
EVALUATION OF OPEN-SOURCE FEM SOFTWARE
PERFORMANCE IN ANALYSING CONVERTER-FED

INDUCTION MACHINE LOSSES

Minhaj Zaheer

ACTA UNIVERSITATIS LAPPEENRANTAENSIS 1012



Minhaj Zaheer

EVALUATION OF OPEN-SOURCE FEM SOFTWARE 
PERFORMANCE IN ANALYSING CONVERTER-FED 
INDUCTION MACHINE LOSSES

Acta Universitatis 
Lappeenrantaensis 1012

Dissertation for the degree of Doctor of Science (Technology) to be presented 
with due permission for public examination and criticism in the Auditorium 
1316 at Lappeenranta–Lahti University of Technology LUT, Lappeenranta, 
Finland on the 28th of January 2022, at noon.



Supervisors Professor Juha Pyrhönen 

LUT School of Energy Systems 

Lappeenranta–Lahti University of Technology LUT 

Finland 

Associate Professor Pia Lindh 

LUT School of Energy Systems 

Lappeenranta–Lahti University of Technology LUT 

Finland 

Docent Lassi Aarniovuori 

LUT School of Energy Systems 

Lappeenranta–Lahti University of Technology LUT 

Finland 

Reviewers Professor Juan Tapia 

Department of Electrical Engineering 

University of Concepcion 

Chile 

Associate Professor Silvio Vaschetto 

Department of ENERGY  

Politechnico di Torino 

Italy 

Opponents Professor Juan Tapia 

Department of Electrical Engineering 

University of Concepcion 

Chile 

Associate Professor Silvio Vaschetto 

Department of ENERGY  

Politechnico di Torino 

Italy 

ISBN 978-952-335-781-5 

ISBN 978-952-335-782-2 (PDF) 

ISSN-L 1456-4491 

ISSN 1456-4491 

Lappeenranta–Lahti University of Technology LUT 

LUT University Press 2022 



Abstract 

Minhaj Zaheer  

Evaluation of Open-source FEM Software Performance in Analysing Converter-

Fed Induction Machine Losses 

Lappeenranta 2022 

69 pages 

Acta Universitatis Lappeenrantaensis 1012 

Diss. Lappeenranta–Lahti University of Technology LUT 

ISBN 978-952-335-781-5, ISBN 978-952-335-782-2 (PDF), ISSN-L 1456-4491, ISSN 

1456-4491 

Converter-fed induction machines are widely used in variable speed applications. They 

are renowned for their good controllability, low manufacturing cost, and 

robustness. These machines are used in various applications both on an industrial and a 

commercial scale, for instance in pumps, cranes, lifters, conveyor belts, automation 

systems and drives, packaging machines, and in various other industrial 

equipment. Manufacturers are investing in their design and production systems to make 

their machines more cost-effective and efficient. Nowadays, the computational 

capabilities of the finite element analysis (FEA) make it possible to optimize machines in 

a successful way, and comparison of FEA results with laboratory experiments provides a 

further means to improve machines reliability. However, there is still a long and hard path 

to make the FEA more efficient. One step forward in the realm of FEA is the development 

of open-source FEA platforms, which make it possible to analyse machines more 

efficiently and faster, without the need to pay licence fees to any organization. In this 

doctoral dissertation, IE3-rated 5-kW converter-fed induction machine models are 

analysed using an open-source FEA considering different operating situations. 

In this study, losses in a 2D model of the open-source FEA are compared with commercial 

FEA results and laboratory measurement results. Furthermore, a 2.5D model is analysed 

in the open-source FEA to achieve more accurate results than what can be obtained with 

the 2D analysis. The benefit of the open-source FEA is that the simulation time is 

efficiently reduced by increasing the number of cores and by parallel computing. 

Moreover, during the laboratory experiment, the PWM-recorded voltage has a 1 µs 

sample time. For the FEA, the recorded data are down-sampled to three different time 

steps for faster calculations. In the FEA analysis, the length of each time step is analysed 

against the accuracy of the results and the computational speed.    

Computing additional losses and stray losses in the FEA is extremely challenging, and 

therefore, these losses are estimated analytically. In this dissertation, measured loss 

components obtained by the IEC loss segregation method are compared with two FEA-

based methods, post-processing, and an emulating test procedure. The latter one employs 

the loss segregation procedure by using FEA values to obtain fixed and variable losses. 

Laboratory measurement results confirm that the FEA-based methods are valid to be 

used.  



Furthermore, laboratory experiments and a FEA analysis are performed using different 

switching frequencies at the operating fundamental frequencies of 25 and 40 Hz. The 

results confirm that the losses in the 5-kW induction machine decrease as the switching 

frequency is increased. However, the distribution of the losses varies. The results, 

however, support the general concept of reducing the overall losses with an increasing 

switching frequency. 

Overall, the open-source FEA shows fast, acceptable, and as reliable results as the 

commercial FEA and laboratory measurements. Therefore, in future research, it can be 

used more efficiently to obtain accurate results.   

Keywords: analytical analysis, asynchronous machine, electrical machine, finite 

element analysis, frequency converter, IEC loss segregation method, induction machine, 

iron losses, pulse width modulation, stator losses, switching frequency, variable speed 

drive 



Acknowledgements 

The research work was conducted at the Department of Electrical Engineering, LUT 
School of Energy Systems, Lappeenranta–Lahti University of Technology LUT, Finland, 
between 2018 and 2021.   

I express my gratitude to my supervisors Professor Juha Pyrhönen, Dr. Pia Lindh, and Dr. 

Lassi Aarniovuori for their great guidance during the research work. Their prodigious 

research experience made my research work much easier. Their knowledge in the field of 

electrical machine design helped me to improve my knowledge to a higher level. I thank 

Professor Juha Pyrhönen for this opportunity to express myself. I would also like to thank 

my second and third supervisors Dr. Pia Lindh, and Dr. Lassi Aarniovuori for their 

continuous support during the research. I would like to extend my heartiest thanks to Dr. 

Pia Lindh for her advice and motivation during the publication process. My supervisors’ 

attitude towards both life and science is fabulous, and it will benefit me a lot in the future. 

I would also like to praise Dr. Lassi Aarniovuori and Alex Anttila, M.Sc., for their 

intelligence and practical knowledge of electrical machine design.  

I am grateful to all my colleagues Valerii Abramenko, Dmitry Egorov, Hannu 

Kärkkäinen, Chong Di, Konstantin Vostrov, and Alvaro Hoffer for academic discussions 

and sharing ideas with me. 

I would like to send my thanks to all my friends Muhammad Awais, Adnan Munir, Nafees 

Ahmed, and Ahsan Saeed for supporting me so much during my research. Without the 

support of Muhammad Awais and Adnan Munir, I could never had completed a doctoral 

degree at LUT. 

Finally, I express my deepest gratitude to my parents, wife, and my brothers for their 

continuous support and encouragement. 

Minhaj Zaheer 

December 2021 

Lappeenranta, Finland 





Contents 

Abstract 

Acknowledgements 

Contents 

List of publications 9 

Nomenclature 11 

1 Introduction 13 
1.1 Converter-supplied induction machine ................................................... 13 
1.2 Design and modelling of an induction machine ...................................... 16 
1.3 Outline and scientific contributions of the dissertation ........................... 20 

2 Comparison of Elmer and Flux 23 
2.1 Motor FEA analysis and measurement results ........................................ 28 
2.2 Using a 2.5D model in the evaluation of motor performance ................. 32 
2.3 Parallel computing and parameter sensitivity computations in Elmer .... 34 

3 Computational power and the importance of time step 41 
3.1 Benefits of computational power and time efficiency ............................. 41 

4 Incapability of the present-day FEA of correctly analysing the motor losses

45 
4.1 Introduction Emulating the loss segregation method in the FEA ........... 45 

4.1.1 Loss Segregation method ............................................................ 46 
4.1.2 FEA and the emulating test procedure method ........................... 48 
4.1.3 Accuracy and efficiency of the IM analysis by three methods ... 48 

4.2 FEA and PWM supply ............................................................................ 50 
4.2.1 Laboratory setup and experimental results ................................. 51 
4.2.2 Comparison of the FEA and experimental results ...................... 54 

4.2.3 Challenges in PWM calculations ................................................ 56 
Discussion ........................................................................................................ 57 

5 Conclusion and future work 59 
5.1 Conclusion ............................................................................................... 59 
5.2 Future Work ............................................................................................ 60 

References 61 

Appendix A: 69 

Publications 





9 

List of publications 

This dissertation is based on the following papers. The rights have been granted by the 

publishers to include the papers in dissertation. 

I. M. Zaheer, P. Lindh, L. Aarniovuori, and J. Pyrhönen, "Assessment of 5 kW

Induction Motor Finite element computations with a Commercial and an Open-

source software," in 2019 International Aegean Conference on Electrical

Machines and Power Electronics (ACEMP) & 2019 International Conference on

Optimization of Electrical and Electronic Equipment (OPTIM), Istanbul, Turkey,

2019, pp. 114–119.

II. M. Zaheer, P. Lindh, L. Aarniovuori, and J. Pyrhönen, "Comparison of

Commercial and Open-Source FEM Software: A Case Study," IEEE Transactions

on Industry Applications, vol. 56, no. 6, pp. 6411–6419, Nov–Dec. 2020.

III. M. Zaheer, P. Lindh, L. Aarniovuori, and J. Pyrhönen, "Converter-Fed Induction

Motor Finite Element Analysis with Different Time Steps," in 2020 XI

International Conference on Electrical Power Drive Systems (ICEPDS), Saint

Petersburg, Russia, 2020, pp. 1–7.

IV. M. Zaheer, P. Lindh, L. Aarniovuori, A. Anttila, Hannu Kärkkäinen, and J.

Pyrhönen “Emulating Induction Machine Loss Segregation Procedure with

FEM’’ in 2021 XVIII International Scientific Technical Conference Alternating

Current Electric Drives (ACED), 2021, pp. 1–6.

V. M. Zaheer, P. Lindh, L. Aarniovuori, J. Pyrhönen, A. Anttila, and Wenping Cao

“Analysis of PWM induced loss rise in a 5-kW induction machine,’’ in 2021 23rd

European Conference on Power Electronics and Applications EPE'16 ECCE

Europe), Belgium, 2021, accepted for publication, 2021.

Author’s contribution 

Minhaj Zaheer is the principal author and investigator in Publications I–V. The author 

made a simulation model of an induction machine in the open-source FEA and compared 

FEA results with measurements carried out by other co-authors. 



10 



Nomenclature 

 

11 

Nomenclature 

In Latin alphabet 

 

B Flux density T 

�̂� Peak flux density T 

Brad Radial flux density T 

Btan Tangential flux density T 

Dse Stator core external diameter  mm 

Ds Stator core inner diameter mm 

f Supply frequency                                                                                         Hz  

T Rated torque Nm 

V Rated voltage V 

n Rated speed  min−1 

I Rated current A 

𝑃N Rated power W 

H Magnetic field strength A/m 

𝑄s Number of stator slots - 

𝑄r Number of rotor slots - 

p Number of pole pairs - 

N Number of winding turns - 

l Stator stack length mm 

𝑓k Harmonic frequency  Hz 

𝑃k Harmonic power loss  W 

𝐸emf Induced electromotive force  V 

J Current density A/m2 

𝑅s Stator resistance                                                                                                                                                                                      

𝑅ring End ring resistance    

𝐿w              End winding leakage inductance H 

𝐿ring           End ring leakage inductance H 

A                 Magnetic vector potential Vs/m 

𝑟s                 Outer radius of air gap mm 

Greek alphabet 

 

θ Rotor position angle  rad 

σ                 Material conductivity S/m 

µ Permeability  H/m 

∅ Magnetic flux  Wb 

  Air gap mm  

𝜇0               Vacuum permeability H/m  
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Abbreviations 

2D Two-dimensional 

3D Three-dimensional 

C Constant 

fw Friction and windage 

LL Stray load loss 

emf Electromotive force 

FEA Finite element analysis 

FEM Finite element method 

IM Induction machine 

PWM Pulse width modulation 

r Rotor 

s Stator 
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1 Introduction 

Electrical machine design is inherently a multi-physical process. A highly efficient and 

accurate computational method like the Finite Element Method (FEM) is needed for the 

research and development of motors and motor drive systems. The finite element method, 

originally presented in the 1960s by Ray W. Clough for structural mechanic applications, 

is a numerical method used for solving boundary value problems [1]. Later, in the early 

1970s, this method was used to solve the first electromagnetic problems related to electric 

machines [2]. In addition, the FEM efficiently solves complex electrical machine 

geometries and accepts the use of non-linear materials in the magnetic circuit. 

Furthermore, the FEM helps in determining accurate estimation of electric machine 

properties. Otherwise, it would be too costly to build a desired machine as the machine 

would require testing of multiple prototypes and measurements to verify the design.  

For advanced multi-objective optimization of electromechanical devices, a fast, robust, 

and accurate FEM tool is required. Normally, the computational burden of the three-

dimensional (3D) FEM analysis is too high for traditional computation tools. Thus, a two-

dimensional (2D) FEM approach is considered more applicable as it is much less 

burdensome and simple to use. Furthermore, besides 2D and 3D there is a 2.5D or multi-

sliced method, which gives more precise results for skewed machines than 2D and takes 

less computational time than 3D [3]. The multi-sliced computation option is offered by 

many commercial and non-commercial FEA tools. 

Many commercial and open-source FEA tools are available in the market for 

electromagnetic analysis. The most common commercial FEA tool providers include, for 

instance, Ansys MotorCAD, Ansys Maxwell [4], Altair Flux [5], COMSOL [6], and 

JSOL JMAG [7]. These days, the best-known examples of open-source software for the 

FEA are Elmer [8], GETDP [8], FEMM [9], SMEKlib [10], and Pyleecan (Python Library 

for Electrical Engineering Computational Analysis) [11]. Furthermore, a yet another 2D 

FEM tool FCSMEK has been developed since the 1980s, first by Jorma Luomi, Antero 

Arkkio, and their groups at Aalto University. With the use of an open-source FEM 

platform, massive computations can be performed without the need to pay any licence 

fees. Moreover, the transparency of open-source software even enables checking the 

source code. It is, therefore, possible to investigate the functionalities implemented, and 

judge their reliability [12]. Nowadays, industries and research institutes are aiming to 

switch to the use of open-source or built in-house FEA software instead of paying heavy 

license fees for commercial software.  

1.1 Converter-supplied induction machine  

The fundamentals of the induction motor were laid down in 1824 in Paris by the 

inventions of François Arago and by the contributions of the English scientist Michael 

Faraday in 1831, when they came up with the ideas and laws that are still used in machine 

design [13]. After the introduction of the electric motor to the public, the ‘War of the 
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Currents’ started, beginning the battle to supply electrical power across the country and 

illuminate the nation. This objective was first met by Thomas Alva Edison in 1878 by 

bringing electricity directly into a person’s home or business [14]. Direct current worked 

well for illuminating purposes. Furthermore, it could be stored in batteries, thus enabling 

a system to run smoothly even if there was a network power interruption.  

Later, Nikola Tesla understood the implementation of a rotating magnetic field. This 

understanding finally led into invention of the AC induction motor in 1887. Tesla got it 

patented in 1888 [15]. Consequently, The General Electric Company (GE) achieved its 

first practical induction motor in 1892. Furthermore, improvements were made to Tesla’s 

three-phase induction motor, and it was understood that three current-carrying conductors 

are enough for both delta- and wye-connected stators of three-phase motors. 

Dobrovolsky’s three-phase induction motor design characteristics are still very effective 

[16]. With the passage of time, further development in the field of electromagnetism led 

to the invention of many types of machines, such as synchronous machines (SMs), 

permanent magnet synchronous machines (PMSMs), DC machines, and synchronous 

reluctance machines (SynRMs). The advancement of the machines also strengthened 

electrical power industries. Many steam engines were replaced by an electric motor, and 

electrical devices rapidly entered the market.  

Nowadays, different types of electric motors are heavily used in transport, commerce, 

home appliances, and factories. Power generation plants use generators, and electric 

motors are employed [17] as power sources in industries, railways, vehicles, agriculture, 

and data processing equipment. At the moment, electrical motors account for 

approximately 45% of the global electricity consumption and around 70% of the whole 

industrial energy consumption [18]. Apart from playing a crucial role in the industrial 

development, it could be said that rotating electrical machines helped in laying the 

foundations for modern society.  

However, carbon emissions caused by wide-ranging industrialization and vehicle traffic 

are a serious concern. To overcome this issue, it is necessary to replace fossil fuels (oil, 

coal, and gas) with carbon-free fuels and move towards a more electric society. To 

significantly save electrical energy, it is very important to optimize the efficiency of 

electric motor drive systems. This can be achieved by making improvements in the 

machine design, by testing technologies, and by using new materials [19], [20].   

Induction machines are considered to be the workhorse for industries. They are well 

known for their reliability, durability, cost-effectiveness, ease of design, and minimum 

need for maintenance. They can also be used in various applications, such as pumps, 

robotics, conveyer belts, electric vehicles, and wind turbines [21]. For decades, the 

induction machine has been an object of intensive research. A plurality of studies related 

to its design and control have been conducted. 

Converter-fed induction machines are studied widely and applied in modern drive 

systems because of their several benefits, including accurate speed control, reduced  



1.1 Converter-supplied induction machine  

 

15 

losses, high reliability, enhanced performance, and energy saving during the process. 

Another benefit of starting the motor with a frequency converter supply is the soft start 

of the machine, which helps in keeping the rotor bars intact. Direct online starting may 

cause problems to the integrity of the rotor squirrel cage because of extra high starting 

stresses.  

Furthermore, a frequency converter supply will cause some additional losses in a machine 

because of harmonics in the supply; however, the overall consumption of energy can be 

significantly reduced by the controlled load speed. The increasing popularity of controlled 

drives is reflected by their market penetration rate: in 2014, the market share of variable 

speed drives (VSDs) was 30%, and in recent years it was estimated that half of the new 

motor drive installations include a frequency converter [22]. Converter drives also have 

certain disadvantages, such as increased noise, heating, and high peak voltages. In most 

industrial applications, frequency converters of the voltage source inverter (VSI) type are 

used. They are typically based on three power sections: an AC/DC converter (rectifier), 

a DC link, and a DC/AC inverter. 

As reported in [23], [24], [25], induction machine efficiency, power losses, and  

distribution of losses into different components have been topics of research interest in 

recent years. It has been a challenge to determine the IM losses even with a pure 

sinusoidal supply, and now with a PWM supply in a converter-fed induction machine, it 

has become an even more complex challenge. The motor losses are based on several 

factors, including fundamental voltage, PWM switching frequency, load conditions, and 

machine physics. The power losses in an IM as a function of switching frequency are 

studied in [25], [26], where an analytical approach to calculate the eddy current losses is 

proposed. The analysis of a converter-fed motor at 50 Hz, which means operating over 

the maximum voltage of the converter, is a somewhat complicated task. Therefore, at the 

50 Hz frequency, the machine is often running in the field weaking range [25]. It is 

unfortunate that regarding frequency converter drive systems, the 50 Hz operating point 

is given so much attention while a direct online (DOL) motor at 50 Hz is more energy 

efficient than the same motor in a frequency converter supply. To simplify, one could say 

that a motor should be driven at 50 Hz in a frequency converter supply at least 

temporarily. 

Fig. 1.1 shows a cut-away section of an induction machine. The stator used in an induction 

machine is almost like the one used in synchronous or permanent-magnet-synchronous 

motors. In some cases, also a brushless DC motor can have a similar stator. It consists of 

steel-laminated stacks held together in the stator housing. The rotor also comprises a 

laminated stack, where the rotor conductors are embedded. In die-cast rotor winding 

machines, the rotor conductors are regularly skewed. They are not arranged parallel to 

the rotor axis. Skewing can mitigate torque vibrations and noise. In machines with a 

soldered squirrel cage, skewing is, however, normally omitted.  

According to Lenz’s and Faraday’s laws, a common air-gap flux is produced in the air 

gap of an IM. This common flux induces voltages and currents in the rotor, and the rotor 
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currents and the air-gap flux interact according to the Lorentz force to produce torque. 

Thus, there is no need to energize the rotor of an IM externally as it is required in the case 

of synchronous machines. A comparison between some basic parameters of the induction 

motor, the direct current (DC) motor, and the permanent magnet (PM) motor is given in 

Table 1.1. As mentioned in Table 1.1, the induction machine has a low cost and a wide 

speed range, it is easy to control if high control accuracy is not required, and it needs less 

maintenance when compared with the other two machine types. 

1.2 Design and modelling of an induction machine 

In this dissertation, a 4-pole, 5-kW induction machine of 400 V, 50 Hz, and 1467 min-1 

rated speed is used as a representative of industrial induction motors. Publications I–IV 

consider this machine, and its main parameters are specified in Table 1.2. The motor has 

40 die-cast, skewed rotor bars made of aluminium and 48 stator slots filled with normal 

random wound winding. Periodicity in stator windings makes it possible to reduce the 

model size, and this can also help in significantly reducing the computational time needed 

to solve the model. Moreover, as the magnetic fluxes between two poles would be 

symmetrical, only one pole has to be modelled. Hence, one-fourth of the whole machine 

cross-section is modelled in the FEM. The model has ten rotor bars and 12 stator slots. 

The stator slot and rotor bar dimensions are given in Fig. 1.2. 

 

 

Figure 1.1: Induction machine cut section [27] courtesy of ABB. 
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Table 1.1: Comparison of the induction motor, the DC motor, and the PM motor [28], [29]. 

 

 

 

 

 

 

 

* depending on the permanent magnet material used, ** in scalar control, *** requires 

vector control 

Table 1.2: Induction motor main dimensions and rated values. 

 

 

 

 

 

 

 

 

 

 

In the design of electrical machines, the selection of materials is considered important as 

it can directly affect the machine performance, the motor life cycle, and the mass of the 

machine. The magnetic properties of the materials and their weight significantly influence 

the power density, losses, and efficiency of a machine [30]. Furthermore, owing to strict 

energy efficiency policies in conjunction with climate policies, machine materials should 

be selected so that the motor would fall in a high efficiency class and have as low an 

Parameter Induction 

machine 

PM 

machine 

DC 

machine 

Cost Low High Average 

Need for maintenance       Low  Low High 

Temperature sensitivity 

Power density 

Weight 

Efficiency 

Speed control 

Torque control 

High speed range 

Low 

Average 

Average 

Average 

Easy** 

Difficult 

High 

High* 

High 

Low 

High 

Average*** 

Average 

Average 

Low 

Low 

High 

Low 

Easy 

Easy 

High 

Parameters Value 

Stator stack length, l, [mm] 160 

Stator core external diameter, Dse, [mm]     220 

Stator core inner diameter, Ds, [mm] 

Air gap,  , [mm] 

Number of winding turns in series per one 

stator phase, Ns  

Winding configuration 

Rated voltage, U, [V] 

Rated frequency, f, [Hz] 

Rated speed, n, [min-1] 

Rated current, I, [A] 

Rated power, PN, [kW] 

Number of stator slots, Qs 

Number of stator slots, Qr 

Number of pole pairs, p 

Lamination material 

125 

0.5 

128 

 

Y 

400 

50 

1467 

10.4 

5 

48 

40 

2 

M800-65A 
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impact on the environment as possible. One of the targets of this study was to analyse the 

importance of the magnetic circuit losses in the IM. Therefore, the iron cores of the 

 

Figure 1.2: Stator slot and rotor bar dimensions of the induction machine in millimetres. The 

rotor slot is semi-closed, and the rotor aluminium fills the slot up to the rotor surface. 

 

machine is constructed from M800-65A, which is somewhat contradictory with the high-

efficiency targets. This material selection makes it possible to determine core loss 

phenomena that are of high interest in this work. Nowadays, a typical choice in industrial 

motors is M400-50A, producing less than half of the iron losses that take place in M800-

65A. The B-H curve of the M800-65A material is provided in Appendix A. 

In this research, commercial Altair flux 2D, 2.5D, 3D, and the open-source software 

Elmer are used for simulation purposes. Each of them has its benefits and drawbacks. 

Altair Flux has its own pre-processing and post-processing built-in capabilities allowing 

the user to get accurate results. However, pre-processing in Elmer can be carried out in 

different open-source software, such as OpenFOAM, SALOME, GMSH, and CAD [31]. 

The main challenge when using other mesh generators is that when software versions are 

updated, it is laborious to track the changes and take them into account and adapt with 

the requirements of the open-source solver.  

Once the mesh has been generated in a mesh generator tool, it must be imported into the 

ElmerGrid environment for pre-processing. This can lead to some dislocations in the 
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mesh node positions. However, in this study, the error in the import process was analysed 

by performing a root mean square error analysis of the deviation of the positions of nodes 

in the x- and y-axes. In this case, they are in the range of 1e-23 and thus negligible in this  

context. In this work, in the Elmer open-source simulations, the free CAD open-source 

tool GMSH was used for meshing. GMSH is especially suited for meshing in 2D 

problems. Its scripting and efficient meshing algorithms can be carried out for effectively 

model the machine geometry. In the GMSH for the machine geometry, separate files were 

made to draw stator and rotor geometries. The rotor inner and stator outer boundary 

conditions were modelled having a zero normal flux component to exclude the effect of 

the frame and the shaft. The GMSH script for the rotor and stator geometries is given in 

Appendix A, and more details can be found in [32]. The variables (parameters) are defined 

at the beginning of the file, and the Characteristic Length (or mesh density) parameter is 

defined in each point also presented in Appendix A. The mesh should be dense in the air-

gap region as illustrated in Fig. 1.3. The two-dimensional model of the motor has a 

second-order element mesh with 120000 mesh nodes and 238000 mesh elements. The FE 

solutions are strongly dependent on the mesh details, and the solution accuracy depends 

on the computational mesh used. For example, a coarse mesh easily results in too high 

electrical losses and improper torque.  
 

