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            620 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 20, NO. 3, SEPTEMBER 2005 Solving the More Difﬁcult Aspects of Electric Motor Thermal Analysis in Small and Medium Size Industrial Induction Motors Dave Staton, Aldo Boglietti, and Andrea Cavagnino Abstract—With the ever-increasing pressure on electric motor manufacturers to develop smaller and more efﬁcient electric mo- tors, there is a need for more thermal analysis in parallel with the traditional electromagnetic design. Attention to the thermal design can be rewarded by major improvements in the overall perfor- mance. Technical papers published to date highlight a number of thermal design issues that are difﬁcult to analyze. This paper re- views some of these issues and gives advice on how to deal with them when developing algorithms for inclusion in design software. Index Terms—Induction motors, thermal analysis, thermal models. I. INTRODUCTION M OTOR performance is governed by electromagnetic (EM) and thermal design. Both designs are, in fact, interrelated. Not only are the losses dependent on the temper- atures and vice-versa, but more complex issues arise at the design stage. Examples of such complexities are the fact that it is usually easier to dissipate stator iron loss than copper loss due to its closer proximity to the housing (the optimum balance between copper and iron loss should therefore be examined at the design stage for the required torque/speed proﬁle); lower loss lamination materials have reduced thermal conductivities; the end-winding losses have local air cooling (or conductive cooling if potted), etc. Given this interrelation, it is surprising that the thermal design usually receives less attention that the EM design. This is especially true in small- and medium-sized motors. Recently, attention to the thermal design has been rewarded by major improvements in the overall performance. Raised awareness of the importance of thermal issues has led to in- creased work devoted to the development of electric motor thermal models. However, the number of published papers relating to the thermal analysis of electric motors is still much less than those associated with EM analysis. The published papers to date highlight a number of thermal design issues that are more difﬁcult to analyze than others. This paper reviews a number of difﬁcult design aspects and gives advice on how to deal with them when developing design algorithms suitable for inclusion in thermal lumped circuit models. Manuscript received November 26, 2003; revised April 14, 2004. Paper no. TEC-00346-2003. D. Staton is with Motor Design Ltd., Shropshire SY12 9DA, U.K. (e-mail: [email protected]). A. Boglietti and A. Cavagnino are with the Dipartimento di Ingegneria Elettrica Industriale, Torino 10129, Italy (e-mail: [email protected]; [email protected]). Digital Object Identiﬁer 10.1109/TEC.2005.847979 Fig. 1. TEFC motors used to generate test data. Test data are presented to illustrate the difﬁculties, help de- velop design algorithms, and provide default data. Fig. 1 shows examples of some of the total enclosed fan-cooled (TEFC) mo- tors tested to generate data for this work. All of the motors are thermally monitored with PT100 sensors. Three sensors are on the end winding (one for each phase) and another sensor is in- serted inside a stator slot. The last sensor is in a hole positioned in the stator core. This allows measurement of the winding and iron core temperatures during the tests. The housing tempera- ture can be measured by means of a digital thermometer taking into account several positions on the housing surface. The problems examined in this paper are: • interference gaps between components; • winding models suitable for identifying hot-spots and ac- counting for nonperfect impregnation; • convection cooling from the surface of the machine in- cluding problems of open axial channel ﬁn leakage and blockage (due to lugs and terminal boxes); • turbulent cooling around the end-winding and axial end sections of the machine (including fanning effects of in- duction motor wafters and synchronous/switched-reluc- tance motor salient poles); • heat transfer across the air gap including complexities such as slot openings and salient poles; • uncertainty of material property data; • bearing and end-shield models. Most of the theory shown in this paper is included in a thermal analysis package for electrical machines. 0885-8969/$20.00 © 2005 IEEE 
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620 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 20, NO. 3, SEPTEMBER 2005
 Solving the More Difficult Aspects of ElectricMotor Thermal Analysis in Small and Medium
 Size Industrial Induction MotorsDave Staton, Aldo Boglietti, and Andrea Cavagnino
 Abstract—With the ever-increasing pressure on electric motormanufacturers to develop smaller and more efficient electric mo-tors, there is a need for more thermal analysis in parallel with thetraditional electromagnetic design. Attention to the thermal designcan be rewarded by major improvements in the overall perfor-mance. Technical papers published to date highlight a number ofthermal design issues that are difficult to analyze. This paper re-views some of these issues and gives advice on how to deal withthem when developing algorithms for inclusion in design software.
