d𝑖d + 𝜔𝛹PM)
2

(2.47) 

 

In equation (2.47) the multiplication of permanent magnet flux 𝛹PM and angular velocity 𝜔 

equals to permanent magnet induced back emf 𝐸PM in stator. The d-axis current can be used 

to decrease the stator voltage in the field weakening region. In stator current control, electric 

current angle 𝛾 is used to control the d- and q-axis current. The d- and q-axis current can be 

formulated as 

 

𝑖d = 𝑖s cos 𝛾 (2.48) 

𝑖q = 𝑖s sin 𝛾. (2.49) 

 

The torque equation (2.28) can be written in dq-plane with per unit values as 

 

𝑇em = 𝑖q𝛹PM + 𝑖d𝑖q(𝐿d − 𝐿q) = 𝑖s𝛹PM sin 𝛾 − 𝑖s
2 sin 2𝛾 (

𝐿d − 𝐿q

2
) . (2.50) 

 

This equation can be used for controlling the electromagnetic torque of a machine. In a non-

salient-pole machine electromagnetic torque can be adjusted directly with the q-axis current. 

This leads to 𝑖d = 0 control method which maximizes the torque at certain current in the case 

of a non-salient-pole machine. In the case of salient-pole machine, the maximum torque per 

ampere (MTPA) control does not result in 𝑖d = 0, as the q-axis current is also used in torque 

production according to (2.50). The MTPA control strategy is often applied at lower speeds, 

when field weakening is not required. When the voltage limit is reached, field-weakening 

control or maximum torque per volt (MTPV) control strategy is used. (Pyrhönen et al., 

2016.) 

 

2.7 Performance of different stator winding topologies 

The cooling of a traction motor can be further improved with directly cooled conductors. 

The main idea is to circulate the coolant in end-turn regions and transport the cooling me-

dium axially across the machine in the cooling ducts of the conductors. As directly cooled 
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conductors are hollow or u-profiled, they require stator slots to be semi-closed or open. Ther-

mal resistance between the conductors and the cooling medium is lowered as the coolant has 

a direct contact to the conductors. According to (Reinap et al., 2019) the hydraulic diameter 

should be kept small to increase the heat transfer. The reduction in the conductor area results 

in additional losses because of increased resistance and the efficiency of the machine is 

therefore weakened. The advantage of the directly cooled conductors is that twice as high 

torque density is reachable. If the coolant is also in contact with the exterior surfaces of the 

conductors, cooling intensity can be further increased. In this case, the insulation of the con-

ductors must be improved.  The direct cooling design implemented in a traction application 

has been presented in (Lindh et al., 2018). A hybrid conductor comprising Litz wires and a 

stainless-steel coolant conduit was used in an electric bus traction motor application to eval-

uate the performance of direct cooled conductors. The design was proven to be reliable and 

extremely promising in terms of cooling capability. 

 

Machine designs with rectangular conductors for IPM and wound field synchronous ma-

chines are presented in (Popescu et al., 2018). In the study, 7.4% better starting torque, but 

21% lower maximum power has been achieved with an IPM hairpin design compared to a 

stranded winding. The efficiency of the hairpin winding is found to be lower, especially at 

frequencies higher than 267 Hz. The same stator structure has been used also in wound field 

machine comparison. Starting torque is increased by 15%, but the maximum continuous 

power is decreased by 11% when the winding is replaced with a rectangular wire winding. 

It has been summarized that a flat wire with the same copper mass and volume is only ben-

eficial at low to medium frequency range. Three different cooling methods have been also 

compared in the study. The methods are oil spray cooling, stator water spiral jacket and the 

combined cooling of these two methods. The continuous torque at standstill is increased 

approximately by 60% when the cooling method is switched from water jacket to oil spray 

cooling. The difference decreases as rotational speed increases. The combined cooling 

achieves better performance especially at high rotational speeds. Maximum continuous 

torque sees an increase of 70% compared to only water jacket cooling. There are some re-

strictions for the selection of the cooling oil; the oil used in electrical machines should have 

high electrical resistivity, high dielectric strength, low dielectric constant, and it should be 

nonflammable, nontoxic and chemically stable and inert. 
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Stator slots have to be redesigned in the case of a rectangular wire winding. A conventional 

distributed stator winding and a hairpin winding have been compared in (Du-Bar and 

Wallmark, 2018). The Joule losses of the hairpin winding are found to increase strongly 

when the frequency increases, when a four-layer hairpin winding with 2.3 mm wide and 4.1 

mm high hairpins is used. The distributed stator winding used in comparison has 56 strands 

per slot and the strands have a diameter of 0.81 mm, resulting in a copper space factor of 

0.4. Until the frequency of 240 Hz the Joule losses of the hairpin winding are close to the 

Joule losses of the random wound winding, but at higher frequencies the losses are signifi-

cantly higher in the hairpin winding. The resistance factors of different hairpin strands are 

analyzed at a frequency of 933 Hz. The resistance factors in the hairpin strands closest to 

slot opening are approximately 22 and 12, respectively, when the resistance factor in the 

strand closest to yoke is only 1.5, which still is very high from the traditional machine design 

point of view. The high resistance factor in the first two strands can be explained with a 

time-varying magnetic field that leaks across the slots inducing eddy currents in the strands. 

This phenomenon may be limited by using some empty space in the slot area close to slot 

opening. The length of the empty space should be selected depending on the desired fre-

quency to minimize the Joule losses. A wider empty space increases the Joule losses at small 

frequencies, but it reduces the increase of the Joule losses versus frequency. Introducing the 

empty space makes the total copper area smaller, also decreasing the material cost. It is sug-

gested in the paper that the classical eddy current loss components such as skin effect and 

the proximity effect might not be the main contributors for the eddy current losses in the 

hairpin windings. 

 

The winding principles for a hairpin stator winding are presented in (Berardi and Bianchi, 

2018). It is noticed that increasing the number of conductors in a slot decreases the current 

density and the additional losses in the conductors closest to the slot opening, when a 60 kW, 

four-pole, SPM machine with a four-layer hairpin winding is considered at the frequency 

range of 0-700 Hz. The width and the height of the stator slots are 3.75 mm and 22 mm 

respectively resulting in large hairpin height which definitely is a risk in machine design. 

 

Another option is to use aluminum conductors to suppress the eddy current losses. The alu-

minum conductors are placed next to the slot opening. As aluminum has higher resistivity, 

it suppresses the losses. This design is studied in (Fan et al., 2018) and according to the 
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results, a hybrid winding consisting of both copper and aluminum conductors can reduce the 

winding losses especially at high frequencies. The eddy current losses in the conductors near 

the slot opening cause a higher temperature rise in them. As a result, the temperature differ-

ence between different conductors in a slot can be over 20 ºC, according to (Islam et al., 

2010).  

 

A wound-field synchronous motor and its optimal geometry has been studied in (Park and 

Lim, 2019). It is noted that using a hairpin winding can significantly reduce the losses orig-

inated from winding resistance and magnetic flux density in stator core. 8.5% better power 

density and 8.5% smaller volume are achieved with the optimized design with a hairpin 

winding for a wound-field synchronous motor. The efficiency of the 10000 min-1 motor is 

also increased by 0.7%. 

2.8 Manufacturability of different stator winding topologies 

Four different winding technologies and their characteristics are presented in (Kampker et 

al., 2014). In the study, the winding process of a stator is divided into five steps: isolation, 

winding, connecting, impregnating and cleaning. The winding procedure is further divided 

into termination, winding, cutting and interconnection. The winding process is determined 

as the main difference between the different winding technologies. The main winding tech-

niques are linear winding technique, flyer & pull-in winding technique, needle winding tech-

nique and manual winding technique. Manual winding technique is not studied further be-

cause of its low capability to handle increasing manufacturing volumes in the field. The 

winding techniques are illustrated in Fig. 2.10. 

 

In the flyer & pull-in winding technique, the winding is first inserted on a pull-on body by a 

rotating flyer. Then, the coil is pulled and pressed into a stator. Because of this process, high 

forces are applied on the wires and the isolation. For this reason, a high enough wire thick-

ness is required in the process. The process is suitable for the winding of distributed wind-

ings, and it may be completely automated apart from the interconnections. This winding 

technology is found to be the most expensive one by a significant margin compared to the 

linear and the needle winding techniques. (Kampker et al., 2014.) 
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Fig. 2.10. Different winding techniques. (a) flyer & pull-in winding, (b) needle winding, (c) linear 

winding (Kampker et al., 2014.). 

 

In the linear winding technique, a coil is formed through the feeding of a wire to a rotating 

and linearly moving coil body. A guiding tube is used to feed the wire. The coil body can be 

for example a tooth of a segmented tooth-coil winding. The steps used in the technology can 

be summarized as termination, winding, cutting and interconnection. High process speeds 

are achievable with high rotational speeds and thin wires. The longer the stator is, the higher 

are the forces applied to the machine and the wire. This technique is suitable for concentrated 

windings and it can be partly automated. (Kampker et al., 2014.) 