 

 
 
Figure 1.3: Mesh in different regions of the 5-kW induction machine. The stator yoke has a 

sparce mesh, the slot bottom a slightly denser mesh, and the slot openings and the air gap a 

dense mesh. The mesh settings are presented in Appendix A. 
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An acceptable computational mesh must be fine enough so that the simulated solution 

fields have a good match with the actual results. In Elmer, a high mesh density reveals 

the details of the model behaviour as shown in [33]. A dense mesh has a time penalty, 

and it increases the computational time. However, in the Elmer FEA, parallel 

implementation of tasks can bring significant time savings [32]; the parallel computation 

FEA distributes the computational load to several processors by using domain 

decomposition, which is run on multiple CPUs or different cores. Once the boundary 

conditions and mesh densities have been assigned to different regions in the model, the 

GMSH model meshes are converted into the Elmer format in the Elmer grid environment, 

and then the Elmer solver can be called for FEA computation. 

1.3 Outline and scientific contributions of the dissertation 

In this study, computational efficiencies related to electromagnetic fields and losses in an 

induction machine are studied. The objective of the simulations of this kind is to analyse 

power losses, i.e., how much energy is transformed to heat. As machines consume about 

45% of the electricity globally [34], this topic has not only scientific, but also practical 

environmental and economic importance. For an electrical drive system analysis, a finite 

element (FE) method is used to numerically solve partial differential equations (PDE) 

with time integration. The resulting discretized problems involve systems of nonlinear 

equations, which need to be solved for several time steps. Therefore, the computational 

time of these methods calls for special attention to enhance the computation efficiency. 

The aim of this dissertation is to analyse the computational efficiency in the power loss 

analysis of a high-efficiency prototype induction machine by using both a sinusoidal and 

a PWM supply and see how open-source tools including an Elmer solver can manage this 

kind of a task and compare the calculation performance with that of the well-known 

commercial tool Altair Flux. The machine is tested experimentally in the laboratory, and 

the loss distributions are further explored by using FE models in open-source and 

commercial platforms.  

The summary of this dissertation is structured as follows: Chapter 1 introduces the 

background of the study including the traditional induction machine model. Chapter 2 

provides a comparison of Elmer and Altair. Chapter 3 discusses the computational power 

and time steps, and Chapter 4 addresses the present-day FEA to correctly analyse the 

motor losses. Finally, conclusions and topics of future work are provided. 

The doctoral dissertation focuses on the modelling and analysis of a 5-kW IE3-rated 

induction machine by means of the FEM and accurate measurements. The study provides 

an assessment of the induction motor by using Elmer, which is an open-source FEA 

platform, and presents a comparison of the results with laboratory measurements and the 

commercial software Altair Flux. Elmer is applied in the modelling, fast-transient 

simulation, and emulation of the induction machine loss segregation procedure with the 

covered in the five publications of this study. The main content and contributions of the 

chapters are as follows: 
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Chapter 1 focuses on the literature review of the research topic and discusses the design 

and modelling of the 5-kW induction machine. At the beginning of this chapter, the 

history and development of the FEM, open-source software, and induction machines is 

reviewed. Further, the 5-kW IM design is studied observing its main parameters and 

operation data. This chapter is linked with all the publications. 

Chapter 2 concentrates on the main findings and contributions of Publications I–V. 

The author of this doctoral dissertation is the principal author and investigator in 

Publications I and V, and he is responsible for the scientific contribution in the papers 

and work done by using the open-source software. The co-authors performed the 

laboratory measurements in all the papers; however, post-processing of the measured data 

was carried out by the author of this dissertation. 

Publication I focuses on analyzing the 5-kW high-efficiency induction motor by using 

an open-source FEA platform Elmer maintained and developed by CSC – IT Center for 

Science Ltd. The motor output values (torque, current) and losses are analysed. These 

results are compared with the commercial software and laboratory measurements. The 

study reveals that the open-source software demonstrates accurate results, and it is found 

that the computational speed can be increased, and it depends on the number of cores and 

simulation type. Furthermore, it can be efficiently used to solve 2D problems on an 

industrial scale, but it involves applicability problems because it lacks automatic pre- and 

post-processing tools.  

Publication II is a continuation of the research reported in Publication I. It concentrates 

on the sensitivity analysis of the machine parameters, computational speed, and 

geometrical model. A comparison is given of the motor losses obtained with the Elmer 

2D model, the 2.5D model, the Altair Flux 2D model, and by using measured losses 

obtained by the IEC segregation procedure. The IM performance depends significantly 

on different geometric parameters, such as air-gap length, stator tooth tip height, stator 

end winding inductance, and rotor end ring resistance. The effect of these parameters is 

also studied. Additionally, the computational time of Elmer is investigated by using 

appropriate mortar and conforming boundary conditions. 

Publication III concentrates on the loss evaluation sensitivity in the FEA. The research 

investigates the calculation results of PWM-induced losses in the 5-kW converter-fed 

induction motor acquired with different time steps by using Elmer as the FEA tool. The 

capability of the FEM software to model the harmonic losses is studied by comparing the 

motor losses obtained experimentally with the results from the FEA by using either a 

sinusoidal or a PWM voltage supply in different operating points. Further, the publication 

focuses on finding an appropriate down-sampling data method and selecting a suitable 

time step to get fast and accurate results. 

 

Publication IV studies three methods to segregate induction motor loss components. 

These three methods cover laboratory measurements and two methods based on FEM 
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analyses; a post-processing method and an emulating test procedure. The origins of 

different loss components are studied, and the loss analyses are reported in detail.  

Publication V uses the post-processing method further in the FEA to address the power 

loss analysis of the induction motor with different PWM supply switching frequencies. 

The higher frequency harmonic content in a PWM supply poses a specific challenge for 

the loss modelling of the induction machine. Laboratory experiments are conducted at 

different switching frequencies; 4, 8, 12, and 16 kHz, and the loss distributions are further 

explored by using a FE model. The loss trend observed in the measurements is compared 

with the loss results given by the FEA. 

Chapter 3 concludes the doctoral dissertation. The chapter also suggests some effective 

ways for further work on the modelling and design of the IM. The scientific contributions 

of this doctoral dissertation are as follows: 

• Commercial Altair Flux FEM software package is compared with an open-source 

Elmer platform maintained by CSC. The differences in these platforms are the 

following: importing mesh in the Elmer environment from external software and 

torque calculation methods while based on the outputs. However, both platforms 

can, to a certain extent, be used in the analysis of induction motors. 

• It is observed that by parallel computing and by increasing the number of cores 

from 6 to 26, the computational time of the IM electromagnetic performance 

analysis can be reduced from 165 h to 23 h. 

• It is shown that the FEA can be used in emulating the loss segregation method in 

the efficiency analysis. In other words, it is possible to perform an efficiency 

analysis based on the IEC loss segregation method virtually for a motor. The 

digital twin of an IM is, therefore, possible. 

• PWM-caused losses in an IM are analysed, and it is shown that the time step to 

be selected must be in the range of 10 µs to get an acceptable result. 

• By careful measurements and FEA, it is shown that the present-day FEA is not 

capable of correctly estimating the PWM-caused losses in an IM. The source of 

the inaccuracy can be speculated. Obviously, there are processes that are not 

modelled at all in the present FEM-based programs. Such processes are, for 

instance, high-frequency phenomena including the behaviour of travelling waves 

in the environment.  
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2 Comparison of Elmer and Flux 

Nowadays, research organizations are looking for an analysis platform that is more 

reliable, fast, and cost-effective. There are many reasons to favour an open-source 

platform over the commercial FEA: An open-source platform, at least in principle, 

enables modification of the modelling features in a flexible way, and an open-source 

platform (ELMER) supports various tools that can be used for post-processing and pre-

processing not available in the commercial FEA. A flow chart of the modelling of 

electrical machines based on an Elmer open-source platform is shown in Fig. 2.1. Pre-

processing can be performed, for instance, in Ansys, Abaqus, Fidap, Comsol, Gmsh, and 

Solidworks. However, GMSH, Salome, and Netgen are most often used for creating 

geometries and meshing structures. To solve the model in ElmerSolver, the GMSH 

meshes have to be converted into an Elmer mesh by ElmerGrid. Acceptable file formats 

can be further adopted to ElmerSolver. The solver finds the solution, and open-source 

platforms, for instance, Octave and ParaView, can then be used for post-processing. 

In the past few years, in the field of electrical machine design, commercial FEA packages 

have been used and studied widely. They are used to optimize machine models by 

performing virtual experiments instead of testing physical prototypes. The FEA solving 

complicated models with a complex mesh structure has been perceived as one path to 

achieve this accuracy. Examples of the most widely used commercial FEA software 

include Ansys, Altair Flux, and Ansoft for solving research and industrial problems. All 

types of machine issues, such as magneto-thermal analysis or vibration and stress analysis 

can be solved in commercial FE packages. They also offer user-friendly graphical 

interfaces (GUI) for geometric descriptions and advanced CAD export and import 

functions. The commercial FEA packages have built-in mesh generators for efficient 

meshing of structures. In addition, post-processing can be performed in the same unit. 

Commercial simulation packages, Altair in particular, have an advanced system 

integration program considering the component in a mechatronic environment, which is 

regarded as a key to optimize the performance. For efficient and accurate thermal 

analysis, Flux FEA can be coupled with computational fluid dynamics simulation tools 

like ANSYS, Altair AcuSolve™, or CD-Adapco STARCCM+ [5]. 

 

The open-source FEM tool Elmer used in this study is developed by the Finnish company 

CSC – IT Center for Science Ltd. Some of the differences between Elmer and the Altair 

Flux 2109 software are listed in Table 2.1. Both the open-source and commercial FEA 

deploy the MPI (standardized message passing interface) technique, Maxwell equations, 

and an advanced Bertotti loss model [35], [5] as discussed in Publication I. However, 

Elmer can use external resources, such as CSC supercomputers, to solve electromagnetic 

problems.  

 

In terms of solvers, ElmerSolver uses a ‘magnetodynamic2D’ solver to calculate the 

magnetic vector potential. In Cartesian coordinates, the system is described as 
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Figure 2.1: Open-source FEA modelling flow for electrical machines. 

 

Table 2.1: Comparison of commercial and open-source software. 

FEA Maxwell 

Equations 

Bertotti 

model 

MPI Core limit External 

resources 

Altair Flux    6  
Elmer    672  

 

 

 𝜎
𝜕𝐴z

𝜕𝑡
𝒆𝐳 + curl(

1

𝑚
curl𝐴z𝒆𝐳) − σ(υ × curl𝐴z𝒆𝐳) = 𝐽z𝒆𝐳+ curlM,           (1) 

where 𝐴z is the magnetic vector potential in the z-direction, 𝜎 is the conductivity, 𝐽z𝒆𝐳 is 

the current density and magnetization current in the z-direction expressed in terms of the 

magnetization vector M, 𝑚 is the permeability, and υ is an optional velocity field 

describing a motion of a body [36].   

 

For the calculation of electromagnetic torque, Elmer uses Arkkio’s modification of the 

Maxwell stress as derived in [37], [38] . Normally, the basic method for torque calculation 

is Maxwell’s stress tensor method, but owing to its numerical inaccuracies, it is not in 

general use in the FEM analysis. Thus, Arkkio’s method, which is another variant of 

Maxwell’s stress tensor method, is used. In this method, torque is calculated by 
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integrating the whole volume of the air gap based on its inner and outer radii layers. The 

outer radius of the air gap is 𝑟s, and the inner radius is 𝑟r. The electromagnetic torque 

based on Arkkio’s method is given by  

 

 𝑇e =  
𝑙

𝜇0(𝑟s−𝑟r)
∫ 𝑟𝐵r𝐵tand𝑆

 

𝑆
,          (2) 

 

where 𝐵r and 𝐵tan are the radial and tangential components of flux densities between the 

inner and outer radii. 𝑆 is the surface area of the air gap, and 𝜇0 is the vacuum 

permeability. The commercial FEA, on the other hand, uses a virtual displacement 

method to calculate the electromagnetic torque in the air gap [39], [40] and it is presented 

as  

 

 𝑇e =  
d

d𝜃
∫ ∫ 𝐵

𝐻

0

 

𝑉
d𝐻dV,          (3) 

 

where B and H are the magnetic flux density and the magnetic field in the air gap, 

respectively, and 𝜃 represents the rotor position angle in radians.  

 

To study the losses in three-phase induction motors, various models since 1892 have been 

developed [41]. The losses in electric machines are basically of three different types: iron 

losses, also known as magnetic losses, copper losses, and mechanical losses, which are 

mainly caused by friction in the rotating electrical machine. The iron losses are further 

divided into eddy, hysteresis, and excess losses. Hysteresis losses in the ferromagnetic 

material core are due to the magnetic excitation and de-excitation of magnetic domains, 

caused by an alternating current flowing in the material. These losses can be further 

studied by the hysteresis loop illustrated in Fig. 2.2. A hysteresis loop or a B-H curve 

shows the relationship between magnetic flux density (B) and magnetic field intensity 

(H). Initially at the origin, the magnetic field is zero, but as the field increases, the 

magnetic flux density also increases. The Weiss domains will start to align in the direction 

of the magnetic field. This effect is first reversible, but after point 𝑃1, as a result of the 

material magnetization and the Barkhausen effect, the hysteresis curve will not follow a 

linear path. After reaching point 𝑃2, the material will reach its saturation point, where all 

the magnetic domains are aligned, and a further increase in the magnetic force will 

marginally increase the magnetic flux. When the force decreases, the curve will travel 

towards point 𝐵r, which is the retentivity point, and here the material will have some 

leftover magnetic flux in it. When magnetic force is applied further in the reverse 

direction, the material is brought to 𝐻c, which is the coercivity point, and to 𝑃2
′ , which is 

again the saturation level, but here the direction of the domain is opposite to 𝑃2. The area 

of the loop that shows the amount of energy lost per volume during the magnetization 

process is hysteresis loss. Moreover, these losses also depend on the frequency, and thus, 

the hysteresis losses are negligible in the rotor core as the rotor current frequency is very 

low in the machines. However, on the stator side, these losses are significant because the 

stator current frequency is the same as the supply frequency. 
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Figure 2.2: Hysteresis loop of a ferromagnetic material [41]. 

 

Eddy current losses are conductive losses generated by a circulating current induced in 

the conducting ferromagnetic material as a result of an alternating flux linkage, whose 

direction is opposite to the internal resistance of the core. According to Lenz’s law, 

current induced in a conductor will oppose the alternating magnetic flux that has produced 

it. Lenz’s law is given as  

 

 𝐸emf = −
d𝛷

d𝑡
 .          (4) 

 

In Eq. (4),  and 𝐸emf  represent the magnetic flux and the induced electromotive force, 

respectively. The phenomenon of eddy current is explained in more detail in Fig 2.3, 

where a conducting ferromagnetic material is exposed to alternating magnetic field, 

which creates an eddy current loop in the material. The direction of the eddy current loop 

is perpendicular to the magnetic field, and its size is directly proportional to the rate of 

change of the magnetic flux and inversely proportional to the resistivity of the material. 

These eddy currents in the conducting ferromagnetic material will produce a magnetic 

field of their own, whose direction is opposite to the main magnetic field.  

 

Excessive eddy current losses are due to defects of crystalline structure and non-

uniformity of magnetic domains i.e. the behaviour of Bloch walls between the Weiss 
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domains. Bloch walls also act as a transition region between two magnetic domains, and 

in these transition areas, the magnetization direction of one domain changes into the 

directions of another adjacent domains. The direction of the change in magnetization is 

in relation to the external magnetic field. The magnetization change is large in or around 

the Bloch walls as compared with the average change [42]. 

 

Figure 2.3: Direction of induced eddy currents and induced magnetic flux in a conducting body 

[43]. 

 

In the commercial FEM, a modified Bertotti method and the Loss Surface (LS) model are 

used to calculate the iron losses in the post-processing, and these models are continuously 

updated in newer versions. An advanced Bertotti model is used to estimate the iron losses 

in the open-source FEA, and it is given by  

 

 𝑃Fe = 𝛴𝑃𝑘 = 𝐶1𝑓𝑘
a1�̂�𝑘

b1 + 𝐶2𝑓𝑘
a2�̂�𝑘

b2 + 𝐶3𝑓𝑘
a3�̂�𝑘

b3  .               (5) 

 

 𝑃𝑘, 𝐵𝑘, and 𝑓𝑘  are the harmonic power loss, peak flux density, and harmonic frequency 

component of the kth harmonic, respectively [32]. The parameters a, b, and C can be found 

by adopting curve fitting technique and analysing the measured data which has been 

found by measurements at various frequencies and flux densities. The harmonic loss 

frequency exponents a1, a2, a3  and the corresponding field exponents b1, b2, b3 got 
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values 1.0, 2.0, 1.5 and 1.776, 2.0, 1.5, respectively and number of harmonics k is defined 

by Fourier series component which 25 for 50 Hz machine[32].  

Estimation of iron losses should be carried out with extreme care, because sometimes 

when the rotor is rotating, the calculated magnetic flux density over a period in the time 

domain does not correspond to the peak value of magnetic flux density, and thus, some 

errors may be introduced into the magnetic loss calculations [44]. 

2.1 Motor FEA analysis and measurement results 

The measurement setup is illustrated in Fig. 2.4. In the setup there is the 5-kW IM, and 

for mechanical loading, a larger IM connected by a torque sensor shaft to the machine 

under test. Both machines are operated with frequency converters of their own as shown 

in the figure. Further, there are devices for measuring and recording the data. A power 

analyser (Yokogawa PX8000) is used to measure electrical quantities, for instance, 

current and voltage waveforms. The power analyser performs current sensing with a Hitec 

Zero-Flux CURACC current measuring system (100 A-Peak). An HBM T12 system is 

used for speed and torque measurements; the system is under a steel covering on the motor 

shaft. A Keithley Integra Series 2701 Ethernet multimeter system is used to measure 

winding resistance. A LabVIEWTM interface on the system is used to gather all the  

 

Figure 2.4:  Laboratory setup comprising (1) 5-kW IM, (2) torque and speed sensor under the 

cover, (3) load machine, (4 & 5) and a frequency converter (from Publication V). 
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measured data during the experimental work. The IEC loss segregation method is used to 

calculate the measured loss values for different supply frequencies and voltages. 

Laboratory measurements with almost a sinusoidal supply were performed at four 

frequencies of 50, 37.5, 25, and 12.5 Hz and at different line-to-line voltages 400 V, 300 

V, 200 V, and 100 V, respectively. Loss components for each frequency were determined 

by using the IEC 60034 standard loss segregation method 2-1-1B. A rated load heat run 

test was used to obtain the data for stator and rotor Joule losses. The load curve test reveals 

additional losses in the IM. Mechanical and iron losses were determined by a no-load 

voltage curve test [45]. At 400 V and 50 Hz, the measured iron losses in a machine are 

206 W from the no-load test as depicted in Fig 2.5. The value of iron losses was 

determined at the inner voltage 𝑈i (air-gap voltage). This voltage value takes into account 

the voltage drop in the stator resistance and leakage inductance [45]. In the no-load test 

the motor is running at a very low power factor, which makes accurate measurements of 
iron losses difficult.  

 
Figure 2.5: 5-kW induction motor no-load test to determine the iron losses at 50 Hz and 400 V. 

The losses are measured at different air-gap voltage levels to find as correct iron loss values as  

possible. The rated operation air-gap voltage is evaluated to be 391.4 V in the 400 V supply, 

and the corresponding iron loss is 206 W. 

 

Furthermore, low fundamental frequency can also directly impact the accuracy of the 

power measurement. Fig. 2.6 illustrates the experimental data of different loss 

components, the machine total losses, and finally the efficiency determined using the 

measurement data. The open-source Elmer FEA and the commercial Altair Flux were 
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used in the assessment of losses of the 5-kW induction machine. The accuracy of the loss 

analysis results was evaluated by comparing the results with the laboratory measurement 

results of the same machine. The computational speed with the two platforms was 

compared. The design of the 5-kW machine was discussed in section 1.2. The circuit 

parameters and dimensions of the IM are provided in Publication I.  

 

 

Figure 2.6: 5-kW IM efficiency and measured loss components at four different supply 

frequencies and sinusoidal voltages. 

 

In the 2D simulations, rotor skewing is neglected, and as a result, the FEAs give higher 

amplitudes of the current harmonics than what can be measured in the actual motor [46]. 

The analysis of the Fourier transform of the current waveforms reveals that there is a 

simple explanation for the difference between FEA-computed results and measured 

values: the 29th and 31st voltage harmonics present in the measurement results are 

produced by the generator supply unit used in the tests. In Fig. 2.7a, the harmonics from 

the 17th to the 23rd originating from the rotor slotting in the case of the FEA differ 

significantly in amplitude from the measured data.  

 

In the FEA results, the amplitudes of the current harmonics are higher because of the non-

modelled rotor skewing effect in 2D [46]. Fast Fourier transform results of the open-

source and commercial FEA for torque are depicted in Fig. 2.7b. The outcomes of both 

the FEAs showed a torque ripple at the 6th harmonic resulting from the air-gap 5th and 7th 

spatial current linkage harmonics. The FEA results differ slightly because the coupled 
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load simulations were performed in the commercial FEA, whereas the slip-dependent 

transient simulations were carried out in the open-source software. 

 

(a)                                                               (b) 

Figure 2.7. (a) Open-source, commercial FEA and measured Fast Fourier transform (FFT) 

analysis for current at 50 Hz. (b) Torque FFT from both the FEAs (from Publication I). 

 

Measured iron losses are compared with FEA outcomes at different frequencies and 

voltages in Fig. 2.8a. Simulated and measured iron losses show a naturally decreasing 

trend with a decrease in frequency and voltage as the components of core losses, such as 

hysteresis and eddy current losses, are dependent on frequency. Hysteresis losses are, at 

least in principle, proportional to the frequency, but the eddy current 

losses are proportional to the square of the peak flux density [47]. The percentage of error  

 

 
(a)                                                               (b) 

Figure 2.8: (a) Open-source (Elmer), commercial (Altair Flux) FEA, and measured iron losses 

at different frequencies and voltages. (b) Comparison of the total losses for all the methods. 
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is lower in the open-source FEA results at low frequencies than in the commercial FEA 

(Altair Flux) when compared with laboratory measurement results. At 12.5 Hz, Altair 

Flux showed more than 20% error, whereas the error percentage of Elmer was below 2%. 

Total losses in the machine from measurements and the FEA are compared in Fig. 2.8b. 

The trend of the total losses is increasing as a function of supply frequency in all cases. 

However, the measured losses are high because they include all the additional and 

mechanical losses, whereas the FEA only considers the total electrical losses of the active 

part and ignores mechanical losses. In the FEA results, the stator losses are lower than in 

the laboratory experiments because of the slightly lower stator current ignoring the part 

of no-load friction and windage losses. Both the FEA results are reliable and comparable. 

2.2 Using a 2.5D model in the evaluation of motor performance 

Next, a comparison of motor losses obtained with the Elmer 2.5D model and the Altair 

Flux 2D model and the losses measured in the laboratory experiments following the IEC 

loss segregation procedure was performed. Further, a sensitivity analysis of the machine 

parameters and the computational speed was carried out using different boundary 

conditions. The main objective in this work is to evaluate the capabilities of a multi-

physical open-source platform by comparing its performance with a well-known  

commercial FEA software. The research question is if an open-source platform can be 

effectively used in electrical machine analysis. As a result of different scientific research 

various open-source libraries and FEA solvers, such as FEMM, getDP, FreeFEM, 

ONELAB, SMEKlib, and Pyleecan (Python Library for Electrical Engineering 

Computational Analysis) have become available for the scientific society. Each of the 

software mentioned above have their specific features. 

2D models of electrical machines are used in FEM simulations for fast results. However, 

in a 2D solution, the flux variation in the axial direction cannot be accurately considered, 

and thus, a 3D or a multi-sliced model can be employed instead. In an induction machine, 

skewed rotor slots basically reduce the harmful slot-caused ripple in currents, voltages, 

and torque of the machine, thereby reducing the power losses in the machine. Adding 

skewing in a purely 2D model results in an unrealistically high harmonic content as a 

result of the slotting effect [3], [48]. Alternatively, the skewing can be modelled in 3D, 

but it is complex, and 3D computations require massive parallelization to solve skewing 

even in a time frame of half a day to a few days [49]. The multi-slice approach discussed 

in this study is less complicated and much more time efficient. It needs less computational 

resources and keeps the accuracy of the results almost at the level of the 3D simulation. 

Figs. 2.9a and b illustrate the 2D and 2.5D model used in the open-source FEA. In the 

multi-sliced model, four slices are connected by electrical circuits along the axis and 

magnetic fields are solved in those slices in 2D. The distance between the slices is 0.04 

mm, and the motor has a skew of 8.5 degrees along the 160 mm rotor length. More 

information about the motor geometry can be found in [32]. 
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(a)                                                                 (b) 

Figure 2.9: (a) One-fourth of the geometry of the 5-kW induction machine in 2D. (b) Multi-

sliced model of the 5-kW induction machine. 

 

Equivalent circuit parameters are needed in the analysis of the motor control properties, 

and they can be obtained analytically or by FEA [50]. In [51], the machine impedance 

was computed by using both the 2D and 3D analysis, and it became obvious that the 

induction machine computation results are very sensitive to the circuit parameters, for 

instance, the end ring parameters. Nevertheless, the 2D-model cannot model the three-

dimensional effects and, therefore, they are included in an external circuit model. The 

circuit parameters used in this study were calculated analytically as illustrated in Table 

2.2, and the equations are given in Publication II. 

Table 2.2: Induction machine parameters. 

 

 

For the 2D case, the measured losses were compared with the commercial and open-

source FEA in Publication I, which showed acceptable results for all the frequencies 

with a sinusoidal supply. The error percentage of the open-source tool is below 2%. The 

motor under consideration was also tested by using the multi-sliced method in the open-

source FEA. In 2D, as a result of the slotting effect, the waveforms could have significant 

ripple. The study reported in [3] showed that the multi-slice method is suitable for fast 

parallel computing compared with 3D, and the back EMF waveform found with the 2.5D 

model is close to the result obtained with the 3D FEA and the measurement results, 

whereas the 2D results contain significant error.  At 50 Hz, the measured electrical losses 

are compared with the 2.5D and 2D FEA in Table 2.3. 

