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Abstract 

This dissertation focuses on magnetic, thermal, and cooling calculations of servo motor with 

permanent magnets (M718 I servo motor produced by VUES company). These calculations 

are achieved using dedicated software based on numerical methods of finite elements (FEM) 

and finite volumes (FVM).  

The 2D (two dimensional) magnetic analysis of the motor is computed using FEMM (finite 

element method magnetics) program. The 3D (three dimensional) magnetic analysis is 

computed too using ANSOFT software. From the performed analyses, distribution of the 

magnetic field inside the servo motor and the circumferential distribution of the magnetic flux 

density in the air-gap centre are obtained. Eddy current losses are calculated depending on the 

magnets dimensions and the value of the air-gap magnetic flux density. Joule losses are also 

calculated using ANSOFT for 3D model. Two cooling models are designed for the servo 

motor. In the first one, internal cooling system is used. Some modifications (openings in the 

motor frame and radial fan mounted on the motor shaft inside the frame) are added to the 

motor original model. In the second model, external cooling system is used. For this type, 

cooling slots are added to the original frame and radial fan is mounted on the motor shaft out 

of the frame. Fluid flow and thermal transient analyses are computed for the original motor 

and for the modified one (internally and externally cooled models) using ANSYS Workbench 

program. Heat characteristics of the original servo motor are measured using different 

sensors. Finally, an evaluation of the different results is performed. 

This work was performed at the Faculty of Electrical Engineering and Communication, within 

doctoral study program “Electrical Engineering and Communication” with the branch of 

“Power Electrical and Electronic Engineering”. A substantial part of this work was supported 

by the Centre for Research and Utilization of Renewable Energy (CVVOZE), under projects 

CZ.1.05/2.1.00/01.0014 and FEKT S-11-9. 



Abstrakt 

Práce se zabývá výpočty magnetických a tepelných vlastností servomotoru s permanentními 

magnety (motor M718 I vyráběný firmou VUES s.r.o. v Brně). Všechny uvedené výpočty 

jsou založené na numerických metodách konečných prvků a konečných objemů.  

2D magnetická analýza motoru byla řešena s pomocí programu FEMM, zatímco pro 3D 

analýzu byl využit software ANSOFT. Magnetické analýzy umožnily stanovit rozložení 

magnetického pole v motoru a ve vzduchové mezeře. Ztráty způsobené vířivými proudy byly 

počítány v závislosti na rozměrech permanentních magnetů a velikosti toku magnetické 

indukce ve vzduchové mezeře. U 3D modelu v programu ANSOFT byly vypočítány i Joulovy 

ztráty. Pro daný servomotor byly navrženy dva způsoby chlazení. V prvním případě se jedná 

o vnitřní chladicí systém. K původnímu modelu motoru byly přidány některé modifikace 

(otvory v rámu motoru a radiální ventilátor na hřídeli uvnitř rámu motoru). U druhého 

způsobu chlazení bylo navrženo vnější chlazení. K původnímu rámu byly přidána chladicí 

žebra a radiální ventilátor na hřídeli vně rámu motoru. Výpočty proudění a tepelná analýza 

byly provedeny jak pro původní model motoru, tak i pro modifikovaný návrh (vnitřní a vnější 

chlazení) pomocí software ANSYS Workbench. Teplotní charakteristiky původního motoru 

byly měřeny různými senzory. Bylo provedeno porovnání experimentálně získaných výsledků 

s vypočteným teplotním modelem. 

Práce byla vytvořena v rámci doktorského studijního programu Elektrotechnika a 

komunikační technologie, obor Silnoproudá elektrotechnika a elektroenergetika. Podstatná 

část práce vznikla za podpory Centra výzkumu a využití obnovitelných zdrojů energie a 

výzkumných projektů CZ.1.05/2.1.00/01.0014 and FEKT S-11-9. 
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Introduction 

Energy saving and natural resources protection are the focus of recent research, 

particularly in the field of electrical machines design. It has been estimated that in developed 

industrialized countries, roughly 20 % of the electrical energy can be saved by using more 

efficient control strategies for electromechanical drives. This means that electrical machines 

have an enormous influence on the reduction of energy consumption. Electrical energy 

consumption can be saved in different ways such as good housekeeping, use of variable-speed 

drives, construction of electric motors with better efficiency, etc. 

Applying of permanent magnets (PMs) to the electrical machines causes a big industrial 

revolution, because of improvement of their efficiency by eliminating the excitation losses. 

The air-gap magnetic flux density increases, which means greater output power for the same 

main dimensions. The applications of PM motors have been significantly increased in spite of 

the high cost of PM materials. 

PM synchronous machines are being used increasingly in a wide range of industrial drives 

and servo applications. This is mainly due to their superior power density, high torque-to-

inertia ratio and efficiency, and availability of high density PM material. 

PM synchronous machines are designed with different types of rotor configuration. Two types 

of rotor are generally used in construction of these machines: The more popular type is 

surface mounted configuration where magnets are mounted on the rotor surface and the 

interior type construction where magnets are buried inside the rotor. 
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This thesis focuses on the PM synchronous machine designed with a surface magnet rotor. 

The main objective of this work is to deal with a cooling system of the servo motor, since the 

effective cooling is very important for low speed PM machines due to their high power 

density and low speed. 

This thesis deals with the following tasks: 

 Modelling of the M 718 I servo motor  

 Thermal analysis 

 Magnetic analysis 

 Determination of servo motor losses  

 Design of cooling system 

 Proposal of modifications of the servo motor model 

 Thermal and magnetic analysis of the modified model 

 Comparison of the results between the original and the modified motor models 

 Measurements 

 Results evaluation 

Electromagnetic and thermal analyses of the electrical machines are typically treated using 

thermal resistance networks. However, in this thesis, modern software tools are used. These 

programs offer solutions for magnetic, thermal, and fluid flow problems with satisfied results 

without enormous demands on computing time and with no need of geometry simplifications. 
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State of the Art 

In the past, PM machines were used only in a limited number of low power applications 

due to the relatively high cost of the permanent magnet materials. However, in the last 

decade, the performance improvements and lower cost of the magnets have made a possibility 

of the utilization of that machines topology in a wide range of applications. PM motors are 

constructed with electrical windings on the stator and permanent magnets on the rotor, these 

motors can be classified with the following properties: 

 No electrical energy is absorbed by the field excitation system; therefore there are no 

excitation losses which cause increasing of the efficiency. 

 Higher torque and higher output power per volume than with electromagnetic 

excitation. 

 Better dynamic performance in comparison with motors that are electromagnetically 

excited. 

 Higher magnetic flux density in the air-gap. 

 Simple construction and easier maintenance. 

The first PM excitation systems were applied to the electrical machines as early as the 19th 

century. The invention of the PM materials revived PM excitation systems; however, its 

application was limited to small and fractional horsepower machines. Nowadays, PM motors 

are preferred to be used because of their excellent parameters. The PM synchronous motors, 

in comparison with their induction counterparts, do not have rotor winding losses that cause 

increasing of their efficiency. The larger air-gap in synchronous motors make them more 

reliable than induction ones. The power density of PM synchronous motor is higher than the 

one of induction motor with the same ratings due to the no stator power dedicated to the 
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magnetic field production. Thanks to these properties such motors become a more attractive 

option in technology. 

Rare-earth permanent magnets can not only improve the motor's steady-state performance but 

also the power density (output power to mass ratio), dynamic performance, and quality. The 

cost of rare-earth magnets is also dropping, which makes these motors more popular. The 

recent improvements of the semiconductor drives have meant that the control of PM motors is 

easier and cost effective, with the possibility of operating the motor over a large range of 

speeds and still maintaining a reasonable efficiency [1-3]. 

Many researches have focused on the magnetic analysis of machines with permanent magnets 

using numerical methods. The analytical method is widely used in calculations of 

synchronous reactances of salient pole synchronous machines with electromagnetic 

excitation. Rotors of PM synchronous machines have more complicated structures; that makes 

prediction of the magnetic field distribution in their air-gaps more difficult. In small PM 

synchronous motors with complicated structure, it is necessary to obtain an accurate 

distribution of the magnetic field. This distribution is very helpful for a correct estimation of 

the form factors of the rotor and stator magnetic flux densities. The Finite Element Method 

(FEM) makes it possible to find the d and q axis synchronous reactances and mutual 

(armature reaction) reactances by computing the corresponding inductances [4]. 

A general analytical solution of magnetic field in slotted surface-mounted PM machines is 

presented. A new analytical solution based on 2-D analysis in polar coordinates and suitable 

for radial/parallel magnetization, internal/external rotor topologies is developed. The radial 

and tangential flux density is obtained by using the Fourier’s series and the method of 

separating variables. The cogging torque characteristic is deduced by calculating the Maxwell 

tensors [5]. 

Other researches focused on the magnetic analysis using modern software such as ANSYS 

 [6, 7]. The distribution of magnetic field inside PM synchronous motor was analysed and 

calculated. The no-load and load electromagnetic field in this motor was obtained. When the 

PM synchronous motor was loaded, direct axis and quadrature axis armature reaction 

magnetic field were obtained. Furthermore, back EMF of PM synchronous motor was figured 

out with two different approaches and the calculation results were compared and analysed. By 

back-dealing model of ANSYS, the pictures of magnetic flux density (B) and magnetic vector 

potential (A) were gained. Back EMF is a critical parameter of PM synchronous motor. 
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The numerical techniques, such as FEM, provide accurate enough solutions either for two 

(2D) or for three (3D) dimensional field problems in complex geometries, which in turn could 

be used to predict device performance with a good precision. But these techniques require a 

detailed definition of the geometry and boundary conditions to be solved, assuming that an 

initial design of the studied object already exists. Consequently, the computer-based field 

analysis may be employed as an effective tool for simulating the performance characteristics 

of the device. It should be pointed out, that computational FE results can be obtained both for 

the steady-state and transient operating conditions; in the first case the magneto static FEM is 

used, while in the second case the time-harmonic or time-stepping FEM is applied [8]. 

The eddy current losses are generally small in comparison with the copper losses and the iron 

ones. But they can heat the permanent magnets because of their relatively poor heat 

dissipation coming from the rotor and result in partial irreversible demagnetization, especially 

for NdFeB magnets that have relatively high temperature coefficients of remanent and 

coercive force and moderately high electrical conductivity [9]. 