 

In the needle winding technology, the wire is guided through a winding nozzle straight 

around a stator tooth. The teeth are wound one by one and the stator is rotated after a tooth 

has been wound. Another option is to use a needle system that is coupled to a coordinate 

system as then the stator core does not have to be rotated. As the winding nozzle needs some 

space to be able to operate between the teeth, some free space has to be left between coil 

sides in a double layer winding or between the coil and the next tooth in a single-layer wind-

ing. A lower space factor is therefore achieved. The process steps are the same as in the 

linear winding technology. Very slow manufacturing process is typical for the needle wind-

ing technique. The technique is suitable for concentrated windings and it may be partly or 

fully automated. (Kampker et al., 2014.) 

 

Complex winding schemes are achievable by the winding of the individual coils of a seg-

mented stator structure. In addition, this allows to use different kinds of wire geometries, 
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such as Litz wire, in the process. Because of this, higher slot space factors are achievable. 

The three main steps of a modern needle winding technique are indirect needle winding, 

pressing and assembly. (Bickel et al., 2015.) The price of the needle winding and the linear 

winding technologies are the same for mass production. In the comparison presented in 

(Kampker et al., 2014) the linear winding technology was found to be better compared to 

the other two technologies mainly because of higher efficiency and higher quality.  

 

Different manufacturing methods for a hairpin stator winding have been proposed in the 

literature. The production of the most common hairpin winding, the wave winding, includes 

nine steps, which are described next. The first step is the straightening of the wire. This 

eliminates any form errors produced in the process of making the wire. The straightening is 

done by using several rollers to improve the shape in steps to eventually meet the prescribed 

requirements. By using more rollers, the wire and its insulation experience less stress. To 

avoid springback effect, bending radii must be greater than the yield point of the material. 

After the forming, the insulation is stripped off from the wire ends. The process is necessary 

to produce high quality welding joints and avoid any welding spatter. The stripping can be 

done mechanically, chemically or by using a laser. The mechanical methods are the easiest 

ones in terms of investment and design, as they can be done manually with simple tools. 

However, the conductors can be harmed in the process. The chemical methods require strong 

chemicals and are therefore not recommended to be used. (Riedel et al., 2018.) Removing 

the insulation with a laser has been presented in (Glaessel et al., 2017). In the tests presented 

in the paper, an excellent level of insulation removal is achieved with the laser. In this 

method, the area is first scanned by the laser and then most of the insulation is burned with 

the laser. Then, the laser is used to heat up the copper wire and the remaining insulation layer 

pieces are removed by the thermal expansion of the copper wire. This process can be done 

also in the latter part of the manufacturing process. 

 

After stripping, the wire is cut by using one of the cutting methods. The wire or its insulation 

should not be damaged in the process. Also, good and constant production quality is required 

in the process. Cutting methods such as shearing, knife cutting, bite cutting, tearing, breaking 

and sawing can be used. After the wire has been cut into pieces with a certain length, the 

pieces are bent to form the hairpin shape. There are two common bending methods, com-

bined bending-die process and variable three-dimensional manufacturing process. In the 
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three-point bending, two support rollers and a bending punch is used to form a V-shaped 

hairpin. In the die bending the bending is done with V-shaped die and a bending punch. As 

a three-dimensional structure is required, also pre-bending and post-forming are necessary. 

The bending process has to be able to produce hairpins with small tolerances and constant 

properties. (Riedel et al., 2018.) The bending processes for a diamond winding with rectan-

gular wire conductors have been studied in (Ishigami et al., 2015) and it has been noted that 

there can be significant differences in the designed shape and the real shape of a hairpin. 

Based on the study, forming should be done first to radial direction and then to circumfer-

ential direction to obtain the smallest possible deviations. 

 

After bending, the bent copper wires have to be arranged. The arranging process can be 

automated, or it can be done manually. The more layers and the more different forms of 

hairpins the winding has, the more complex the arranging process is. Arranging process with 

small tolerances and zero errors is a prerequisite for the next step, which is the joining of the 

pins and the stator core. Hairpins can be inserted axially, which results in small slot openings 

and reduced flux leakage. The axial insertion of a hairpin is illustrated in Fig. 2.11. If the 

aligning has not been done accurately or if the hairpins are not within required tolerances, 

the hairpins can damage the slot insulations and the insulation of the hairpins itself can also 

be damaged in the insertion process. The insertion process can be automated or done manu-

ally. (Riedel et al., 2018.) 

 

When the hairpins have been successfully inserted into the stator core, the ends of the hair-

pins are twisted. The twisting can be done by bending the ends one by one, but this is not 

recommended because of the excessive time consumption. A better option is to twist the 

hairpin ends layerwise or all layers at once. This can be done manually or automatically. In 

the twisting process, the springback of the wire has to be taken into account. (Riedel et al., 

2018.) The springback effect has been studied in (Wirth et al., 2018) and springback levels 

between 2.8-5.2º have been measured for plunger diameters from 12 to 28 mm. The spring-

back level has a major effect on the insertion and contacting process and it has to be therefore 

considered. 
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The insulation of a hairpin winding has been studied in (Mancinelli et al., 2016). In the study, 

the hairpin winding is tested in thermal lifecycle testing with simultaneous thermal and me-

chanical stress. Turn-to-turn insulation is found to be the weakest part of the insulation sys-

tem. A suggested solution is to use wires that are insulated only on the other side of the wire 

and then to reinforce the conductor insulation in the end winding region at the same time as 

the welds are insulated. This could improve the lifetime of the insulation of a winding.  

 

Different methods for contacting process are described in (Riedel et al., 2018). In the paper, 

the laser welding is pointed out to be one of the best options for the contacting. In (Glaessel 

et al, 2017) the laser welding is further studied, and results are shown proving the method to 

be effective, when the power and the wavelength of the laser are selected properly. The 

suggested method is to use infrared solid-state laser, as it is proven to produce high quality 

joints with the best absorption coefficient. A welding time of 0.11 seconds is achieved and 

thus 120 contact points of a stator could be theoretically welded in 13.2 seconds. 

 

The other methods in consideration are hypersonic welding, resistance welding and solder-

ing. The important parameters for the contacting are the mechanical strength and the electri-

cal properties of the connection. The connection has to be able to withstand mechanical 

stresses that occur in the machine, including vibrations and forces. From the electrical stand-

point the resistance of the joint has to be small, otherwise the benefit of shorter end windings 

and larger copper area will be lost. The joining process has to be constant in quality to pro-

duce mechanically and electrically stable connections. The resulting winding after a contact-

ing process is illustrated in Fig. 2.11. After the contacting process the contact points are re-

insulated. The insulation can be done by dipping the heated contact points in a fluidized bed 

sinter bath. This forms a powder coating on the contact points. Another option is to use 

potting, where the end winding area is filled with epoxy resin. The resin provides also im-

proved heat dissipation compared to the powder coating. After the insulation process end-

of-line (EOL) testing is done ensure that the stator is properly manufactured, and that the 

insulation has not been damaged during the manufacturing process. Testing is done in ac-

cordance with ISO 60034.  
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Fig. 2.11. The axial insertion of a hairpin and the resulting wave winding after a contacting process. 

 

The manufacturing process presented above is the most common one for rectangular wire 

windings. Some alternative methods have been presented in the literature to further improve 

the process. It is not clear if these methods actually are better in terms of cost and manufac-

turability. Some of the methods are nevertheless described next.  

 

There are a couple of different processes to manufacture hairpins. One method is to use laser 

cutting tool to form hairpins from a copper plate instead of the cutting and the bending of a 

rectangular copper wire.  This process can be more accurate in the forming of the hairpin, 

but some bending is still required achieving the required hairpin form. In this case, an insu-

lation layer has to be applied on the hairpin after the forming. The powder coating method 

described above could be used, but this has not been studied any further. As it is preferable 

to have less contacting points in the end winding, lap winding formed from rectangular cop-

per wire is presented in (Ishigami et al., 2015). With this type of a winding the number of 

different coils is reduced from 14 to one and the number of terminals is reduced from 288 to 

72, in the design case. The drawback of this design is, that the wires have to be inserted 

radially to the stator slots. Because of this, the slot openings have to be wider. The wider slot 

openings cause higher cogging torque and eddy currents as a result. These effects can be 

reduced by using semi-magnetic wedges to close the stator slots. These wedges are prone to 

the forces in the machine and they can be fairly easily damaged or broken. The wedges also 
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generate some losses themselves. One design to reduce the negative effects of wide slot 

openings is to use quasi-semi-closed (QSC) slots. The idea in this design is to use multiple 

smaller slots, as then there are more open slots, but the slot openings are smaller. The benefits 

of this design and the performance of it are compared to previously described wave hairpin 

winding and lap winding in (Liu et al., 2018). The main benefits are an easier production 

process and smaller torque ripple content under load. The torque and the output power of the 

wave hairpin machine are higher in the study compared to the machine with the QSC slots. 