Parameters 𝑅s[Ω] 𝐿w[mH] 𝑅ring[µΩ] 𝐿ring[nH] 

Values 0.582 6 1.4 44 
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Table 2.33: Comparison of losses obtained by the 2D and 2.5D FEA at the rated load of 32.5 Nm. 

 

 

 

For the slip-dependent 2D case in Table 2.3, the rotor and stator joule losses are 125 W 

and 151 W, respectively, for the open-source FEA. However, with the 2.5D analysis, 

these losses are much closer to the laboratory measurement results. The simulation 

preparation time shown in Fig. 2.10 is somewhat longer than with the commercial FEA 

as the meshed geometry has to be imported from one platform into Elmer by using a few 

commands, and it typically takes 5 min to convert them. After having the results from the 

Elmer solver, the post-processing is carried out. It can be automated with a Matlab script 

and Paraview, and thus, in a normal simulation, the user only runs a Matlab code. The 

total run time is around 10 min with a common PC.    

 

Figure 2.10: Steps for the Elmer FEA computation and the preparation time. 

2.3 Parallel computing and parameter sensitivity computations in 

Elmer 

In the open-source FEA (Elmer) there is an option to run the job either in series or in 

parallel. In series, commonly one processor performs all the tasks. New instructions come 

        Case 𝑃Fe[W] 𝑃r[W] 𝑃s[W] 𝑃em,tot[W] 

Measured 205 118 187 510 

2D 207 125 151 483 

2.5D 206 121 179 506 
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in a sequential manner to a processor for solving the problem, and the results are gathered 

after all the instructions in a queue are executed. Serial communication is time consuming 

and speeding up the computation is limited because of the heating of the processor [52]. 

Thus, the concept of parallel computing is used to avoid the heating issue and to obtain 

faster results. 

In parallel computing, a problem is divided into several sub-problems, and these sub-

problems are solved concurrently. Parallel computing can employ different types of 

architecture existing in computers, for instance, a shared or a distributed memory 

architecture. In the shared memory architecture, the supercomputer has a shared memory 

between the cores, whereas in the distributed memory, a processor has a memory of its 

own in the system, and communication is needed between the cores to access the memory 

of any other core. A shared memory typically uses Pthreads or openMP to access the data, 

and these programming models are somewhat simpler. On the other hand, for a distributed 

memory, the message passing interface (MPI) is used for explicit communication to share 

the data with another partition or process as shown in Fig. 2.11. MPI programs are 

flexible, comprehensive, portable, and scalable. In the MPI, each process runs on a single 

processor having its own memory space. While performing calculation, a unique rank 

(process identification number) is assigned to every process, and the MPI runtime assigns 

each process a unique rank. Information between two or more processes can be exchanged 

by passing messages. These models use higher scalability to scale up hundreds of cores 

in parallel. 

 

Figure 2.11:  Distributed memory parallelism and Message Passing Interface. 
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Elmer basically applies the Message Passing Interface (MPI) standard for fast inter-

process communication while performing parallel computations as described in  [53]. For 

parallel computing, in the open-source Elmer FEM, a mesh is initially portioned into 

several sub-meshes by using Elmergrid or an internal algorithm of ElmerSolver. 

Portioned meshes are solved by their own processor, and the parallel solution is unified 

for post-processing. The basics of the parallel computing procedure are illustrated in Fig. 

2.12. More details about parallel partition and running simulation in the ElmerGrid 

environment can be found in [53]. The ElmerGrid environment converts an unpartitioned 

mesh to a partitioned mesh by the command 

ElmerGrid 2 2 im -partdual -metiskway np 3 -connect boundary ids. 

 

 

Figure 2.12:  Steps for parallel computing of Elmer [53]. 

Details about this command can be found in [53]. In the command line, 2 and 2 represent 

the Elmer mesh input and output formats, and ‘im’ is the folder containing them. In the 

command, ‘metiskway’ is for partitioning by using the Metis library, the parameter ‘np’ 

represents the number of partitions, the parameter 3 is the algorithm of the Metis library, 

and ‘-connect’ makes specified boundary ids to save in one common partition. These 

boundary ids basically contain sliding and periodic surfaces [53], [32]. The common 

partition will contain more BC elements. In parallel computing, the simulation time is 

about inversely proportional to the number of cores. The computational time decreases 

by more than 50% when increasing the number of cores and the mesh partition from 14 
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to 26 for 10 µs time steps. In electrical machines, during the simulation in the FEA, both 

the rotor and stator meshes are moving with respect to each other. With the moving mesh 

approach the finite element meshes are not necessarily matching across the shared 

interaction of bodies which creates the principal complication in this kind of work [31]. 

Thus, mortar boundary conditions are applied to obtain an approximately continuous 

solution. For symmetrical bodies in a model, conforming boundary conditions can be used 

to reduce the computational time. In a conforming case, a simple search method is used 

to identify node pairs and edge pairs. Node pairs are made of their coordinates, whereas 

for the edge, the centre of the edge is used to identify edge pairs. Elmer basically uses an 

additional permutation table that maps the original nodes (or edges) to the list of reduced 

nodes (or edges) [53]. Previous studies have shown that the conforming elements use 

three-quarters of the number of nodes to achieve the same accuracy as the non-

conforming elements [54].  

The computational time for different boundary conditions with respect to the number of 

cores is shown in Fig. 2.13. The computing time decreases with an increasing number of 

cores. In the case of mortar boundary conditions, for 16,000 steps when the cores were 

increased from 14 to 26, the simulation time reduced to more than half, whereas for 

60,000 steps considering conforming boundary conditions, the computational time 

reduced from approximately 10 days to 19 h when the number of cores increased from 3 

to 26. For both time steps, the mortar boundary condition required slightly more time to 

compute the results at a lower number of cores when compared with the conforming 

boundary condition. However, at a higher number of cores, for instance, more than 20 

cores, the computational time was almost the same for both boundary conditions.  

Comparing the simulation time of the open-source FEA with the commercial FEA, the 

same simulation was performed with both programs, but the commercial FEA was run on 

a local computing setup keeping all parameters, for instance, the time length at 0.8 s, the 

mesh nodes at 120000, and the time step at 50 µs. When the local system was used, the 

simulation time was dependent on the system specifications, for instance, the RAM, 

processor, cores, and memory of the CPU. In this case, the system has six cores, a 

processor of Intel Xeon W-2135 3.7GHz, and NVIDIA Quadro P2000, 5GB. The local 

computing system took 33 h to complete the simulation, resulting in long design/research 

times in general. Overall, to get an optimal final result, a series of testing calculations  

were required as the motor design is dependent on various parameters, materials, and 

geometry. Further, computing the model by using six cores in the case of the open-source 

FEA took almost the same time as the commercial FEA. However, in the open-source 

FEA, when external resources (CSC supercomputers) are used for running a simulation, 

it is possible to use more cores (max. 672), and the calculation speed can be increased. 

This study also considered a sensitivity analysis of the machine parameters like end-

winding leakage inductance, end-ring leakage inductance, and height of the stator tooth 

tip. Such parameters are theoretical, but in reality, some deviations can occur because of 

design and manufacturing tolerances. For instance, the air gap in the machine may not be 
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exactly 0.5 mm as desired, and for instance a smaller air gap on non-concentricity can 

lead to some extra losses in the machine. Similarly, the resistance between the rotor bars 

and the end ring can have an impact on the IM performance [55]. This research showed 

that with the increasing stator end winding inductance, the harmonic components in the 

stator current get lower and the iron losses caused by the harmonics will be reduced. By 

reducing the rotor end ring resistance, the overall rotor equivalent resistance is reduced 

and, consequently, a smaller stator current is needed to produce the same amount of 

torque, which, in turn, leads to reduced copper and iron losses. The relationship between 

these factors is shown in Fig. 9 in Publication II.  

 

 

Figure 2.13: Time taken by the open-source platform as a function of the number of cores 

for different time intervals and boundary conditions (Publication II). 

Furthermore, increasing the air-gap length revealed that the machine torque decreases; 

however, the current shows an opposite trend. With the increasing air gap length, an extra 

component of the magnetomotive force is created in the machine to have the required 

flux. To fulfil this, the stator magnetization current will increase, thereby resulting in 

higher losses in the machine. Similarly, a change in the stator tooth tip height as shown 

in Fig. 2.14 will also impact the stator current and losses in the machine. When the tip 

height was increased from 0.4 to 2 mm, the stator losses in the machine increased by 

almost 7% as the stator current increased by 3.22%. Increasing stator tooth tip height will 

require higher magnetizing current to generate the more air gap flux density, so the iso-
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lines pass from stator to rotor teeth. Therefore, resulting higher stator losses. Increase in 

stator tooth tip height will also results in higher THD because the stator current will not 

be completely sinusoidal thus, resulting in higher frequency components in the waveform 

leading to higher losses in stator. A higher THD% indicates a less efficient motor, a lower 

power factor, and higher losses. If the tooth tip height is further reduced below 0 mm the 

slot opening starts to grow consequently, the Carter factor stars to increase which leads 

to higher stator current and stator losses. 

 

                           (a)                                                                 (b) 

Figure 2.14: (a) Stator tooth tip height of 5-kW IM. (b) Total harmonic distortion % and stator 

losses in machine by varying tooth tip height. 
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3 Computational power and the importance of time step  

The study concentrated on the analysis of the PWM loss evaluation sensitivity of the 5-

kW converter-fed induction motor by using different time steps in the open-source FEA. 

Laboratory experiments were performed using a sinusoidal and a PWM voltage supply at 

different operating points using a 1µs sampling time (time step). However, in the FEA, 

the 1 µs time step leads to a very long calculation time in transient simulations. Therefore, 

to reduce the simulation time, the data were down-sampled to 10, 50, and 100 µs by using 

averaging and decimated data. The length of the FEA time step was analysed against the 

calculation speed and the accuracy of the results. The rapid development of the FEA and 

frequency converters has facilitated the optimization of different types of electrical 

machines. 

3.1 Benefits of computational power and time efficiency  

Computational power with a highly optimized workstation will not take hours to get the 

solution. When the computational time is shorter, it is possible to obtain an optimized 

solution by exploring the models with different designs. The simulation accuracy can also 

be enhanced. Currently, CPUs have multiple processors (cores), and the processing load 

can be distributed by multi-threading among multiple cores in the FEA solver. The clock 

speed of the CPU is crucial. Having a several GHz clock will boost the overall system 

performance as it will help in performing more floating-point operations per second. One 

consideration is the cache, a small store of memory located directly on the CPU. It plays 

an important role in enhancing the computational power. If a CPU has a bigger cache, it 

will help in accessing the frequently used data much faster, which will boost the system 

performance. It is necessary to hold the entire data of a complex computational problem 

in the cache memory to reduce the simulation time. The rate of writing and reading the 

data to the CPU and the memory bandwidth (the number of memory channels) also affects 

the simulation time, and more memory channels mean a high memory bandwidth. For 

instance, Intel Xeon E5-2600 v4 series CPUs have a quad channel DDR4 memory at the 

77GB/sec memory bandwidth and Intel Xeon E3-1200 v5 series CPUs have a dual 

channel DDR4 memory at 34Gbs. Sometimes, if a workstation is solving complex 

simulations, there can be a shortage of the internal memory of the CPU. Thus, to keep 

things working, fast storage devices, such as NVMe SSDs or SATA SSDs (solid state 

drives), are essential. Workstations can also use HDDs (hard disk drives) for storage 

purposes, but they are much slower than SSDs. Furthermore, by using dual Xeon 

workstations, 1 TB of supportive memory can be used to solve some exceedingly complex 

simulation models entirely in a cache [56]. 

The computational power can be enhanced by the usage of the Dual RAM channelling 

capabilities, which helps in speeding up the memory access. Commercial programs have 

made a lot of success in optimizing the parallelization technique. However, they are still 

dependent on system capabilities to perform in a best way so that the computational time 

can be reduced. It is worth mentioning that every CPU architecture has its own positive 
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and negative features, and therefore, it is difficult to predict the accurate performance of 

the programs. 

The development in the modelling and computational capabilities of the finite element 

analysis has facilitated the optimization of different types of electrical machines. Solving 

a multi-step simulation will lead to a high computational power and cost. Depending on 

the complexity of the model, the computational time can vary from hours to days. 

Different approaches have been taken to reduce the simulation time of the IM. Some of 

them use full computational resources, for instance parallel and distributed computations, 

or apply the time decomposition method (TDM) as reported in [57], [58]. These methods 

are suitable for all types of FEA, but the computational time is dependent on the hardware 

investment. Furthermore, parallel computing can be performed in many well-known 

open-source and commercial packages like Altair Flux, JMAG, ANSYS Maxwell, Elmer, 

and GetDDM. 

The FEA usually has three different solvers, which are suitable for solving different 

machine applications. These solvers include the transient magnetic (TM) solver, time 

harmonic (TH) solver, and the magneto static (MS) solver. A short comparison of these 

solvers is given in [59]. The time harmonic and magneto-static solvers have their own 

limitations, but they are considerably fast. The drawback of the magneto-static solver is 

that induced eddy currents cannot be modelled, which indicates that it is not suitable for 

the induction machine modelling. Furthermore, the time harmonic solver only considers 

linearized material, and thus, high-order harmonic behaviour is not solved in detail by the 

solver. Nevertheless, for almost every type of machine, the transient magnetic solvers are 

the most suitable ones, but they are costly. However, the use of the TM solver usually 

takes a significant computation time before reaching the steady state for IM modelling. 

Therefore, a suitable method should be applied to reduce the computation time when 

analysing an IM with a numerical solution. 

Laboratory measurements were performed with the 5-kW induction machine having a 

PWM supply at different switching frequencies. Machine output values, for instance, 

current, voltage, torque, and speed, were recorded. Furthermore, the recorded voltage and 

current waveforms had a 1 µs sample time. However, using such a tight sampling time 

with a high mesh density in the FEA is something not recommended, as the FEA will 

carry a heavy computational burden and take a very long computational time. Therefore, 

the sampling time was reduced to 10, 50, and 100 µs by using decimation and averaging 

methods. The high-frequency content from the signal was filtered by an anti-aliasing filter 

as from the sampling theorem. Fig. 3 from Publication III shows decimated and averaged 

points for the range of 0–100 µs. At a lower sampling time, the high frequency is lower 

in each case, but at higher sampling the pulse losses its shape as a result of the presence 

of harmonics, and the decimated and average waveforms have a different harmonics 

content. Fig. 3.1 depicts the down-sampled PWM voltage for 10 µs supplied in the FEA. 

The motor is supplied with a sinusoidal voltage supply at the start, and after reaching the 

steady state at 0.6 s, the supply is switched to the PWM voltage supply. 
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Figure 3.1: Measured PWM voltage averaged to 10 µs samples used in the FEA. 

 

From the FEA, the output of the average data showed better results than the decimated 

data because the harmonic content in the current was somewhat lower and less power was 

used by the machine as can be seen in Publication III. The averaging data given in Table 

3.1 is compared with the measured data. In the table, the stator peak current value from 

the FEA is 8.44 A at 100 μs. However, when using a longer time step, the harmonic 

content in the current signal and input power values is too high. At a smaller (1 µs) time 

step, lower distortion in the current results in a more sinusoidal magnetic flux in the air 

gap, thereby reducing the losses at the rotor surface. The total electrical losses increase at 

a lower time step because of the increased proportion of iron losses. The measured stator 

current and losses in the machine are higher compared with the FEA-given losses because 

there are additional losses and mechanical losses in the real machine, but they are not 

fully considered in the FEA. Overall, the shorter time step (10 μs) results in more accurate 

and comparable results than the laboratory experiment results for the total electrical losses 

and the total harmonic distortion than the other time steps. 

For the computational time, 2D transient simulations were performed at particular time 

steps by using 25 cores in a CSC supercomputer, and the mesh size was fixed as in 

previous computations. The computational time against each time step is shown in Fig. 

3.2. A nonlinear relation can be observed between the step size and the simulation time. 

The FEA used approximately 195 hours to complete the simulation when the time step 

was 1 μs, but for 10 μs, the simulation took 39 hours. Increasing the time step length in 
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the FEA significantly increased the calculation speed and also made the results more 

acceptable. However, with the 1 µs step size, the FEA produced somewhat more accurate 

results than with 10 µs, but with a high computation time penalty.  

Table 3.1:  Comparison of the measured results with the FEA using averaging data. 

 

 

 

Figure 3.2: Computational time when using 25 cores at different time steps. 

 

Parameter Measured Averaging 

Time step 1 µs samples 10 µs 50 µs 100 µs 

𝐼  (A, RMS) 8.8 8.18 8.29 8.44 

n (min-1) 728.7 728.7 728.7 728.7 

𝑃electric (W) 2210 2225 2260 2275 

𝑃loss (W) 342.6 279 271 260 

𝐼THD  % 1.3 2.4 3.5 3.7 
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4 Incapability of the present-day FEA of correctly 

analysing the motor losses  

The electrical machine core, material magnetic properties play an important role in 

determining the performance and efficiency of the machine. The core losses in a machine 

are generated because of varying magnetic field in the core. These core losses can be 

divided into three main categories: eddy-current, hysteresis, and excess losses. Prediction 

of the core losses is quite challenging in the FEA because of the complex magnetic flux 

pattern in machines. Therefore, post-processing techniques based on magnetic field 

solution are regularly used to calculate the core losses [60], [61]. These techniques can 

yield some reasonable results, yet obtaining such results involves certain limitations and 

imperfections as reported in the literature [62], [63]. 

In an electrical machine, the hysteresis loops affect the shape of the current waveforms, 

and therefore, play an important role in the evaluation of the machine characteristics and 

electromagnetic losses. In the FEM, it is challenging to accurately evaluate the core 

losses, because the error comes from different sources, for instance, from the use of a B-

H curve to model the material properties in an electromagnetic model. When there is a 

pure sinusoidal wave, it is possible to achieve an accurate hysteresis loop, but if there are 

some additional harmonics in the supply, the loop will get disturbed, thus resulting in 

some extra losses [64].  

In the case of a rotating machine, its behaviour can be efficiently predicted if the FEA is 

able to solve simultaneously the loss and heat transfer problems that involve the FEM for 

the rotor and the stator and the CFD/PDE for the air gap and case–ambient thermal 

interfaces. In the open-source FEA, heat transfer is modelled in conjunction of electrical 

machines. There are two challenges: the first is the different timescales, and the second 

is the turbulence. The first one means that the challenge of the timescale for heat transfer 

at rotating interfaces is very small. The FEA must solve the problem with time steps 

measured in milliseconds. The global heat transfer in an electrical motor typically 

stabilizes in hours. So, to resolve both challenges, the FEA needs a huge number of time 

steps (easily a million or so). Therefore, the FEA must have a multiscale model where the 

heat production and the heat transfer over the interface are averaged, and these are then 

used in a steady-state heat transfer simulation. Furthermore, the air-gap geometry is not 

so simple, and the flow becomes easily turbulent. Hence, the FEA requires robust 

turbulence models, which are quite complex to model and simulate.  

4.1 Introduction Emulating the loss segregation method in the FEA 

When designing an electrical machine, the aim is to reduce the power losses in a machine 

as this can significantly enhance the machine efficiency. In the literature it is stated that 

there is a 1.2 % unit rise in the efficiency if the losses in a machine are reduced by 25% 

[65]. Normally, it is easy to get information from the FEA results about the total electrical 

losses in a machine. However, to get additional and mechanical losses in a machine, some 
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analytical equations are required, as the 2D FEA can, at least somehow, take into account 

extra losses in the air-gap region, but not losses that are not modelled at all, i.e., losses in 

the frame and the supporting parts. The friction and windage losses, stray losses, and 

residual losses depend on various factors, such as motor fan configuration, electrical 

sheets, and machine geometry, which in practice, will require laboratory experiments to 

make more accurate predictions if they need to be calculated by the FEA. Fig 4.1 shows 

three different methods used for obtaining variable and fixed losses in a machine. In 

method 1, the loss segregation method is used to separate different loss components from 

measured data. In method 2, the electrical losses comprising iron, rotor, and stator losses 

are extracted from the FEA, but friction and windage plus stray load losses are 

analytically estimated. Finally, in method 3, an experimental testing procedure is used to 

determine the friction and stray load losses by using FEA output values. 

 

Figure 4.1: Methods to find different loss components with different analysis methods. Ps: stator 

copper losses, Pr: rotor copper losses, PFe: iron losses, Pfw: friction and windage losses, and PLr: 

stray load losses (Publication IV). 

4.1.1 Loss Segregation method 

Depending on the size and power of the machine, there are several methods available to 

determine the efficiency of the machine. In the loss segregation method, different loss 

components are determined from the measured data. For high-efficiency electrical 

motors, the indirect method is highly beneficial. This method is based on three different 

tests as mentioned in [66]: no-load test, rated load test, and load curve test. 
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At first in the rated load test, the machine is run at the rated load until its operating 

temperature stabilizes. After that, the ambient temperature is kept constant. After having 

acquired the data at the rated point, the machine is stopped, and the stator resistance is 

measured at the operating temperature. The motor in a hot condition is again started for 

the next experiment, the load curve test, in which the machine is run at a 125% load. The 

load torque is then reduced gradually as shown in Fig. 4.2. Consequently, the temperature 

of the motor will reduce with the decreasing load. Thus, the test must be performed 

quickly. After the last load point (25% of the rated load), the stator resistance is measured 

again, and the load is decoupled from the machine. In the same way, the motor no-load 

test is performed starting from the 110% voltage and then decreasing the voltage 

gradually to 25%, and at the end, the stator resistance is measured again. 

 

Figure 4.2: Test procedure of the IEC loss segregation method 2-1-1B [47]. 

 

From the rated load test, the stator losses Ps and the rotor losses Pr are measured. From 

the no-load test, the mechanical Pfw and the iron losses PFe are determined, whereas the 

load curve test provides the stray load losses PLL, and the total losses are the sum of all 

the loss components in the machine 

   𝑃loss = 𝑃s + 𝑃r + 𝑃Fe + 𝑃fw + 𝑃LL  .               (6) 
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4.1.2 FEA and the emulating test procedure method 

In method 2, it possible to estimate the total electrical losses (stator, rotor, and iron losses) 

directly from the FEA outcomes, but the mechanical and stray load losses are analytically 

evaluated. With the FEA, additional loss and mechanical loss calculations are possible, 

yet they are still a major challenge as a full 3D model of the machine is needed, including 

modelling of the stack holding structure (e.g., welding), end windings, end rings, shaft, 

machine internal fan, bearings, bearing shields, and housing structure. Additional losses 

in the stator iron are mostly caused by the saturation effects, rotating flux, and small loop 

losses. Bertotti modified the classical analytical method by introducing these additional 

losses as an excessive loss. However, additional losses caused by eddy currents resulting 

from the flux variation in the end rings, circulating currents in the bearings, and losses in 

the housing if the stator yoke is saturating still pose a major challenge. There are many 

studies [67], [68] defining some proportion of the input power as an additional loss, but 

the IEC has defined them to be 0.5% of the input power in induction machines [38]. This 

IEC standard is still valid today, and it includes losses caused by the skin effect in the 

conductors. In method 3, all the loss values are analytically calculated using the test 

procedure. In the FEA method, no-load test results are used to calculate constant losses, 

friction and windage losses, no-load iron losses, and rated iron losses. Stray-load losses 

are estimated from the FEA load curve test, and the rated current, power factor, and slip 

values are calculated from the rated load test in the FEA. 

4.1.3 Accuracy and efficiency of the IM analysis by three methods 

For decades, many theories have been presented to calculate the stray losses in a machine. 

Stray losses are proportional to the square of torque, and they are mostly caused by the 

flux variation for instance in the windings, magnetic shields, iron core, and electrical 

sheets. Thus, increasing the load results in a non-linear increase in the stray load losses. 

Fig. 4.3a shows that the percentage difference between the measured and FEA results 

increase with an increasing torque. The reason for this is that in the emulating test 

procedure, the FEA input power is used to calculate the additional losses. The FEA input 

power is lower than the measured one, because the FEA input power is calculated based 

on the input voltage and the resulting current, but in an actual machine, the input power 

comprises copper, mechanical, core, and additional losses. However, for the FEA, the 

stray losses also increase as a function of load in the machine because the time harmonics 

caused by rotor slot ripple increase with the load in the stator magnetic field [69]. The 

percentage difference between the measured total losses and the analytically calculated 

total losses by the emulating test procedure is shown in Fig. 4.3b, and it is calculated by  

              𝑃(%) =
(𝑃tot,meas−𝑃tot,anal)

𝑃tot,meas
× 100,          (7) 

where 𝑃tot,meas is the measured total losses, and 𝑃tot,anal is the total analytical losses. The 

percentage difference in losses increases as a function of torque in the load curve test, 
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because the real machine has slightly higher friction and stray losses than the analytically 

calculated total losses. 

 

(a)                                                               (b) 

Figure 4.3: (a) Difference between the measured and FEA-emulated stray losses from the load 

curve. (b) % difference in total losses between the measurements and the emulating test method 

during the load curve test. 

 

 

(a)                                                                (b) 

Figure 4.4: (a) Determining the rated iron loss from the emulating FEA results and measured 

data from the no-load test. (b) Total losses in measurement, post-processing, and the emulating 

test method for the heat run test. 

 

The value of the measured rated iron losses from the no-load test was 206 W, whereas 

with the emulating test procedure the result was 225 W. At no load, the measured iron  
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losses are lower compared with the results found with analytic calculation. An obvious 

reason for this behaviour is the absence of skewing in 2D. In Fig 4.4b, the total losses 

from the FEA and the emulating test method show a difference of less than 5% compared 

with the measured results, and it can be further reduced by taking into account the end 

winding effect and skewing of the rotor bars, and by considering heat transfer in the 

simulations. Furthermore, increasing the mesh size or reducing the time in the FEA could 

give a better estimation of the loss components. 