 Index Terms—Induction motors, thermal analysis, thermalmodels.
 I. INTRODUCTION
 MOTOR performance is governed by electromagnetic(EM) and thermal design. Both designs are, in fact,
 interrelated. Not only are the losses dependent on the temper-atures and vice-versa, but more complex issues arise at thedesign stage. Examples of such complexities are the fact thatit is usually easier to dissipate stator iron loss than copper lossdue to its closer proximity to the housing (the optimum balancebetween copper and iron loss should therefore be examined atthe design stage for the required torque/speed profile); lowerloss lamination materials have reduced thermal conductivities;the end-winding losses have local air cooling (or conductivecooling if potted), etc. Given this interrelation, it is surprisingthat the thermal design usually receives less attention that theEM design. This is especially true in small- and medium-sizedmotors.
 Recently, attention to the thermal design has been rewardedby major improvements in the overall performance. Raisedawareness of the importance of thermal issues has led to in-creased work devoted to the development of electric motorthermal models. However, the number of published papersrelating to the thermal analysis of electric motors is still muchless than those associated with EM analysis. The publishedpapers to date highlight a number of thermal design issues thatare more difficult to analyze than others. This paper reviews anumber of difficult design aspects and gives advice on how todeal with them when developing design algorithms suitable forinclusion in thermal lumped circuit models.
 Manuscript received November 26, 2003; revised April 14, 2004. Paper no.TEC-00346-2003.
 D. Staton is with Motor Design Ltd., Shropshire SY12 9DA, U.K. (e-mail:[email protected]).
 A. Boglietti and A. Cavagnino are with the Dipartimento di IngegneriaElettrica Industriale, Torino 10129, Italy (e-mail: [email protected];[email protected]).
 Digital Object Identifier 10.1109/TEC.2005.847979
 Fig. 1. TEFC motors used to generate test data.
 Test data are presented to illustrate the difficulties, help de-velop design algorithms, and provide default data. Fig. 1 showsexamples of some of the total enclosed fan-cooled (TEFC) mo-tors tested to generate data for this work. All of the motors arethermally monitored with PT100 sensors. Three sensors are onthe end winding (one for each phase) and another sensor is in-serted inside a stator slot. The last sensor is in a hole positionedin the stator core. This allows measurement of the winding andiron core temperatures during the tests. The housing tempera-ture can be measured by means of a digital thermometer takinginto account several positions on the housing surface.
 The problems examined in this paper are:• interference gaps between components;• winding models suitable for identifying hot-spots and ac-
 counting for nonperfect impregnation;• convection cooling from the surface of the machine in-
 cluding problems of open axial channel fin leakage andblockage (due to lugs and terminal boxes);
 • turbulent cooling around the end-winding and axial endsections of the machine (including fanning effects of in-duction motor wafters and synchronous/switched-reluc-tance motor salient poles);
 • heat transfer across the air gap including complexities suchas slot openings and salient poles;
 • uncertainty of material property data;• bearing and end-shield models.Most of the theory shown in this paper is included in a thermal
 analysis package for electrical machines.
 0885-8969/$20.00 © 2005 IEEE
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 TABLE ICONTACT RESISTANCE AND INTERFACE GAP FROM HOLMAN [1]
 TABLE IIINTERFACIAL CONDUCTANCE AND INTERFACE GAP FROM MILLS [2]
 (MODERATE PRESSURE AND USUAL FINISH)
 II. INTERFACE GAPS BETWEEN COMPONENTS
 The accuracy of a motors thermal performance prediction isdependent upon the estimate of the many thermal contact resis-tances within the machine (e.g., stator lamination to housing,slot-liner to lamination, etc). A contact resistance is due to im-perfections in the touching surfaces and is a complex functionof material hardness, interface pressure, smoothness of the sur-faces, and air pressure. The easiest way to implement thermalcontact resistances in a design program is to base the thermalresistance on an average interference air gap. Books on generalheat-transfer analysis such as Holman [1] and Mills [2] give typ-ical values of thermal resistance m C/W and thermal conduc-tance W/m C to be expected between various materials forvarious root-mean-square (rms) surface roughness. The defini-tion of rms surface roughness is the rms of the deviations of asurface from the reference plane [3]—typical values given byJanna [3] are 0.0001 mm for a mirror finish and 0.023 mm for arough finish. The data given by Holman and Mills can be con-verted to equivalent air gaps by using a thermal conductivity forair of 0.026 W/m/C. The results are given in Tables I and II.