 

The peak output powers of the machines with rectangular wire windings presented in the 

literature are shown as a function of frequency in Fig. 2.12. The nominal values are usually 

not indicated in the studies and thus the comparison of the machines is difficult. 

 

 

Fig. 2.12. The peak output powers of machines presented in the literature as a function of fre-

quency. 

 

As it can be seen in Fig. 2.12, the peak output powers of the presented machines are in the 

range of 40 to 260 kW and the frequencies in the range of 70 to 390 Hz. This suggests that 
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the hairpin design could be beneficial in the machines with low to medium peak output 

power. The number of currently presented hairpin machine designs is quite low, but manu-

facturers are investigating the hairpin winding, as it can be seen from the large number of 

filled patents within the last ten years. Companies such as BorgWarner Inc. (formerly Remy 

Technologies), Continental AG, Daimler AG, Denso Corporation, Dr. Ing. h.c. F. Porsche 

AG, Ford Motor Company, General Motors, Hitachi Ltd., Honda Motor Co., Hyundai Motor 

Co., Lg Electronics Inc., Magna Inc., Robert Bosch GmbH, Schaeffler Technologies AG, 

Tecnomatic S.p.A., Toyota Motor Co. Ltd., Valeo Equipements Electriques Moteur, 

Volkswagen AG and ZF Friedrichshafen AG have filled patents related to hairpin windings 

(LENS). Some manufacturers and their products using a hairpin winding are listed in Table 

2.1. 

 

Table 2.1. Some manufacturers and their products using a hairpin winding. 

Manufacturer, product name Specifications 

BorgWarner HVH-series IPM motor (BorgWarner, 2019) 

Chevrolet Bolt 
IPM motor with four-layer hairpin winding (Momen 

et al., 2018) 

Chevrolet Spark 
IPM motor with six-layer hairpin winding (Momen et 

al., 2018) 

Porsche Taycan Liquid-cooled PM motor (Porsche) 

Toyota Prius 4th generation 
IPM motor with an eight-layer hairpin winding and 

oil spray cooling (Warner et al., 2017) 

Volkswagen ID.3 
PM motor with six-layer hairpin winding 

(Volkswagen, 2019) 

 

In addition to the companies listed in Table 2.1, some of the previously mentioned manufac-

turers use hairpin windings in their products, but it is difficult to find documentation about 

specific products using the hairpin technology. 

2.9 Price of different stator winding topologies 

The costs of four different winding types are studied in (Fyhr et al., 2017). It is found that 

the hairpin winding is more expensive to manufacture compared to pulled and needle wind-

ing. Segmented single tooth structure provides a price decrease of 35% compared to the 

hairpin winding when a production volume of 10000 units annually is considered. With the 
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segmented stator structure, a small price decrease is achieved. Higher copper content is 

found to be the main reason for the high price of the hairpin winding. 

 

According to the estimation presented in (Du-Bar et al., 2018), manufacturing 35 hairpin 

windings hourly with one operator per line costs 1.85 million euros. In comparison, two 

price estimations are presented for inserted winding. The estimations are for producing 4 

stators and 55 stators per hour. The price estimates for these two volumes are 920 000 euros 

and two million euros respectively. In these estimations, there are four and ten operators per 

line respectively. The price for an impregnation plant is estimated to be two million euros 

with one operator per three lines and with the capacity of producing 66 stators hourly. In 

total, when stator core production, coil winding production and impregnation production are 

considered, the cost of hairpin stator is found to be 27% lower. 

 

As it can be seen from the studies presented above, the comparison of the price of different 

stator winding topologies is quite difficult. The main advantages of the hairpin winding in 

terms of manufacturing process are that the whole process can be completely automated and 

that the process has fewer steps in total. With automation, the manufacturing time of a stator 

can be reduced. The winding process of a hairpin winding can also be done manually, but it 

should be avoided. Hairpin winding is beneficial when high volumes of similar stator struc-

tures are manufactured. Increasing the production volume reduces the unit price of a stator.  
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3 RESULTS 

3.1 Analytical analysis 

For analytical analysis an analytical model has been created with MATLAB software. The 

model includes complete machine design for specified input frequency, stator voltage and 

electromagnetic torque. The model is based on previous work by Pyrhönen, Jokinen, 

Hrabovcová, Alexandrova and Montonen published on (Pyrhönen et al., 2018). It follows 

the machine design procedure described in (Pyrhönen et al., 2008). The model has been 

originally developed for a SPM machine with a two-layer lap coil winding and open-circuit 

cooling. The design procedure has been expanded to include a wave hairpin winding. 

 

Next, the design procedure followed in the model is briefly described. The process starts 

with the dimensioning of the main dimensions: rotor volume based on tangential stress, rotor 

outer diameter, stator length, air gap length and stator inner diameter. Next, winding charac-

teristics, such as winding factor, the number of coil turns, magnetic flux density and the 

number of conductors in a slot are determined. At this point also initial value for effective 

permanent magnet width proportion is given. After this, slot dimensions are determined ac-

cording to current density constrains. Stator and rotor yoke dimensions, permanent magnet 

dimensions and magnetic voltages are calculated next. The effective permanent magnet 

width proportion is then iterated until the air gap fluxes calculated in the beginning and at 

this point are within 2 %. 

 

After the iteration is done, inductances, losses and the masses of different parts are calcu-

lated. Permanent magnet losses, iron losses, mechanical losses, Joule losses and additional 

losses are determined separately. Additional losses are chosen to be 0.5 % of output power. 

As additional losses increase as a function of frequency, they can be in reality even higher. 

The losses caused by skin effect in the stator winding are now calculated as a part of Joule 

losses and thus they do not contribute to additional losses as traditionally is the case. The 

nominal point parameters are calculated based on total losses and required input power ac-

cording to the load angle equation. These parameters are then used to determine the per unit 

values of the machine. Finally, MTPA control logic is applied and the machine parameters 

are recalculated. 
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Two different cases are now considered comparing different machine parameters, such as 

the efficiency, the resistance factor and the torque of these two machine types. The difference 

between the cases is the active length of the machine. With the shorter length, 300 Nm output 

torque is set as a target. With the longer length, the target is increased to 880 Nm. This is 

done to see the effect that the increase of output torque has to the performance difference. 

The effect of frequency on the performance difference is covered in both cases. The param-

eters for permanent magnets and electrical steel used in both cases are listed in Table 3.1. 

The type of the electrical steel is selected to be M250-35A, as this decreases the increase of 

iron losses as a function of frequency compared to thicker laminations with lower resistivity. 

As the iron losses are smaller, the Joule losses and their effect on the machine performance 

are more visible. Higher flux densities can be also selected for the iron parts of the machines 

because of the type of the steel. The parameters for the machines in the case one are listed 

in Table 3.2. The machine dimensioning in the case one is based on the rotor volume and 

tangential stress according to equation (2.27). The maximum tangential stress is selected to 

be approximately 36000 Pa. The maximum stator external diameter is selected to be 375 

mm. 

 
Table 3.1. Permanent magnet and electrical steel parameters for the machine calculation in the cases 

one and two. Magnet parameters are according to (Arnold Magnetic technologies).  

Permanent magnet type N45UH 

Remanent flux density 𝐵r[T] 1.35 

Coercivity 𝐻c [A/m] 1023000 

Electrical resistivity of the permanent magnets 𝜌PM [Ωm] 180×10-8 

Density of permanent magnet material 𝜌PM [kg/m3] 7500 

Number of permanent magnet segments 3 

Number of permanent magnet parts in axial direction 5 

Physical relative width of permanent magnets 𝛼PM 0.85 

Peak flux density 𝐵1peak [T] 1.05 

Type of electrical steel M250-35A 

Specific total loss of the electrical steel at 1.5 T and 200 Hz 𝑃15 [W/kg] 14.7 

Maximum flux density of the stator and rotor yoke 𝐵ys and 𝐵yr [T] 1.5 

Maximum flux densities of the stator tooth 𝐵ds [T] 1.6 

 

Stator slots are dimensioned to meet the selected current density in the conductors and the 

maximum flux density in the stator teeth. The thicknesses of the stator and rotor yokes are  
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Table 3.2. Machine parameters for machine calculation in case one. In the case of two values, the 

first is for the coil winding and the second for the hairpin winding. 