4.2 FEA and PWM supply 

In a variable speed application, the speed control of the motor can reduce energy 

consumption of the motor drive system to a great extent. In a converter-fed motor drive 

system, voltage is supplied to a machine through a frequency converter, and the speed of 

the machine can be optimally controlled with a reference to the load. The system 

efficiency can be increased if the converter efficiency is high and low-loss 

semiconductors are used in it. However, pulse width modulation introduces additional 

time harmonics in the voltage and current waveform, thereby producing residual losses 

in the machine [70]. The additional harmonic losses could increase the resistive winding 

losses because of the temperature rise in the machine windings. As depicted in Fig. 4.5, 

for high-power machines, the proportion of harmonic losses is around 15% of the total 

losses. Furthermore, the converter losses are 25% of the total losses in a drive system.       

Figure 4.5: Loss distribution in a motor drive system with the contribution of joule and 

core losses [47]. 
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Considering these issues, the IEC has published 60034-30-2 standards for categorizing 

the converter-fed machine efficiency classes. According to these standards, the additional 

losses can increase up to 25% of the total losses when the motor rated power exceeds 90 

kW [71]. More than one-fourth of losses in converters are due to inverter bridge losses. 

Additionally, inverter bridge losses are proportional to harmonic losses in a machine, for 

instance, increasing converter losses reduces harmonic losses in a motor, and vice versa. 

As this study focuses on converter losses, only the power losses in the 5-kW IE-3 rated 

induction machine prototype were analysed by using various switching frequencies 

(4, 8, 12, and 16 kHz) at the operating frequencies of 25 and 40 Hz. Fig. 4.6 illustrates 

the flow of steps followed in the study. Initially, laboratory experiments were performed 

under controlled conditions, the fundamental voltage and current components were 

determined, and the PWM loss components were estimated. The loss distributions were 

further explored in the FEA by using a machine multi-slice model. They were analysed 

in the open-source FEA (Elmer) platform.  

 

Figure 4.6: Flow chart of the work. 

4.2.1 Laboratory setup and experimental results 

The squirrel cage 5-kW induction machine was tested at different switching frequencies 

of 4, 8, 12, and 16 kHz. The experimental setup is illustrated in Fig 2.4, and a schematic 

of the test machine setup is presented in Fig. 4.7. As illustrated in Fig. 2.4, a load machine 

is mechanically coupled with the 5-kW test machine. Both machines have a frequency  
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Figure 4.7: Laboratory setup of the test machine; (1) chamber, (2) PID-controlled heater for the 

inlet air, (3) constant-speed fan, (4) temperature sensor for the inlet air, (5) motor fan, and (6) 

current sensors. 

converter of their own. The test machine has a Siemens G120 inverter, whereas the 

inverter      of the load machine inverter is ABB ACS880. On the shaft there is a torque 

and speed transducer (Magtrol Torquemaster) to measure the output power, and a 

precision power scope having high bandwidth HITEC Zero-Flux transducers, which 

measures the phase currents of the test machine. In the test machine there are 18 Pt100 

temperature sensors, which are used to measure the spatial temperature distribution in the 

stator and rotor at different switching frequencies. The test machine is placed in a 

temperature-controlled environment. An insulated chamber with an adjustable air flow 

and temperature is used to have equal ambient conditions in all measurement points in 

the chamber. Beside an inlet fan there is a temperature sensor giving the temperature 

inside the chamber. A PID controlled heater is used to control the inlet air temperature in 

the chamber by heating a resistor on the flow path. Operating the machine under a 

stabilized ambient temperature will have an effect on the machine performance. Without 

the chamber, the ambient temperature of the machine could change drastically, resulting 

in higher temperatures in the motor parts. For the experimental results, the motor is run 

at specific load points (frequency, load torque) using a certain switching frequency until 

thermal equilibrium is achieved. In thermal equilibrium, the electric input power and 

mechanical output power are recorded, as are the temperatures in the machine and of the 

chamber. By subtracting the chamber inlet temperature from stator temperatures, 

respective temperature rises are obtained. The spatial distribution of the machine 
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temperature is examined to identify and quantify the additional losses induced by the 

PWM supply. The process is then repeated with different switching frequency. Fixed 

losses were attained by performing the no-load test. For the validation of the experimental 

results, it is crucial to consider the measurement uncertainties. Normally, uncertainty is 

specified as a range of values, and the results will be more accurate if the range is 

narrower. Uncertainty should not be confused with error or resolution. The principles of 

uncertainties with different classifications are discussed in [72]. In this work, the devices 

used for measurements and their accuracies are given in Table 4.1. Some of the measured 

results are shown here, and more details of the results can be find in Publication V.  

Table 4.1: Instruments used and their accuracies. 
 

  

 

 

 

 

 

 

 

 

 

 
 
Figure 4.8: Machine stator and rotor temperature and loss behaviour as a function of switching 

frequency at 75% torque and 40 Hz fundamental frequency. 

Measurements Devices Accuracy 

Phase currents and 

voltages 

Yokogawa PX8000 0.15% reading and 

0.05% range (50 Hz) 

     Torque and speed  Magtrol 

Torquemaster 

 

± 0.1 % in range 

 

Winding resistance 

Keithley 2701 

Ethernet multi-meter 

systems 

± (0.01 reading + 

0.002% of range) 
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As illustrated in Fig. 4.8, the stator winding temperature increases as the switching 

frequency is increased, thereby raising the stator losses in the machine. The increase in 

temperature, in general, could be due to some extra current harmonics at higher 

frequencies. The low-frequency harmonic content of in the current waveforms at 4 kHz 

switching frequency are higher than at 8 kHz, which explains the significant reduction of 

stator temperature rise at that point. As the switching frequency increases, the time 

harmonics in the voltage waveform decrease, resulting also in more sinusoidal 

distribution of the air-gap flux density. Consequently, both the rotor surface eddy current 

losses and the slip value will decrease. Furthermore, there is an overall declining trend of 

total losses in the machine as the switching frequency is increased from 4 to 16 kHz. 

4.2.2 Comparison of the FEA and experimental results 

In the laboratory experiments, the DC link voltage was constant at different switching 

frequencies; however, the fundamental voltage component was increased with the 

switching frequency to have less harmonics in the signal. The fundamental voltage 

component was used to generate a sinusoidal voltage supply in the FEA. The results are 

presented in Publication V. Reduced harmonics in the magnetic flux density reduce the 

iron losses somewhat, and there is a declining trend of total electrical losses as a function 

of switching frequency. Further, the recorded PWM supply during the experiments was 

supplied to the FEA to check the behaviour of current and losses and to see how well the  

 

Figure 4.9: Open-source FEA current, flux, and voltage THD% with different switching 

frequencies. 
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2D-FEM can accurately analyse the effect of the switching frequency on motor losses. 

The recorded voltage waveforms were downsampled from 1 MHz to 100 kHz to 

accommodate FEA program’s minimum time step. The resulting downsampled voltage 

waveforms were fed as .dat files that were called by the FEA program’s scripting tool. 

Distortion in the supply voltage will induce some harmonics in the flux density and 

current, and therefore, it is necessary to analyse the total harmonic distortion both in the 

voltage and the flux density. 

In Fig. 4.9, the total harmonic distortion in the voltage waveform decreases as the 

switching frequency increases, and the harmonic content is reduced to half as the 

switching frequency increases from 4 kHz to 16 kHz, thereby reducing harmonics in the 

current and in the air gap flux of the machine. In the FEA, the magnetic flux data of the 

first 1000 harmonics data are gathered by drawing an arc length in the air gap. The 𝐵THD 

% shows a weak negative trend and a decrement of 0.5 % compared with the lower 

switching frequency. This means that the losses in the core of the machine will decrease 

as function of switching frequency.   

The performance of the electrical machine is directly affected by the presence of harmonic 

losses. The presence of these losses results in extra noise and vibrations in the machine, 

which degrade the machine efficiency and life expectancy. Harmonic losses can vary as 

a function of machine load, machine model, switching frequency, speed, and PWM 

technique. The proportion of these losses is higher in larger machines; however, they 

cannot be ignored in small machines. In the FEA, the percentage difference between the 

PWM and sinusoidal supply losses gives the additional harmonic losses due to the PWM 

supply. From the measurements, harmonic losses are estimated by harmonic power, 

which is calculated by subtracting the fundamental power from the total active power. 

           (a)                                                             (b) 

Figure 4.10: (a) Comparison of power losses in the measurements and the open-source FEAs for 

different switching frequencies at 25 and 40 Hz. (b) FEA and measured harmonic losses % as a 

function of switching frequency at 25 and 40 Hz. 
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The harmonic losses obtained in this way constitute every other loss except fundamental, 

namely the mechanical and stray losses. In Fig. 4.10, losses in the FEA are compared with 

the measured data at different switching frequencies. Fig. 4.10b shows that the measured 

and FEA percentage of harmonic losses decrease as the switching frequency increases for 

both fundamental frequencies. The percentage of the measured harmonic losses decreased 

approximately by 4% as the switching frequency was increased from 4 kHz to 16 kHz for 

both fundamental frequencies. In the FEA, the decrement was about 1.5% when the 

switching frequency increased from 4 to 16 kHz. The additional loss percentage in the 

measured results was almost 6–7 times as high as the FEA results indicated.  

The losses from the FEA computations are lower than the corresponding laboratory 

measurement results for both fundamental frequencies because the measured results 

include friction and windage losses and stray load losses, whereas they are missing in the 

finite element method. However, the overall trend of losses decreases as the switching 

frequency increases. In the FEA, the recorded fundamental voltage is supplied to match 

the results. In the FEM calculations, the proximity effects and the skin effect are not 

included in the solution; however, owing to the presence of these effects, the increase in 

losses can be very small in small machines. Moreover, the 10 ms time step calculation 

limits the analysis of frequencies up to 50 kHz, which is too small for the PWM supply. 

A more accurate modelling of the iron loss behaviour is needed, and the phenomena 

related to stray-flux-induced losses in the motor frame and other passive parts should be 

modelled. 

4.2.3 Challenges in PWM calculations 

Time-stepping FEA analysis is normally required to capture the effect of time harmonics 

in the FEA outcomes. For this, there are different methods to simulate the models in the 

FEA, for instance, (a) supplying the model with a recorded current waveform, (b) a PWM-

recorded waveform supply to the model, and (c) coupling the converter hardware with 

the FEA model. In addition, the FEA results are obtained by giving some calculated 

parameters to the model, but in reality, the estimated parameters might not be realistic. 

Supplying with a current waveform is appropriate if there is a resistive load, but for an 

inductive load, such as electrical machines, it is extremely difficult to cope the current 

waveform supply, because the high inductance opposes any change in the current flowing 

through it. Furthermore, this approach might be suitable to quickly acquire the loss 

distribution in a model, but it is limited to some specific models used in measurements.  

In the FEM, supplying the motor with the recorded PWM voltage waveform is a better 

option because there is no need to fix the current waveform in advance. However, 

balancing the time step of the simulation in the FEA is an issue because there is no natural 

damping phenomenon in the FEA model, which exists in an actual machine. Therefore, 

even a small fluctuation in the recorded waveform will introduce oscillations into the 

FEA. In addition, capturing all the active power of the PWM waveform and analysing 

higher harmonic components requires a high sampling rate (a smaller time step, e.g., one 

micro or nano second) and very fine mesh size, which will lead to a long computational 
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time and burdensome calculations in the FEA. Another issue is the accurate modelling of 

rotor losses in the FEA if an arbitrarily created PWM waveform is used. In a real machine, 

the PWM supply harmonics will increase the temperature of the rotor, resulting in higher 

rotor losses and higher slip values. Thus, we need actual measured data to match the slip 

value in the FEA to get reasonable results. Both the voltage and current waveform 

supplies are problematic because they are only valid in the specific operating point. 

Coupling the converters with the FEA and operating the system through a control system 

is rather complex and time consuming in open-source software, but this approach is 

present in multiple commercial FEM software packages as an additional feature.     

Discussion 

Nowadays, the prices of commercial FEA software licences are increasing. Therefore, 

research organizations and companies are focusing on in-house software or open-source 

FEA in solving multi-physics problems. Currently, various FEA solvers and open-source 

libraries are developed for electromagnetic analysis. In this dissertation work, the open-

source platform developed by CSC-IT Center for Science Ltd. was used for the FEM 

analysis. The results were compared with a commercial FEA and laboratory experiments. 

The open-source FEA showed results comparable with the commercial FEA. The error 

percentage in the iron loss calculation for the open-source tool was below 2% when 

compared with the measured results at the 50 Hz sinusoidal supply. Furthermore, the 

computational time when using six cores was about the same as with the commercial 

FEA. However, the simulation time is heavily dependent on the specifications of the 

computer system for the commercial FEA. With Elmer, external resources (CSC 

supercomputers) are used for computations. Thus, there is freedom of selecting a higher 

number of cores, CPUs per task, and number of threads based on CPUs per task.   

In the laboratory experiments, owing to the presence of measurement uncertainties, it is 

important to evaluate the reliability of the results. One option is to use analytical loss 

calculation methods and FEA analysis. Considering a 2D FEA model, it is expected that 

the results will differ slightly from the measured data because all the phenomena cannot 

be modelled accurately. Thus, selecting a proper time step for the FEA computations is 

important. A short time step results in a better estimation of machine losses but has a 

strong computing time penalty. A simulation having a time step of 1µs with a fine mesh 

size can take more than a week to complete. In addition, much memory is required to 

store the simulation results. Therefore, a 10 µs time step was used in the simulation as it 

gives more acceptable results close to the measured data than 50 µs or 100 µs time steps. 

By using such a time step, the analysis of the high frequency content is challenging when 

a PWM supply is used in the loss calculation.  

Contrary to this, in the measured data there are losses also at higher frequencies. The 

harmonic power band can be split into two bands. One is up to 100 kHz, where the 

increase in the accumulated input power is very high, and the other beyond 100 kHz, 

where the cumulative power increases only slightly. There is no doubt that the Berttoti 

model can predict the 50 Hz machine core losses quite efficiently, but still, apart from 
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hysteresis, eddy-current, and excessive losses, there are rotational core losses in the real 

machine that cannot be easily solved in the FEA. This phenomenon, which makes the loss 

estimation more complicated, is a topic of constant research interest. Development of an 

accurate method in the FEA seems to be a very challenging task. 

In the 2D FEM, the skin and proximity effects are not necessarily included in the solution; 

however, the increase in losses caused by these phenomena can be considered to be very 

small in small machines with fine winding strands. A more accurate modelling of the iron 

loss behavior is needed, and the phenomena related to losses induced by the stray flux in 

the motor frame and other passive parts should be modelled. 

Nevertheless, apart from uncertainties in the experiments and the capabilities of the FEA 

analysis, there is always a risk of human error. The influence of human error on results 

can be reduced by taking some precautionary measures, such as high-quality instructions 

and effective guidance, but human error cannot be avoided entirely.  
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5 Conclusion and future work 

5.1 Conclusion 

This doctoral dissertation has focused on the research performed on the modelling and 

analysis of a converter-fed induction machine. Nowadays, it is necessary to have highly 

energy efficient electrical machines, and they are extensively used in many applications. 

Finite element analysis has made it possible to optimize the energy efficiency of a 

machine at low cost with little human effort. Moreover, FEA results together with real-

time laboratory experimental results can help in taking machine efficiencies to new levels. 

Each FEA package has its own features. Therefore, when selecting the FEA, several 

aspects have to be considered: for instance, computational capability, flexibility in model 

building, post-processing, and accuracy of the results. In this work, an open-source FEA 

(Elmer) and a commercial software (Altair Flux) were used to analyse a converter-fed 

induction machine. The outcomes of both FEAs were compared with results of laboratory 

experiments. Chapter 2 of the dissertation provided some important results of this 

comparison. The open-source FEA showed acceptable results when compared with the 

measurement results and the commercial FEA results. The motor parameters, such as end 

ring resistance, end winding inductance, and air-gap length, have to be modelled 

accurately as they have an impact on machine losses. Furthermore, the computational 

times of the commercial and the open-source FEA are almost the same when six cores 

are used, but the computational time can be reduced considerably by using the open-

source FEA because of parallel computing and more cores available in CSC 

supercomputers.  

Laboratory experiments were also performed at different switching frequencies, and 

results were gathered. The recorded voltage waveform had a time step of 1 μs. Using a 

recorded voltage with such a small time step makes FEM calculations burdensome and 

slow. Thus, the voltage was down-sampled to 10, 50, and 100 μs using an averaging and 

decimation method. The FEA results showed that averaging the data with 10 μs samples 

had a somewhat smaller harmonic content in the voltage, but the machine losses were still 

close to the measured ones, and the computational time was reduced by approximately 

75% compared with the case where 1 μs samples were used.  

To optimize the performance of a machine, it is obligatory to understand the behaviour 

of the loss components in different operating conditions. The main loss components 

separated by the loss segregation method from the experimental data were compared with 

the two designed methods based on the FEA output. Both methods showed results well 

comparable with the measured losses. To get more accurate results from a simulation, 

developments in the analysis of mechanical, additional, and copper losses are required.   

Finally, loss behaviour in the converter-fed induction machine was analysed in a PWM 

supply at four different switching frequencies at two different fundamental frequencies. 



5 Conclusion and future work 

 

60 

The objective was to investigate how well the 2D-FEM can analyse the effect of the 

switching frequency on motor losses. Typically, the electrical machine losses decrease as 

a function of switching frequency, and in this study, the experimental and FEA results 

showed agreement with the previous studies. The losses decreased with an increasing 

switching frequency. More details are reported in Publication V. However, further 

optimization in the FEM model, for instance, a 3D model considering skewing, end rings, 

and thermal effects, could result in a better estimation of losses.       

5.2 Future Work 

The research work done in this dissertation can be continued by considering a more 

detailed investigation of the following issues:  

A 3D FEM analysis of an induction machine with a PWM supply considering rotor 

skewing, end rings, and proximity effect can be carried out. Especially, the eddy current 

losses can be accurately modelled in 3D. Furthermore, the 3D model results can give a 

picture of the loss behaviour in a machine, and the results can be compared with analytical 

methods and laboratory experiments.    

In this study, the effect of the harmonic losses remained unclear in the FEA, and there is 

no general method available to estimate them, as it would require computations with very 

small time steps. The higher specific power and higher efficiency requirements for 

electrical machines create an urgent need to study the harmonic losses in more detail. In 

addition, the analysis of sub-harmonics and inter-harmonics is a topic of further study, 

but again, it requires a very high sample rate. 

In the open-source FEA, thermal simulations are a challenge for future. The losses in a 

machine can be efficiently estimated if it is possible to employ heat transfer problems that 

involve the FEM for the rotor and the stator and the CFD/PDE for the air gap and case–
ambient thermal interfaces.
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Appendix A:  

The mesh density parameters are defined in each point as stated below 

//stator Mesh density  

m_gap  = 0.05 (air gap mesh side length is 0.05 mm). 

m_sl_bot = 0.7 (stator slot bottom point mesh side length is 0.7 mm). 

m_sl_top = 0.2 (stator toothtip point mesh side length is 0.2 mm). 

m_s_out = 1.2 (outer stator sector mesh side length is 1.2 mm). 

 

//Rotor Mesh density 

m_sl_bot = 0.4 (rotor bottom point mesh side length is 0.4 mm). 

m_sl_top = 0.1 (rotor toothtip point mesh side length is 0.1 mm). 

m_r_in (inner rotor sector) = 1 (inner rotor sector mesh side length is 1 mm). 

 

B-H curve values of the M800-65A material used in FEA calculations. 

 

Measured B-H curve of the M800-65A. 
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� Abstract – A 5 kW high efficiency induction motor is
analyzed using an open-source platform and the results are 
compared with measured data and commercial software. 
Comparison of the results shows that the open-source platform 
gives good results that are close to measured and commercial 
software computed values – especially for torque, current and 
losses. The open-source method required less computational time 
than the commercial software. It is concluded that for 2D 
applications, open-source software can be used on industrial-
scale problems with acceptable results. 

Index Terms-- electrical machine, finite element analysis, 
finite element method, induction machine, IEC-loss components 
iron losses, rotor joule losses, stator joule losses. 

I. INTRODUCTION

He primary aim this research work is to benchmark a 
multi-physical open-source platform against well-known 
commercial FEA software to assess whether it can be used 

in electrical machine computations. Current, slip, 
electromagnetic torque and associated losses calculated using 
the open-source platform are compared with the commercial 
finite element method and measured data of the real motor. 
There are several reasons to favor an open-source platform. 
Firstly, the platform enables flexible modification of the 
modelling features. Secondly, it is possible to include 
attributes that do not exist in commercial software, for 
example, the open-source platform supporting alternatives for 
pre-processing and post-processing. Lastly, use of an open-
source platform permits cost-efficient massive computation 
[1]. Additionally, open-source software is transparent; it is 
thus possible to check the source code, investigate the 
functionalities implemented, and judge their reliability [1].  
The utilized open-source finite element method (FEM) was 
developed by the Finnish company CSC – IT Center for 
Science Ltd. Both the commercial and open-source FEM 
software use Maxwell’s equations and the Bertotti model to 
solve the electromagnetic problems and the iron losses. For 
inter-process communication and parallel processing, the 
open-source software utilizes the standardized message 
passing interface MPI, which makes it possible to run analyses 
in multi-core as well as multi-processor environments [2]. The 
commercial FEA software also supports parallel computing 
but the computation time of the commercial FEA 
computations depends on the number of cores selected and the 
RAM of the operating machine [3]. For the open-source 
system there is no pre-requisite to have an efficient operating 

Φ

machine because it can utilize supercomputing resources and 
access CSC servers employing up to 672 cores for robust 
results. The open-source FEM uses mesh generation tools for 
complex geometries [4]. Importing the mesh from GMSH 
(open-source software) to open-source FEM could result in 
dislocations of mesh nodes, which would affect the accuracy 
of the results. In [5], where open-source meshing tools such as 
OpenFOAM, SALOME and GMSH are studied to analyze 
their computational meshing capabilities, it is concluded that 
open-source tools are less user-friendly, that there is 
complexity in different tool interactions and data 
incompatibility in various process phases [5]. Commercial 
tools are generally based on integrated modelling and the in-
built advanced meshing capability of commercial FEA 
software allows it to calculate more precise results due to the 
absence of dislocations in the mesh nodes. 
 An induction motor was chosen as a test case because it is 
is widely used in the industrial sector. They are easy to design, 
control and operate safely within a wide field-weakening 
range [6]. Induction motors are often named the workhorses 
of the industry, and they are widely used in variable speed 
applications such as conveyor belts, robots, electrical vehicles, 
cranes, elevators and home appliances [7]. The 5 kW motor in 
this work is operated with a frequency converter and is 
specially designed to power industrial lifting equipment. The 
design and main parameters of the 5 kW prototype IM are 
introduced in section II. Sections III and IV compare the 
current and torque results from the open-source and 
commercial FEA software. Section V presents the losses 
obtained with the two software platforms and the real 
measured losses obtained with the IEC losses segregation 
method for the 5 kW prototype machine. The computation 
time of the open-source FEM is investigated in section VI.  

II. MOTOR DESIGN AND ANALYTICAL CALCULATIONS 

The studied 5 kW motor is a 4-pole squirrel-cage machine.
Because of symmetry, it is sufficient to analyze one pole in the 
FEM. One fourth of the FEA model of the machine having one 
pole with ten aluminum rotor bars and twelve slots in the stator 
is shown in Fig. 1. The main data of the 5 kW IM rated values 
are given in Table I. The motor is designed for lifting purposes 
operating mainly at 75% torque. To deliberately increase the 
share of iron losses and facilitate examination of the iron 
losses, M800-65A material steel sheets with high specific loss 
value of 8 W/kg at 50 Hz are used in construction of the rotor 
and stator stacks. The dimensions of the machine, stator circuit 
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configuration and details of the winding configuration can be 
found in [8]. The rotor has 8.5 degrees skew, so the magnetic 
flux is non-isotropic in the axial direction, and with 2D 
analysis, some difference to measured values is to be 
expected. In the open-source software simulations, the free 
CAD tool GMSH (open-source software) is used for 
modelling, as GMSH has excellent meshing capabilities for 
2D problems, due to its efficient meshing algorithms, and 
scripting can be done for effective construction of geometry. 
The conductivity of aluminum and copper is 24 MS/m and 48 
MS/m, respectively when there is temperature rise in the 
winding. 

 
Fig. 1. One fourth of the 5kW induction machine geometry and the used 
mesh in open source FEM. 

The stator slot and rotor bar dimensions are shown in Fig. 2.  
 

 
Fig. 2. Stator slot and rotor bar dimensions. 

TABLE I.   INDUCTION MACHINE RATED VALUES 

Parameter Value 
Stator stack length 160 mm 

Stator core outer diameter 220 mm 

Stator core inner diameter 125 mm 

Air gap 0.5 mm 

Number of winding turns in one phase 128 

Winding configuration Y 

Rated voltage  400 V 

Rated frequency  50 Hz 

Rated power 5 kW 

Rated speed  1467 min-1 

Rated current 10.4 A 

In design of induction motors, the equivalent circuit 
parameters offer indispensable information, and they can be 
obtained analytically or by FEA [9]. The circuit parameters 
utilized in our research were calculated analytically. The 2D-
model cannot take into account three-dimensional effects and 
therefore they are included in an external circuit model. The 
motor end effects are divided into stator end-winding 
inductance and rotor end ring resistance and inductance [10]. 
The rotor circuit parameters have an effect on the slip and the 
related torque production of IMs. Lombard and Zidat [11] 
computed the impedance of a machine using 2D and 3D 
computation and studied the effect of the end ring on the 
machine performance. They found that the computation 
results for an induction machine are very sensitive to the end 
ring parameters. In this study the measured phase resistance 
information is used in the FEA, and the resistance value is 
corrected to the corresponding winding temperature at the 
operating point studied.           