Iron losses in PM synchronous machines form a larger portion of the total losses than in the 

induction machines and, hence, more importance should be given to the minimization of iron 

losses. Previously, models have been presented for the calculations of these losses but these 

models still rely on finite element simulations to obtain correction factors, which are 

substantial, to apply to the theoretically derived formulas in order to obtain good agreement 

with the experimental data. Paper [10, 11] presents the source of the correction factor. A more 

complete model of iron loss is provided too, which greatly reduces the need for calculating 

the correction factors using FEM. The use of this more complete model will result in reduced 

design time especially when a number of candidate designs need to be analysed because 

otherwise the calculation of these correction factors using FEM would be cumbersome as 

these correction factors tend to be non-linear. 

Calculation of the eddy current losses in the permanent magnets machines has been treated by 

many researches. Some of these researches calculated these losses for surface magnet motors 

under load condition using analytical methods and focused on the increase of eddy current 

losses with motor load. Eddy current losses are related to a fictitious voltage induced in a one-

turn coil wound around a stator tooth. A simple way is used to calculate part of the load 

currents for this voltage [12]. 
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Paper [13] presents analytical and finite element method (FEM) approaches to calculate eddy 

current losses in conductive non-magnetic sleeves (cans) of synchronous or induction 

machines. In the FEM modelling approach, a geometric model of the machine is created and 

fine mesh is generated, then the magnetic and electric fields within the model are determined. 

2D transient model was created to determine eddy current losses in the rotor and stator 

sleeves. The stator and rotor sleeves were defined as coils within the model and were short 

circuited. This technique neglects end effects of the sleeve. A comparison of analytical and 

FEM calculation results were performed. 

Paper [14] presents a comparison of analytical and finite element (FE) calculation of eddy 

current losses. The model is applied to calculate the losses in the solid back-iron of the linear 

PM generator of the Archimedes Wave Swing (AWS) for different combinations of poles and 

teeth number. FE calculation is achieved using a general purpose software environment for 

the finite element solution of partial differential equations (PDEs) similar to MATLAB for 

numerical linear algebra. 

A new analytical approach of eddy current losses calculation in permanent magnet 

synchronous machines (PMSM) with tooth windings is presented in the paper [15]. A 

different analytical method is used. Two different points exist in this method: the field is 

calculated using an all-in-one method, so the simultaneous calculation of stator and no-load 

field is possible, finite magnet dimensions are taken into account, the calculation of an easy-

to-use correction factor for endless dimensions is introduced. Calculation also included the 

losses caused by stator slotting and stator harmonics. 

Paper [16] presents an investigation and evaluation of eddy current losses in conductive 

retaining sleeves of permanent magnet synchronous motors. Paper deals with the eddy current 

calculation of high speed motors with surface magnet rotors. To fix the magnet on rotor 

surface, a bandage of stainless steel sleeve can be used. Eddy current losses in this region are 

investigated. The losses are evaluated in several different no-load and loaded working 

conditions. Analytical results are compared with FEM simulations of two and three 

dimensional models. 

In the paper [17], an investigation of rotor core eddy current losses in interior permanent 

magnet (IPM) synchronous machines is presented. Analytical insight is developed, and the 

major design parameters that have the most significant impact on these losses are identified. A 
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comparison of the predicted eddy current losses of IPM machines with one and two layer 

rotors coupled with concentrated and distributed winding stators. 

In the paper [18], a core-loss model for the PM motor is presented. In this model, flux 

variation loci in different parts of the motor are predicted by carrying out a finite-element 

transient analysis. Because of complexity of flux variation pattern, an improved equation 

based on the conventional three-term expression is used for losses calculation. A comparison 

of calculation and experiments results on a high-speed PM motor has been presented. 

The purpose of paper [19] is to model the eddy current losses in segmented magnets, by 

incorporating magnet losses resistances in the equivalent circuits of the permanent magnet 

machine. The model is verified by means of locked-rotor tests. The eddy current losses in the 

magnets can be decreased by increasing the number of magnet segments. These losses are 

proportional to the square of the magnet width. 

All rotational electrical machines generate heat as a result of the electrical and mechanical 

losses inside machine; therefore cooling is necessary to continuously transfer heat to a cooling 

medium such as air. Electrical machines are generally designed with passive cooling where 

heat is removed from the machine surface by natural convection and radiation or with active 

cooling, where heat is removed mainly by forced convection. The flow of coolant is 

artificially supported by a fan or a pump [20]. 

In the automotive applications, the permanent magnets synchronous machine is often exposed 

to high ambient temperatures and not particularly good cooling conditions. These conditions 

may expose the permanent magnet materials to the risk of demagnetization, especially for the 

NdFeB which has lower Curie temperature and maximum working temperature. Therefore 

permanent magnet synchronous machines have to be designed with great care, which 

sometimes represents a difficult task [21, 22]. 

Innovation of the machine design offers high power density while high efficiency is 

maintained for the full operating range. The high power density can lead to internal heat 

generation, where excessive temperature in the windings can cause electrical insulation failure 

and places limits on the maximum rating of electrical machines. Therefore, the machine 

thermal performance is considered as an important factor in machine design [23].  

The recent developed numerical techniques give the opportunity for advanced thermal designs 

of PM electrical machines. Advanced modelling of the turbulent flow in the machine can be 
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done using the computational fluid dynamics (CFD), instead of using a rough empirical 

estimation of the mean convection. That leads to an advanced estimation of the heat transfer 

by convection from the machine parts to the cooling fluid. There is a lack of references in 

which the numerical estimation of temperature distribution in an electrical machine is coupled 

with numerical estimation of the turbulent flow of the cooling fluid. CFD is concerned with 

the numerical methods application to solve the partial differential equations governing fluid 

flow. Ansys CFX software is used in the recent studies for CFD simulation, such as rotation, 

heat transfer, and transition from laminar to turbulent flows [24]. 

The power loss activates the three heat transfer mechanisms (conduction, convection, and 

radiation). A convection phenomenon is the most important mechanism and the most complex 

at modelling. Conduction and radiation depend on geometry and material, while the 

modelling of convection must include a fluid-dynamical analysis coupled with the thermal 

problem formulation. Thermal and fluid-dynamical solutions are coupled due to the mutual 

dependence of air flow and convective exchange coefficients. Air flow is defined by several 

coupled by the variables of density, pressure, speed, and temperature [25]. 

Convection is the transfer process due to fluid motion. Two types of convection exist, natural 

and forced. In the natural convection, the fluid motion is due entirely to buoyancy forces 

arising from density variations in the fluid. In the forced one, system movement of fluid is by 

an external force (fan). The heat transfer by forced convection from a given surface is a 

function of the local flow velocity. In order to predict the local velocity, a flow network 

analysis is performed to calculate the flow of fluid through the machine [26]. 

Internal heating in electrical machines is the result of different losses of machine. These losses 

increase the machine temperature. The temperature reached is governed by the balance 

between the heat generated, the heat removed, and the thermal capacity. Joule losses in the 

windings, eddy currents losses, hysteresis losses, and mechanical losses are the main sources 

of loss in an electrical machine. These losses increase the machine temperature. The high 

temperature will reduce the machine lifetime. It may lead to serious failure such as the 

breakdown of the insulation surrounding the copper windings which leads to a loss of 

mechanical strength and, eventually, breakage which may cause short circuits. The other 

failure in permanent magnet machines is the demagnetization of the magnets, especially for 

neodymium-iron-boron (NdFeB) material, because of the high dependence of the NdFeB 

demagnetization curve on the temperature [27]. 
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1 Theoretical background 

1.1 Permanent magnet materials 

Magnets are an important part of our daily life, serving as essential components in 

everything from electric motors, loudspeakers, computers, compact disc players, microwave 

ovens, to instrumentation and production equipment. Their contribution is often overlooked 

because they are built into devices and are usually out of sight. A permanent magnet (PM) can 

produce a magnetic field in an air-gap with no excitation winding and no dissipation of 

electric power. External energy is involved only in changing the energy of magnetic field, not 

in maintaining it. PMs are also called hard magnetic materials, meaning ferromagnetic 

materials with a wide hysteresis loop. As any other ferromagnetic material, a PM can be 

described by its (BH) hysteresis loop [1 - 3]. 

The basis for the evaluation of a PM is the portion of its hysteresis loop located in the upper 

left-hand quadrant, called the demagnetization curve. 

 

Fig. 1.1: Demagnetization curve, recoil loop, energy of a PM, and recoil magnetic 

permeability [1]. 
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Permanent magnets are characterized by the parameters of saturation magnetic flux density 

and saturation magnetic field intensity, remanence, coercivity, permeability, and maximum 

energy product [1, 2]. 

Saturation magnetic (flux density Bsat, field intensity Hsat) 

At this point the alignment of all magnetic moments of domains is in the direction of the 

external applied magnetic field. 

Remanent magnetic flux density (remanence Br) 

The magnetic flux density when the magnetic field intensity equals to zero. High remanence 

means that the magnet can supply higher magnetic flux density in the air-gap of the magnetic 

circuit. 

Coercive field strength (Hc) 

The value of demagnetizing field intensity necessary to bring the magnetic flux density to 

zero in a material previously magnetized (in a symmetrically cyclically magnetized 

condition). High coercivity means that a thinner magnet can be used to withstand the 

demagnetization field. 

Recoil magnetic permeability (μrec) 

The ratio of the magnetic flux density to the magnetic field intensity at any point on the 

demagnetization curve. 

Maximum magnetic energy (B·H)max 

Maximum magnetic energy per unit produced by a PM in the external space is equal to the 

maximum magnetic energy density per volume: 

 
 

2

max

max

HB
w


 . (1.1) 

where the product (BH)max corresponds to the maximum energy density point on the 

demagnetization curve with coordinates Bmax and Hmax. 
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1.1.1 Classification of permanent magnet materials 

Three main types of the PM materials are used in the design of electrical machines [1 - 3]: 

 Alnico: (Al, Ni, Co, Fe); 

 Ceramic (Ferrites): Barium ferrite BaO×6Fe2O3 and Strontium Ferrite 

SrO×6Fe2O3; 

 Rare-earth permanent magnets: Samarium-Cobalt (SmCo) and Neodymium-Iron-

Boron (NdFeB). 