Target electromagnetic torque 𝑇em [Nm] 300 

Tangential stress 𝜎Ftan [Pa] 35600 

Frequency f [Hz] 120-240 

Number of pole pairs p 6 

Number of slots per pole and phase q 2 

Number of phases m 3 

Winding pitch factor 𝑊tp 1 

Number of parallel paths in stator winding a 6 / 1 

Rotor inner diameter 𝐷ri [mm] 224 

Rotor outer diameter 𝐷r [mm] 273 

Air gap length δ [mm] 2 

Stator external diameter 𝐷se [mm] ≈ 375 

Active length l [mm] 72 

Height of permanent magnets ℎPM [mm] ≈ 4.5 

Stator current density J [A/mm2] 6.0 / 5.1-6.8 

 

calculated based on the maximum allowed flux densities in them.  The cooling type is se-

lected to be water jacket cooling allowing higher current density to be used. The higher se-

lected current density increases the torque density of the machines. The slot height in the 

hairpin winding is set equal to the slot height of the coil winding. As a result, the stator 

external diameter is approximately constant in each point for both winding types. The stator 

current density of the hairpin winding is not constant, as the induced emf is not kept constant 

in varying designs. The number of winding layers in a wave hairpin winding has to be di-

visible by two, and thus only two, four, six and eight winding layers are studied. The average 

resistance factors of these two winding types in the specified frequency range with different 

number of hairpin layers are given in Fig. 3.1.  
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Fig. 3.1. Average resistance factor as a function of frequency and the number of hairpin layers for 

different machine designs, case one. Hairpin winding is presented with a colored mesh and coil wind-

ing with a black mesh. 

 

The average resistance factor depends on the conductor dimensions of stator winding. In the 

coil winding, average resistance factor remains approximately at unity, as conductor 

branches are formed from relatively thin conductors. In the hairpin winding, the average 

resistance factor varies between approximately 1 and 7.1 in the frequency range. Hairpins 

are thicker and wider and thus the difference between the average resistance factors is clearly 

visible. Using more hairpin layers reduces the average resistance factor, as then the height 

of a single hairpin is decreased. The average resistance factor increases as a function of fre-

quency because of the decreasing skin depth. The average resistance factor contributes di-

rectly to the copper losses and thus the efficiency of a machine. The copper losses and the 

efficiencies of these two winding types are compared in Fig. 3.2. MTPA control strategy is 

applied, if possible, to achieve the lowest possible copper losses. The effective value of the 

stator line-to-line voltage limit is set to 546 V, which corresponds to 700 V in the DC link 

of an inverter. In the case of an inverter with a DC link voltage of 750 V, this corresponds 

to a voltage reserve of 6.7 %. A voltage reserve is required when the load of the 
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controlled machine suddenly changes. If the stator voltage limit is exceeded, field weakening 

control strategy is selected instead. The effective value of the stator current limit is set to 

700 A. 

 

  

Fig. 3.2. Efficiency and copper losses as a function of frequency and the number of hairpin layers 

for different machine designs, case one. Hairpin winding is presented with a colored mesh and coil 

winding with a black mesh. 

 

The highest efficiency of the hairpin machine is achieved with six and eight winding layers, 

as then the copper losses are minimized. Increased space factor does not compensate the 

higher average resistance factor when a lower number of layers is used. The efficiency of 

the hairpin machine with four or more layers decreases as a function of frequency as the 

copper losses increase strongly. Other losses also increase as a function of frequency, but 

copper losses are clearly the biggest part in this case. For example, the iron losses increase 

from 400 W to 1200 W with the selected electrical steel type. It can be seen in Fig. 3.1 and 

Fig 3.2 that the average resistance factor has a major impact on the copper losses of a ma-

chine. Maximum achievable torque values within the current and voltage constrains are com-

pared in Fig. 3.3. The effect of stator current to the saturation of the iron parts of the machines 

is not taken into account as this would be difficult without FEM.  
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Fig. 3.3. Maximum torque as a function of frequency and the number of hairpin layers for different 

machine designs, case one. Hairpin winding is presented with a colored mesh and coil winding with 

a black mesh.  

 

Maximum achievable torque is calculated by using equation (2.50). The difference between 

the maximum torque values in different points is small for the coil winding, as the back emf 

is approximately constant. For the hairpin machine, the highest maximum torque is achieved 

with four and six winding layers. The highest maximum torque is achieved with these con-

figurations as the complete current reserve can be utilized for torque production while the 

emf is also relatively high. With two hairpin layers the back emf is low compared to the 

voltage limit. With eight hairpin layers the back emf is high and field weakening control 

must be used. This results in lower q-axis current and thus lower maximum torque. The same 

happens with four and six hairpin layers when the frequency increases. The interesting points 

in Fig. 3.3 are the points were the back emfs of the machine types are approximately equal. 

The difference between the maximum torques in other points is mainly because of the dif-

ferent back emfs, and thus these torques are difficult to compare. To visualize the changes 
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of the back emf, the back emfs in different points are given in Fig. 3.4. The stator voltages 

at 300 Nm torque are also given. 

 

 

Fig. 3.4. Line-to-line stator voltage and emf as a function of frequency for different machine designs, 

case one.  

 

The stator voltage has to be limited at higher frequencies when six or eight hairpin layers are 

used. When the torque is increased to the maximum value, field weakening is reached at 

lower frequencies. In the case one, the emf of the coil winding is adjusted to 450 V, which 

is 0.825 times the stator voltage limit. It is recommended that the emf of a machine is selected 

to be approximately 0.8-0.9 times the stator voltage in traction motors. This increases the 

frequency range of the machine while a relatively high maximum torque is still achieved at 

the rated point.  

 

In the case two, the target torque is increased to 880 Nm. The increase in the rotor volume 

is achieved by increasing the active length of the machines. The number of parallel paths in 

the hairpin winding is increased to two to reduce the induced emf. The machine parameters 

in the case two are listed in Table 3.3. The stator current density of the hairpin winding 

increases in the points where demagnetizing current is required. The stator current density 

of the coil winding is lower than in the case one, as the required demagnetizing current is 

lower. The average resistance factors in the specified frequency range with different number 

of hairpin layers are given in Fig. 3.5. 
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Table 3.3. Machine parameters in the case two. In the case of two values, the first is for the coil 

winding and the second for the hairpin winding. 

Target electromagnetic torque 𝑇em [Nm] 880 

Tangential stress 𝜎Ftan [Pa] 35800 

Frequency f [Hz] 120-240 

Number of pole pairs p 6 

Number of slots per pole and phase q 2 

Number of phases m 3 

Winding pitch factor 𝑊tp 1 

Number of parallel paths in stator winding a 6 / 2 

Rotor inner diameter 𝐷ri [mm] 227 

Rotor outer diameter 𝐷r [mm] 273 

Air gap length δ [mm] 2 

Stator external diameter 𝐷se [mm] ≈ 375 

Active length l [mm] 210 

Height of permanent magnets ℎPM [mm] ≈ 4.4 

Stator current density J [A/mm2] 5.7 / 4.7-9.2 

 

 

 

Fig. 3.5. Average resistance factor as a function of frequency and the number of hairpin layers for 

different machine designs, case two. Hairpin winding is presented with a colored mesh and coil 

winding with a black mesh. 
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The average resistance factors are in line with the case one, as the slot height and width are 

kept the same. More interesting parameters are now the resulting copper losses and the effi-

ciencies with the different winding types. These are compared in Fig. 3.6. 

 

 

Fig. 3.6. Efficiency and copper losses as a function of frequency and the number of hairpin layers 

for different machine designs, case two. Hairpin winding is presented with a colored mesh and coil 

winding with a black mesh. 

 

As the stator current is higher in case two, the copper losses of the machines are also higher. 

This makes the loss difference even bigger at the higher frequencies. The average resistance 

factor is even more important parameter in the machines of this size. The achievable maxi-

mum torques in different points are given in Fig. 3.7. The achievable maximum torques are 

in line with the torques at the case one. The coil winding produces now higher maximum 

torques, as more q-axis current can be used without exceeding the stator voltage limit. The 

increase of the stator voltage is slower as the inductances of the machine are lower. The 

maximum torques of the machines are approximately equal when the back emfs of the ma-

chine types are equal. The higher achievable maximum torques at the lower frequencies are 

therefore a result of higher permitted q-axis current. The induced back emfs and the stator 

voltages of the different machine types at 880 Nm torque are compared in Fig. 3.8. The 

copper losses start to increase strongly at the point where line-to-line voltage has reached 

the voltage limit, as demagnetizing current is then required. 
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Fig. 3.7. Maximum torque as a function of frequency and the number of hairpin layers for different 

machine designs, case two. Hairpin winding is presented with a colored mesh and coil winding with 

a black mesh. 

 

 

Fig. 3.8. Line-to-line stator voltage and emf as a function of frequency for different machine designs, 

case two.  

 

To compare actual machines at a complete operating frequency range, two machines are 

calculated with the MATLAB model and their efficiency maps and torque curves are plotted. 
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The dimensions of the machines are selected to be as in the case two, but the number of 

parallel paths is increased to four in the hairpin machine. Eight hairpin layers are used to 

achieve the lowest possible resistance factor. The induced emfs of the machines are adjusted 

to be approximately equal. Mechanical losses are assumed to increase linearly as a function 

of mechanical angular speed. Iron losses are calculated based on the specific total loss of the 

electrical steel. Copper losses and additional losses are calculated based on the current and 

output power in each point. Inductance saturation is analyzed with FEA and machine param-

eters are adjusted accordingly. MTPA control strategy is applied at lower speeds and the 

same limits are used as in the cases one and two. The machine parameters are shown in Table 

3.4. The calculated masses of the different parts of the machines are listed in Table 3.5. 

 
Table 3.4. Machine parameters in operational point comparison. 