A. End ring resistance 
The end ring resistance is given by [12],[13] =	 ,( , 	 	 , )		       (1) 

where ℎ  represents the height of the ring, ,  is the rotor 
outer diameter,	 ,  is the end ring internal diameter,	  = 
1.05 is a correction factor and  is the resistivity of the end 
ring conductor [12]. The skin effect can be taken into account 
in (1) by varying the useful height of the rotor bar and the end-
ring thickness. In some cases, the current does not penetrate 
completely into the bar (height), and therefore, the resistance 
should be computed for a larger diameter using a corrected 
rotor bar height and end-ring thickness [14]. 

B. End ring leakage inductance 
End ring leakage inductance is given by [15] = ( 	−	 ) + 	Ʋ 	       (2) 

where  is the number of rotor slots,	  is the number of 
stator phases,  represents the number of pole pairs,  is 
the rotor bar length,  is the rotor core length, factor Ʋ = 
0.18,  is the average diameter of the short-circuit ring and 

 is the vacuum permeability. 

C. End winding leakage inductance 

When applying transient 2D finite element tools, the main 
interest in the stator leakage components lies in the end-
winding leakage connected to the FEA circuit model. The end-
winding leakage inductance represents the flux distribution in 
the end region produced by currents flowing outside the stator 
iron stack. Analytical calculation of the leakage fluxes is 
challenging because of the complex multilayered end-winding 
areas. End-winding leakage inductance is normally given by 
[15].                                                           

              =	 	             (3) 

where	  is the number of stator slots, N is the number of coil 
turns in the phase winding, 	is  the average end winding 
length. is	permeance	factors,	 whose product is given as                   
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      = 2 +
      

           (4) 

where  is the axial length of the end winding measured 
from the end of the stack, and	  is the coil span. The 
permeance factor 	= 0.5  and  is 0.2 for a three-phase 
two-layer stator winding and rotor cage winding type [15]. 
The IM circuit parameters (1)-(4) is given in Table II. 

TABLE II.   MODEL PARAMETERS 

Parameter Value 

Phase resistance (θw=102°C) 0.582 Ω 

End winding leakage inductance 6 mH 

End ring resistance 1.4 µΩ 

End ring inductance 44 nH 

 

D. Iron losses 
Much research has studied losses in a three-phase induction 

motor. Based on a 2D FEM, Belahcen, Rasilo and Arkkio [17] 
segregated the iron losses into eddy, hysteresis and excess 
losses. The iron losses estimated analytically were less precise 
than calculated. Saheb and Ali [18] introduced an approach to 
estimate induction motor iron and copper losses by finite 
element analysis considering stator winding end effects, rotor 
end ring end effects and rotor bars skewing.  

In the open-source FEA in this study, steady-state iron 
losses estimation is done using the Steinmetz equation and a 
Bertotti model in which the total iron losses are described as a 
contribution of hysteresis, eddy current and excess losses [8]. 

         = Σ = + +      (5) 

where  is a harmonic power loss component associated with 
the kth flux density harmonic,   is the peak flux density value 
of the kth B harmonic, and  is the kth harmonic frequency [8]. 
The values of parameters a, b and C are obtained from curve 
fitting of the measured data for various frequencies and flux 
densities. In this research, the values for harmonic loss 
frequency exponents	 1,	 2, and 3 are 1.0, 2.0, and 1.5. 
Harmonic  loss field exponents	 1, 2, and 3 are 1.776, 2.0 
and 1.5, respectively [8]. The first, second and third terms in 
(5) represents hysteresis, eddy current and excess losses 
respectively.  

III.   CURRENT EVALUATION USING FEA  AND 

MEASUREMENTS 

 At the rated slip value, the current waveforms were 
analyzed using both the commercial and the open-source 
FEM. The measured current waveform and current amplitudes 
given by the open-source and the commercial FEA are shown 
in Fig. 3 

 
Fig. 3. Open-source, commercial FEA and measured currents waveform at 
50 Hz on rated torque. 

The stator current peak value obtained with the commercial 
FEA is 13.4 A, the corresponding measured value is 14.7 A, 
and the open-source software gave phase peak current of 13.3 
A. The FEA computed results might differ from the measured 
values for one obvious reason: the 29th and 31st voltage 
harmonics are produced by a generator supply unit. Fig. 4 
compares the open-source, the commercial FEA and the 
measured current harmonics and it can be seen that the 31st 
harmonic is present in the measured spectrum but negligible 
in the FEA computed waveforms as it originates from the 
generator voltage. From the 17th to the 23rd harmonic, there is 
a significant difference between the amplitude of the measured 
and FEA computed waveform because the harmonics 
originate from the rotor slotting. In the simulations, the higher 
amplitudes of the current harmonics might be a consequence 
of a non-modelled skewing effect [16]. 
 

 
Fig. 4. Open-source and commercial FEA and measured fast fourier 

transform (FFT) analysis for current at 50 Hz.  

IV.   TORQUE EVALUATION USING FEA AND MEASUREMENTS 

 The finite element analyses were done at the rated slip and 
the rated load. Computations were performed in the Altair 
Flux 12.3 finite element program and in the open-source FEM 
program Elmer to get torque waveforms at the rated load (time 
stepping computation with sinusoidal voltage supply). The 
FEA model had 120,000 nodes and a time step of 50 μs. 
Torque waveforms as a function of time for both software are 
illustrated in Fig. 5 for 5 ms because the fundamental 
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waveform period is 20 ms and, due to symmetry, one fourth is 
taken into account. The torque ripple is large because rotor 
skewing is not taken into account in this 2D model [8]. 

 
Fig. 5. Open-source and commercial FEA torque waveform as a function 
of time at 50 Hz. 

Torque fast Fourier transform results are depicted in Fig. 6 for 
both software.  

 
Fig. 6. Open-source and commercial FEA torque FFT analysis at 50 Hz. 

Comparison of the FFT results shows that both software 
show torque ripple at the 6th harmonic resulting from 5th and 
7th current linkage harmonics. The back-to-back test bench 
used in this study cannot be used to analyze the torque 
harmonics of the tested machine since the load machine and 
the test bench mechanics affect the results.  

The results obtained from the open-source FEM were 
compared with the commercial software at different slip 
values. In Fig. 7, it can be seen that for smaller slip values both 
software show almost the same behavior. As the slip values 
increase, the open-source FEM gives smaller values for the 
torque compared to the commercial FEA. At unity slip, the 
start-up-torque value is practically the same. The peak torque 
value for the commercial FEA is higher compared to the open-
source FEA results. 

 
Fig. 7. Torque as a function of slip from Open-source and commercial FEA. 

V.   LOSSES FROM DYNAMIC STATE FEA COMPUTATIONS AND 

MEASUREMENTS                                                                  

In this research, pure sinusoidal voltage was supplied without 
considering time harmonics. Time step FEA computations 
were performed to analyze losses at four different frequencies.  
Measured results were determined at four different 
frequencies of 50 Hz, 37.5 Hz, 25 Hz and 12.5 Hz with 
sinusoidal generator supply and constant U/f ratio, i.e. the line-
to-line voltages were 400 V, 300 V, 200 V and 100V, 
respectively. The IEC [16] standard loss segregation method 
2-1-1B was used to measure different motor loss components. 
Three tests were used to obtain the data for the loss 
segregation method. The stator and rotor Joule losses were 
determined from the rated load heat run test; the no-load 
voltage curve test was used to determine the mechanical losses 
and the iron losses; and the additional stray load losses were 
determined from the load curve test [16].  

In this research the special attention is paid to determine the 
iron losses. The measured results used to calculate the iron 
losses as a function of supply frequency are shown in Fig. 8. 
Obtaining the iron losses accurately from the no-load test is 
difficult because the machine is running with a low power 
factor, which results in a low power measurement accuracy. 
Further, reducing the fundamental waveform frequency will 
reduce the accuracy of the power measurement. At 12.5 Hz, 
the iron losses do not behave logically. It should be noted that 
the iron losses in Fig. 8 are measured with a constant voltage 
frequency ratio to keep the flux linkage level constant, similar 
to when the machine is driven with a frequency converter.  

The measured iron losses are determined at the voltage 
point i, where the effect of the stator voltage drop is removed, 
that is:  

i = − √32 cos + √32 1 − cos , (6)

where  is the measured stator voltage,  is the measured 
stator current,  is the stator resistance at the temperature of 
the corresponding measurement point, and cos  is the power 
factor at that specific point.  
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Fig. 8. Measured iron losses as a function of stator voltage. The diamond 
sign (◊) is used to indicate the iron loss determination point where the stator 
inner voltage drop has been taken into account. 

   
The measurement results differ from an ideal FEA 

computation since the supply unit generates some voltage 
harmonics. Consequently, it can be expected that also the 
simulation results will deviate slightly from the measurement 
results. The difference in current amplitude is determined by 
the mechanical losses. Analytical values for the iron losses at 
different frequencies and line-to-line voltage are compared 
with the FEA computed results in Fig. 9. 

 

 
Fig. 9. Iron losses comparison for measured and FEA computed values for 
loss at 32.5 Nm load with end-ring resistance 1.36 µΩ for the studied 5 kW 
IM. 

 Compared to the measured iron losses values, the commercial 
FEA tool showed higher percentage error for low frequencies 
than the open-source FEA. At 12.5 Hz, the commercial FEA 
showed more than 20% error, whereas the open-source tool 
error percentage is below 2%.  
Simulated results from the open-source FEA are given in 
Table III. Table IV lists the results from the commercial FEA. 
Current RMS value for the open-source FEA is 9.78 A, while 
the commercial software showed 9.87 A at 32.5 Nm at 50 Hz 
at 0.023 slip value. 

TABLE III.   OPEN-SOURCE COMPUTATIONAL  RESULTS FOR  DIFFERENT  
FREQUNCIES AT RATED LOAD 32.5 NM. 

Parameter Values Values Values Values 

Frequency, Hz 12.5 25 37.5 50 

Iron Losses, W 34 81 138 207 

Rotor Joule Losses, W 130.6 124.4 122 125 

Stator Joule Losses, W 154.6 152.6 149 151 

Total Electrical Losses, W 319.2 358 409 483 

TABLE IV.   COMMERICIAL FEA COMPUTATIONAL  RESULTS   FOR  
DIFFERENT  FREQUNCIES AT RATED LOAD 32.5 NM. 

Parameter Values Values Values Values 

Frequency, Hz 12.5 25 37.5 50 

Iron Losses, W 27 73 136 205 

Rotor Joule Losses, W 137.4 129.7 128.2 131 

Stator Joule Losses, W 163 161 156 157 

Total Electrical losses, W 327.4 363.7 420.2 493 

 
 The measured values obtained using the IEC-segregation of 
losses method for losses at different frequencies are presented 
in Fig. 10.  

 
Fig. 10. Measured losses values at 32.5 Nm load and 1.36 µΩ end-ring 
resistance for 5kW IM 

Table V shows the impact on iron, stator and rotor losses when 
changing the end ring bar to bar resistance and keeping all 
other parameters the same. It can be seen that the change in 
the resistance value has a small effect on the rotor and stator 
Joule losses. Iron losses are almost the same for all end ring 
resistance values.  

TABLE V.   OPEN-SOURCE COMPUTATIONAL RESULTS FOR  DIFFERENT END 
RING RESISTANCE VALUES AT 50 HZ. 

Parameter Values Values Values Values 

Resistance between bars, µΩ 0.7 1 1.36 1.7 
Iron Losses, W 205 207 207 207 
Rotor Joule Losses, W 122.5 124 125 125 
Stator Joule Losses, W 150.8 150 151 149.8 
Total Electrical Losses, W 478.3 481 483 481.8 
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VI.   OPEN-SOURCE FEA COMPUTATIONAL TIME 

 In iron loss computation at 50 Hz supply, the commercial 
and open-source FEA time step size was 50 μs and the number 
of mesh nodes was around 120,000. Table VI shows the 
relationship between the number of time step intervals, job 
type, number of processor cores and computational time for 
the open-source FEM when solving the problem. It can be 
observed that the computational time decreases more than 
50% when the number of cores is increased from 14 to 26 for 
16,000 intervals. The relation of computation time to number 
of cores is not linear. The computational time could be further 
reduced by using more parallelization. 

TABLE VI.   OPEN-SOURCE FEA COMPUTATIONAL TIME FOR 50 HZ 
INDUCTION MACHINE. 

Number of  
intervals 

Time   
step  

Job type 
Number 
of cores 

Simulated 
time  

 16000 50 μs serial 1 8280 min 

 16000 50 μs parallel 14 1280 min 

 16000  50 μs parallel 26 520 min    

 60000 50 μs parallel 6 10080 min 

 60000 50 μs parallel 22 1860 min 

 60000 50 μs parallel 24 1580 min 

 

VII.   CONCLUSION 

 The aim of this study was the assessment of induction 
machine by FEA and the results are compared with measured 
data. 2D FEM analysis was performed for a 5 kW induction 
motor with commercial software Flux 2D Altair and then an 
open-source software was used to analyze the same induction 
motor. The machine electromagnetic state remained the same 
during the whole analysis. FEA results found from both open-
source and commercial tool were compared with measured 
values. At 50 Hz, the commercial FEA showed more than 8% 
error compared with the measured fundamental wave value of 
the stator current, while the open-source FEA result deviated 
less than 4% from the measured current value. The 
experimentally determined value for iron losses at 50 Hz is 
205 W, while the open-source and commercial FEA computed 
values are 207 W and 205 W respectively. At 12.5 Hz, the iron 
losses for the commercial FEA showed more than 20% error, 
while the open-source error percentage was below 2% 
compared to the measured value. It can be seen that the open-
source software shows acceptable results in comparison with 
the commercial software. Furthermore, the computational 
time can be significantly reduced by using a higher number of 
cores. Therefore, it is concluded that for 2D applications, it is 
possible to utilize the open-source platform in industrial-scale 
applications to get acceptable results without incurring license 
fees. This study did not consider the skewing effect in the 

models, which may have affected the accuracy of the results. 
A 3D model of the 5 kW induction motor will be studied in 
further work along with analysis of the skewing effect. 
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and Juha Pyrhönen , Senior Member, IEEE

Abstract—5-kW high-efficiency induction motor is analyzed us-
ing two-dimensional (2-D) open-source platform and the results
are compared with commercial software and measurements. The
importance of equivalent circuit parameters in 2-D analyses is
highlighted. The noncommercial and commercial software give
similar results. The motor is further analyzed in the 2.5-D domain
and the results are compared with measured results. The losses
obtained with 2-D, 2.5-D, and using the IEC segregation procedure
of losses procedure are compared. The performance of an induction
machine depends significantly on different parameters such as air
gap and stator tooth tip height. Their impact on losses is studied
with open-source finite-element analysis. The benefit of this open-
source platform in the electrical motor analysis is the ability to use
parallel-computing effectively and reduce the time required to solve
the electromagnetic problem. Other benefits are the transparency
of all features of the software and license-free usage. It is concluded
that in 2-D analyses, the open-source software can be used on
industrial-scale problems as it showed acceptable results for losses,
and lower computational time when using appropriate mortar and
conforming boundary conditions.

Index Terms—Electrical machine, finite-element analysis (FEA),
finite-element method, induction machine, IEC-loss components,
iron losses, rotor joule losses, stator joule losses.

I. INTRODUCTION

THE primary target of this research work is to benchmark
a multiphysical open-source platform against well-known

commercial finite-element analysis (FEA) software to assess
whether the open- source platform can be reliably used in
electrical machine computations. Current, slip, electromagnetic
torque, and associated losses are calculated using the open-
source platform and then compared with the results found with a
commercial finite-element method (FEM) and measured data of
a real motor. There are several reasons to favor the open-source
platform. First, the platform enables flexible modification of the
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modeling features. Second, it is possible to include attributes
that do not exist in commercial software, for example, the
open-source platform supports alternatives for preprocessing
and postprocessing. Last, use of the open-source platform per-
mits cost-efficient massive computation [1]. Additionally, the
open-source software is transparent; it is thus possible to check
the source code, investigate the functionalities implemented,
and judge their reliability [1]. Due to the significant license
costs of commercial FEA-software, industries and research in-
stitutes are moving toward open-source or in-house software for
electromagnetic analysis. Scientific research has made possi-
ble to develop various open-source libraries and FEA solvers.
One of the most widely used FEA software is “FEMM” [2]
that works on a MATLAB interface known as “xfemm” [3].
However, FEMM has a substantial limitation as it does not
support transient analysis. An alternative software is getDP [4],
which is having its own scripting language but not emphasizing
much on magnetics [5]. A MATLAB-based open-source FEA
library SMEKlib is capable of performing rotating electrical
machines analysis. The library uses gwrap [5] for meshing
purpose. Additionally, SMEKlib is more toward on features
and analysis tools but, rather focusing on user interface. Fur-
thermore, Pyleecan (Python Library for Electrical Engineering
Computational Analysis) project is aiming to provide a user-
friendly, unified, and license-free Python object-oriented com-
putational tool for the designs and optimization of electrical
drives [6].

Traditionally, electrical machines are modeled with two-
dimensional (2-D) models in FEM to get faster results. In a
2-D model, however, it is not possible to consider, e.g., skewing,
and if it is not considered, the model will yield unrealistic results
because of elevated slot harmonics [7]. The invention of the mul-
tislice model (2.5-D) has solved this issue to a great extent. The
first model of machine multislicing emerged about two decades
ago and subsequent development has enabled such models to
approach the accuracy of 3-D calculation. The 2.5-D approach
is less complex than 3-D modeling and performs accurate skew
modeling using very limited computational resources. Commer-
cial and open-source FEM software have special built-in features
for multislice modeling of electrical machines [8].

The open-source FEM utilized in this article was developed
by the Finnish company CSC—IT Center for Science Ltd. Both
the commercial and open-source FEM software use Maxwell’s
equations and the Bertotti model [9] to solve electromagnetic
problems and analyze iron losses [10].

0093-9994 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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For interprocess communication and parallel processing, the
open-source software utilizes the standardized message pass-
ing interface (MPI), which makes it possible to run analyses
in multicore as well as in multiprocessor environments [11].
Commercial programs have also MPI, but computation with all
cores of the computer is usually impossible. The core limit of
the commercial FEA software depends on the computer used, in
this case, the analysis is performed with a desktop that has 12
cores, but the commercial software can only utilize six of them.
The superior benefit of open-source FEA-software is that it can
use as many cores as any desktop or supercomputer can offer.
In case of Elmer nowadays, 672 cores can be used. Therefore,
open-source FEA software performs computations much faster
than commercial ones.

An induction motor was chosen as a test case because of the
widespread use of such motors in the industrial sector. They
are easy to design, can work with different control principles,
and operate safely within a wide field-weakening range [12].
Induction motors have often been named the workhorses of the
industry, and they are widely used in variable-speed applications
such as for powering conveyor belts, robots, electrical vehicles,
cranes, elevators, and home appliances [13]. The 5-kW motor in
this article is operated with a frequency converter and is specially
designed to power industrial lifting equipment.

The target of this research is to analyze the energy efficiency
and performance of a converter-fed machine over wide oper-
ational area. This kind of analysis with PWM supply requires
an extensive number of operation points with short time step
to include the high-frequency harmonic content of the PWM in
the solution. In the first part of the research, an alternative soft-
ware package—open-source platform—is tested and reported
here. The design and main parameters of 5-kW prototype IM
are introduced in Section II. In Section III, it is illustrated that
with the same parameters, initial conditions, and with the same
input voltage, the open-source software gives similar results
than the well-known commercial software. The usability of
the open-source platform in a converter-driven machine energy
efficiency analysis is further investigated in Section IV. The
comparison to commercial software and to IEC loss measure-
ments is performed in four operation points with the constant
voltage-frequency ratio and different fundamental frequencies to
emulate converter operation. The object is to find out if the loss
results are comparable with a sinusoidal supply and in the next
phase of research is PWM supply and study the harmonic losses.
The computation time of the FEA is analyzed in Section V. The
effect of calculation parameters on the motor loss analysis is
discussed in Section VI and the last section concludes the article.

II. MOTOR DESIGN AND PARAMETERS

A model is as good as the parameters defining it. Both 2-D and
3-D phenomena occur in electrical machines. In 2-D analyses,
part of the 3-D effects can be included in the solution by using
analytical methods. The 5-kW motor studied in this articled is
a four-pole squirrel-cage machine. Because of symmetry, it is
sufficient to analyze one pole in the FEM. One-fourth of the
FEA model of the machine is shown in Fig. 1. The motor has 40

Fig. 1. One-fourth of the 5-kW induction machine 2-D geometry. Prototype
induction motor used in this article has 48 stator slots and 40 rotor slots.

TABLE I
INDUCTION MACHINE MAIN DIMENSIONS AND RATED VALUES

aluminium rotor bars and 48 stator slots. The main data of the
5-kW IM rated values are given in Table I. The motor is designed
for lifting purposes and operates mainly at 75% torque. To
deliberately increase the share of iron losses and better facilitate
the examination of the iron losses, M800-65A material steel
sheets with high specific loss value of 8 W/kg at 50 Hz are used
in the construction of the rotor and stator stacks. The dimensions
of the machine, stator circuit configuration, and details of the
winding configuration can be found in [14], [15]. The rotor bars
have an 8.5° skew, so the magnetic flux is nonisotropic in the
axial direction, and some differences to measured values are to
be expected with 2-D analysis.

The conductivity of aluminium and copper are 24 and
48 MS/m, respectively, when there is rated temperature rise in
the winding. The stator slot and rotor bar dimensions are shown
in Fig. 2.

The multislice model of the 5-kW induction machine has four
slices and the distance between the slices is kept at 0.04 mm
(Fig. 3). In the multislice skew model, the slices are coupled
by electrical circuit variables making the model suitable for
parallelization.
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Fig. 2. Stator slot and rotor bar dimensions in millimeters. Tooth tip height
h1 = 0.7 mm.

Fig. 3. One-fourth of the 5-kW induction machine in 2.5-D geometry.

In the design of induction motors, equivalent circuit param-
eters are indispensable information, and they can be obtained
analytically or by FEA [10]. The circuit parameters utilized in
our research were calculated analytically. The 2-D model cannot
take the 3-D effects into account and, therefore, they are included
in an external circuit model. The motor end effects are divided
into stator end-winding inductance and rotor end ring resistance
and inductance [16]. The rotor circuit parameters influence the
slip and related torque production of IMs.

In [17], the impedance of a machine was computed using
both 2-D and 3-D computation and studied the effect of the
end ring on machine performance. The research found that the
computation results for an induction machine are very sensitive
to the end ring parameters. In this article, measured phase
resistance information is used in the FEA, and the resistance
value is corrected to the corresponding winding temperature at
the operating point studied.

TABLE II
INDUCTION MACHINE PARAMETERS

A. End Ring Resistance

The end ring resistance is given by [18], [19]

Rring =
2πDr,oρKring

hring (Dr,o − Dr,i)
(1)

where hring represents the height of the ring, Dr,o is the rotor
outer diameter, Dr,i is the end ring internal diameter, Kring =
1.05 is a correction factor, and ρ is the resistivity of the end ring
conductor [18]. At high rotor frequencies, the skin effect can
be considered in (1) by varying the useful height of the rotor
bar and the end-ring thickness. In some cases, the current does
not penetrate completely into the bar (height), and therefore,
the resistance should be computed for a larger diameter using a
corrected rotor bar height and end-ring thickness [20].

B. End Ring Leakage Inductance

End ring leakage inductance is given by [18]

Lring = μ0
Qr

2msp

[
2
3
(lbar − l′r) +

πD′
r

2 p

]
(2)

where μ0 is the vacuum permeability, Qr is the number of rotor
slots, ms is the number of stator phases, p represents the number
of pole pairs, lbar is the rotor bar length, l′r is the rotor core
length, factor υ = 0.18, and D′

r is the average diameter of the
short-circuit ring.

C. End Winding Leakage Inductance

When applying transient 2-D finite-element tools, the main
interest in the stator leakage components lies in the end-winding
leakage connected to the FEA circuit model. Also, analytical
calculation of the leakage fluxes is challenging because of
the complex multilayered end-winding areas. The end-winding
leakage inductance is normally given by [21]

Lw =
4m
Qs

qN 2μ0lwλw (3)

where Qs is the number of stator slots, N is the number of
coil turns in series in the phase winding, and lw is the average
end winding length. λw is a permeance factor, whose product
is given as

lwλw = 2lewλlew +WewλWew (4)

where lew is the axial length of the end winding measured from
the end of the stack and Wew is the coil span. The permeance
factor λlew = 0.5 and λwew is 0.2 for a three-phase two-layer
stator winding and rotor cage winding type [20]. The IM circuit
parameters (1)–(4) are given in Table II.
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D. Iron Losses

Much research has concentrated on loss studies in three-phase
induction motors. Based on a 2-D FEM solution, the segregation
[22] of iron losses into eddy, hysteresis, and excess losses. An
approach [23] introduced to estimate induction motor iron and
copper losses by FEA considering stator winding end effects,
rotor end ring effects, and the skewing of rotor bars. In the open-
source FEA in this article, steady-state iron losses estimation is
done using the Steinmetz equation and a Bertotti model in which
the total iron losses are described as a contribution of hysteresis,
eddy current, and excess losses [14], [24]

PFe = ΣPk = C1f̂
a1
k B̂b1

k + C2f̂
a2
k B̂b2

k + C3f̂
a3
k B̂b3

k (5)

where Pk is a harmonic power loss component associated with
the kth flux density harmonic, B̂k is the peak flux density value
of the kth B harmonic, and fk is the kth harmonic frequency [14].
The values of parameters a, b, and C are obtained from curve
fitting of the measured data for various frequencies and flux
densities. In this research, the values for harmonic loss frequency
exponents a1, a2, and a3 are 1.0, 2.0, and 1.5, respectively.
Harmonic loss field exponents b1, b2, and b3 are 1.776, 2.0,
and 1.5, respectively [14]. The first, second, and third terms
in (5) represent hysteresis, eddy current, and excess losses,
respectively.

III. COMMERCIAL VS. NONCOMMERCIAL

The commercial FEA software also supports parallel comput-
ing but the computation time of the commercial FEA computa-
tions depends on the number of cores selected and the RAM of
the operating machine [25]. For the open-source system, there is
no prerequisite to have an efficiently operating machine because
it can utilize supercomputing resources and access CSC servers
for robust results.