Alnico 

Alnico magnets (general composition Al-Ni-Co) were commercialized in the 1930s and 

are still extensively used today. The main properties of this material are: high magnetic 

remanent flux density, low temperature coefficients, and maximum service temperature of 

520 °C. These advantages allow a high air-gap magnetic flux density at high magnet 

temperature. The disadvantages of this material are: the low coercive force and the non-linear 

demagnetization curve, which leads to magnetize and demagnetize Alnico very easily. 

Alnicos dominated the PM motors market in the range from a few watts to 150 kW between 

the mid-1940s and the late 1960s when ferrites became the most widely used magnet 

materials. 

Ceramic (Ferrites) 

Ceramic, also known as ferrite magnets (general composition BaFe2O3 or SrFe2O3) have 

been commercialized since the 1950s and continue to be extensively used today due to their 

low cost. A special form of ceramic magnet is "flexible" material, made by bonding ceramic 

powder in a flexible binder. Ferrite has a higher coercive force in comparison with Alnico, but 

at the same time lower remanent magnetic flux density. It has relatively high temperature 

coefficients. The maximum service temperature is of 400 °C. The main advantages of ferrites 

are their low cost and very high electric resistance, which means no eddy-current losses in the 

PM volume. 
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Rare-earth permanent magnets 

A great progress regarding available energy density (BH)max has been achieved by the 

development of rare-earth permanent magnets, through the last three decades. NdFeB and 

SmCo are collectively known as rare-earth permanent magnets because they are both 

composed of materials from the rare-earth group of elements. 

Samarium-Cobalt (SmCo) is characterized with high remanent magnetic flux density, high 

coercive force, high energy product, linear demagnetization curve and low temperature 

coefficient. Maximum service temperature is of 300 °C to 350 °C. It is well suited to build 

motors with low volume, high power density and insulation class F or H. High cost is the only 

disadvantage, both Sm and Co are relatively expensive due to their supply restrictions. 

Neodymium iron boron (general composition Nd2Fe14B, often abbreviated to NdFeB) is the 

most recent commercial addition to the family of modern magnet materials. At room 

temperatures, NdFeB magnets exhibit the highest properties of all magnet materials. The 

maximum service temperature is of 250 °C and Curie temperature is of 350 °C. NdFeB have 

better magnetic properties than SmCo, but only at room temperature. The demagnetization 

curves, especially the coercive force, are strongly temperature dependent. The latest grades of 

NdFeB have a higher remanent magnetic flux density and better thermal stability. 

The most important application area of rare-earth magnets is in the electrical machines. Other 

major areas of application are actuators in data storage technology, acoustic devices, and 

magneto-mechanical devices (holding devices, couplings, magnetic separators, magnetic 

bearings). 
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Key advantages of NdFeB 

Neodymium magnets are the most powerful commercially produced magnets. 

 NdFeB magnets have a higher maximum energy product, (B∙H)max 

 NdFeB magnets can replace SmCo magnets in the most cases, especially in cases 

where operating temperature is less than 80°C 

 Very high strength 

 High remanent magnetic flux density 

 High coercive force 

 Linear demagnetization curve 

 Relatively low cost 

 Compared to Alnico and SmCo magnets, relatively easy to machine 

Neodymium magnets (Nd-Fe-B) are composed of neodymium, iron, boron and a few 

transition metals. These magnets are extremely strong for their small size, metallic in 

appearance and found in simple shapes such as rings, blocks and discs as follows: 

  

Neodymium block magnets Neodymium disc magnets 

  

Neodymium ring/sphere magnets Neodymium disc magnets with adhesive 

Fig. 1.2: Different shapes of permanent magnet material NdFeB. 
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1.1.2 The temperature effect on the permanent magnets 

Permanent magnet materials may lose their magnetic properties if they are heated to a 

certain high temperature. Demagnetization curves of PMs are sensitive to temperature; both 

remanence Br and coercivity Hc decrease with the increasing temperature of PMs. Permanent 

magnets can keep their magnetic field stable under a proper application after they are 

magnetized, due to their high coercive force. They can produce a magnetic field in an air-gap 

with no winding and no dissipation of electrical power [1, 2]. 
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where 

Br20 remanent magnetic flux density at 20 °C 

Hc20 coercive force at 20 °C 

𝛼B<0 temperature coefficient for Br 

𝛼H<0 temperature coefficient for Hc 

TPM permanent magnets temperature 

Tmax 

Maximum operating temperature for the general classes of major materials. 

TCurie 

The temperature at which the elementary magnetic moments are randomized and the material 

is demagnetized. 
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The following figure presents the demagnetization curves for the different permanent magnet 

materials. 

 

Fig. 1.3: Demagnetization curves for different permanent magnet materials [1]. 
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1.2 Permanent magnet motors 

Permanent magnet motors (PM motors) can be categorized into brushless and 

synchronous ones. These motors are classified in two principal classes of sinusoidally excited 

and square wave (trapezoidaly excited). Sinusoidally excited motors are fed by three-phase 

sinusoidal waveforms and operate on the principle of a rotating magnetic field. They are 

simply called sinewave motors or PM synchronous motors. All phase windings conduct 

current at a time. Square wave motors are also fed by three-phase waveforms shifted by 120° 

one from another, but the wave shapes are rectangular. Such a shape is produced when the 

armature current (MMF) is precisely synchronized with the rotor instantaneous position and 

frequency (speed). The most direct and popular method of providing the required rotor 

position information is to use an absolute angular position sensor mounted on the rotor shaft.  

PM d.c. brushless and a.c. synchronous motors have practically the same design with a 

polyphase stator and PMs located on the rotor. The only difference is in the control and shape 

of the excitation voltage: an a.c. synchronous motor is fed by more or less sinusoidal 

waveforms which in turn produce a rotating magnetic field. In PM d.c. brushless motors the 

armature current has a shape of a square (trapezoidal) waveform, only two phase windings 

(for Y connection) conduct the current at the same time and the switching pattern is 

synchronized with the rotor angular position (electronic commutation). 

PM motors are used in a wide power range from mWs to hundreds kWs. There are also 

attempts to apply PMs to large motors rated at MWs. PM motors cover a wide variety of 

application fields, from stepping motors for wrist watches, through industrial drives for 

machine tools to large PM synchronous motors for ship propulsion. PM motors are applied in 

the following fields [1-3]: 

 Industry 

 Public life 

 Information and office equipment 

 Automatic with combustion engines 

 Transportation 

 Aerospace 

 Medical and healthcare equipment 

 Power tools 

 Renewable energy systems 
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1.3 Permanent magnet servo motor 

The a.c. permanent magnet servo motors are typical synchronous machines with 

permanent magnets that often have high torque to inertia ratio at high acceleration ratings. 

These motors operate at a constant speed in absolute synchronism with the line frequency. 

They have an output shaft that can be positioned by sending a coded signal to the motor. As 

the input of the motor changes, the angular position of the output shaft changes as well. 

Generally, PM servo motors are small but powerful for their size and easy to control. Servo 

motors have a wide power range from 0.2 kW up to 5 kW. 

These motors are of cylindrical or square shape, open or enclosed, and available in a variety 

of housing sizes and diameters. 

The a.c. synchronous motors with permanent magnets are usually built with one of the 

following rotors [1, 2]: 

 Surface magnet rotor 

 Interior magnet rotor 

 Inset magnet rotor 

 Rotor with buried magnets symmetrically and asymmetrically distributed 

Rotor in PM synchronous motor rotates synchronously with the rotating magnetic field 

produced by a poly-phase electric supply. The rotor speed ns is given by the ratio of input 

frequency f to number of pole-pairs p: 

 pfns / . (1.4) 

Because of the stator slots, the magnetic flux density in the air-gap is non-sinusoidal. The first 

harmonic of the flux density in the air-gap Bmg1 is given as: 
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In the Eq. (1.5), the coefficient αi is defined as the ratio of the average to maximum value of 

the air-gap magnetic flux density: 
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where: 

bp pole shoe arc 

τ pole pitch  

Carter’s coefficient kc, magnetic flux density under the pole shoe Bmg that can be founded 

according to the excitation magnetomotive force MMF Fexc, and the phase angle γ between 

the currents of the two layers are defined as follows: 
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where: 

t1 slot pitch 

g´ equivalent air-gap which includes PM height hM and Carter’s coefficient kc 

hM height of the PM 

b14 width of the stator slot opening 

g synchronous reactance in the quadrature axis (q-axis synchronous reactance) 

µ0 vacuum permeability 

The permanent magnets on the rotor generate a continuous magnetic excitation flux Φf which 

induces the no load rms voltage in one phase of the stator winding EMF (electromotive force). 

 fwf kNfE  112 , (1.10) 

where: 

N1 number of the stator turns per phase 

kw1 stator winding coefficient 

By the same, the voltage Ead induced by the d-axis armature reaction flux Φad and the voltage 

Eaq induced by the q-axis flux Φaq are, respectively: 
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The EMF Ei per phase with the armature reaction taken into account is: 

 gwi kNfE  112 , (1.12) 

where: 

Φg magnetic flux density under load 

For m1 - phase salient pole synchronous motor with negligible stator winding resistance R1=0, 

the electromagnetic power Pelm is expressed as: 
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where: 

V1 input phase voltage  

Ef the EMF induced by the rotor excitation flux (without armature reaction) 

δ power angle (the angle between V1 and Ef) 

Xsd synchronous reactance in the direct axis (d-axis synchronous reactance) 

Xsq synchronous reactance in the quadrature axis (q-axis synchronous reactance) 

The electromagnetic torque developed by the synchronous motor is determined by the 

electromagnetic power Pelm and angular synchronous speed Ωs = 2πns which is equal to the 

mechanical angular speed of the rotor as follows: 
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2 Heat transfer 

2.1 Heat and temperature 

Heat is the total energy of molecular motion in a substance while temperature is a 

measure of the average energy of the molecular motion in the substance. Heat energy depends 

on the speed of the particles, the number of the particles (size or mass), and the type of the 

particles in an object. Temperature does not depend on the object size or type. It is heat that 

increases or decreases the temperature. By adding heat, the temperature will become higher 

and by removing heat the temperature will become lower. Higher temperatures mean that the 

molecules are moving, vibrating and rotating with more energy [28 - 30]. 