Target electromagnetic torque 𝑇em [Nm] 880 

Tangential stress 𝜎Ftan [Pa] 35800 

Nominal frequency 𝑓n [Hz] 230 

Number of pole pairs p 6 

Number of slots per pole and phase q 2 

Number of phases m 3 

Winding pitch factor 𝑊tp 1 

Number of parallel branches in stator winding a 6 / 4 

Number of winding layers 𝑛w 2 / 8 

Number of conductors in a slot 𝑧Q 12 / 8 

Rotor inner diameter 𝐷ri [mm] 227 

Rotor outer diameter 𝐷r [mm] 273 

Air gap length 𝛿 [mm] 2 

Stator external diameter 𝐷se [mm] 375 

Active length l [mm] 210 

Height of permanent magnets ℎPM [mm] 4.4 

Stator current density J [A/mm2] 5.7 / 5.5 

Hairpin conductor height ℎHP [mm] 3.2 

Hairpin conductor width 𝑏HP [mm] 4.4 

Copper space factor 𝑘Cu 0.5 / 0.67 
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Table 3.5. The masses of different machine parts. 

Mass of copper 𝑚Cu [kg] 32.8 / 36.1 

Mass of teeth 𝑚d [kg] 25.7 / 29.7 

Mass of stator yoke 𝑚ys [kg] 29.3 / 29.3 

Mass of rotor yoke 𝑚yr [kg] 22.0 / 22.4 

Mass of permanent magnets 𝑚PM [kg] 4.9 / 4.9 

Total mass 𝑚tot [kg] 114.9 / 122.5 

 

It can be seen in Table 3.5 that the hairpin machine has a higher amount of copper in the 

stator winding, but also the stator teeth are thicker. As a result, the total mass of the hairpin 

machine is 7.6 kg higher. This also increases the cost of the materials compared to the ma-

chine with the coil winding. The difference between the copper masses is smaller than the 

difference between space factors, as the cross-sectional area of the slots is different. The 

selected slot geometries are compared in Fig. 3.9. 

 

 

Fig. 3.9. The slot geometries of the coil winding and hairpin winding. The cross-sectional area of the 

hairpin slot is smaller, but the copper space factor is higher. In total, the cross-sectional area of the 

copper is slightly higher in the hairpin slot. 
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As the DC phase resistance of the hairpin machine is slightly lower, the copper losses of the 

hairpin machine are lower at lower frequencies. This can be seen in Fig. 3.10.  

    

Fig. 3.10. Copper losses as a function of frequency for the two machine designs in different opera-

tional points. On the left side is the coil winding and on the right side the hairpin winding. 

 

The copper losses of the hairpin machine increase faster as a function of frequency compared 

to the machine with the coil winding. This directly translates to lower efficiency at higher 

frequencies, which can be seen in Fig. 3.11. The main reason for the higher copper losses is 

the higher average resistance factor. The average resistance factor of the hairpin winding is 

2.2 at the frequency of 460 Hz. 

  

Fig. 3.11. Maximum torque and efficiency as a function of frequency for the two machine designs in 

different operational points. On the left side is the coil winding and on the right the hairpin winding. 

 

The saturation of the direct axis inductance of the machine with the coil winding is analyzed 

with FEM. 12 % lower direct axis inductance is obtained with maximum stator current com-

pared to the nominal current situation. The saturation is visible at stator currents higher than 

490 A. Cross-saturation is not analyzed. The iron circuit of the hairpin machine saturates 
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less due to the higher average tooth width of the stator. The saturation of the hairpin machine 

is estimated to be 9.5 % at the maximum stator current based on FEA results. The torque 

values in Fig. 3.10 and Fig. 3.11 have been adjusted according to these results.  

 

For these machine parameters the developed MATLAB model suggests that the hairpin 

winding with eight winding layers produces a worse efficiency in most of the operational 

points. The maximum torque achieved with the coil winding is approximately 1830 Nm until 

the frequency of 220 Hz is reached. For the hairpin machine the torque at constant torque 

region is 1880 Nm. The difference between the maximum torques remains approximately 

the same for the whole frequency range.  

 

In addition to the analytical electromagnetic analysis, also analytical thermal analysis is con-

ducted to the machines described in Table 3.4. The thermal analysis is based on (Nerg et al., 

2008.) The coolant flow is set to 20 l/min. The machine losses obtained in the previous 

analysis are used. According to the thermal analysis the hottest spots in the machines are the 

end windings of the machines. Estimated temperatures are listed in Table 3.6. 

 

Table 3.6. The temperatures of different machine parts. 

 Coil winding Hairpin winding 

Stator yoke [ºC] 74 81 

Stator teeth [ºC] 89 99 

Stator winding inside slot [ºC] 116 143 

Front end winding [ºC] 133 170 

Back end winding [ºC] 133 170 

Rotor surface [ºC] 98 123 

 

According to the thermal analysis continuous torque of 1100 Nm could be reached with the 

coil winding with the same temperature rise as in the hairpin winding at the nominal fre-

quency. This equals to an increase of 25 %. At the lower frequencies the difference is smaller 

and at the higher frequencies bigger, as the winding temperatures depend by far most on the 

copper losses. The continuous performance of the hairpin winding is therefore weaker than 

the continuous performance of the coil winding. Even though the good peak performance of 

the hairpin winding is highlighted in many papers, the difference between the copper losses 
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removes the benefit of the higher copper content. Of course, the dimensions and the operat-

ing frequencies of the machine have a major impact on these aspects as well. 

3.2 Finite element analysis 

The machine parameters obtained from the analytical analysis are recalculated with FEM. 

ANSYS Maxwell software is used in the analysis. Torque values at different frequencies, 

electromotive forces and nominal currents are compared in Table 3.7. 

 

Table 3.7. The comparison of torque, current and emf values calculated with analytical and numeri-

cal methods. 

 Coil winding, 

analytical 

Coil winding, 

numerical 

Hairpin,  

analytical 

Hairpin,  

numerical 

Back electromotive 

force E [V] 
417 413 417 414 

Maximum torque 𝑇max 

at 10 Hz [Nm] 
1830 1830 1880 1880 

Maximum torque 𝑇max 

at 100 Hz [Nm] 
1830 1830 1880 1880 

Maximum torque 𝑇max 

at 230 Hz [Nm] 
1810 1815 1880 1880 

Maximum torque 𝑇max 

at 340 Hz [Nm] 
1590 1660 1640 1660 

Maximum torque 𝑇max 

at 450 Hz [Nm] 
1320 1350 1370 1270 

Nominal current 𝐼N 

[A] 
299 307 312 305 

 

As the results of the finite element saturation analysis have been used in analytical analysis, 

the torque values in the constant torque region are approximately equal. The torque values 

in field weakening region have some error. The highest error in torque, 7.8 %, is found at 

450 Hz frequency. Without the saturation analysis the torque values would have much higher 

errors. The numerical analysis estimates 1 % lower electromotive force, which is acceptable. 

The difference between the nominal currents obtained with different methods is less than 2.5 

%. The difference is mainly because of the difference in the back emf. The cogging torques 

of the machines are evaluated with FEM. the results are shown in Fig. 3.12. 
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Fig. 3.12. The cogging torque analysis. On the left side is the coil winding and on the right side the 

hairpin winding.  

 

The difference between the cogging torques of the machines is minimal. Both machines pro-

duce approximately 30 Nm peak-to-peak cogging torque, which is approximately 3.4 % of 

the nominal torque. The rotors of both machines are skewed by one slot pitch, which reduces 

the cogging torque.  

 

The loss components and the total losses of the machines calculated with the MATLAB 

model and with FEM are compared in Table 3.8. As the iron losses in analytical model are 

based on the loss density of the selected electrical steel type at 200 Hz and 1.5 T, the calcu-

lated iron losses are accurate. The iron losses are assumed to be proportional to the square 

of the load current and to the power of 1.5 of the frequency. The conductors in the analytical 

model are not affected by the time-varying magnetic field leaking across the slots. This re-

duces the copper losses in the analytical model. Permanent magnet losses are analyzed three-

dimensionally, as the magnets are split in both directions. The magnet splitting reduces the 

resulting eddy currents, as illustrated in Fig. 3.13. The magnet losses are assumed to be equal 

for both machines based on the analytical analysis, and thus the magnet losses are analyzed 

only for the coil winding to reduce the computing time. Analytically calculated mechanical 

losses and no additional losses are used in the total loss and efficiency calculation of the 

numerical analysis. According to the numerical analysis, the efficiency of the machine with 

the coil winding is 97.7 %, while the efficiency of the machine with the hairpin winding is 

96.6 %. The differences between the efficiencies calculated with the analytical and numeri-

cal method are 0.4 and 0.2 percentage points respectively. Because of this, the analytically 

calculated efficiencies are assumed to be accurate. 
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Table 3.8. Machine losses calculated with analytical and numerical methods at the nominal torque 

with MTPA control strategy. 