The open-source FEM uses mesh generation tools for com-
plex geometries [26]. Importing the mesh from GMSH (open-
source software) to open-source FEM could result in some
dislocations of mesh nodes, which would affect the accuracy
of the results. The error in the import process can be analyzed
by performing root mean square error of the position of nodes
deviation in x- and y-axis, in this case, they are in the range
of 10−23 and thus negligible in this context. In [26], where
open-source meshing tools such as OpenFOAM, SALOME, and
GMSH were studied to analyze their computational meshing
capabilities, it was concluded that open-source tools are less
user-friendly, as there is complexity in different tool interactions
and data incompatibility in various process phases [27]. In the
open-source software simulations, the free CAD tool GMSH
(open-source software) is used for modeling. GMSH has ex-
cellent meshing capabilities for 2-D problems, because of its
efficient meshing algorithms. Scripting can be done for effective
construction of geometry.

Commercial tools are generally based on integrated modeling
and the in-built advanced meshing capability of commercial
FEA software allows it to calculate more precise results as a
result of the absence of dislocations in the mesh nodes.

Fig. 4. Open-source and commercial FEA electric torque waveform as a
function of time at 50 Hz during one-fourth of a fundamental supply.

To check the model, verifying computations were performed
in the Altair 2019 finite-element program and in the open-source
FEM program Elmer to acquire the waveforms at the rated load
(time-stepping computation with sinusoidal voltage supply).
The FEA model had 120 000 nodes and a time step of 50 μs.
Torque waveforms as a function of time for both software are
illustrated in Fig. 4. Torque waveform time scale is 5 ms because
the fundamental waveform period is 20 ms and, because of
symmetry one-fourth of the supplying sine wave is taken into
account. The torque ripple is large because rotor skewing is
not considered in this 2-D model [14].The measurement setup
contained a 5-kW test machine, a larger IM operated with a line
converter for mechanical load, instruments for measuring and
recording data a generator for variable frequency and amplitude
supply. The electric quantities, including voltage and current
waveforms were measured with Yokogawa PX8000 power an-
alyzer. PX8000 was equipped with Hitec Zero-Flux CURACC
current measuring system (100-A peak). Winding resistance and
Pt-100 sensors were measured with Keithley Integra Series 2701
Ethernet multimeter systems. HBM T12 digital torque measure-
ment system with rated torque of 100 Nm was used for measuring
the mechanical torque and operating speed. All measurement
data were gathered with a LabVIEW interface on a PC. The
current simulated waveform is also compared with the measured
data. The FEA computed results might differ from the measured
values for one obvious reason: the 29th and 31st voltage harmon-
ics in the measurements were produced by a generator supply
unit. Fig. 5 compares the open-source, the commercial FEA
results, and the measured current waveform and its FFT. Some
of the harmonics is clearly present in the measured spectrum
but negligible in the FEA computed waveforms as it originates
from the supplying generator voltage. From the 17th to the 23rd
harmonic, there is a significant difference between the amplitude
of the measured and FEA computed waveforms because the
harmonics originate from the rotor slots. Furthermore, the higher
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Fig. 5. Current spectra comparison at 50 Hz. Open-source, commercial FEA,
and measured results have been analyzed with fast Fourier transform (FFT).

amplitudes of these current harmonics (17th to the 23rd) in the
simulation are a consequence of nonmodeled skewing effect
[28]. The FFT results for both software show torque ripple at the
sixth harmonic resulting from the fifth and the seventh current
linkage harmonics. The back-to-back test bench used in this
article cannot be used to analyze the torque harmonics of the
tested machine since the motor itself, the load machine and the
test bench mechanics filter the harmonic torques, and thus, the
torque transducer cannot observe them.

IV. COMPARISON OF 2-D, 2.5-D, AND MEASUREMENTS

Overall losses of a three-phase induction motor have been
widely researched in literature [20]. The efficiency at the rated
point of a small-/medium-sized IM can be estimated with only
one measurement at no-load using a method described in [29].
However, this method gives only the rated situation overall
efficiency, and in this article, different frequencies are under
investigation. Based on a 2-D FEM, the iron losses are segre-
gated in [28] into eddy, hysteresis, and excess losses. The iron
losses estimated analytically were less precise than calculated.
An approach is introduced in [30] to estimate induction motor
iron and copper losses by FEA considering stator winding end
effects, rotor end ring effects, and the skewing of rotor bars. In
this research, pure sinusoidal voltage was supplied to the real
machine and to the finite-element computation.

A. Measured Iron Losses

In this research, pure sinusoidal voltage was supplied without
considering supply time harmonics. Time step FEA computa-
tions were performed to analyze losses at four different frequen-
cies. Measured results were determined at four different fre-
quencies of 50, 37.5, 25, and 12.5 Hz with sinusoidal generator
supply and constant U/f ratio, i.e., the line-to-line voltages were
400, 300, 200, and 100 V, respectively. The IEC [28] standard

Fig. 6. Measured loss values at the rated load and 1.36 µΩ end-ring resistance
for the 5-kW IM.

TABLE III
OPEN-SOURCE COMPUTATIONAL RESULTS FOR DIFFERENT SWITCHING

FREQUENCIES AT THE RATED LOAD OF 32.5 NM

loss segregation method 2-1-1B was used to measure different
motor loss components. Three tests were used to obtain the data
for the loss segregation method. The stator and rotor Joule losses
were determined from the rated load heat run test; the no-load
voltage curve test was used to determine the mechanical losses
and the iron losses; and the additional stray load losses were
determined from the load curve test [28]. The measured values
obtained using the IEC-segregation of losses method for losses
at different supply frequencies are presented in Fig. 6.

B. Measured Iron Loss Comparison With 2-D FEA

Simulated outcomes from the open-source FEA are given
in Table III. Computational FEA results showed that as the
frequency increases, the total electrical losses in the machine
increase as expected.

The measured results differ from the ideal FEA computation
since the supply unit generates some voltage harmonics which
are not present in the FEA. Consequently, it can be expected that
also the simulation results will deviate slightly from the mea-
surement results. Analytical values for the iron losses at different
frequencies and line-to-line voltage are compared with the FEA
computed results in Fig. 7. In the graph blue, red, and grey bars
represent measured, commercial, and open-source iron losses
value. Iron loss in the motor decreased as the frequency and
voltage are changed to low values. Compared to the measured
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Fig. 7. Comparison of iron losses for measured and FEA computed values at
32.5-Nm load with end-ring resistance 1.36 µΩ for the 5-kW IM.

TABLE IV
COMPARISON OF 2-D AND 2.5-D OPEN-SOURCE FEA DIFFERENT

FREQUENCIES AT RATED LOAD 32.5 NM

iron losses values, the commercial and open-source FEA showed
acceptable results for all the frequencies. The error percentage
of the open-source tool in iron losses is below 2%.

C. Comparison Between 2-D, 2.5-D FEA, and
Measured Losses

In 2-D, the waveforms have significant ripples because of
the presence of the slotting effect. The slotting effect is usually
reduced by skewing in a real machine [31]. Naturally, skewing
is a 3-D phenomenon and it can be precisely simulated only by
using 3-D FEM. However, it is possible to dissect the machine
into several slices along the axis and solve the slices in 2-D [14].
The proposed methodology in this research work highlights an
option that is time-efficient and almost as accurate as 3-D. The
motor under consideration in this article has an 8.5° skew along
the rotor length of 160 mm. The slices are interconnected only
through the electrical circuits, resulting in excellent scalability
[8]. For 50 Hz, the measured rotor and stator joule losses are
118 and 187 W, respectively. The stator resistance value is set
fixed for all the models. For the 2-D case in Table IV, it can be
seen that the rotor joule losses are 125 W and the stator joule
losses are 151 W for the open-source FEM. However, for the
2.5-D case, the rotor joule losses are reduced to 121 W because
the rotor losses are slip-related with 0.023 as the slip value in
each case. The stator joule losses reach 179 W, which is much
closer to the measured value.

Fig. 8. Computational time against the number of cores for mortar and
conforming boundary conditions.

V. ANALYSIS TIME

One of the benefits of the open-source software platform
is the freedom from selecting the number of cores. Thus, the
calculation can be performed using as many cores as available.
In the typical desktop configuration, four to eight cores are
available and in laptops from two to four. It should be noted
that the electromagnetics industry is still not making wide use of
efficient parallel computation to solve complex design problems.
The slow uptake of this technique might be a result of the
higher complexity of parallel computing and, in some cases, the
laborious and challenging task of parallelizing existing codes
[30].

In electrical machines, both the rotor and stator usually have
their own fixed meshes moving with respect to each other.
The principal complication associated with the moving mesh
approach is that the finite-element meshes are generally non-
matching across the shared interaction of bodies, and mortar
boundary conditions are thus used [32]. Interface constraints
in the mortar method are enforced over interacting nonconform
domains in a variationally consistent way based on the Lagrange
multiplier method. Additionally, the mortar method can preserve
optimal convergence rates from the FEM, as long as appropriate
mortar spaces are chosen [33]. However, for symmetrical bod-
ies, conforming boundary conditions can be used. During the
computation, not all nodes on conforming elements form part
of a solution matrix as interstitial nodes are discarded. Due to
this reduction in the number of nodes, the computational time
can be reduced to some extent. From literature, it is seen that
conforming elements have used three-quarters of the number of
nodes to achieve the same accuracy as nonconforming elements
[34]. In iron loss computation at 50 Hz supply, the commercial
and open-source FEA time step size was set to 50 μs.

Computational time comparison between mortar and con-
forming boundary conditions is shown for and the number of
cores in Fig. 8. From the figure, it can be concluded that as the
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number of cores increases, the conforming boundary conditions
for both 60 000 and 16 000 intervals require less computation
time than the mortar boundary conditions. The relation of the
computation time to the number of cores is not linear. When
solving the problem using mortar boundary conditions, the
computational time for 16 000 intervals declines by more than
50% when the number of cores is increased from 14 to 26. With
conforming boundary conditions, computational time reduces
from 238 to 19 h with 26 cores for the former computational
time and three cores for the latter with 60 000 time intervals.
Computational time could be further reduced by using more
parallelization.

Similar simulation is performed with commercial program:
the same simulation time 0.8 s, mesh 120 000 nodes, and 50
μs time step. The simulation total time depends partly on the
computer-unit which is processor Intel Xeon W-2135 3.7GHz,
six cores, and NVIDIA Quadro P2000, 5GB. The simulation
took 33 h, and this time is too long. Typically in FEA de-
signing, it is needed to vary the parameters, materials, and
geometry, and therefore the final solution requires a series of
calculations. When one computation takes 33 h, it will lead
for long design/research time overall. In open-source using six
cores took same time as commercial one to compute the results
but, in open-source time efficiency can be further improved by
accessing more cores.

VI. DISCUSSION ABOUT THE SENSITIVITY OF PARAMETERS

A. Effect on Losses by Changing End Winding
Inductance and End Ring Resistance

Computation parameters are always theoretical and in the
real machine some deviations occur because of manufacturing
tolerances. E.g., air gap may not be exactly 0.5 mm as designed,
and therefore authors were willing to make sensitivity analysis to
see which parameters affect mostly the loss values. Variation in
the dynamic performance of an induction motor is significantly
dependent on the end winding inductance [35] and the rotor
bar resistance. The resistance between the bars is part of the
rotor resistance. Increasing rotor resistance increases the losses
in the rotor circuit, and to overcome this loss, the stator current
is increased. Nevertheless, the total electrical losses are mainly
affected by changing the value of the rotor resistance [36].

In motor applications, the end winding inductance is generally
considered to be a small or even negligible component of wind-
ing inductance [37] because its values are not very high, as it is far
from the iron parts of the machine [21]. However, a significant
percentage of the phase inductance may include end winding
inductance, especially for motors with low length/diameter ratio
or low-pitched winding. More accurate phase inductance calcu-
lation is required for such motors as it is a key parameter for
designing a motor drive [37]. Fig. 9 presents a 3-D graph illus-
trating how the end winding inductance and the ring resistance
affect the iron losses of a 50-Hz induction machine when keeping
the speed and conductivities constant. When the end winding
inductance increases, the stator current THD is mitigated and
the iron losses caused by the harmonics will be reduced. If
the end ring resistance is reduced, the overall rotor equivalent

Fig. 9. 3-D graph of parameters influencing iron losses.

TABLE V
OPEN-SOURCE FEA COMPUTATIONAL RESULTS BY VARYING AIR GAP LENGTH

resistance is reduced and, consequently, a smaller stator current
is generated to produce the same amount of torque, which in
turn leads to reduced iron losses.

B. Effect of Varying Air Gap Length on Losses

Changing the air gap length affects the machine losses. An
efficient method to reduce the effects of the permeance harmon-
ics, which are mainly caused by the stator slotting on the rotor
surface, is to increase the air gap length [37]. A longer air gap
length will result in a higher magnetization current and stator
copper losses [38]. In this article, the air gap length is varied to
check its impact on the rated torque and stator current values,
keeping all other parameters fixed.

Table V is illustrating the influence of the air gap length on
torque, current, and losses. The correlation revealed that the
torque of the machine is reducing as the air gap is increasing
and the current is showing the opposite trend. As the length of
the air gap is increased, the reluctance of the magnetic circuit
will increase, and the motor will create more magnetomotive
force (MMF) to keep the required flux. To fulfill that extra MMF,
the stator magnetizing current will increase, thus increasing the
losses in the machine.

C. Effect of Stator Tooth Tip Height on Losses

In this article, the stator tooth tip height is varied keeping
all other parameters fixed to check the effect on the stator
current values and stator joule losses. The stator tooth tip height
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TABLE VI
TOTAL HARMONIC DISTORTION FOR STATOR CURRENT BY

VARYING TOOTH TIP HEIGHT

considered in our model is 0.7 mm [15]. Table VI is showing
the current RMS values for different slot heights, which are
approximately the same for all the heights of stator slots.

Changing the stator tooth tip height from 0 to 2 mm has
some impact on the stator current and loss values. From 0.4 to
2 mm, the current increases by 3.22% and the stator Joule loss
values by 6.58 %. As this machine has a single layer winding
and the fifth and seventh harmonics are strong, changing the
tooth tip heights has a negligible effect at these harmonics. So
the current remains almost stable with varying tooth tip heights.
The current has a comparatively high value for 0 mm because
of a decrease in the magnetization inductance or high Carter
coefficient. The stator and rotor Joule losses will be greater at
that particular height. Changing the stator slot opening might
have a considerable effect on the stator current values. The
THD% increases with increasing tooth tip height. Higher THD%
indicates a less efficient motor, low power factor, and higher
losses.

VII. CONCLUSION

In 2-D analysis of induction motors, parameters related to
3-D phenomena are critical. The results are compared with
measured data. 2-D FEM analyses were performed for a
5-kW induction motor with commercial software Flux 2-D and
with an open-source software. The electromagnetic state of the
machine remained the same throughout the whole analysis.
FEA computed results from the open-source and commercial
tools were compared with measured values. The experimentally
determined value for the iron losses at 50 Hz is 205 W, while
the open-source and commercial FEA computed values are 207
and 205 W, respectively.

At different frequencies and voltage values, the open-source
FEM showed acceptable and comparable results with the com-
mercial FEA. Furthermore, the open-source error percentage
was approximately 2% compared to the measured value. Adding
skew in the 2.5-D model has increased the accuracy of results
for the motor electrical losses. Model parameters like the end
winding inductance and the rotor bar resistance need to be
accurate in machine design since they have an impact on iron
losses. Additionally, by using six cores, both FEA showed almost
the same computational time. However, in open-source time can
be significantly reduced by increasing the number of cores as

they are easily accessed. It can be seen that the open-source
software shows acceptable and faster results therefore, it is
concluded that for 2-D applications, it is possible to utilize the
open-source platform in industrial-scale applications without
incurring license fees. This article did not consider the skewing
effect in the 2-D models, which may have affected the accuracy
of the results. A 3-D model of the 5-kW induction motor will
be studied in further work, along with further analysis of the
skewing effect.
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Abstract— This paper investigates the losses of a 5-kW 
converter-fed induction motor. The loss evaluation sensitivity in 
Finite Element Analysis using different calculation time steps is 
studied. The motor losses are studied experimentally using a 
sinusoidal or PWM voltage supply at different operation points. 
In the experiments, the recorded voltage sampling interval is 1 
µs to include all the PWM – induced harmonic content in the 
data. However, 1 µs time step leads to a long calculation time in 
time stepping FEA, therefore the data is down sampled to 10 us, 
50 and 100 us. The length of the FEA time step is analyzed 
against the calculation speed and accuracy of the results.  

Keywords— electrical machine, finite element analysis, finite 
element method, induction machine, pulse-width-modulation, 
IEC-loss components, iron losses, stator losses, rotor losses, 
electrical losses, time step 

I. INTRODUCTION 

He share of induction motors supplied by a pulse-width-
modulated inverter is growing fast in the industry and 
much of research has already been done concerning the 

losses and efficiency of induction motor drives, but a lot 
remains to be studied. Electrical machines and converter 
manufacturers are investing in research to improve the energy 
efficiency of electric motor systems and to make them more 
cost effective. Rapid development in the modelling and 
computational abilities of finite-element analysis (FEA) has 
made it more convenient for the optimization of different 
types of electrical machines than before [1],[2]. In FEA there 
are three types of solutions available for the electrical 
machines: the magneto-static (MS) solution, time-harmonic 
(TH) solution and transient solution [3],[4]. Depending on the 
problem, a suitable solution can be used in solving the 
electromagnetic issues. Normally, a transient solution is the 
most precise and suitable for the simulation of induction 
machines (IMs). However, transient solution takes several 
supply periods to reach a steady state and if the time step is 
very small then it can take days to compute the results. 
Therefore, reducing the simulation time for IMs is an 
important issue, while using a higher mesh density and, 
especially in 3D simulations. 

In recent years, approaches have been developed to get 
faster and more precise FEA results. Still institutions are 
trying to develop some methodologies to lower the 
computational time. On the present day, parallel computing is 
one approach which is widely used to get faster results. In this 
technique, all the computational sources of a computer are 
used. Parallel computation can be performed in many well-
known commercial packages like Altair Flux, JMAG, and 
ANSYS Maxwell [5]-[7]. Some open source packages like 
Elmer and GetDDM [8]-[10] also support parallel computing. 

Furthermore, Pyleecan (Python Library for Electrical 
Engineering Computational Analysis) project is aiming to 
provide a user-friendly, unified, and license-free Python 
Object-Oriented computational tool for fast evaluation of 
electrical drives [11]. One more effective option for parallel 
computation is the time decomposition method (TDM) 
available in ANSYS Maxwell [12]. It is regarded as a 
universal method and the main advantage of this method is 
that it reduces the simulation time significantly. The main 
disadvantage of TDM and some other methods used in the 
commercial FEA softwares is that their effectiveness highly 
depends on the computer resources. They are efficient only 
when a workstation has strong resources, meaning 
considerable hardware investments.  

In this research work, FEA is performed using open-
source platform. The open-source finite element method 
(FEM) was developed by the Finnish national research 
institute CSC – IT Center for Science Ltd. The open-source 
FEM software uses Maxwell’s equations and the Bertotti 
model to solve electromagnetic problems and analyze iron 
losses [13]-[15]. In the open-source software, the Maxwell 
equations are solved within Elmer Solver, implemented as a 
MagnetoDynamics solver., The problem is solved in the 
potential (A,V) formulation [15]. A is on the edge elements and 
V on the nodal elements. For inter-process communication and 
parallel processing, the open-source FEA utilizes the 
standardized message passing interface (MPI), which makes 
it possible to run analyses in multi-core as well as in multi-
processor environments [16]. The superior benefit of open 
source FEA-software is, that it can use as many cores as any 
desktop or supercomputer can offer.  

Induction machines supplied by PWM inverters are 
regarded as one of the most cost-effective solutions for 
industrial speed regulation applications throughout the world. 
With inverters it is easy to control the voltage amplitude and 
the output frequency simultaneously [17]. Despite the wide 
usage of PWM drives, the loss mechanisms are not explored 
in detail yet. The losses in PWM supplied machines are higher 
than in machines with sinusoidal supply [18] but, modern 
power electronic switches have permitted to minimize the 
motor losses by increasing the switching frequency in PWM 
inverters [19]. The harmonic components in the PWM 
supplies significantly affect the electromagnetic losses of the 
IM. Therefore, a fast and accurate analysis of the converter-
fed IM loss characteristics is significantly important for the 
design of high efficiency converter-fed IM. A lot of models to 
estimate iron losses caused by harmonics are developed [20]-
[25]. For all kinds of electrical machines there are two 
different total losses measurement methods; the input-output 
method and the calorimetric method used to determine the 
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total losses of any electrical motor type. The input output 
method, however, becomes relatively inaccurate in certain 
conditions and the calorimetric method is slow, complex and 
troublesome [18],[26]. Therefore, the conventional IEC loss 
segregation method is used to segregate the losses according 
to IEC standard [27] during the experiments.  

 The aim of this research is to speed-up the electrical motor 
loss analysis in case of PWM supply. An induction motor was 
chosen as a test machine and the design of the 5-kW prototype 
IM is introduced in Section II. The model validity in an open 
source platform is checked by comparing the measured results 
at no load with FEA in Section III. The measured losses found 
with PWM supply are discussed in Section IV. The measured 
data sampling interval was 1 µs and if so, small time step is 
used in time stepping FEA simulation, it will lead to long 
design/research time overall because of a large number of 
iterations. Thus, by averaging and decimation methods the 
time step was changed to 10 µs, 50 µs and 100 µs (Section V) 
in order to obtain the results faster. The down sampled PWM 
voltage data for different time steps was provided to FEA and 
the losses are compared with the measured ones and the 
outcomes are illustrated in Section VI. The last Section 
concludes the paper. 

II. MOTOR DESIGN  

Induction motors are easy to design, can work with 
different control principles and operate safely within a wide 
field-weakening range [28]. These machines are widely used 
in variable-speed applications such as for powering conveyor 
belts, robots, electrical vehicles, cranes, elevators and home 
appliances [29].  M800-65A material steel sheets with the high 
specific loss value of 8 W/kg at 50 Hz are used in the 
construction of the rotor and stator stacks. The motor is a 4-
pole squirrel-cage machine. Because of symmetry, it is 
enough to analyse one pole in the FEM. The FEA model of 
the machine having 40 aluminium rotor bars and 48 slots in 
the stator is shown in Fig. 1. The main data of the 5 kW IM 
and the rated values are given in Table I. The dimensions of 
the machine, stator circuit configuration and details of the 
winding configuration can be found in [30]. The IM circuit 
parameters like end ring resistance, end ring inductance and 
end winding inductance are taken from previous research [31].  
The conductivity of aluminium and copper are 24 MS/m and 
48 MS/m, respectively, when there is rated temperature rise in 
the winding. 

 
Fig. 1. One fourth of the 5-kW induction machine geometry and the used 
mesh in open source FEM. 

III. NO  LOAD SINUSOIDAL SUPPLY TEST RESULTS  

The efficiency of the motors can be determined by 
measuring the input and output powers while loading them. 
However, the iron losses can be considered independent of the 
load and therefore their share from the total losses is the 
highest at no-load condition. Thus, no load test is done to get 
information about no load current, losses and input power of 
the machine. In the experiments, the induction motor is 
operated at different sinusoidal voltage supply levels and the 
performance of the motor is recorded. To check the model, 
verifying computations were performed in the open-source 
FEM program Elmer to acquire the results at no load (time-
stepping computation with sinusoidal voltage supply). In 
FEA, steady-state iron losses estimation is done using the 
Steinmetz equation and a Bertotti model where the total iron 
losses are described as a contribution of hysteresis, eddy 
current and excess losses [30],[31]. Table II is demonstrating 
the measured current ( ), iron losses (Pfe) and input power 
(Pin) results caused by small variations of voltage and stator 
resistance. Simulated outcomes from the open-source FEA are 
given in Table III.    

 

 

 

TABLE I. INDUCTION MACHINE MAIN DIMENSIONS AND RATED 
VALUES 

Parameter Value 

Stator stack length, l 160 mm 

Stator core external diameter, Dse 220 mm 

Stator core inner diameter, Ds 125 mm 

Air gap, δ 0.5 mm 

Number of winding turns in one phase, Ns 128 

Winding configuration Y 

Rated voltage, U 400 V 

Rated frequency, f 50 Hz 

Rated speed, n 1467 min-1 

Rated current, I 10.4 A 

Rated torque, T 32.54 Nm 

Rated tangential stress,  8.3 kPa 

Rated power, P 5 kW 

TABLE II.   NO LOAD MEASURED RESULTS FOR DIFFERENT VOLTAGE 
AT 50 HZ 

Voltage 
[V] 

Parameters 

R [Ω] Is [A] Pin [W] Ps [W] Pfe [W] 

417.3 1.151 6.6 345 50 295 

400.2 1.149 6.1 311 43 267 

381.2 1.148 5.7 280 37 243 

361.1 1.147 5.2 252 32 220 

TABLE III.      NO-LOAD OPEN-SOURCE FEA RESULTS FOR DIFFERENT 
VOLTAGE AT 50 HZ 

Voltage 
[V] 

Parameters 

R [Ω] Is [A] Pin [W] Ps [W] Pfe [W] 

417.3 1.151 6.36 340 47 294 

400.2 1.149 6.04 303 42 261 

381.2 1.148 5.6 270 36 233 

361.1 1.147 5 247 30 217 
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 The ideal FEA computation is deviating slightly from the 
measurement since the supply unit generates some voltage 
harmonics which are not present in the FEA. In Tables II and 
III, with decreasing applied voltage, the stator current 
decreases gradually because less stator flux is generated and 
thus, lower magnetizing current is required to produce it. With 
an increase in the voltage the magnetization current will 
increase resulting in more stator losses. As the speed of the 
motor is constant at no-load the input power is spent in 
overcoming the losses like iron and friction losses.  