 Q m c T   , (2.1) 

where: 

Q heat 

m mass 

c specific heat 

T temperature difference 
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2.2 Fundamental terms 

Thermal conductivity 

Thermal conductivity of a material () is the ability of this material to conduct heat. Given 

two surfaces on either side of the material with a temperature difference between them, the 

thermal conductivity is the heat energy transferred per unit time and per unit surface area, 

divided by the temperature difference. Conductivity is measured in [W/mK]. 

Specific heat 

The specific heat of a material (c) is the amount of heat per mass unit required to raise the 

temperature of one kilogram of the material by one degree (Celsius or Kelvin). Specific heat 

is measured in [J/kgK] or [cal/kg°C]. 

Emissivity 

Emissivity of a material () is the relative ability of its surface to emit energy by radiation; the 

ratio of the radiant flux emitted per unit area to that emitted by a black body at the same 

temperature. Emissivity of black body equals to 1. 

2.3 Theory of heat transfer 

Heat can be transferred by 3 phenomena [28 - 30]: 

 conduction 

 convection 

 radiation 

The formulation of the basic thermal model based on the first law of thermodynamics is: 
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where: 

q heat generation rate per volume unit 

𝜌 density 

c specific heat 

T temperature 

t time 

k coefficient of thermal conductivity 
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According to the Stefan-Boltzmann law, heat transfer between two surfaces (i, j) by radiation 

is expressed as follows: 

 )(
44

, jiijiiri TTSAq   , (2.3) 

where: 

qri heat transferred from surface i 

𝜎 Stefan-Boltzmann constant 

𝜀i surface emissivity 

Ai, j factor with the projection area i to the area j 

Si surface i 

Ti, Tj temperature of surfaces i and j 

The factor Ai, j is defined as follows: 
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By using the Gallerkin method respecting boundary and initial conditions the discredited case 

can be written in the following form: 

     QTK  , (2.5) 

where: 

K matrix of coefficient 

T column matrix of wanted temperature 

Q column matrix of heat sources 

In the radiation principle the elements of column matrix heat sources Q can be determined as 

follows: 
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3 Cooling of electrical machines  

All rotational electrical machines generate heat as a result of the electrical and 

mechanical losses inside the machine. Losses are high during start or dynamic braking and 

increase with increasing load. Cooling is necessary to continuously transfer excess heat to a 

cooling medium such as air. Cooling of a new machine is so important that it should already 

be sketched during the concept phase. It is however necessary to perform CFD calculations, in 

order to predict the flow structure around the stator coil ends, the distribution of the cooling 

medium, pressure losses as well as the temperature distribution. With these results the 

machine can be optimized, which can be ensured and realized with further CFD calculations. 

Electrical machines are generally designed with a passive or an active cooling [20, 30]. 

Passive cooling 

In this type, heat is removed from the machine surface by a natural convection and radiation 

only. The main advantage of this type is simplicity because the heat dissipation does not need 

to take any extra source of power. However, this method of cooling is applicable in the 

smallest low-performance machines only. 

Active cooling 

In this cooling type, heat is removed from the machine mainly by forced convection. The flow 

of coolant is artificially supported by fan or pump. Advantages of this cooling type are much 

better cooling efficiency, and the possibility of applying even in high-performance machines. 

The complexity and the certain mechanical power required for its function are the 

disadvantages of this cooling type. 
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3.1 Cooling media 

The coolants used in electrical machines can be divided into [20, 31]: 

Gases 

Air is the most common form of this coolant type. Air cooling uses either convective air-flow 

(passive cooling), or a forced circulation using fans. Hydrogen is used as a high-performance 

gaseous coolant. Its thermal conductivity is higher than all other gases; it has high specific 

heat capacity, low density, and low viscosity. 

Liquids 

The most common coolant is water. Its high heat capacity and low cost make it a suitable heat 

transfer medium. Oil is used for applications where water is unsuitable. With higher boiling 

points than water, oil can be raised to considerably higher temperatures (above 100 degrees 

Celsius) without introducing high pressures within the container or loop system in question. 

3.2 Ventilation 

Cooling of electrical machines by means of an air stream is called ventilation. Methods for 

ventilation can be classified as follows: 

Internal cooling 

Cold air enters inside machine directly from ambient, passes over the heated parts of machine 

then pushes out to the surrounding environment. Disadvantages of this method are dust and 

foreign bodies brought from the surrounding environment, and heat is scattered directly in the 

area where engine is placed. 

External cooling 

In this type, air flows through cooling slots designed at the machine frame. This method has 

an advantage of machine protection from dust and foreign bodies, because no air flows inside 

the machine. 

Machines with active cooling can be further divided according to the fan placement into 

induced or forced arrangement. 
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Induced cooling 

Fan is placed at exit of air from machine. This improves heat transfer on the front (input) cell 

rotor, which has against the entrant air relatively large circumferential velocity. This type is 

used for small and medium machines. 

Forced cooling 

The fan is placed at air inlet into machine. Fan sucks air from atmosphere, forces it into 

machine, and then pushes it out. In this method, air may be slightly heated before entering the 

machine due to ventilation losses. More amount of air is also required. 

3.2.1 Ventilation systems 

Ventilation systems can be classified into various types according to a provision of cooling 

ducts and how the coolant passes over the heated parts of machines [20, 30]. 

 Radial ventilation system: This is commonly used as the movement of rotor induces 

natural centrifugal motion of air. It is used for large machines with large core lengths. 

Energy losses for ventilation are minimum; however machine length will be larger. 

 Axial ventilation system: This system is suitable for modern output and high speed 

machines. To increase the cooling surface, holes may be punched in the core plates to 

form through ducts where considerable heat dissipation occurs. This greatly improves 

the cooling, but requires a large core diameter for the increased core depth necessary. 

 Combined radial and axial ventilation system: This method is normally used for large 

motors and small turbo-alternators. 
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3.3 Fluid flow 

The flow of all fluids is classified into laminar or turbulent flow. Definition of flow type 

is important in the design and operation of any fluid system. The amount of fluid friction, 

which determines the amount of energy required to maintain the desired flow, depends on the 

flow type. This is also an important consideration in certain applications that involve heat 

transfer to the fluid [20, 31]. 

Laminar Flow 

In the laminar flow, layers of fluid are flowing over one another at different speeds with 

virtually no mixing between them. 

Turbulent Flow 

Turbulent flow is characterized by the irregular movement of the fluid particles. The particles 

move in irregular paths with no observable pattern and no definite layers. 

3.3.1 Flow calculations 

The flow process in an electrical machine is highly complicated and it cannot be well 

described by the simple methods. Measurements inside a fast rotating motor are very 

complicated due to the high circumferential speed. The 3D computational fluid dynamics 

(CFD) is the best alternative for this kind of analysis and for the detailed design of electrical 

machines. With this method, the calculation domain can be split for practical application in up 

to 40 million cells. Without geometry simplification, a coupled thermal and flow calculation 

can be carried out using dedicated programs. CFD is the analysis of systems involving fluid 

flow, heat transfer and associated phenomena such as chemical reactions by means of 

computer-based simulation. The solution to a flow problem (velocity, pressure, temperature 

etc.) is defined at nodes inside each cell. The accuracy of a CFD solution is governed by the 

number of cells in the grid. In general, the larger the number of cells, the better the solution 

accuracy. Both the accuracy of a solution and its cost in terms of necessary computer 

hardware and calculation time are dependent on the fineness of the grid [32, 33]. 
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4 Numerical calculationsMotor descriptionThe 

analysed M 718 I servo motor is produced by VUES Brno company. It is built with a surface 

magnet rotor. Such motor can be used as a part of a system, where industrial automation 

exists: for example, production of automobiles, robots, food industry, glass bottles, etc. 

Parameters of the M718 I servo motor are as follows: 

Voltage     280 V 

Current     11.56 A 

Torque     16.5 Nm 

Speed     3000 rpm 

Output power    5174 W 

Number of pole pairs   6 

Tab. 4.1: Losses at different parts of M 718 I servo motor. 

Losses [W] ∆P
 

M0
 

MN
 

Losses in stator winding  ∆Pcu
 

261 102 

Losses in stator iron  ∆PFe
 

0 205 

Additional losses ∆Pd
 

3 52 

Mechanical losses ∆Pmech
  

0 6 

M0 is torque at n = 0, MN is the nominal torque. 
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4.1.1 Classification of M 718 I servo motor: 

 Stator: designed of 18 slots 

Dimensions: 

 The outer diameter: 126 mm 

 The inner diameter: 63 mm 

 Length: 225 mm 

 Solid rotor with PMs mounted on its surface 

Dimensions: 

 The outer diameter: 61.6 mm 

 The inner diameter: 30 mm 

 Permanent magnets: 

Amount: 9 

Length: 25 mm 

Height: 3.5 mm 

Width: 14 mm 

Weight: 1.05 kg 

 Air gap 

Width: 0.7 mm 

 Coils 

Insulation class F 

Pure wire weight 4.5 kg  
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The real M 718 I servo motor and its cross-section are presented in Fig. 4.1 and Fig. 4.2, 

respectively. 

 

Fig. 4.1: Real M 718 I servo motor [39]. 

 

Fig. 4.2: Cross-section of M 718 I servo motor [39]. 
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4.1.2 Permanent magnets used in the servo motor 

Permanent magnets of NdFeB type are applied to the analysed servo motor. This 

material belongs to the rare-earth permanent magnets. The main properties of this material are 

high remanent magnetic flux density, high coercive force, high energy product, and linear 

demagnetization curve. Properties of the applied NdFeB are presented as follows: 

Tab. 4.2: Properties of applied NdFeB magnet material [39]. 

Density  7 600 kg/m3 

Thermal Conductivity  8 W/m·K 

Specific heat  440 J/kg·K 

Relative permeability µrec 1.1 

Resistivity (𝜌m) 1.6×10-6 Ωm 

Remanence (Br, type, 20°C) 1.11 T 

Coercivity (Hc, type, 20°C) 850 kA/m 

Coercivity (Hc, type, 150°C) 740 kA/m 

Energy product ((B·H)max, , type, 20°C) 230 kJ/m3 

Curie Temperature 350 °C 

Max. operation temperature 190 °C 

 

Fig. 4.3: Demagnetization curve of applied NdFeB magnet material [39]. 
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4.1.3 Insulation class 

Insulations have been standardized and graded by their resistance to thermal aging and 

failure. Four insulation classes are commonly used. For the sake of simplicity, they are 

designated by the letters A, B, F, and H. The temperature capabilities of these classes are 

separated from each other by 25 °C increments. The temperature capabilities of each 

insulation class are defined as being the maximum temperature at which the insulation can be 

operated to yield an average life of 20 000 hours. 