 Coil winding, 

analytical 

Coil winding, 

numerical 

Hairpin, 

analytical 

Hairpin, 

numerical 

Copper losses 𝑃Cu  [W] 2269 2403 3318 4719 

Iron losses 𝑃Fe [W] 1609 1520 1604 1520 

Mechanical losses 𝑃ρ [W] 748 - 748 - 

PM losses 𝑃PM [W] 198 317 198 317 

Additional losses 𝑃ad [W] 1078 0 1078 0 

Total losses 𝑃tot [W] 5902 4988 6946 7304 

Efficiency 𝜂 [%] 97.3 97.7 96.8 96.6 

 

 

Fig. 3.13. The resulting eddy currents in a surface permanent magnet when the magnet is split in 

axial and radial directions. The machine dimensions are as described in Table 3.4. 

 

When the numerically calculated losses are compared, the only difference is the copper 

losses. The difference between the copper losses is even bigger in the numerical analysis 

compared to the analytical analysis. Transient simulation method has been used to determine 

the copper losses in the numerical analysis. The method estimated a resistance factor of 2.3 

for the hairpin winding at the nominal frequency. The resistance factors obtained from the 

analytical and numerical analyses are compared in Fig. 3.14. According to this comparison, 
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the analytical model underestimates the resistance factor by a factor of 1.6. This difference 

is compensated with the additional losses in the analytical analysis. 

 

Fig. 3.14. The resistance factors obtained from the analytical and numerical analyses as a function 

of frequency. 

 

As an option for full copper winding, also previously described hybrid winding with pressed 

aluminum coil next to the slot opening is analyzed. Current density distribution in a full 

copper stator winding and in an aluminum-copper hybrid stator winding are analyzed and 

compared. The current density distribution in full copper winding is shown in Fig. 3.15.  
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Fig. 3.15. The current density distribution in an aluminum-copper hybrid stator winding and in a 

full copper stator winding. 

 

In a hairpin winding with eight layers the hybrid winding provides better current density 

distribution, but only in the layers with the aluminum conductors. The current density dis-

tribution in other layers is not affected significantly. The difference in the copper losses is 

approximately 5 %, and thus the hybrid winding improves the efficiency of the machine 

slightly. The complexity of the manufacturing is increased with the hybrid winding, but at 

the same time the material price is lowered. Because of the increased manufacturing diffi-

culty, the copper winding is the preferable option in this case. 

3.3 Optimal slot and conductor shape for hairpin winding 

The optimal slot shape for a hairpin winding in the analytical model depends on the used 

model to approximate skin effect and proximity effect. In the analytical solution the equation 

(2.40) is used to estimate the average resistance factor of the winding. The model was orig-

inally presented by P.L. Dowell in (Dowell, 1966) for eddy current analysis in transformer 

windings, but it has also been applied to the windings of electrical machines. The accuracy 

of the Dowell’s model in the electrical machines has been studied for example in (Hämä-

läinen et al., 2013). It was noted in the study that in a single-layer form-wound winding 

Dowell’s model overestimates the resistance factor, but in the case of twisted end windings 

the error is lower.  
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 The slot dimensions are limited by the maximum tolerated magnetic flux density in the 

stator teeth and in the stator yoke. When a square slot is used, the stator tooth width is not 

constant and therefore the resulting magnetic flux density is highest next to slot key. The 

selected magnetic flux density in the air gap affects the dimensions of the stator. The mag-

netic flux density in the stator of a coil winding and in the stator of a hairpin winding are 

illustrated in Fig. 3.16.  

 

        

Fig. 3.16. An example of magnetic flux density distribution in the stator of a coil winding and in the 

stator of a hairpin winding. 

 

The slot height is limited by the magnetic flux density of the stator yoke and the diameter of 

the machine. Using a higher slot results in higher conductors, which increases the resistance 

factor. The higher conductors have a smaller surface facing each other. As the current is 

forced to these surfaces through proximity and skin effects, the effective cross-sectional area 

is further reduced. This can be seen especially in the current density distribution of the con-

ductors close to the air gap. The current density distribution in the conductors at the fre-

quency of 450 Hz is illustrated in Fig. 3.17.  
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Fig. 3.17. The current density distribution in a full copper stator winding at the frequency of 450 Hz. 

The current density distribution is heavily uniform, and the current is concentrated on the surfaces 

near the slot opening. The closer the air gap is to a conductor, the stronger is the influence of it. 

 

As using wider slots and conductors results in a smaller diameter of the machine and a 

smaller resistance factor of the winding, it should be preferred. The limiting factor for the 

slot width is the magnetic flux density in the stator teeth. As the flux density is not uniform 

in the tooth of a hairpin stator, the stator teeth saturate gradually when the flux density in-

creases. Because of this, the dimensioning of the width of the stator teeth is more complex. 

In this thesis, the width of the stator teeth has been selected according to the maximum flux 

density of the teeth. The dimensioning could be also done for example according to the av-

erage flux density of the teeth, which results in higher saturation levels in the narrower parts 

of the teeth. This way the cross-sectional area of the conductors can be increased and corre-

spondingly the DC resistance of the conductors is reduced. At higher frequencies, the im-

proved DC resistance does not translate to an improved AC resistance, as the resistance fac-

tor is higher. The higher flux density in the stator teeth also increases the iron losses of the 

stator and reduces the achievable maximum torque because of the saturation. 

 

Using a hairpin winding allows the slot opening dimensions to be smaller. In addition, the 

slot wedges are not always necessary. By optimizing the slot opening dimensions, the copper 

losses and the torque ripple of a hairpin motor can be greatly reduced. The resistance factor 

of a hairpin winding with different slot dimensions are illustrated in Fig. 3.18. The peak-to-
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peak torque ripples of a hairpin motor with different slot dimensions are illustrated in Fig. 

3.19. The output torques of a hairpin motor with different slot dimensions are illustrated in 

Fig. 3.20. A rectangular slot illustrated in Fig. 3.21 has been used in the comparisons. By 

using small slot opening width and high slot opening height, the torque ripple and resistance 

factor can be minimized. This, however, reduces the output torque by a few percent. 

 

 

Fig. 3.18. The impact of the slot dimensions on the resistance factor of a hairpin winding. 
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Fig. 3.19. The impact of the slot dimensions on the peak-to-peak torque ripple of a hairpin motor. 

 

 

Fig. 3.20. The impact of the slot dimensions on the output torque of a hairpin motor. 
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The selected insulation method for the slot and for the conductors inside the slot affects the 

achievable copper space factor. If the hairpins themselves are insulated and there are only 

conductors from a same phase in a slot, a mainwall insulation layer is needed only between 

the conductors and the stator core. Otherwise an extra insulation layer between the conduc-

tors is also required. S- and B-shaped slot insulations can be used if also the conductors 

themselves have to be insulated. If an insulation layer is required only between the conduc-

tors and the core, a two-piece U-shaped slot insulation improves the copper space factor 

compared to the other two options. These slot insulation methods are illustrated in Fig. 3.21. 

 

 

Fig. 3.21. Insulation methods for a hairpin winding. (a) a B-shaped slot insulation (Momen et al., 

2018), (b) S-shaped slot insulation (Guercioni, 2010) and (c) U-shaped slot insulation (Momen et al., 

2018). 

 

To achieve the highest possible copper space factor, rectangular conductors should be used 

in combination with rectangular slots. Sharp edges should be avoided, as the electric field 

density is higher at sharp edges, causing a faster degradation of the insulation. Thermal re-

sistance between the winding and the stator core is reduced when the space factor is in-

creased. As a result, the achievable current density of the winding is improved. 

3.4 Design principles for hairpin winding 

The design principles for a hairpin winding are considerably different compared to the design 

principles of a random wound winding. The number of winding layers plays a major role in 
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the characteristics of a hairpin machine. One limiting factor considering the number of wind-

ing layers is the increasing manufacturing difficulty. The upper limit of the hairpin winding 

layers should be set to eight, as with eight layers good performance can be achieved in com-

bination with a feasible manufacturing process. If the designed machine is operated at lower 

frequencies, a lower number of winding layers should be selected. The electromagnetic de-

sign of the machine has to be always considered when the number of winding layers is se-

lected. The number of winding turns in series naturally affects the induced electromotive 

force, and thus every case has to be studied independently. 