IV. EXPERIMENTAL RESULTS 

 Extensive measurements were performed with the motor. 
The electric power was measured using high bandwidth 
Yokogawa PX8000 power analyser equipped with the high 
precision HITEC Zero-Flux current transducers. The speed 
and the torque were measured using 100 Nm HBM T12 torque 
transducer. The motor was supplied with a frequency 
converter using four different carrier frequencies 4, 8, 12 and 
16 kHz. The current, voltage, electric power, torque and 
rotational speed values were recorded. The values given in 
Table IV are average values of 10 samples recorded with a 1- 
second interval. In addition, one second sample of the three-
phase voltage and current waveforms were recorded using 1 
µs sample time for further analysis. It was checked that the 
waveforms have no missing pulses. So, at this operating point, 
the switching frequency equals the carrier frequency and the 
converter is applying symmetrical three-phase modulation. 
DFT was used to extract the harmonic content of the 
waveforms and the fundamental wave amplitudes of the 
current and voltage are given in Table IV.  

 Table IV indicates that, the temperate of the stator winding 
slightly increases as a function of the switching frequency but 
the rotor slip is decreasing. In addition, the stator current RMS 
value is increasing as a function of the switching frequency, 
but the fundamental wave amplitude remains at the same level 
of 8.8 A. The current RMS value is increasing because of the 
increased harmonic content in the current. The harmonics also 
carry extra losses to the system as the switching frequency 
increases. In this case, the high switching frequency rises the 
stator losses but, at the same time, lowers the rotor losses. The 
higher fundamental wave amplitude of the voltage generates a 
higher fundamental flux that is producing the torque. The 
results indicate that the high-frequency phenomena are filtered 
in the stator with the penalty of slightly increased stator iron 
losses. On the other hand, the less distorted magnetic flux in 

 

 

Fig. 2. The electric power and losses of the motor as a function of the 
switching frequency of the converter. The motor is supplied with 25 Hz 
frequency to enable high enough voltage reserve and therefore clear 
switching pattern. The total power is the active power containing the power 
of all harmonics while the Fund. power is calculated using only the 
fundamental wave voltage and current amplitudes and related power factor. 

the air gap reduces the eddy-current losses on the rotor 
surface. Since the rotor frequency is only a small, per-unit-
slip-dependent, fraction of the stator frequency and the iron 
losses depend heavily on frequency the rotor iron losses 
remain very low. 

The hysteresis losses are proportional to the frequency and 
the eddy current losses are proportional to the square of the 
frequency. Therefore, as the excitation frequency increases, 
the eddy current losses increase more rapidly than the 
hysteresis losses. We can assume that the eddy current losses 
in the stator iron are causing the loss to increase, however, in 
this phase we do not have a full proof of that. Fig. 2 illustrates 
the same result in a graphical form. The total losses of the 
motor obviously increase as the switching frequency 
increases. We are accustomed to thinking that increased 
switching frequency results in more sinusoidal motor currents 
and therefore increased efficiency. However, this is not the 
case with this motor having a high share of iron losses. 

V. DOWN-SAMPLED VOLTAGE 

The measured waveforms are recorded with 1 µs sampling 
time. However, it is not practical to use a tight sampling time 
in the FEA, because of the heavy computational burden and 
long simulation time. There are two practical methods in order 
to reduce the sampling time and re-sample the data. The first 
method is decimation and the second one averaging. Before 
decimation, the high frequency content of the signal must be 
filtered out using anti- aliasing filter according to the sampling 
theorem. The chosen FEA calculation steps were 10 µs, 50 µs 
and 100 µs. The original recorded voltage waveform, the 
filtered voltage and the decimation points as well as the 
averaged voltage are shown in Fig. 3. Firstly, it can be 
examined in Fig. 3 that even with 10 µs sampling time a 
remarkable partition of the high frequency content is lost and 
with 50 µs or 100 µs sampling time the illustrated 62 µs 
voltage pulse in Fig. 3 loses its pulsed shape. Secondly, the 
decimated and averaged waveforms have different harmonic 
content.                                                                                       

TABLE IV.  MEASURED VALUES AT 50 % SPEED OF THE MOTOR 

Parameter Value 

  Switching frequency (kHz) 4 8 12 16 

θw (°C) 82.7 82.9 83.1 83.4 

Ufund, l-l (V, RMS) 202.5 202.9 203.4 204.1 

I (A, RMS) 8.8 8.9 9.0 9.1 

Ifund (A, RMS) 8.77 8.80 8.81 8.81 

Pelectric (W) 2210 2214 2224 2232 

n (min-1) 728.7 728.8 728.9 729.1 

s (%) 2.84 2.83 2.81 2.79 

T (Nm) 24.6 24.6 24.6 24.6 

Pmech (kW) 1867.5 1868.2 1867.3 1867.8 

Loss (W) 342.6 345.4 356.2 364.5 
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Fig. 3. The original recorded voltage with 1 µs sampling time, the 
filtered voltage and the decimation points as well as the averaged voltage 
with 10 µs.  

  

Fig. 4. Original recorded voltage with 1 µs sampling time and the 
decimated voltage with 10 	μs , 50 	μs , and 100 	μs  sampling times as a 
function of the frequency. The dotted lines show the cut-off frequency of the 
anti-aliasing filter.   

This can be further examined in the frequency domain, 
Fig. 4.  In the recorded voltage with 1 µs sampling time, the 
major harmonics are in the frequency band below100 kHz. 
The decimated voltage to 10 µs contains the same harmonic 
content as the original voltage up to 50 kHz frequency band. 

The carrier frequency and its multiples can be examined in 
the figure. The voltage with 50 µs sampling time still contains 
the most dominating harmonics, but 100 µs voltage signal is 
already approaching a sinusoidal signal.   

VI. FEM RESULTS 

The phenomenon is further investigated by supplying the 
recorded PWM-voltage waveforms to the FEA model in 
theopen-source software. The open-source FEM uses mesh 
generation tools for complex geometries [32]. In this work, 
the free CAD tool GMSH (open-source software) is used for 
modelling. GMSH has excellent meshing capabilities for 2D 
problems, because of its efficient meshing algorithms. 
Scripting can be done for an effective construction of the 
geometry.  Importing the mesh from GMSH (open-source 
software) to open-source FEM would not affect the accuracy 
of the results. In [32], OpenFOAM, SALOME and GMSH 
open-source meshing tools were studied to analyse their 
computational meshing capabilities, concluding that the 
open-source tools are sometimes less user-friendly, as there 
is complexity in different tool interactions and data 
incompatibility in various process phases [32]. However, 
commercial tools are generally based on integrated modelling 
and their in-built advanced meshing capability allows it to 
calculate more precise results.  

During the simulations of the electric machine, the supply 
for the motor can be modelled by two methods: first, if the 
value of current is already known then the motor can be 
supplied by current or the motor can be supplied by voltage 
and the current value is calculated from the voltage. The first 
method does not require any additional circuitry and the 
current can be supplied directly to the model using the open-
source FEM sif file [33]. In this research, the motor is 
supplied by three-phase voltages and the currents are 
calculated. In transient phenomena, the sinusoidal voltage 
supply is changed to PWM voltage supply after the sinusoidal 
outcome is steady [33].  Fig. 5 shows the down sampled 
PWM voltage supply to the motor. The sinusoidal phase 
voltage supply is given to start the motor and after 0.6 s the 
supply was changed to PWM voltage. 

 

Fig. 5. The measured PWM voltage averaged to 10 µs samples that is 
used in open-source FEA. 
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Fig. 6. Current and torque spectra 24.6 Nm. Open-source, and measured 
results have been analyzed with fast Fourier transform (FFT). 

 
Torque and current waveforms as a function of harmonics 

are illustrated in Fig. 6. It can be examined from the simulated 
torque spectrum that there exists torque ripple at the 6th 
harmonic frequency resulting from the 5th and the 7th current 
linkage harmonics. In the 17th and 23rd current harmonics, 
there is a significant difference between the amplitude of the 
measured and FEA computed waveforms, because the 
harmonics originate from the rotor slots. By taking the 
skewing of the rotor into account these harmonics generated 
by rotor slots can be modelled more correctly [31]. 

 Simulated outcomes from the open-source FEA using 
averaging and decimated filtered PWM voltage data for 
different time steps are given in Table V. FEM results for 1 µs 
recorded voltage sampling interval is also presented in table. 
Speed, torque and fundamental frequency are 728.7 min-1, 
24.5 Nm (75% of the rated torque) and 25 Hz respectively. 
FEA results showed that as the time step is reduced, the total 
electrical losses in the machine increase. 

For the averaging data in Table V, the highest stator 
current peak value obtained with the open-source software 
gave phase peak current of 8.44 A at 100 μs. However, the 
harmonic content and input power values are too high at 
larger time step. At smaller time step the lower distortion in 
the current will reduce the stator losses as can be seen in the 
results that 10 μs has lower stator loss. Furthermore, less 
distorted magnetic flux in the air gap reduces the losses on 

the rotor surface. Iron losses and total electrical losses 
increased at a lower time step. Comparing the averaging 
method results with the referenced time step showed that the 
lower step size (10 μs) current THD %, electrical losses and 
input power are closer to 1 μs results. Table V is also 
demonstrating the FEA computational results using 
decimated data, the highest obtained stator phase peak current 
is 8.34 A. However, similarly as averaging method result the 
harmonic content and input power values is too high at 
respective time step. Moreover, the higher harmonic content 
even at smaller time step results in higher rotor losses.  
Comparing 1 μs with the decimation method results showed 
that the lower step size (10 μs) electrical losses and input 
power are closer to referenced time step results as input 
power and electrical losses are closer. From the results it can 
be seen that the harmonic content is higher in decimation data 
as compared to the averaging resulting and leads also in 
higher losses. Similarly, the input power at each time step for 
decimation method is higher. 

Vital benefit of the open-source software platform is the 
freedom of selecting the number of cores if the simulation is 
run using external resources (CSC Supercomputers). 
Therefore, the calculation can be performed using as many 
cores as available. However, allocating more memory per 
CPU and using more number could result in a long queue. In 
a typical desktop configuration, four to eight cores are 
available and in laptops from two to four. Parallel computing 
technique to solve complex machine designs is still 
developing as it is highly complex, laborious and challenging 
task of parallelizing existing codes [15].  

To check the time consumed by different time step, 
transient computation is performed with 1-second simulation, 
mesh 120000 nodes, memory per CPU 40000 and 25 cores. 
Fig. 7 is depicting the computational time against the 1 µs, 10 
µs, 50 µs and 100 µs respectively. From Fig. 7., it can be 
concluded that as the time step size is increased the 
computation time reduces significantly. The relation between 
the computation time and time step is not linear. The time was 
reduced by more than 400% when the step size was changed 
from 1 μs to 10 μs. Thus, by increasing the length of the FEA 
time step the calculation speed is increased and the accuracy 
of the results remains acceptable.  

 

Fig. 7. Computational time against the time steps using 25 cores.  

TABLE V.  OPEN-SOURCE FEA RESULTS USING REFRENCE, 
AVERAGING AND DECIMATION DATA  

Parameter Ref Averaging Decimation 

Time step 1 µs 10 µs 50 µs 100 µs 10 µs 50 µs 100 µs

 (kHz) 4 4 4 4 4 4 4 	 (A,RMS) 8.06 8.18 8.29 8.44 8.14 8.29 8.35 

 (W) 2219 2225 2260 2275 2227 2260 2280 

 (W) 82 87 88 91 88.8 89.5 90.1 

 (W) 75 76 77 81 76 80 81 

 (W) 121 116 106 88 116 110 101 

Ploss (W) 280 279 271 260 280 279 272 

Is THD % 1.56 2.4 3.5 3.7 3.9 3.9 4.1 
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VII.  CONCLUSIONS 

In 2D analysis of induction motors, it can be expected 
that the measured results can slightly differ from ideal FEA 
computation since not all phenomena can be modelled 
accurately. A 5-kW converter-fed induction motor losses 
using experiments and FEA with different calculation time 
steps was studied.  At no load, the open-source FEA showed 
less than 2% error for the stator and iron losses relative to the 
measured fundamental waveform value. For PWM supply in 
open-source FEM the fast Fourier transform (FFT) results of 
stator current and torque showed good agreement with the 
measured current values. Simulated outcomes for 1	μs were 
too time consuming but the current THD %, electrical losses 
and input power are closer to the measured results. The 
electrical motor loss analysis was speeded-up by down 
sampling of data using averaging and decimation methods. 
Based on the FEA computation outcomes (Tables V) it is 
concluded that the harmonic content is higher in the 
decimated data compared to the averaging resulting in higher 
losses and higher input power for each time step. 10 μs 
exposed more closer results to 1	μs  for input power, total 
electrical losses and total harmonic distortion as compared to 
other time steps. However, the best results can be obtained 
with 1 μs time step. Additionally, by increasing the length of 
the FEA time step the calculation speed is increased and the 
accuracy of the results remains acceptable. Furthermore, the 
computational time can be significantly reduced by using a 
greater number of cores. In further research the behavior of 
iron losses as function of the switching frequency is studied.  
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Abstract— This paper investigates the segregation of losses 
in a 5-kW IE3-rated induction machine. The stator and rotor 
copper, iron core, stray and mechanical losses are 
experimentally determined using the IEC segregation of losses-
method. The loss components determined from the laboratory 
measurements are compared with simulated ones. Two 
alternative methods are used to calculate the losses using a finite 
element software. The first method is post-processing and the 
second method is to emulate the loss segregation measurement 
procedure. By emulating the measurements, FEM output values 
can be used to calculate variable and fixed losses. The results 
indicate that the measured losses show a good correspondence 
with both utilized methods. 

Keywords— electric motor, finite element analysis (FEA), 
harmonics, induction machine (IM), rotor, stator. 

I. INTRODUCTION 

In electrical machines design, energy efficiency is now a 
more considered agenda than ever before. Electrical machines 
have become the largest energy consumers during the latest 
few decades. The energy usage has had a noteworthy growth, 
while from an environmental point of view, the trend should 
be opposite [1]. Therefore, most governments’ stance of 
energy-efficiency policies is getting strict. For instance, 
European Union (EU) is demanding new motors to belong in 
the higher international efficiency classes like IE3 and IE4. At 
the industrial scale, most of the energy is consumed by AC 
induction motors. Compared to other electric motors such as  
classical brushed direct current (DC) and permanent magnet 
(PM) machines, induction machines offer a low cost and wide 
speed range, are easy to control in most cases and need less 
maintenance [2],[3]. 

The motor losses require special consideration when the 
goal is to enhance the machine’s efficiency. An efficiency 
gain of 2% may be equivalent to a 25% reduction in losses [4]. 
There are several techniques to measure losses in a machine 
for instance, the calorimetric test or the input-output-power 
test [5],[6]. However, to segregate loss components, other 
methods are utilized. The well-known, standardized, and 
widely used loss segregation procedures [7],[8] utilize 
separate tests for determining the different motor loss 
components.  Load curve-, heat run test and no-load variable-
voltage tests are performed on IM to get the loss components. 

Furthermore, the major loss components in a motor can also 
be calculated by an analytical method [6],[9].  

Apart from analytical approach finite element analysis 
(FEA) has become a regular tool for solving electromagnetic 
and related problems. During 1970’s, a comprehensive finite 
element method was introduced for solving electric motor 
problems [10]. Since then, with constant improvements, 
programs based on this method efficiently solve complex 
electrical machine geometries with nonlinear materials. In 
today’s world, 2D FEM analysis is an elementary tool in the 
electrical machine design procedure. Despite difficulties in 
analysing the iron losses accurately the advanced Bertotti 
model in FEA helps to determine the total iron losses in 
industry-range machines. Moreover, excessive, hysteresis, 
and eddy current losses, in a machine, contribute in towards 
the making of the iron losses [11]-[13]. However, despite 
having robust and fast computers, the trade-off between 
computational time of a model and accuracy is always a big 
challenge. A Finnish based research centre has developed a 
very fast open-source FEM software for electromagnetic 
problems.  

Measurement results are analysed using an open-source 
FEM 2D model. Skewing is not present in the 2D-model. 
However, it influences the generated rotor harmonics and 
rotor losses in the model [14],[15]. Typically, the additional 
load losses and mechanical losses are calculated by analytical 
equations. Hence, FEA power and current values are used to 
compute variable and fixed losses. In this research, three 
alternative methods are compared and used to calculate the 
loss components. The first method uses the IEC loss 
segregation method with measured data. The second is the 
post-processing method, and the third one is the emulating test 
procedure. In emulating the test procedure, the equations 
normally used for calculating the different losses based on 
measurement data are instead used with the data obtained from 
FEA. The origins of different loss components are presented 
in Fig. 1. Loss components are originated from the same 
source in case of methods 1 and 3. However, in method 2, 
rotor, stator and core losses are extracted from FEA 
additionally, mechanical, and stray load losses are estimated 
analytically.   
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Fig. 1.   Extracting different loss components when using different analysis 
methods. Ps copper losses in stator, Pr copper losses in rotor, PFe iron losses, 
Pfw friction and windage losses PLr stray load losses. 

II. MEASUREMENTS  
Laboratory measurements are performed with a sinusoidal 

generator voltage supply to see losses behavior in 5-kW 
induction machine. From the measured data, the motor loss 
components are determined using the IEC loss segregation 
method [8]. In this method three different types of tests are 
implemented: The rated load test, determines the rotor and 
stator joule losses; the no-load voltage curve test, determines 
the iron and friction losses; and the load curve test, gives the 
additional losses in the machine [16]. In IM, a portion of the 
AC power supplied to the stator is partly dissipated in the form 
of variable and fixed losses before reaching to the shaft of 
motor as output power. The power flow and losses occurring, 
and different stages of the machine illustrated in Fig. 2. 

A. Loss segregation -method 
The complex geometry of an electrical machine combined 

with the usage of various materials results in complication for 
the segmentation of power losses into well-defined categories 
such as stator, rotor, iron, friction and windage, and 
additional losses. The stator copper losses in the induction 
motor can be calculated as  
 

 
Fig. 2.   Power flow in induction machine and losses at different stages. 

 

 = 1.5    (1) 

where R is the measured terminal-to-terminal stator resistance 
and   is stator current. The stator Joule losses are adjusted 
according to the temperature by 

 ,ϴ =    (2) 

In (2),  is the temperature correction factor, and it can 
be calculated by  

 

 ϴ = 235 + θ + 25 − θ235 + θ   (3) 

where θ  and θ  are the ambient and winding 
temperatures. Losses in the rotor part of machine are 
associated to the per-unit slip value s, input power , iron 
losses  and stator winding losses , . The rotor Joule 
losses are calculated using 

 ,ϴ = ( − , − )    (4) 

The constant losses  can be obtained by the subtraction 
of no-load stator Joule losses ,  from input power ,  at no-
load [8]. The rotor Joule losses are neglected as they are 
insignificantly small at no-load condition 

 = , − , .  (5) 

In a machine, mechanical losses are because of the rotor´s 
air resistance, its fans and the bearing’s friction. Normally, 
mechanical losses are speed dependent.  Windage losses are 
proportionate to the square of speed while friction losses are 
directly proportionate to speed [17]. No-load friction and 
windage losses ( , ) are estimated by plotting the constant 
losses of the four lowest voltage against the square of the 
voltage and extrapolating the line to the zero-voltage point 
[18]. As the mechanical losses are motor speed dependent so 
they are corrected according to the rated load slip by 

 = , (1 −  ) .    (7) 

In the IEC loss segregation method [8], the load curve test 
is determining the residual losses ( ), and from these losses, 
the stray-load losses ( ) are computed. The residual losses 
are calculated by         =  , − , − , − , − , − ,  (8) 

For each load point,  is calculated and fitted into a 
function of form by using linear regression [17]. 

 = +    (9) 

The constants A and B are from linear regression and stray 
losses ( ) can be obtained by just discarding the constant B 
from (9) [18]. To determine the iron loss, the inner voltage 
( ) considering voltage drop across the stator winding is 
calculated as 
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= − √ cos φ + √ 1 − cos φ   (10) 

Where ,  U and j represents the current, voltage and phase 
angle respectively. 

III. FINITE ELEMENT ANALYSIS METHODS 
Pre-processing is performed in the open-source platform 

Elmer by Finnish CSC. For induction machine 2D modelling, 
GMSH has been used as it generates very fine 2D mesh [19]. 
The IM model has one pole with 12 stator slots, 10 rotor bars 
and 120,000 mesh nodes. Rotor and stator stacks of the three-
phase 5-kW 4-pole squirrel-cage induction machine have 
M800-65A material steel sheets. In this research, the value of 
the aluminium conductivity is 48 MS/m while the copper 
conductivity is 24 MS/m at the temperatures that corresponds 
the measured winding temperatures during the heat run test. 
IM circuit parameters are taken from research [14],[15]. 

Considering the induction motor losses, the mechanical 
losses and stray losses are not included in the result obtained 
with the finite element method. In the following, two methods 
to solve the amount of total losses of IM are presented. These 
methods include finite element computations and analytical 
calculations. 

A. Post processing method 
The total electrical losses from FEA include copper and 

iron losses. Iron losses are estimated using the advanced 
Bertotti model [20] 

, = = ++  
            
(11) 

where , , and   represents the harmonic power loss, 
peak flux density, and harmonic frequency respectively. The 
parameters a, b and C values are taken from [12]. The stator 
Joule loss for the three-phase induction motor is calculated as 

 , = 3   (12) 

In (12)   represents phase current RMS value and  is 
the resistance of stator. To calculate the rotor losses from FEA 
the bars current is summed, and the square of current RMS 
value is multiplied with rotor resistance. Stray losses ( , ) 
estimation is quite challenging in electrical machines. It is 
assumed that 0.5% of the total input power in a machine are 
the stray losses depending on the rated power of a motor [21]. 
IM does not have a ventilation fan mounted on the shaft. Thus, 
losses due to bearing friction contributes in mechanical losses. 
Bearing friction loss ( ) can be calculated by  

 = 0.5 μ   (13) 

where  is bearing inner diameter,  the bearing load, μ 
the friction coefficient and Ω the mechanical angular 
frequency of the motor. These parameters are taken from [6]. 

B. Emulating test procedure 
The open-source FEA cannot directly calculate the share 

of mechanical and additional losses. Thus, in this method the 
experimental testing procedure estimates the mechanical and 
stray load losses. Initially, no-load test FEA output values are 
used to calculate the constant losses ,  by subtracting the 

no-load FEA stator losses ( , ,  )  from input power 
( , , ) 

 , = , , − , ,   (14) 

Plotting the four lower analytically calculated constant 
losses against the square of voltage and extrapolating line to 
zero voltage gives the analytical mechanical loss ( , , ). 
No-load iron losses are calculated using the following 
equation 

 , , = , − , ,   (15) 

Friction and windage losses at different load points can be 
calculated by 

 , = , , (1 −  ) .    (16) 

where s is the slip value at a particular load. The analytically 
calculated rotor Joule losses ( , ) are related to the slip 
value s, FEA input power ( , ), iron loss ( , ) and 
stator winding loss ( , ).  

 , = ( , − , − , )    (17) 

To calculate the residual and stray losses analytically from 
load curve test the FEA core losses and mechanical losses are 
added into the input power as 

 , = , + , + ,    (18) 

where , , ,  and ,  are FEA core losses, 
analytically calculated mechanical losses and FEA input 
power respectively. The analytical stray-load losses ( , ) 
are determined from residual losses ( , ) using (9). The 
residual losses are analytically calculated by          , =  , − − , − ,− , − ,  (19) 

IV. MEASURED, POST-PROCESSING AND EMULATING TEST 
RESULTS COMPARISON 

In this section, comparisons between the loss results 
obtained using the loss segregation measurements, post-
processing, and emulated loss segregation tests are presented. 
Methods of improving efficiency and separation of losses for 
three-phase IM have been widely studied [22]-[24]. 
Mechanical losses as well as rated iron loss value in the 
machine are estimated by a no-load voltage curve test. The 
constant losses are calculated using (5) and (14) for measured 
and FEA data. The constant losses in the four lowest no-load 
test points are plotted against the square of the fundamental 
voltage and extrapolating the line to zero voltage point gives 
mechanical loss value as depicted in Fig. 3. Black diamond 
illustrates the emulated FEA mechanical loss while the red one 
is for measured data. The dotted lines in the Fig. 3 represent 
the linear extrapolation of data to zero voltage. The measured 
mechanical losses are higher than the analytically calculated. 
The main reason could be that in a real machine the 
mechanical losses do not necessarily follow a simple formula 
as the one presented here. Therefore, in an actual machine 
there are losses related to the 
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Fig. 3. Friction and windage loss at no-load from measured and emulating 
test method. 

air flow, other mechanical loss sources include bearing 
friction and vibration of machine components, which are not 
considered in 2D FEA 

It is quite troublesome to get iron losses precisely from the 
no-load test as the machine is running at a low power factor 
[15].  However, to measure the iron loss value at no-load, the 
four highest fundamental voltages are plotted against the iron 
losses value as depicted in Fig. 4. The black and red lines are 
presenting analytical and measured trends. The rated load iron 
loss  value is determined by interpolating the no-load iron 
loss curve at inner voltage Ui calculated using (10). The rated 
iron loss value for emulating test method data is about 225 W 
while for measured data it is 206.1 W [6]. At no load, the 
measured iron losses are lower when compared to FEA and 
analytic calculation results. One possible reason for this 
behaviour could be the lack of skewing in 2D and higher 
harmonics components in stator voltage, current, and 
magnetic flux. 

Total losses include mechanical, copper, and iron losses in 
a machine. For each voltage, the total losses of the machine at 
no-load are shown in Fig. 5. For measured, emulating test and 
post-processing the total losses increase as a function of 
voltage. Measured losses in the machine are higher when 

  
Fig. 4. Measured and emulating method produced no-load test data to 
determine rated iron loss. 

 

Fig. 5. Total losses at no-load according to measurement, post-processing 
and emulating test method results. 

compared to the other two because the original machine is 
having higher share of mechanical losses. 