The thermal design should make sure that the motor windings temperatures do not exceed the 

limit for the pertinent insulation class, in the worst situation. Finding the highest winding 

temperature spots is crucial to insulation (and machine) working life. 

Insulation systems are rated by IEC (International Electro technical Commission) and NEMA 

(National Electrical Manufacturers Association) classifications according to maximum 

allowable operating temperatures: 

Tab. 4.3: Insulation class. 

Insulation Class Temperature Rating [° C] 

A 105 

B 130 

F 155 

H 180 

Practice has shown that increasing the winding temperature over the insulation class limit 

reduces the insulation life. There is a lot of insulating components used in the process of 

building motors. The obvious ones are the enamel coating on the magnet wire and the 

insulation on the leads that come to the conduit box. Some less obvious components of the 

“system” are the sleevings that is used over joints where leads connect to the magnet wire, 

and the lacing string that is used to bind the end turns of the motor. Other components are the 

slot liners that are used in the stator laminations to protect the wire from chafing. Also, top 

sticks are used to hold the wire down in place inside the stator slots. 

Another important component of the system is the varnish in which the completed assembly is 

dipped prior to being baked. The dipping varnish is used for sealing nicks or scratches that 

may occur during the winding process. The varnish also binds the entire winding together into 

a solid mass so that it does not vibrate and chafe when subjected to the high magnetic forces 

that exist in the motor. 
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4.2 Analysis of magnetic field of the M 718 I servo motor 

In this thesis, the magnetic field of M 718 I servo motor is computed both 2-dimensionally 

(2D) and 3-dimensionally (3D). The magnetic field is calculated by the method of finite 

elements (FEM). Distribution of the magnetic flux density and lines along a cross-section of 

the servo motor is presented. Distribution of magnetic flux density in the air-gap is also 

presented. 

4.2.1 2D magnetic analysis  

Geometry of servo motor 

The 2D geometry of M 718 I servo motor is created using AutoCAD program and presented 

in Fig. 4.4. 

 

Fig. 4.4: 2D geometry of the M 718 I servo motor. 

Material properties 

The stainless steel material is used for both stator and rotor. The steel material is used for 

shaft. Copper is used for coils. NdFeB is used for the permanent magnets; considering the 

correct direction of the magnetization in the permanent magnets (polarization). Air is used to 

surround the servo motor model and for the air-gap between rotor and stator in addition to the 

channels inside the rotor. Materials were chosen from the standard FEMM (finite element 

method magnetic) library, and according to the datasheet of the M 718 I servo motor. 
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Boundary conditions 

The first boundary condition is defined by considering the magnetic line Az = 0 on an air area 

surrounded the motor. The second boundary condition is defined by setting the nominal 

current In to the stator coils. 

Magnetic analysis 

The 2D magnetic analysis of the M 718 I servo motor is computed using FEMM1 program. 

FEMM is a freeware software which generates free mesh using simple algorithm. For higher 

accuracy, mesh in the air-gap between stator and rotor is improved. 

The magnetic analysis is computed in the case of nominal current In applied to the three phase 

armature winding.  

Mesh inside the servo motor and in the air-gap is presented in Figs. 4.5 and 4.6, respectively. 

 

Fig. 4.5: Mesh inside the servo motor. 

                                                 
1 FEMM is a suite of programs for solving low frequency electromagnetic problems on two-dimensional planar 

and axisymmetric domains. The program currently addresses linear/nonlinear magneto static problems, 

linear/nonlinear time harmonic magnetic problems, linear electrostatic problems, and steady-state heat flow 

problems. 
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Fig. 4.6: Mesh in the air-gap. 

Distribution of both magnetic flux density and lines inside the servo motor is presented as 

follows: 

 

Fig. 4.7: Distribution of magnetic flux lines inside the servo motor. 
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Fig. 4.8: Distribution of magnetic flux density inside the servo motor. 

 

 
 

Fig. 4.9: Distribution of both magnetic flux density and lines inside the M 718 I servo motor. 

On load, the circumferential distribution of magnetic flux density in the air-gap of a PM 

synchronous machine has a distorted waveform caused by the saturation effect on the rotor. 

The results of the magnetic flux density distribution in the air-gap are presented in 

 Fig. 4.10. 
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Fig. 4.10: Circumferential distribution of the magnetic flux density in the air-gap centre in the 

2D analysis. 

From Fig. 4.10, it can be noted that the distribution of the magnetic field is irregular because 

of the fractional-slot winding structure. The magnetic field increased in some air-gap parts 

and decreased in other parts. 

Effect of temperature on properties of PMs 

Demagnetization curves of PMs are very temperature dependent, especially for NdFeB 

material, both remanence Br and coercivity Hc decrease with the increasing temperature of the 

PMs. Fig. 4.11 presents the coercivity of the used magnetic material according to the 

operation temperature. 
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Fig. 4.11: Coercivity as a function of temperature for the applied NdFeB magnet material. 

Distribution of the magnetic flux density in the air-gap centre at different temperatures is 

presented in Fig. 4.12 and Fig. 4.13, respectively. 
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Fig. 4.12: Air-gap magnetic flux density distribution for temperatures 20 °C and 90 °C. 
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Fig. 4.13: Air-gap magnetic flux density distribution for temperatures 60 °C and 108 °C. 

From the performed analysis, the obtained values of coercivity and magnetic flux density are 

presented in the following table. 

Tab. 4.4: Changes of coercivity and magnetic flux density according to the temperature. 

T [°C] 20 60 90 108 

Hc [kA/m] 850 816 790 774 

Bmax [T] 1.75 1.71 1.68 1.67 
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Changes of magnetic field inside the servo motor according to the rotor position angle 

The magnetic field changes during the operation of the servo motor. Changes of the 

magnetic field as a function of the rotor position angle are computed using FEMM software. 

Rotational part of the servo motor is controlled to rotate by a certain angle using a 

programming language Lua script2 attached to the FEMM software. Changes of the magnetic 

field inside the servo motor are presented as follows:  

 

Figure. 4.14: Distribution of the magnetic flux density and lines at steady-state. 

 

rotor position 𝛼 = 0° 

 

rotor position 𝛼 = 60° 

 

rotor position 𝛼 = 120° 

 

rotor position 𝛼 = 180° 

 

rotor position 𝛼 = 240° 

 

rotor position 𝛼 = 360° 

Fig. 4.15: Changes of the magnetic field according to the rotor position angle. 

                                                 
2 The Lua extension language has been used to add scripting/batch processing facilities to FEMM. The 

Interactive Shell can run Lua scripts through the Open Lua Script selection on the Files menu, or Lua commands 

can be entered in directly to the Lua Console Window. 
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4.2.2 3D magnetic analysis  

The 3D magnetic analysis of the M 718 I servo motor is computed using Maxwell 3D3 

program (ANSOFT). The magnetic analysis is computed in the case of nominal current In 

applied to the armature windings. A 3D model of the analysed motor is generated using 

RMxpert program. The generated model is presented as follows: 

 

Fig. 4.16: Generated 3D model of the M 718 I servo motor. 

 

Fig. 4.17: Generated mesh in the servo motor parts (stator, rotor, PMs). 

                                                 
3 Maxwell 3D is a high-performance interactive software package that uses finite element analysis (FEA) to 

solve 2D and 3D electric, magneto static, eddy current and transient problems. 
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Maxwell program uses an auto adaptive algorithm for meshing and can be applied without 

any simplifications of geometry.  

The computational results of the 3D magnetic analysis are presented in the following figures. 

 

Fig. 4.18: Distribution of magnetic flux density along a cross-section of the servo motor. 

Fig. 4.18 presents the distribution of the magnetic flux density along a cross-section of the 

servo motor. The interaction between the magnetic field produced by the stator windings and 

the magnetic field produced by the PMs can be shown clearly. The maximum value of the 

magnetic flux density is of about 1.93 T. 

The NdFeB permanent magnets applied to the servo motor produce a magnetic field with 

maximum magnetic flux density of about 1.56 T, as presented in Fig. 4.19. 
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Fig. 4.19: Distribution of magnetic flux density in the servo motor magnets. 

Fig. 4.20 presents the distribution of the magnetic flux density in the air-gap between stator 

and rotor. 
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Fig. 4.20: Circumferential distribution of the magnetic flux density in the air-gap centre. 
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5 Losses calculation 

Losses in an electrical machine can be classified into copper losses, core losses and 

mechanical losses. In PM machines the core losses form a large portion of the total losses in 

comparison with the other machines. Therefore, satisfied prediction of core losses for the PM 

machine design and analysis is essential to reach high efficiency and better performance. 

Joule losses and eddy current losses are calculated for the M 718 I servo motor. 

5.1 Losses in stator winding (Joule losses) 

 
2 2

1 1 1 1 1a a a dc R
P m I R m I R K   , (5.1) 

where: 

R1dc resistance of the armature winding per phase for the d. c. current 

K1R skin-effect coefficient for the armature resistance 

m1 number of stator phases 

 
a

av
dc

sa

lN
R

1

11
1


 , (5.2) 

where: 

N1 number of armature turns per phase 

l1av average turn length 

A number of parallel paths or conductors 

Sa conductor cross-section 

𝜎1 electric conductivity of the armature conductor at a given temperature 

For a copper conductor 
1 

6
1057   S/m at 20 °C. 

1 
6

1047   S/m at 75 °C. 
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For a. c. current, the armature winding resistance is divided into the resistance of bars 
bR1
 and 

resistance of the end connections
eR1
 [1]. 

 dcRRKR 111   (5.3) 

R1=R1dc, for small motors with round armature conductors fed at power frequencies of 50 or 

60 Hz [1]. 

Joule losses also known as ohmic losses are calculated using Maxwell 3D program. Eddy 

current solver is used for this purpose. Distribution of the ohmic losses in the stator windings 

is presented as follows: 

 

Fig. 5.1: Distribution of ohmic losses in the stator windings. 