 

A hairpin winding can be formed as a single-layer winding, but because of the resulting large 

cross-sectional area of the conductor this option is not further covered. The winding principle 

of a multi-layer hairpin stator is studied in (Berardi and Bianchi, 2018). A multi-layer hairpin 

winding consists of a number of winding layers that is divisible by two. First, a basic hairpin 

winding pattern without parallel paths is covered. 

 

Let us now consider a hairpin winding with one parallel path per pole and phase, two pole 

pairs, no parallel paths and four rectangular wires per slot. The coil starts from the back side 

of the slot number one, from the closest winding layer to the slot bottom. This point is illus-

trated in Fig. 3.22 with U1. It goes through the slot one and moves then a number of slots 

according coil pitch. The coil pitch is equal to the number of phases m times the number of 

slots per pole and phase q. As the coil moves to slot number 1+qm, it moves to the next 

winding layer. The coil moves then through the stator to the back side. This forms the basic 

hairpin form, which is used in every slot to fill the stator. The pins are inserted such that they 

are between layers one and two, three and four and so on. To form a complete winding from 

inserted hairpins, special back connections have to be formed. (Berardi and Bianchi, 2018.)  

 

After the coil has covered the hairpin shape, back connection is formed such that the same 

coil pitch is achieved, and the coil is moved back to the first layer. The resulting slot number 

is now 1+2qm. The coil moves then symmetrically until a complete rotation is done. This 

point is marked with U2 in Fig. 3.22. The next coil starts at the second layer of the first slot. 

This point is marked with U3. The winding direction is now the opposite compared to the 

first coil. The second coil is formed similarly as the first coil, and the end point is marked 

with U4. The same winding principle is then used to form two coils, U5-U6 and U7-U8, to 
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the next two winding layers. The layer pairs are then connected with two special back con-

nections. The first connection is made between the points U3 and U8 and the second con-

nection between the points U2 and U5. Then, a special back connection is used to connect 

the ending point of the third coil, U6, to the start point of the fourth coil, U7. In this connec-

tion, the coil pitch is kept the same, but the winding layer is not changed. This connection 

has to be done with a jumper, as otherwise it would collide with other coils.  In total, three 

different back connections are required in this case. (Berardi and Bianchi, 2018.) The com-

plete winding diagram of this winding has been given in Fig. 3.22. After the connections 

between the coils are done, the resulting winding has two terminals, U1 and U4. 

 

A completely series connected phase winding is always possible. If parallel paths are used, 

the winding scheme becomes more complex. To fulfill voltage and current distribution con-

strains, two conditions have to be satisfied. 1) The wires belonging to the same elementary 

winding have to cover all winding layers, and 2) they have to cover all the slots per pole and 

phase. The second condition can be met on any winding layer. Because of the second con-

dition, another special back connection is introduced if there is more than one slot per pole 

and phase. In this connection, the coil pitch is increased by one slot pitch to move to the 

second slot of the pole. Different hairpin connections are illustrated in Fig. 3.23. (Berardi 

and Bianchi, 2018.) 
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Fig. 3.22. The winding diagram of one phase of a three-phase, four-pole, four-layer, hairpin wave 

winding with one slot per pole and phase (Berardi and Bianchi, 2018.). Every third slot is drawn, as 

the coil pitch is now three. There are four coil paths, which are U1-U2, U3-U4, U5-U6 and U7-U8. 

Back end windings are marked with dotted lines. 

 

The number of parallel paths is limited in the hairpin winding. The maximum number of 

parallel paths 𝑎 is defined as 

 

𝑎 =
2𝑝𝑛w𝑞

2𝑁sct
, (3.1) 

 

where 𝑛w is the number of winding layers and 𝑁sct is the minimum number of series con-

nected turns. The minimum number of series connected turns is defined as 

 

𝑁sct = LCM {
𝑛w

2
𝑝, 𝑞} , (3.2) 

 

where LCM means least common multiple. If the elementary winding is split into two sub-

elementary windings, the maximum number of parallel paths can be increased by a factor of 

two. This results in even more complex winding scheme. (Berardi and Bianchi, 2018.)  
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Fig. 3.23. Different hairpin connections in the case of two slots per pole and phase and four winding 

layers. The slots are from the same phase, but from three different zones. (A) is basic front connec-

tion, (B) is the back connection used to move to the second slot of a pole, (C) is the back connection 

used to change the layer and the slot of a pole, (D) is the basic back connection and (E) is the con-

nection used to change the layer if the coil pitch is kept equal. (Berardi and Bianchi, 2018). 

 

Short pitching can be also applied in a hairpin winding. In (Berardi and Bianchi, 2018) the 

short pitching is done when the coil moves from the first winding layer pair to the second 

pair. This short-pitching option is possible, when there is equal number of winding layer 

pairs, as the short pitching is done generally in the point where there are equal number of 

winding layer pairs on each side of the short-pitching layer. The other option is to shorten 

the coil pitch of the hairpins by one slot pitch and lengthen the coil pitch of the back con-

nections by one slot pitch. This type of short pitching is given in (Cai et al., 2014). This 

results in a typical multi-layer winding scheme, where the conductors in the second winding 

layer are shifted by one slot pitch compared to the first layer. This short-pitching option is 

illustrated in Fig. 3.24. 
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Fig. 3.24. Coil distributions in a short-pitched wave winding (a) and in a full-pitch wave winding 

(b). Two coils are illustrated from the same phase winding (Cai et al., 2014). 

 

This method requires unequal length legs to be used in the hairpins. In the case of a winding 

with multiple winding layer pairs the welding points of the hairpins can be unaligned by 

switching the lengths of the legs in every other layer pair. This results in longer distances 

between the welding points and thus the thickness of the insulation layer of the hairpin weld-

ing points can be reduced (Leonardi and Liang, 2018). The resulting conductor placements 

in different short-pitching options are illustrated in Fig. 3.25. 
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Fig. 3.25. Resulting conductor placements in different short-pitching options of a hairpin winding 

with q = 2, m = 3, p = 6 and 𝑛w = 8. (a) full-pitch winding, (b) short-pitched winding using the 

method presented in (Berardi and Bianchi, 2018), (c) short-pitched winding using the method pre-

sented in (Cai et al., 2014), (d) optional method for applying the short-pitching method presented in 

(Berardi and Bianchi, 2018). Colors yellow, blue and red refer to phases U, V and W respectively. 

 

As the hairpin cross-section has to be increased as the nominal output power is increased, 

the resistance factor is also increased causing proportionally higher copper losses. This is 

another limiting factor for the hairpin machines. To illustrate this, the copper losses of a lap 

coil winding and a wave hairpin winding are compared on power-frequency plane. The cal-
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culation is based on the model presented in Chapter 3.1. The current density of the conduc-

tors is set to 5.5 A/mm2 and the emfs are set to be equal in every point. The number of hairpin 

layers is set to eight and the number of parallel paths in the hairpin winding is set to four. In 

the coil winding, the number of parallel paths is six. The comparison of the copper losses is 

shown in Fig. 3.26. The other losses are not considered in this comparison, as they do not 

have a remarkable impact on the efficiency difference as described in Chapter 3.2. 

 

 

Fig. 3.26. The copper losses of a lap coil winding and a wave hairpin winding as a function of fre-

quency and output power. The hairpin winding has eight winding layers. The hairpin winding is 

presented with a colored mesh and the coil winding with a black mesh. 

 

As it can be seen in the figure, the hairpin winding produces slightly better efficiency at low 

frequencies and high output powers and at high frequencies and low output powers. At high 

frequencies and high output powers the coil winding is superior to the hairpin winding in 

terms of achievable efficiency.   
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4 CONCLUSION 

 

The properties of hairpin windings have been compared to the properties of traditional coil 

windings. It has been noted that the hairpin winding produces better efficiency when the 

frequency or the output power of the machine is low, and the amount of copper used in the 

slots is higher than in case of using round enameled wires. In traction motors, the hairpin 

winding can be preferred when the output power of the motor is low. Otherwise, a traditional 

coil winding produces better efficiency. The main difference in terms of efficiency is pro-

duced by the copper losses. Even though the cross-sectional area of a conductor is increased 

in the hairpin winding, the higher resistance factor results in higher copper losses. 

 

Increasing the width of the hairpin slot and therefore narrowing the teeth over the flux den-

sity limit has not been studied in this thesis. By allowing higher flux densities in some parts 

of the stator teeth, wider conductors and thus a lower DC resistance could be achieved. With 

an optimized slot width, higher efficiency could be achieved. Because of the AC resistance 

factor, the efficiency improvement occurs only at low frequencies. Implementing direct cool-

ing to the stator winding is another interesting topic for the hairpin windings which has not 

been covered in this thesis. 

 

The manufacturability of a traction motor increases as a hairpin winding is used instead of a 

lap coil winding. As the manufacturing of the hairpin windings requires high investments, 

the winding type should be selected when high volumes of the same stator structures are 

manufactured. Otherwise the hairpin winding is not an optimal choice in terms of payback 

time. The cost comparison for different stator manufacturing methods should be improved 

as the manufacturing methods are developing continuously. The scalability of the hairpin 

winding machinery is also a subject that has not been covered in this thesis.  