Traditionally, the estimation of residual and stray losses is 
done through a load curve test, in which the motor is run using 
six load torque points, 125 %, 115 %, 100 %, 75 %, 50 %, and 
25 % of rated load. In a real situation the input power contains 
losses such as copper, mechanical, core and additional losses. 
However, in FEA the input power is calculated during 
postprocessing from input voltage and resulting current hence, 
not considering core losses and mechanical losses. Therefore, 
Fig. 6 is illustrating some difference between simulated and 
measured input power. 
       Numerous methods have been developed for the 
estimation of stray load loss [25]-[27]. These losses are 
produced by electromagnetic flux in the windings, core, 
electrical sheets, magnetic shields, etc. Stray load losses are 
directly related to the square of load as in (9). Fig. 7 shows the 
variation of stray losses as a function of load for measured and 
FEA based emulating test approach. The losses increase with 
the motor load in both cases. However, the analytical 
calculation showed just about half of the measured value at 
each load points. The total losses in the machine for load curve 

 

Fig. 6. 5-kW induction machine input power comparison of measurement 
and FEA post-processing for load curve test. 
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Fig. 7. Stray losses from load curve test for measured and emulating test 
method. 

 

Fig. 8. Total losses in measurement, post-processing and emulating test 
method during load curve test. 

 test is shown as a function of torque in Fig. 8. Because of the 
presence of little high mechanical, and stray losses, the 
measured losses are higher than the other two methods give. 
Analytically calculated total losses are closer to measured 
data at lower torque values but for higher torque values the 
difference to the measured values increases. 

For the heat run test in Fig. 9, the measured total losses are 
570 W while the post-processing and emulating method total 
losses are 564 W and 546 W. Measured power losses are 
higher because of higher friction and windage and additional 
losses. The power factor (cos ) for both measured and 
simulated data is almost 0.78. Compared to the measured data, 
the emulating and open-source post-processing method 
presented good and supportive outcomes. Simulated and 
laboratory measured iron losses difference percentage is less 
than 2%. Further, in simulations higher order current 
harmonics amplitudes can be higher due to absence of 
skewing resulting in high electrical losses in FEA [14],[15]. 

 

 

Fig. 9. Total losses in measurement, post-processing and emulating test 
method for heat run test. 

V. RESULTS AND DISCUSSION 
The IM heat run test results showed that the simulated and 

analytically calculated total losses in the machine differ less 
than 5% from the measured data. The difference can be 
reduced if for instance, rotor bars are skewed, end winding 
effects are considered, and tighter mesh size and smaller time 
step are used in FEA. The efficiency estimation of IM at the 
rated load with FEA was approximately 90%. Measured 
mechanical and stray losses are higher when compared to 
post-processing and emulating method at the rated load. For 
no-load test the measured mechanical loss value is 1.6 times 
of the emulating test analytical value. Furthermore, in Fig. 4 
the estimated rated iron loss from measurements and 
emulating test method difference is less than 10% which is 
acceptable as skewing effect is not considered in the FEA 
model. Measured stray losses in the machine during the load 
curve test are closer to the post-processing but almost twice of 
the emulating test method. In small machines, the additional 
and mechanical losses do not affect the accuracy of the 
efficiency determination as their share in total power losses 
are very small. However, in big and heavy machines their part 
is a bit more significant because of skin effect [6],[28]. 

VI. CONCLUSION 
In the optimization of the performance of a drive system it 

is very necessary to understand the behaviour of motor loss 
components over different operating situations. For the 5-kW 
induction machine here, the main loss components such as 
copper, iron, stray, and mechanical losses are experimentally 
determined using the IEC segregation of losses -method. Two 
alternative methods based on FEA are used to calculate the 
total losses, the first method is post-processing method and the 
other one is emulating the experimental testing procedure. 
Rated current, losses and slip values are estimated from heat 
run test. Friction and windage losses are estimated by no-load 
test while load curve test determines the additional losses. The 
measured loss components results were compared with both 
the methods. The measured total losses for all the tests showed 
good correspondence with both the post-processing and 
emulating test method. The results of this research outcomes 
can be used for the estimation of error in loss calculation when 
practicing induction machine design in FEA. In real machines, 
the loss segregation methods are effective in describing the 
loss components and conducting similar tests on FEA can give 
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comparable information about the machine. Parts of the 
simulation need further development, namely the copper, 
mechanical and stray-load loss calculations. The mechanical 
and stray load loss components are highly dependent on the 
fan configuration and electrical sheets, and geometry which in 
practice would require experimental data to make more 
accurate predictions if the methods are to be applied in FEA. 
In the future, because of 2D limitations, further study of the 
losses will be conducted by utilizing skew and 3D models.  
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Abstract 

An industrial electrical machine prototype is measured with a pulse-width-modulated voltage supply 

using different switching frequencies; 4, 8, 12 and 16 kHz when the motor is operating at 25 and 40 Hz 

fundamental frequencies. Typically, the electrical machine losses decrease as a function of the switching 

frequency and in this case a similar behavior is reported in careful measurements. The loss distribution at 

different carrier frequencies is further explored using multi-sliced FE-model to check the trend of the 

measured losses. 

Introduction 

Converter-supplied induction machines are widely studied [1]-[4] and applied in modern drive systems. 

They offer good controllability and are renowned for their robustness and low manufacturing costs. 

Efficiency improvements can only be found via minimizing the electromagnetic losses. Researchers and 

machine designers continuously study loss reduction options and manufacturers invest in making their 

motors more efficient and cost-effective. 

The motor losses with a PWM voltage supply are higher than with a sinusoidal supply [5],[6] because 

of the distorted currents. In a PWM supply, the machines experience higher temperatures and a reduction 

in insulation lifetime [7],[8]. It is generally thought that increasing the converter carrier frequency results 

in more sinusoidal currents and, therefore, should help in minimizing the motor losses [9]. The loss 

phenomena, however, seem to be very complicated and this assumption is, finally, not necessarily true. 

Among all the loss components, core losses need special focus in optimizing the efficiency of induction 

machines. These losses are mostly dependent on the motor stator design [10],[11]. Additional core losses 

are caused by the voltage harmonics integrated into harmonic flux linkage components. The current 

harmonics initiated by PWM voltage harmonics cause additional losses in the stator and rotor of the 

machine [12]. The carrier frequency has a significant influence on the voltage and current spectra and 

consequently on the losses of the machine [12].  

Nowadays, electromagnetic machine losses are determined through simulation, often based on the finite 

element method. This sort of analysis is often done on commercial software, which often have 

proprietary solvers and methods to compute losses, which are dependent on the applied loss models. An 

alternative is to use open-source software. The benefit of using an open-source multi-physics platform 

is the ability to apply parallel computing effectively and, therefore, reduce the computational time for 

finite element analysis (FEA). Another benefit is the transparency of the features and loss models. The 

aim of this research is to examine the power losses of a high-efficiency prototype induction machine 

using four different PWM carrier frequencies (4, 8, 12 and16 kHz) at 25 Hz and 40 Hz operating 

frequencies. The machine is tested experimentally in a laboratory setting and the loss distributions are  



 

                                                

 

 
Fig. 1. Flowchart of the work. 

 
further explored using multi-sliced FE-models utilizing Elmer open-source platform. The flow of the 

study is illustrated in Fig. 1. 

Test machine 

The test machine is a 5 kW four-pole squirrel-cage induction machine having 48 stator slots and 40 rotor 

slots. The machine has skewed rotor bars at an angle of 8.5°, which helps in mitigating noise, vibrations, 

and extra harmonic effects in the air-gap region. Typical iron sheet material in present-day industrial 

machines is e.g., M400-50A (0.5 mm lamination thickness). This prototype is, however, manufactured 

with M800-65A (0.65 mm lamination thickness) to emphasize iron losses. Therefore, a larger share of 

iron losses is expected, because thicker sheets are more vulnerable to eddy currents. Fig. 2. illustrates 

the positions of 18 Pt-100 temperature sensors inside the machine. During the laboratory testing, the test 

machine is driven until thermal equilibrium is reached. The spatial distribution of machine temperature 

is examined to identify and quantify the additional losses induced by a PWM-supply.   

Finite element analysis 

To consider the variation in the air-gap magnetic flux, because of rotor skewing, a multi-slice 2-D FEA 

is used. At the specified load, the multi-slice model can accurately predict the motor performance under 

both sinusoidal and PWM-supply as it includes inter-bar currents typical in skewed rotors. The motor 

model uses four slices to describe the 8.5° skew along the 160 mm long rotor. The slices are 

interconnected only through electrical circuits, resulting in excellent scalability. A time step of 10 µs is 

used to obtain detailed FEA data. The geometrical details and other parameters of the motor for FEA 

can be found in [13].  The multi-slice time stepping FEA with small time steps is computationally very 

expensive and time-consuming for current commercial computers. However, in the open-source FEA 

the computational time can be significantly reduced by using parallel computing enabled by an increased 

number of utilized processing cores. In the literature, many researchers have developed various  

  

Flow of the study 

1. Measure the motor phase voltage and current waveforms and 
temperature distribution at thermal equilibrium 

 
2. Fourier analysis of the voltage and current waveforms 

 

3. Determine the fundamental voltage and current components 

 

4. Separate loss components caused by sinusoidal or PWM-supply 

 

5. Perform FEA using recorded PWM voltages 

 

6. Perform FEA with a sinusoidal supply using the fundamental 

voltage components acquired from Item 3 

7. Compare FEA loss results of sinusoidal- and PWM-driven motor 

 

END 



 

Fig. 2: The location of the 18 Pt-100 temperature sensors inside the machine. The temperature sensors 

are used the spatial temperature distribution with the different PWM-supply conditions.  

 
analytical and numerical models for iron losses from harmonics in the machine [14],[15]. Nevertheless, 

it is a complicated task. In [14], an iron loss calculation method using variable loss coefficients is 

proposed. It can be used in the frequency range of 20–400 Hz and 0.05–2 T flux density range. Another 

iron loss model with variable loss components specifically for PWM-supplies is presented in [14]. It is 

a piecewise model, where the parameters depend on the frequency and degree of the flux density. In 

Elmer FEA, the advanced Bertotti model is used to calculate the iron losses during FEA post-processing 

[16]-[18]. 

 

Initially, it is analysed how small variations in sinusoidal voltage supply affect the stator current (Is), 

iron losses (PFe), electrical losses in total (Pelectric), total harmonic distortion (ITHD %) and the total 

harmonic distortion of the magnetic flux density in the air gap (BTHD %) mostly caused by the motor 

construction. Sinusoidal losses are later needed to segregate the losses due to harmonics. The results for 

both operating fundamental frequencies are gathered in Table I. In 25 Hz operation, during the 

experiments, the DC-link voltage was kept constant, but the fundamental voltage increased slightly as a 

function of switching frequency. Thus, each Ufund value was used for sinusoidal voltage supply in FEA. 

However, in the case of 40 Hz, the fundamental voltage value remained constant. Increasing voltage in 

25 Hz operation, surprisingly, resulted in lower current and magnetic flux distribution THD values. The 

slight increase fundamental flux density with increased voltage resulted in a lower slip and lower rotor 

losses in general. Higher harmonics cause increased eddy current and hysteresis losses in the motor 

resulting in overheating of the system. The phase currents and the measured stator winding resistance 

are used to calculate the stator copper losses. The stator phase current values are increasing as the voltage 

values are getting high, therefore, increasing the stator losses in the machine. However, the eddy-current 

losses on the rotor surface get reduced because of less distorted magnetic flux behavior in the air gap. 

The total electrical losses at 40 Hz were higher than at 25 Hz because of the higher share of iron losses. 

 

In the next analyses, the recorded PWM-voltage waveforms were supplied to the FEA model. The 

sampling time of the measured waveform is 1 µs. Using such a small time step in the FEA will result in 

long and burdensome computations. Therefore, the data was down sampled to 10 µs by using averaging 

method. Before averaging for 25 Hz, the high frequency content of the signal was filtered out using anti-

aliasing filter. For 40 Hz, filtering was not done. In [19], two down sampling methods and appropriate 

time step length for FEA in PWM-supply analysis are discussed. The simulated outcomes from the open-

source FEA with different carrier frequencies are shown in Fig. 3.  

 

Computational FEA results showed that as the carrier frequency increases, the stator currents also 

increase and, naturally, the stator copper losses increase as well. An increase of approximately 1.3 % is 

seen in the current for both fundamental frequencies when the carrier frequency increases from 4 kHz 

 



Table I: 5 kW IM sinusoidal supply results for different voltages at 75% torque 

Ufund, (V, 

RMS) 

25 Hz 

Is (A) Pr (W) PCu (W) PFe (W) Pelectric (W) ITHD (%) BTHD (%) 

208 8.63 72.5 127.2 97.4 296.1 2.3 42.11 

208.2 8.64 72.0 127.4 97.2 295.6 2.2 41.73 

208.6 8.64 71.2 127.8 97.0 295.2 2.2 41.63 

208.9 8.67 69.9 128.4 97.0 294.3 2.1 41.42 

                    40 Hz 

326.1 8.72 73 130.1 160 363 2.3 41.4 

326.5 8.74 71 130.6 159 361 2.1 41.2 

326.6 8.74 71 130.7 157 360 2.1 41.1 

326.6 8.77 70 131.4 157 358 2.1 40.9 

 

 

Fig. 3: Open-source FEA results with different switching frequencies. 

 

to 16 kHz because the motor torque needs to be constant.  In FEA, for both fundamental frequencies, 

the total electrical losses and the rotor losses in the machine decreased by 2% and 8.9% respectively 

when the carrier frequency increased from 4 kHz to 16 kHz. This supports the conclusions drawn in 

[9],[20] and [21]. The iron losses for the PWM supply in the machine are higher at lower switching 

frequencies because of increased eddy current losses, high current and flux density distortion as 

compared to the higher carrier frequencies [22],[23]. Distortion in the supply voltage will induce some 

harmonics in the flux density and current, and therefore it is necessary to analyse the total harmonic 

distortion both in voltage and the flux density. Fig. 4 illustrates the FFT (including 2000 first harmonics) 

of the PWM voltage with different carrier frequencies against input fundamental frequency. 

Magnetic flux density is calculated over an arc length in the air gap surface of the machine. With 

increasing carrier frequency, the flux density THD shows a weak negative trend, for a total difference 

of 0.5 % with the amplitudes spread over 1000 first harmonic frequencies in Table II. The voltage THD 

decreased from 178 % to 23 % when the carrier frequency was increased from 4 kHz to 16 kHz. PWM 

voltage lower harmonic content at 16 kHz results in a slightly more sinusoidal flux spatial distribution 

in the air gap than a low carrier frequency supply. Consequently, producing lower eddy-current losses 

at the rotor surface. THD in the current waveform also observed the same trend as in the voltage. 

Moreover, the current harmonics are low as the skewing effect is considered in FEA.  

Experimental setup 

The machine was tested with 25 and 40 Hz supply frequencies, where the harmonic losses induced by 

the PWM-supply are amplified [15] . The laboratory setup used is shown in Fig. 5(a). The setup consists 



 

Fig. 4: PWM voltage supply harmonics at 25 Hz supply using four different carrier frequencies. 

 

 
of a 15 kW load machine (IM) and a 5 kW 4-pole test machine (IM) connected mechanically via a shaft 

coupling and speed/torque transducer. Both machines are operated by their own frequency converters. The 

5-kW squirrel-cage motor is rated at 400 V, 50 Hz and has a rated speed of 1467 RPM. 

 
 

 

(a)                                                                         (b)    

Fig. 5. (a) Laboratory setup: (1) Test machine, 5 kW IM, (2) Torque and speed sensor, (3) Load machine, 

15 kW IM, and (4 & 5) frequency converters for test and load machine respectively.  

(b) Chamber setup: (6) PID-controlled heater for inlet-air, (7) Constant speed fan and temperature sensor 

for inlet air and (8) constant speed motor fan. 

 

 

Table II: Open-source FEA Results with Different Switching Frequencies at 25 Hz  

��� (kHz) 
Parameters 

UTHD (%) ITHD (%) BTHD (%) 

4 122.1 2.7 42.2 

8 121.3 2.5 42.1 

12 108.9 2.4 41.7 

16 57.1 2.1 41.5 

 



The electric power was measured using a high-bandwidth Yokogawa PX8000 precision power scope 

equipped with high precision HITEC Zero-Flux current transducers. Magtrol Torque Master was used 

for speed and torque measurement. Motor and ambient temperatures were measured using Pt100 sensors 

whose resistance was measured using Keithley 2701 precision multimeter. The test machine was in a 

temperature-controlled chamber, shown in Fig. 5(b). The chamber provides a steady inlet air flow at a 

constant temperature, which acts as the ambient temperature in this case. The temperature of chamber is 

measured by an inlet temperature sensor placed beside the inlet fan. The temperature of air going inside 

the chamber is also controlled by an inlet air temperature control system. Without the chamber, the ambient 

temperature changes erratically and comparison of temperature rise of motor parts becomes uncertain. 

Even though the effect of stabilized ambient temperature has little effect on losses, it makes the results 

more comparable. The motor was attached with an adjustable speed DC fan for adjusting the winding 

temperature by controlling the fan speed.  

 

The measurement results are organized in Table III. According to Table III, at 25 Hz and 40 Hz, increase 

in carrier frequency also slightly increased the fundamental voltage when a constant DC-link voltage 

was used, because less voltage harmonics are created. The fundamental current is constant around 8.8 

A and 8.78 A for 25 Hz and 40 Hz with increase in carrier frequency seems natural as motor torque is 

content. However, increase in the RMS stator current was observed because of increased harmonic 

content. The temperature of the stator winding slightly increases with the carrier frequency 

consequently, rising the stator losses as the switching frequency is increased. The rotor losses are lower 

because the temperature of the rotor saw a decreasing trend as a function of carrier frequency. 

Additionally, at higher switching frequency the PWM-voltage carries low harmonic content in the signal 

resulting more sinusoidal flux distribution in the motor air gap resulting low eddy current losses on rotor 

surface and lower slip values. Approximately 1 °C decrease in rotor temperature reduced the slip to 0.04 

% for 25 Hz. The input power of the machine declined as the carrier frequency is increased which will 

result in lower additional losses and improved efficiency of machine as the mechanical output power of 

machine is constant. The results from the measurements support the general assumption that as an 

increasing carrier frequency should result in an increased smoothness of the current it should further 

result in lower losses of the machine. 

The accuracy of reading and range values of Yokogawa PX8000 (power analyzer) are different for each 

frequency for instance, at 50 Hz frequency the reading and range values are 0.15% and 0.05%, and for 

25 Hz they are 0.15% and 0.2%, respectively. While for more than 66 Hz frequency, the range accuracy 

is 0.1% and reading accuracy is 0.3%. Power analyzer armed with HITEC Zero-Flux used for current 

measurements has Bandwidth up to 500 kHz. Speed and torque are measured by Magtrol torque master 

having accuracy of ± 0.1 % in range. Winding resistance was measured with Keithley 2701 Ethernet 

multi-meter systems having ± (0.01 reading + 0.002% of range) accuracy [24]. 

 

Table III: Measured values at 75% torque of the motor.   

Frequency (Hz) 25 40 

Carrier frequency (kHz) 4 8 12 16 4 8 12 16 

Stator temperature, θw (°C) 28.58 28.12 28.95 28.60 35.29 34.47 34.94 35.88 

Rotor temperature 71.70 70.19 70.63 70.04 78.07 76.15 76.19 77.05 

Fundamental voltage, Ufund, l-l 

(V, RMS) 
208.0 208.2 208.6 208.9 326.1 326.5 326.6 327.0 

Stator current, I (A, RMS) 8.78 8.80 8.81 8.83 9.09 9.38 9.66 9.91 

Fundamental current, Ifund (A, 

RMS) 
8.80 8.80 8.81 8.81 8.77 8.78 8.79 8.79 

Input power, Pelectric (W) 2173 2164 2165 2165 3408 3395 3393 3394 

Rotational speed, min-1 729.3 729.4 729.5 729.6 1178.1 1178.4 1178.4 1178.5 

Slip, s (%) 2.760 2.740 2.730 2.720 1.822 1.803 1.804 1.801 

Torque, T (Nm) 24.3 24.3 24.3 24.3 24.42 24.42 24.42 24.42 

Shaft power, Pmech (kW) 1856.0 1856.2 1856.3 1856.6 3012 3013 3013 3012 

Losses (W) 317.2   307.7 308.3 308.5 395.8 381.8 380.5 381.7 

 



Comparison 

Measured power losses at different carrier frequencies are compared with the FEA outcomes in Fig. 6. 

In the graph the black and blue colour represent the measured and FEA losses. Measured losses for both 

fundamental frequencies are higher as compared to the values found with the open-source FEA because 

the mechanical losses and stray losses are not included in the result obtained with the finite element 

method, however, they are present in the measured power losses. Since, the same recorded fundamental 

voltage was supplied to the FEA, it was expected that the simulation results will show the same trends 

as the measurement results. The measured motor losses at 25 Hz decreased from 317.2 W to 308.5 W 

when the carrier frequency was increased from 4 kHz to 16 kHz and same trend indicated by FEA: the 

FEA-based motor losses reduced from 307 W to 298.8 W. At 40 Hz supply the measured losses 

behaviour is similar as with 25 Hz supply, they decreased as a function of the switching frequency and 

the FEA trend was also similar as with 25 Hz.  

In FEM the skin and proximity effects are not included in the solution, however, the rise of losses 

because of these phenomena can be very small in small machines. Also, the time step of the calculation 

is limited. The 10 µs time step allows the analysis of frequencies up to 50 kHz that is too small for the 

PWM supply loss calculation. A more accurate iron loss behaviour modelling should be needed, and 

phenomena related to stray flux created losses in motor frame and other passive parts should be 

modelled. The sinusoidal supply outcomes for different fundamental voltages also observed similar 

behaviour as with PWM supply for different switching frequencies. However, the motor excited with 

the PWM voltage experiences additional core losses [25] or PWM harmonic losses because of the higher 

harmonics in the voltage supply. The iron losses with PWM supply were approximately 2 % higher than 

with sinusoidal supply at the lowest carrier frequency. 

The difference between the two simulation results (sinus or PWM supply) should directly show the 

effect of PWM supply on the losses. The active powers of the recorded waveforms were analysed, and 

the powers were split in the fundamental wave power and harmonic power. The harmonic power can be 

considered to contribute to the additional losses of the PWM supply. 

 ����,	
� = �� − ����� (1) 

where �� is the total measured or simulated active power and ����� is the power of the fundamental. 

The percentage difference between the measured and FEA losses for sinusoidal and PWM supply is 

calculated by using �	
�  losses for PWM supply and ���� losses for sinusoidal supply. 

 �(%) =
(�	
� − ����)

�	
�

× 100 (2) 

 

Fig. 6: Comparison of power losses in measurements and open-source FEAs for different switching 

frequencies at 25 and 40 Hz.  



Fig.7 illustrates how in the FEA results the percentage difference is decreasing as the carrier frequency 

is increasing. This means that the losses are closer to sinusoidal supply losses with a higher carrier 

frequency. Additionally, the percentage difference in the measured losses also decreased as a function 

of the carrier frequency. The simulated electrical losses and, therefore, power in PWM supply are higher 

than the losses in sinusoidal supply as expected. Losses increase in the motor with PWM-supply because 

the time harmonics cause ripple in the flux density amplitudes. The finding, however, here is that the motor 

losses in this case decreases when the PWM carrier frequency increases. This finding is in agreement with 

standard assumption. Motor temperatures were measured in controlled conditions at the same time and the 

results of the temperature measurements supported the finding. 

 

The IM experimental results for 25 Hz and 40 Hz showed that the total losses in the machine are 

approximately 4 % lower with 16 kHz carrier frequency compared to losses with 4 kHz carrier 

frequency. However, in FEA the electrical losses percentage decrement was about 1.5 % when the 

switching frequency was increased from 4 kHz to 16 kHz for both fundamental frequencies. According 

to the measurements, the losses with 16 kHz carrier frequency were approximately 10 % and 8 % higher 

than with sinusoidal supply at 25 Hz and 40 Hz respectively. While in FEA the IM losses with PWM 

supply at 16 kHz were around 1.6 % higher than with sinusoidal supply for both frequencies. 

Discussion 

Loss power induced by PWM-supply exists at high frequencies. The harmonic power can be split in two 

frequency bands; the first band covers frequencies from 2 kHz to 100 kHz. These frequencies result 

from the carrier frequency and its multiples and the most common durations of the active vectors. The 

second band covers frequencies beyond 100 kHz. The electrical power bandwidth is set by the current 

and voltage measurement channels, whichever is lower sets the maximum bandwidth of the power. It is 

plausible that the bandwidth of the older measurement instruments such as external current transducers 

was not high enough and the second harmonic frequency band over 100 kHz frequencies was not 

examined at all.  When the carrier frequency is increased, also more pulse edges are created, and the 

power is pushed to higher frequencies. The FEA cannot model these high frequency phenomena and 

therefore measurement results can be only verified with a temperature rise in machine. These results 

show the deficiency of the commonly used finite element approach in the motor loss analysis.             

 

 

 

 

 

 

Fig. 7: Loss difference between sinusoidal and PWM supplies (%) shows the increase compared to 

sinusoidal supply 

 



Conclusion 

A 5-kW converter-supplied induction motor losses with different PWM supply carrier frequencies were 

studied using experiments and FEA. Typically, it is expected that increasing the carrier frequency should 

lower the harmonics in the system and produce a more sinusoidal current resulting in lower losses in the 

motor, the research based on converter-fed induction machine experimental and FEA results is 

supporting the previous studies. The behaviour with this special motor: the losses in the machine 

decreased as a function of carrier frequency when keeping all other parameters, the same. The FEA 

multi-slice model showed current values close to the measured ones and had same trends for losses as a 

function of carrier frequency. However, it is seen that in FEM it is challenging to predict accurately the 

high-frequency phenomena in motors. The real high-frequency loss mechanisms may also differ from 

the ones that are modelled in present-day FEA. Furthermore, losses through analytical equations can be 

calculated to check its trend or by further optimizing machine FEM model for instance 3D model 

considering all the important aspects of machine effecting losses.    
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