The calculated value of the Joule losses is of about PJoule = 100.8 W. 
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5.2 Eddy current losses 

Eddy current losses are generated inside the magnets of PM motors due to both the high 

conductivity of the rare-earth magnet, neodymium-iron-boron (NdFeB), and the harmonics of 

slot/tooth. These losses can increase the temperature inside the magnets which may 

deteriorate them. These losses are generally small in comparison with the copper and the iron 

ones. But they can heat up the PMs because of their relatively poor heat dissipation coming 

from the rotor and result in partial irreversible demagnetization. This is valid especially for 

NdFeB magnets that have relatively high temperature coefficients of remanence and 

coercivity and moderately high electrical conductivity. 

Eddy current losses are generated in a magnetic material when it is excited by an a.c. 

magnetic field. It consists of classical eddy current losses and excess eddy current  

losses [10, 11]. 

5.2.1 Classical eddy current losses 

These losses are well known and can be expressed as  

 
 

22

3










dt

tdBd
tPc


, (5.4) 

where: 

d thickness perpendicular to the direction of the magnetic field 

𝜌  resistivity of the magnet material 

For a sinusoidally varying magnetic field with angular frequency 𝜔s, Eq. (5.4) can be written 

as: 

22
2

6
B

d
P sc 


 . (5.5) 

From Eq. (5.5), it can be noted that classical eddy current losses are a function of the second 

power of the frequency and the flux density. 
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5.2.2 Excess eddy current losses 

These are additional losses known as anomalous or excess eddy current losses. They are less 

known than the classical eddy current losses. They originate in magnetic domains that exist 

inside a magnetic material. According to Bertotti statistical theory of excess eddy current 

losses, these can be expressed as [10, 11]: 

 
 

2/3

0










dt

tdBnA
tPex




, (5.6) 

where: 

𝛼 numerical constant 

A area of the cross-section 

n0 characterizes the statistical distribution of the local coercive fields 

These losses have distinct dependence on both theflux density and the frequency. This can be 

seen more clearly if one assumes sinusoidal time variation of the flux density. In this case, the 

use of the above formulas gives the average losses density as: 
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 . (5.7) 

Comparing Eq. (5.5) and Eq. (5.6), it can be noted that excess eddy current losses depend on 

3/2 power of the flux density and frequency, while classical eddy current losses depend on 

square of the flux density and frequency. 

Total eddy current losses are given as: 

exce PPP  . (5.8) 

Eddy current losses per unit of the magnet volume  

Eddy current losses are generated in the PMs due to the time-harmonics by non-sinusoidal 

input waveform and to the space-harmonics by non-constant reluctance because of stator 

slotting.  

The current density in the magnets is calculated according to the second Maxwell's  

equation [19]. 
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s

dB
dt

d
dsE  . (5.9) 

In this equation, an assumption is made that the effect of eddy currents in the magnets on the 

magnetic field is negligible. If the end effects are negligible, then the current density has only 

a z-axis component, and the two sides of the closed path parallel to the x-direction is much 

larger than the width of magnet bm. The magnet segments are small, therefore the magnetic 

flux density can be considered constant over the magnet width. Consequentially, the current 

density is an odd function of x: Jz(-x)= -Jz(x). 

The electric field strength can be replaced by the product of the current density and the 

resistivity of the magnet: E = 𝜌m J. Thereby, the current density can be written as: 
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dBx
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 . (5.10) 

The eddy current losses per unit of magnet volume are calculated as: 
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Losses in magnets are caused by the space harmonics of the stator windings and stator 

slotting. The magnetic flux density causing the magnet losses can be written as: 

))(cos(ˆ)(   rr pBB , (5.12) 

where: 

P number of pole pairs 

β a function of time 

The magnets are numbered from 1 to Nm, and the axis of kth magnet lays at rotor coordinate 

αk. The magnetic flux density was assumed to be constant over the magnet width bm. Thereby, 

the magnetic flux density in the kth magnet can be written as: 

))(cos(ˆ)(   kkk pBBB . (5.13) 
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By replacing the magnetic flux density in Eq. (5.13), the eddy current losses per unit of 

magnet volume in the kth magnet can be calculated as follows: 
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The total magnet losses equal to summation of the magnet losses in total Nm magnets: 
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Eq. (5.15) can be written as follows: 
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, (5.16) 

where: 

lm magnet thickness 

ls stack length of motor 

bm magnet width 

𝜌m magnet resistivity 

𝛼m magnet pole arc 

rs air-gap radius 

B magnetic flux density in the air-gap. 

Axis of kth magnet lays at the rotor coordinate 𝛼k. For each time harmonic of stator currents, 

the magnetic flux density can be written according to Eq. (5.12), and the magnet losses may 

be calculated using Eq. (5.16). 

The relationship for the eddy current losses in the magnets can be simplified as 

 (see Eq. (5.11)): 
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where: 

𝜔 frequency 

Vm magnet volume 

5.3 Air-gap magnetic flux density 

The main magnetic field is produced by the permanent magnets mounted on the rotor 

when the motor works at no-load. When the current is applied to the windings, the main field 

is affected by the fundamental wave of the armature magnetic potential produced by the 

armature winding current. A distortion is produced in the main magnetic field because of the 

armature reaction. Eddy current losses in PM machines are caused by air-gap permeance 

variation due to stator slotting, space harmonics in the stator winding distribution, and time 

harmonics in the stator current waveform. Air-gap magnetic flux density has a non-sinusoidal 

waveform containing a series of harmonic components described using FFT. The first 

harmonic of the air-gap magnetic flux density is given as: 
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 (5.18) 

where, the saturation of the magnetic circuit is neglected, the magnetic flux density 

 0
/

mg exc C
B F g k   under the pole shoe can be found on the basis of the excitation  

MMF Fexc. Where: g’ is equivalent air-gap that includes the permanent magnet height hM and 

Carter’s coefficient kC. Coefficient αi is defined as the ratio of the average to maximum value 

of the normal component of the air-gap magnetic flux density [1]. 

Calculation results 

The calculation results of eddy current losses are presented for both 2D and 3D analyses. 

For 2D analysis Peddy = 47.8 W.  

For 3D analysis Peddy = 54 W. 
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6 Design of servo motor cooling system  

6.1 Introduction 

The heat losses produced in a machine are the results of different losses (electrical, 

mechanical, eddy current). These losses must be transferred from the source of generation to 

the cooling medium. Cooling medium flows in an electrical machine generally in an open or a 

closed circuit. If it is a continuously maintained flow Q (m3/s) in this circuit, it requires 

constant pressure difference ∆p (kp/m2) to cover irreversible pressure drops, due to friction, 

turbulence, and other circumstances of the flow Q passing through the circuit. This pressure 

difference is essentially the total (kinetic and potential) energy that must acquire volume unit 

of the cooling medium to flow through the circuit in which this energy is dissipated 

 (changes in heat) [20, 30]. 

CFD methods are concerned with the solution of equations of motion of the fluid as 

well as with the interaction of the fluid with solid bodies. The equations of motion of an 

inviscid fluid (Euler equations) and of viscous fluid (Navier-Stokes equations), the so-called 

governing equations [33]. 

In this work, two cooling models are proposed for the analysed M 718 I servo motor: 

 Internal cooling design 

 External cooling design 
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6.2 Fluid flow model 

The flow of an incompressible fluid can be described according to the Reynolds 

averaged Navier-Stokes equations as follows [34, 35]: 

( )

0

U
U U U P u u F

t

U

   


         


  

, (6.1) 

where: 

𝜂  dynamic viscosity 

U vector velocity 

𝜌 fluid density 

P pressure 

F vector of volumetric force 

The last term in the left hand of the above equation (dyadic operator) is called the Reynolds 

stress tensor. It describes the fluctuations around a mean flow. The 𝜅-𝜀 model is used for this 

analysis. This model is based on the following equations: 
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where: 

𝜅  turbulent kinetic energy 

𝜀  dissipation rate of the turbulent energy 

The k,  variables introduce the following equations: 
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where: 

Cμ,C𝜀1,C𝜀2,𝜎𝜅,𝜎𝜀  model constants 
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6.3 Transient thermal model 

A 3D transient thermal analysis is computed using ANSYS Workbench4 software. The 

fluid parameters such as the heat transfer coefficients of convection are taken from the 3D 

turbulent flow model. These parameters represent the input of the transient thermal analysis. 

The conditions on the solid wall that is in a contact with the cooling fluid (air) are modelled 

using the boundary condition for the heat flux q as follows [34, 35]: 

 
0qTThqn f  , (6.4) 

where: 

h heat transfer coefficient of convection 

Tf  the temperature of the fluid close to the solid wall 

q0 heat sources on the solid surface (losses) 

                                                 
4 ANSYS Workbench is a platform which integrate simulation technologies and parametric CAD systems with 

unique automation and performance. The power of ANSYS Workbench comes from ANSYS solver algorithms 

with years of experience. Furthermore, the object of ANSYS Workbench is verification and improving of the 

product in virtual environment. 
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6.4 Internal cooling design 

For this cooling design, some modifications are proposed to the original model of the  

M 718 I servo motor. Cooling openings are designed in the motor frame and radial fan is 

designed to be mounted on the motor shaft inside the frame. Geometry of the radial fan is 

presented in Fig. 6.1. 

 

Fig. 6.1: Radial fan. 

Tab. 6.1: Dimensions of the designed fan. 

Inner radius 15 [mm] 

Outer radius 50 [mm] 

Number of blades 10 
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Fluid flow computational results of the modified model of the servo motor (the model with 

internal cooling) are presented as follows: 

 

Fig. 6.2: Velocity streamlines along a cross-section of the modified model of the servo motor. 

 

Fig. 6.3: Velocity streamlines along a longitudinal-section of the modified model of  

the servo motor. 

Fluid flow computational results of the modified model of the servo motor can be clearly seen 

on both cross and longitudinal sections presented above. Ambient air enters inside the motor 
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through the frame openings, passes over the heated parts, then leaving out of motor by the fan. 

Air also flows through the air-gap between stator and rotor and through the cooling channels 

on rotor. Fluid flow velocity is of about 2.8 - 17 m/s. Transient thermal analysis of the 

modified model of the servo motor was also computed. Distribution of temperature field in 

the servo motor solids for both models original (totally enclosed), and for the modified one 

(internally cooled) is presented as follows: 

 

Fig. 6.4: Distribution of temperature field in the original model of the servo motor. 

Maximum temperature for the servo motor original model is of about 107 °C. Temperature 

distribution of the internally cooled model of the servo motor is presented as follows: 

 

Fig. 6.5: Distribution of temperature field in the modified model of the servo motor. 