 

To find the optimal winding topology for a traction motor, tooth-coil windings should be 

compared to the lap coil windings and the hairpin windings. The tooth-coil winding is the 

other promising winding topology, and when a segmented stator structure is used, a good 

manufacturability can be achieved.
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APPENDIX 1.  MATLAB model used in analytical analysis 

 

The whole analytical model is not covered in the appendix 1 as the main principles of the 

designing process of an electrical machine have already been covered in the section 2.  

 

Calculation of the magnetic voltage of the stator tooth for the hairpin windings. The tooth is 

segmented as the width of the tooth is not constant. 

% Calculating new apparent flux density 
for ii = 1:1000 % 1000 calculation segments 

b_d_HP_step(ii) = b_d_HP+(b_d_HP_max-b_d_HP)/1000*ii; %m width of 

the tooth 
B_dapp_HP_vect(ii) = (l_eq.*t_u.*B_max_HP)/(k_Fe*(l-

n_v*b_v)*b_d_HP_step(ii)); %T apparent flux density in the stator 

tooth 
end 

             
for ii=1:length(B) % resulting magnetic field strength 
      for jj = 1:length(B_dapp_HP_vect) 
       B_dapp_HP = B_dapp_HP_vect(jj); 
            if B_dapp_HP >= B(ii) && B_dapp_HP < B(ii+1) 

H_ed_HP_vect(jj) = H(ii)+abs(H(ii)-H(ii+1))/(abs(B(ii)-

B(ii+1)))*(B_dapp_HP-B(ii)); %A/m linear approximation 
            end 

end 
end 

             
for ii = 1:length(H_ed_HP_vect) % resulting magnetic flux density 

B_d_HP(ii) = B_dapp_HP_vect(ii)-

((l_eq*t_u)/(k_Fe*l*b_d_HP_step(ii))-1)*mu_0*H_ed_HP_vect(ii); %T 

average magnetic flux density in hairpin tooth 
end 

             
for ii=1:length(B) % resulting magnetic field strength 

for jj = 1:length(B_dapp_HP_vect) 
       if B_d_HP(jj) >= B(ii) && B_d_HP(jj) < B(ii+1) 

H_d_HP_vect(jj) = H(ii)+abs(H(ii)-H(ii+1))/(abs(B(ii)-

B(ii+1)))*(B_d_HP(jj)-B(ii)); %A/m linear approx. 
            end 
      end 
end 

             
% Magnetic voltage of the tooth 
U_mds_HP = 0; 
for ii = 1:length(H_d_HP_vect) 

U_mds_HP_vect(ii) = 

H_d_HP_vect(ii)*(h_3_HP+h_4_HP)/length(H_d_HP_vect); %A 
      U_mds_HP = U_mds_HP + U_mds_HP_vect(ii); 
end 

           (contin-

ues) 



 

 

 

 

APPENDIX 1. (continues) 

The calculation of permeance factor for both windings. 

% Permeance factors 
D_wire = 0.95*10^-3; %m wire diameter 
xi_perm = h_4*sqrt(0.5*2*pi*f*(1/rho)*mu_0*(D_wire/2)/b_4); % reduced 

conductor height 
phi_perm = 3/(2*xi_perm)*(sinh(2.*xi_perm)-

sin(2.*xi_perm))/(cosh(2.*xi_perm)-cos(2.*xi_perm)); % factor for k_L 
psi_perm = 

1/xi_perm*(sinh(xi_perm)+sin(xi_perm))/(cosh(xi_perm)+cos(xi_perm)); % 

factor for k_L 
h_w_ratio = h_4/(b_4c+b_5c)/2; % height-width ratio 
z_Q_so = sqrt(z_Q)*h_w_ratio; % the approximate number of conductors in 

slot opening direction 
k_L_avg = 1/((z_Q_so)^2)*phi_perm+(z_Q_so^2-1)/z_Q_so^2*phi_perm; % per-

meance factor, random wound 

         
xi_perm_HP = h_4_HP*sqrt(0.5*2*pi*f*(1/rho)*mu_0*b_HP/b_5_HP); % reduced 

conductor height 
phi_perm_HP = 3/(2*xi_perm_HP)*(sinh(2*xi_perm_HP)-

sin(2*xi_perm_HP))/(cosh(2.*xi_perm_HP)-cos(2*xi_perm_HP)); % factor for 

k_L 
psi_perm_HP = 

1/xi_perm_HP*(sinh(xi_perm_HP)+sin(xi_perm_HP))/(cosh(xi_perm_HP)+cos(xi_

perm_HP)); % factor for k_L 
k_L_avg_HP = 1/N_i*phi_perm_HP+(N_i^2-1)/N_i^2*psi_perm_HP; % permeance 

factor for hairpin 

         

The calculation of resistance factor for both windings. 

% Resistance factors for random wound and hairpin winding 
xi_i = D_wire/2*sqrt(0.5*2*pi*f*(1/rho)*mu_0*(D_wire/2)/b_4); % reduced 

conductor height 
phi_i = xi_i.*(sinh(2*xi_i)+sin(2*xi_i))/(cosh(2*xi_i)-cos(2*xi_i)); % 

factor for k_R 
psi_i = 2*xi_i*(sinh(xi_i)-sin(xi_i))/(cosh(xi_i)+cos(xi_i)); % factor 

for k_R 
k_R_avg = phi_i+0.59*(z_Q_so^2-1)/3*psi_i; % resistance factor 

         
xi_i_HP = S_cs_HP/b_HP*sqrt(0.5*2*pi*f*(1/rho)*mu_0*b_HP/b_5_HP); % re-

duced conductor height 
phi_i_HP = xi_i_HP*(sinh(2*xi_i_HP)+sin(2*xi_i_HP))/(cosh(2*xi_i_HP)-

cos(2*xi_i_HP)); % factor for k_R 
psi_i_HP = 2*xi_i_HP*(sinh(xi_i_HP)-

sin(xi_i_HP))/(cosh(xi_i_HP)+cos(xi_i_HP)); % factor for k_R 
k_R_avg_HP = phi_i_HP+(N_i^2-1)/3*psi_i_HP; % resistance factor for hair-

pin 

 

 

 

 

 

           (contin-

ues) 



 

 

 

 

APPENDIX 1. (continues) 

MTPA and field weakening control logic for lap wound windings. 

% Calculating the nominal torque values, MTPA+fw control 
I_d = 0; %A starting from zero demagnetization 
I_q = 0; %A 
T = 0; %Nm 
while T<T_req %Nm 

I_q = I_q + 0.0001; %A 
P = m*I_q*E_PM1; %W mechanical power and other than copper losses 

P_ex = 0.005*P; %W 0.5% additional losses 
I_s = I_q; %A stator current 
P_Cu = 3*I_s^2*R*k_R_avg; %W copper losses 

      P_loss = P_Fe+P_Cu+P_rhoo+P_radial_PM_losses+P_ex; %W total losses 
      P_in = P + P_Cu; %W input power 

T = (P-P_Fe-P_rhoo-P_radial_PM_losses-P_ex)/(2*pi*n); %Nm electro-

magnetic torque without losses 
end 

 
% stator voltage in volts 
U_s = sqrt((R*k_R_avg*I_d-X_q*I_q)^2+(R*k_R_avg*I_q+E_PM1+X_d*I_d)^2);         
while U_s>U_max % operating below the maximum voltage 

if I_d <= 0 && I_d > (-E_PM1-R*k_R_avg*I_q)/X_d % demagnetization  
      I_d = I_d - 0.0001; %A 

if I_d < (-E_PM1-R*k_R_avg*I_q)/X_d % limiting demagnetiza-

tion to optimal point 
        I_d = (-E_PM1-R*k_R_avg*I_q)/X_d; %A 

end 
if sqrt(I_d^2+I_q^2) > I_max % limiting stator current ac-

cording to inverter limit 
        I_q = sqrt(I_max^2-I_d^2); %A 
       end 

end 
U_s = sqrt((R*k_R_avg*I_d-

X_q*I_q)^2+(R*k_R_avg*I_q+E_PM1+X_d*I_d)^2); %V resulting voltage 
end 

         
I_s = sqrt(I_d^2+I_q^2); %A new stator current 
P_Cu = 3*I_s^2*R*k_R_avg; %W new copper losses 
P_loss = P_Fe+P_Cu+P_rhoo+P_radial_PM_losses+P_ex; %W total losses 
P = m*I_q*E_PM1; %W mechanical power and other than copper losses 
P_in = P+P_Cu; %W input power 
T = (P-P_Fe-P_rhoo-P_radial_PM_losses-P_ex)/(2*pi*n); %Nm electromagnetic 

torque without losses 

 

 

 

 

 

 

 

 

 

 

           

 