Adding an internal cooling system to the original model of the servo motor reduces its 

temperature of 107 °C to about 40.5 °C. 
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6.4.1 Optimization of cooling channels on rotor 

Two different shapes of cooling channels on rotor are designed. These types are chosen 

by an optimization process of channels number and dimensions using Goal Driven 

Optimization (ANSYS Workbench applications). 

Goal Driven Optimization 

Goal Driven Optimization (GDO) is a constrained, multi-objective optimization technique in 

which the “best” possible designs are obtained from a sample set given the objectives you set 

for parameters. The DOE and Response Surface Cells are used in the same way as described 

previously in this section. 

Principles of Goal Driven Optimization 

GDO can be used for design optimization in three ways: the Screening approach, the MOGA 

approach, or the NLPQL approach. The Screening approach is a non-iterative direct sampling 

method by a quasi-random number generator based on the Hammersley algorithm. The 

MOGA approach is an iterative Multi-Objective Genetic Algorithm, which can optimize 

problems with continuous input parameters. NLPQL is a gradient based single objective 

optimizer which is based on quasi-Newton methods. 

Fluid flow and transient thermal analyses are computed for the following models: 

 Modified model of the servo motor with circular cooling channels on rotor (n = 12) 

 Modified model of the servo motor with rectangular cooling channels on rotor (n = 9) 

(n is the number of cooling channels) 
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Computational results of the modified model of the servo motor with circular cooling 

channels on rotor are presented as follows: 

 

Fig. 6.6: Velocity streamlines along a cross-section of the modified model of the servo motor 

with circular cooling channels on rotor. 

 

Fig. 6.7: Velocity streamlines along a longitudinal-section of the modified model of the servo 

motor with circular cooling channels on rotor. 
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Fluid flow velocity is of about 4 - 23.3 m/s. Distribution of the temperature field in this model 

is presented as follows: 

 

Fig. 6.8: Distribution of temperature field in the modified model of the servo motor with 

circular cooling channels on rotor. 

The maximum temperature for the modified model of the servo motor with circular cooling 

channels on rotor is of about 39.3 °C. The fluid flow computational results of the modified 

servo motor model with rectangular cooling channels on rotor are presented as follows: 

 

Fig. 6.9: Velocity streamlines along a cross-section of the modified model of the servo motor 

with rectangular cooling channels on rotor. 
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Fig. 6.10: Velocity streamlines along a longitudinal-section of the modified model of the 

servo motor with rectangular cooling channels on rotor. 

Fluid flow velocity is of about 3 – 18.2 m/s. The temperature field distribution of the modified 

model of the servo motor with rectangular cooling channels on rotor is presented as follows: 

 

Fig. 6.11: Distribution of temperature field in the modified model of the servo motor with 

rectangular cooling channels on rotor. 

The maximum temperature of the servo motor modified model with rectangular cooling 

channels on rotor is of about 40.9 °C. 
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Comparison of the performed results 

Tab. 6.2 computational results of fluid flow and transient thermal analyses of the internally 

cooled models of the M 718 I servo motor. 

Motor model 
Fluid flow 

velocity 

Motor 

temperature 

Modified model with the original cooling channels 2.8 - 17 m/s 40.5 °C 

Modified model with the circular cooling channels 3.9 - 23.3 m/s 39.3 °C 

Modified model with the rectangular cooling channels 3 - 18.2 m/s 40.9 °C 

According to the results above, the higher velocity of the air flow is for the modified motor 

with circular cooling channels on the rotor. The temperature difference between the three 

models of the servo motor is of 1 – 2 °C. 

6.4.2 Magnetic analysis for both original and modified servo motor models 

A 2D magnetic analysis is computed using FEMM software to verify the validation of 

the modified model of the servo motor. The modified model should keep the magnetic circuit 

of the original motor and bring better thermal properties. The magnetic analysis is performed 

for the case of nominal current In = 11.56 A that is applied to the servo motor armature 

winding. 

  

Fig. 6.12: Distribution of magnetic flux density and lines for the original model of 

 the servo motor. 
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Fig. 6.13: Distribution of magnetic flux density and lines for the modified model of the servo 

motor with circular cooling channels on rotor. 

  

Fig. 6.14: Distribution of magnetic flux density and lines for the modified model of the servo 

motor with rectangular cooling channels on rotor. 

Figs. 6.12 - 14 present the distribution of the magnetic flux density and lines inside the servo 

motor for the rotor with original cooling channels, rotor with circular cooling channels, and 

rotor with rectangular cooling channels, respectively. 

The computational results of magnetic flux density are as follows: 

Bmax = 1.753 T for the original model of the servo motor. 

Bmax = 1.809 T for the modified model with circular cooling channels on rotor. 

Bmax = 1.817 T for the modified model with rectangular cooling channels on rotor. 
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6.4.3 Environmental protection 

Electrical motor should be protected against influence of environmental contamination that 

can adversely affect their operation. Various environmental factors may shorten the motor life 

such as dust and air particulates. 

International Electro technical Commission (IEC) and the American standards (National 

Electrical Manufacturers Association (NEMA)) have classified motor enclosures based upon 

the level of protection they provide. The two major classifications of motor enclosures are 

open and totally enclosed. Open motors are further classified as drip proof, splash proof, 

weather protected, semi-guarded and guarded. Totally enclosed motors are classified as totally 

enclosed non-ventilated, fan-cooled, explosion proof, dust ignition proof. 

According to IEC/EN60034-5 and EN 60529, a suitable degree of protection should be taken 

to avoid the damaging effect of foreign bodies and dust coming into contact with the motor 

rotating parts. 

Tab. 6.3: International protection against coming into contact with foreign bodies. 

Motor Degree of protection Foreign bodies 

Internally ventilated IP 21 
Medium size bodies with 

diameters greater than 12 mm 

Externally ventilated 

IP 44 
Protection against harmful 

deposits of dust 

IP 54 
Protection against harmful 

deposits of dust 

IP 65 
Protection against ingress of 

dust 

A motor that has openings, which permit passage of external cooling air over and around the 

windings, usually used indoors, in fairly clean locations. For more protection, air filters are 

designed to be used for electrical motors. Air filter is an important part in cooling (ventilation 

system) of electrical motors. Filtration helps to remove air contaminants from work areas, 

protects worker health, protects product from contamination, and reduces maintenance. 
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6.5  External cooling design 

6.5.1 Introduction 

Heat can be transferred from the surface of a body into the surrounding space by conduction, 

convection and radiation, respectively. 

Net heat radiation occurs only when the heated body is located in the vacuum. The heat 

transfer by conduction in gases (e.g. air) is usually too small and it can be neglected. The 

convection is conditioned by heating of the air coming into contact with the heated surface of 

the electrical machine and by its movement. The heated air is replaced by the cold one, which 

is heated again and flows further. Heat transfer by convection is significantly increased by the 

forced circulating flow of the cooling air (artificial blowing of the heated surface). In practice, 

simplified formulas are usually used for the calculation of the temperature rise of electrical 

machines, which give the temperature gradient between the heated surface and the cooling 

gas. These relationships consider all kinds of heat transfer that could happen during cooling of 

electrical machines [36].  

The temperature gradient at the surface is determined by the following relationship: 

surfacesurface

surface

surface
S

P


  , (6.5) 

where 

Psurface surface heat flux 

Ssurface area of the cooling surface 

α surface heat transfer coefficient of the surface, which depends on a material, surface 

conditions, air speed along the surface, and other factors. 

To improve cooling of the machines with IP 44 and IP 55 degree of protection, outer surface 

of the stator is equipped with cooling slots. These slots are positioned in the direction of 

expected movement of the cooling ambient air.  
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Fig. 6.15: Cooling slots on the motor frame with IP 44 and IP 55 degree of protection and 

with external cooling [36],  

b: slot thickness, c: distance between slots, h: slot height 

Heat flux diverted from the slotted surface of the motor frame, is composed of parts, which 

removes heat from the frame surface Sframe corresponding to the distance c between the 

cooling slots (Fig. 6.15), and from the parts which dissipates heat from the slots surface Sslots. 

  )( slotsslotsframeframe SSP , (6.6) 

where: 

αframe heat transfer coefficient of slotless frame [W/m2·K] 

αslots heat transfer coefficient of cooling slots, expressed on the surface of the 

cylindrical part of the frame with frame heating ∆𝜗 above the ambient 

temperature [W/m2·K] 

6.5.2 Proposed modifications of the servo motor construction 

The modifications added to the original model of the servo motor are as follows: 

 Cooling slots are designed on the original frame 

 Radial fan is mounted on the motor shaft out of the frame. 
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Fig. 6.16 presents the designed radial fan. 

 

Fig. 6.16: Radial fan. 

The fan is designed with straight blades; it is valid for both rotational directions. Cooling slots 

are designed on the motor frame, and presented in Fig. 6.17. 

 

Fig. 6.17: New frame with cooling slots. 
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Fig. 6.18: Modified servo motor with external cooling. 

6.5.3 Fluid flow model 

A 3D flow turbulent analysis is computed using CFX software. In this analysis, solid and fluid 

domains are created from the motor parts and the surrounding air. The initial values of pressure, 

temperature and fluid velocity are applied. Fluid flow computational results of the modified 

model of the servo motor (the model with external cooling) are presented in Fig. 6.19. 

 

Fig. 6.19: Velocity streamlines along a longitudinal-section of the modified model of  

the servo motor. 
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From Fig. 6.19, it can be noticed that fan forces the outside air strongly inside the cooling slots 

on the motor surface. The air velocity is in the range of 10 to 45.8 m/s. 

The air flow can be clearly noticed through a cross-section of the servo motor modified model. 

 

Fig. 6.20: Velocity streamlines along a cross-section of the modified model of the servo motor. 

From fig. 6.20, it can be noted the flowing air along at the motor surface. Motor is totally 

closed, no air flows inside. 

6.5.4 Transient thermal model 

A 3D transient thermal analysis is computed using ANSYS Workbench software. The 

fluid parameters such as the heat transfer coefficients of convection are taken from the 3D flow 

turbulent model. These parameters represent the input of the transient thermal analysis. The 

other boundary conditions such as the losses generated in different parts of the servo motor 

(electrical, mechanical, iron, and eddy current losses) are applied. 
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The following figures present the computational results of the thermal transient analysis for 

both models of the servo motor, the original model and the modified one (externally cooled). 

 

Fig. 6.21: Distribution of temperature field in the original model of the servo motor. 

Fig. 6.21 presents the results of the transient thermal analysis of the original model of the 

 M 718 I servo motor. The maximum temperature for the original model according to Fig. 6.21 

is of about 108 °C. 

The computational results are shown clearly through longitudinal and cross sections of the 

original model of the servo motor. 

 

Fig. 6.22: Distribution of temperature field along a longitudinal-section of the original model 

of the servo motor. 
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Fig. 6.23: Distribution of temperature field along a cross-section of the original model of the 

servo motor. 

The computational results of the thermal transient analysis for the modified model of the servo 

motor (externally cooled) is presented in Fig. 6.24. 

 

Fig. 6.24: Distribution of temperature field in the modified model of the servo motor. 

The maximum temperature decreased to about 49.8 °C after adding external cooling to the 

original model of the servo motor. 
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The effect of the cooling system can be clearly noted through longitudinal and cross sections of 

the modified model of the servo motor (externally cooled). 

 

Fig. 6.25: Distribution of temperature field along a longitudinal-section of the modified model 

of the servo motor. 

 

Fig. 6.26: Distribution of temperature field along a cross-section of the modified model of the 

servo motor. 

The comparison of the performed results shows that the flow of the cold air on the motor 

surface reduces the motor temperature of 108 °C to about 50 °C. 
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6.5.5 Optimization of slot width 

An optimization of the cooling slot width shape is done, to show the effect of slot width 

on the motor temperature. The slot width is changed between 2 - 6 mm. The results are 

presented in the following table. 

Tab. 6.4: Maximum temperature of the externally cooled model of the servo motor according 

to the slot width. 

Slot width [mm] Temperature [°C] 

2 53.0 

3 52.0 

4 51.0 

5 50.8 

6 49.8 

From the table above, it can be noted that the maximum temperature of the servo motor 

decreased when the slots became wider because of increasing of fluid flow rate. 

6.5.6 Optimization of the fan blades number 

An optimization of the number of blades of the designed fan has been done to show the 

effect of the blades number on the cooling process. The optimization results are presented for 

the fan with 3 -12 blades. 

Tab. 6.5: Maximum temperature of the externally cooled model of the servo motor according 

to the fan blades number. 

Number of blades Flow velocity [m/s] Temperature [°C] 

3 41.9 50.6 

4 41.9 51.0 

5 49.8 48.7 

6 46.4 49.4 

7 41.9 50 

8 45.8 49.8 

9 41.9 50.4 

10 41.9 50.8 

11 41.9 50.7 

12 41.9 50.2 
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Velocity of fluid flow is higher for the fan with 5, 6, and 8 blades and consequently, the 

temperature decreases with increasing number of the blades. Further increasing of the blades 

number (9 -12 blades) has no further effect on the motor temperature. 
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Fig. 6.27: Heat characteristics for both servo motor models (original vs. externally cooled). 

Fig.6.27 presents a comparison of heat characteristics of both servo motor models (original and 

externally cooled with different slot width and fan blades number). 
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7 Measurements 

Different measurements of the M 718 I servo motor were done. The achieved measurements 

contain the following parameters: 

 Heat characteristics of the servo motor  

 Resistance extrapolation  

 Losses according to rotational speed at the case of (no load motor test) 

 Voltage constant Ke 

Temperature can be measured in both contact and contactless methods [37, 38]. 

Contact measurement 

In this method, various sensors such as thermistors and thermocouples are placed directly on 

the machine parts. These sensors respond directly to the temperature of the surface on which 

they are placed. They are placed on machine surface also inside it. 

Advantages 

 Low price 

 Easy locations at the machine parts 

 Very fast response, depending on the sensor 

Disadvantages 

 Complicated measurements on moving machine parts 

Contactless measurement 

Contactless measurement is a measurement of the body surface temperature depending on the 

electromagnetic radiation of the wavelength 0.4 - 25 µm, emitted by the measured body and 

received by the sensor. This interval covers the region of the visible spectrum 0.4 - 0.78 μm. 
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Measurements can be carried out on parts of machines that are directly visible and therefore 

contactless methods are only applicable for measuring external temperature of electrical 

machines. This measurement can be achieved using infra-red camera. 

Advantages 

 The possibility to measure the surface temperature of the body at one time 

 Measurement of rapid changes in temperature 

 Ability to measure temperature of moving parts 

Disadvantages 

 Problem with identifying the correct emissivity of the body surface 

 Problems with temperature reflection on the shiny parts 

The following figures present the test room and the results of temperature measurement using 

the infra-red camera. 

 

Fig. 7.1: Test room. 
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Fig. 7.2a: Measured temperature using infra-red camera. 

 

Fig. 7.2b: Measured temperature using infra-red camera. 
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Temperature in the pictures above is in Fahrenheit. Conversion to degrees of Celsius can be 

calculated according to the following relationship. 

[ ]

[ C]

5( 32)

9

F
T

T





  

T= 98.2 [°C] 

Three sensors are placed at the servo motor surface at different places (see Fig. 7.1). 

Comparison of the computed temperature and the measured one is presented in the following 

figure. 

0 1 2 3 4 5 6 7

20

30

40

50

60

70

80

90

100

110

 

 

T
e

m
p

e
ra

tu
re

, 
T

 [
°C

]

Time, t [hrs]

 Surface1 measured

 Surface computed

 Plate measured

 Surface2 measured

 Ambient measured

 

Fig. 7.3: Comparison of measured and computed temperature at surface of the servo motor. 

Where: 

Surface1 is surface on top 

Surface2 is surface on side 

Fig. 7.3 presents the measured temperature at different places of the servo motor surface in 

addition to the computed one (transient thermal analysis of the original M 718 I servo motor). 

Comprehensive measurement results are included as attachments on the CD ROM.
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8 Results and conclusion 

This thesis deals with the permanent magnet servo motor of M 718 I type, produced by 

VUES company in Brno. The magnetic analysis of this motor is computed for both two and 

three dimensions. Finite element method (FEM) is used for this analysis. The computational 

results are presented as follows: 

Tab. 8.1: Computational results of magnetic analysis of the M 718 I servo motor. 

Magnetic analysis Bmax [T] BPM [T] Bair_gap [T] 

2D 1.753 - 0.657 

3D 1.93 1.56 0.72 

In this work, Joule losses and eddy current losses are calculated and the results are presented 

as follows: 

Tab. 8.2: Comparison of measured and calculated Joule losses of the M 718 I servo motor. 

Measured Joule losses Calculated Joule losses Difference 

102 W 100.8 W 1.2  

Tab. 8.3: Comparison of measured and calculated eddy current losses of the M 718 I servo 

motor. 

Eddy current losses 2D 3D 

Measured 52 W 52 W 

Calculated 47.8 W 54 W 

Difference 8 % 3.8 % 

The difference between the 2D and 3D calculated results is due to many reasons such as the 

different approach to the magnetic flux density distribution and the variations of mesh 

generation. 
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One of the other topics of the thesis is the motor cooling system. The analysed servo motor is 

designed as a totally enclosed motor. To improve the motor cooling, two cooling designs are 

proposed (internal and external). 

Internal cooling design 

The results of the thermal and magnetic analyses for both original and modified models of the 

servo motor are as follows: 

Tab. 8.4: Comparison of temperature for both servo motor models (original vs. internally 

cooled). 

Motor type Temperature [°C]  

Original model of the servo motor 107 

Modified model of the servo motor with original cooling 

channels on rotor 
40.5 

Modified model of the servo motor with circular cooling 

channels on rotor 
39.3 

Modified model of the servo motor with rectangular cooling 

channels on rotor 
41 

Tab. 8.5: Comparison of magnetic flux density for both servo motor models (original vs. 

internally cooled). 

Motor type Bmax [T] 

Original model of the servo motor 1.753 

Modified model of the servo motor with circular cooling 

channels on rotor 
1.809 

Modified model of the servo motor with rectangular cooling 

channels on rotor 
1.817 

A comparison of analysis results shows that adding an internal cooling system to the original 

model of the servo motor reduces its temperature to about 40 °C. The performed analysis has 

shown that: 

 Using circular cooling channels increases the magnetic flux density by about 3.2 % 

while the temperature is decreased by about 1.5 °C. 

 Using rectangular cooling channels increases the magnetic flux density by about 

3.65 % while the temperature is decreased by about 1 °C. 

According to these results changing of cooling channel shape did not significantly influence 

the servo motor temperature. 



 

 

 

 - 87 - 

External cooling design 

Adding an external cooling to the original model of the servo motor reduced its temperature to 

about 49.8 °C. An optimization of the slot width and a number of fan blades has been done. The 

slot width is changed between 2 - 6 mm, thereby the temperature decreased by  

about 3 °C. The optimization of the fan blades number is done at the frame slot width of 6 mm. 

The performed results confirm, that the motor temperature changed between 2 – 3 °C, according 

to the blades number. The following table presents a comparison of the temperature results for 

different cooling types used for the analysed servo motor. 

Tab. 8.6: Temperature of the servo motor with different cooling types. 

Motor type Temperature [°C] 

Original model of the servo motor 108 

Internally cooled model 40 

Externally cooled model 50 

From the performed results, the servo motor temperature decreased by about 63 % for the 

internally cooled model and by about 53.7 % for the externally cooled model. In the internal 

cooling system, the fan is mounted on the shaft inside the motor. A motor with this type of 

cooling should be used in a clear environment. However, in the external cooling system, fan is 

mounted on the shaft out of the motor frame, which makes the motor longer. On the other 

hand, air flows only at the motor surface. No flow occurs inside the motor which means, there 

is no need to use special equipment such as filters. Adding an external cooling to the servo 

motor is a costless procedure that improves its thermal properties. No need to use expensive 

equipment, fan can be designed of low cost plastics. 

A comparison between the measured temperature (tested) of the servo motor and the computed 

one (computed using ANSYS Workbench) is presented in the following table: 

Tab. 8.7: Computed and measured temperatures of the servo motor surface using various 

methods. 

Motor surface temperature T [°C] 

Computed using ANSYS Workbench 96.2 

Measured using thermocouple 
Surface on top 101.0 

Surface on side 97.4 

Measured using infra-red camera 98.2 
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