 The effects of material hardness and surface roughness areclearly seen, the softer and smoother materials have the smallesteffective gaps. For the typical material interfaces found in elec-trical machines, values of an interface gap for aluminum–alu-minum are in the range 0.0005 to 0.0025 mm, stainless–stainlessof 0.007 to 0.015 mm, aluminum–stainless of 0.006 to 0.009 mmand aluminum–iron of 0.0006 to 0.006 mm. These values canbe used as first estimates of interface gaps in electrical machineanalysis.
 The problem in using interface gap data such as those givenin Tables I and II is that they do not account for some complex-ities associated with electrical machines. For instance, the gapbetween lamination and housing is a function of how well therough laminated outer surface of the stator is prepared beforethe housing is fitted. This interface is further complicated whenfeatures are stamped on the outer surface of the lamination tohelp the stacking operation. Also, if the housing is made fromaluminum which is soft compared to a cast iron frame, a reducedeffective gap should result. However, this reduction is often notrealized at high temperatures as the difference in thermal ex-pansion rates between the hosing and stator lamination give riseto an increasing effective gap with temperature—often elimi-nating the softness advantage. Complexities associated with theslot-liner to lamination interface are that the liner material isquite pliable, the slot surface is laminated, the gap may be filledor partially filled with impregnation, and that a large slot-fill willtend to push the liner toward the lamination.
 A test program is well underway to help identify typical gapsin different sizes of machine and to relate the gaps to manu-facturing and material differences between machines. Table IIIshows typical values of lamination to housing interference gapfound in a range of machines. These have been measured bypassing a known loss through the interface and measuring thetemperature on each side. The average of the values in thetable is 0.037 mm, but the gap can vary significantly dependingupon the manufacturing process and materials used. The gapsfound are typically around ten times greater than those foundin Tables I and II.
 The user can easily examine the importance of interface gapsin their machine by varying them between expected upper andlower limits. The designer will get more accurate results if theycan perform calibration based on testing of motors that are con-structed using materials and manufacturing processes to be usedin their new designs.
 III. WINDING MODELS
 In electrical machines that have random wound mushwinding, it is not possible or desirable to model the position ofeach individual conductor when carrying out thermal analysis.Even when using precision and form wound windings, it isnot necessary to model each individual conductor to predictthe temperature distribution accurately. In many cases, endwindings are of a more random nature than the active sectionof the motor. In the past, various modeling strategies have beendeveloped in the past to model the heat transfer and temperaturedistribution within a winding:
 • composite thermal conductivity [4];• direct equations bases on conductor geometries [5];• T-Equivalent circuit for thermal resistance [6].All of the above are suitable for inclusion in lumped circuit
 programs and each has its own advantages and disadvantages.The composite thermal conductivity can be considered a
 simple solution but it requires the determination of the equiv-alent thermal conductivity of the air and insulationmaterial in the slots. This equivalent thermal conductivitydepends on several factors, such as the materials, quality of the
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 TABLE IIIEXAMPLES INTERFACE GAPS FOUND BETWEEN HOUSING AND LAMINATION
 impregnation, and residual air quantity after the impregnationprocess. If is known, the thermal resistance between thewinding and the stator lamination can be computed using thefollowing equation:
 (1)
 whereequivalent thickness of the air and all the insulationmaterial in the stator slots;equivalent conductivity coefficient of the air and in-sulation material in the stator slots, evaluated by dcsupply experimental test;interior slot area
 (2)
 stator slot surface;copper surface in the stator slot;stator slot perimeter.
 From tests performed on the motors reported in Fig. 1 [4],the obtained values of the equivalent thermal conductivity arereported in Fig. 2 as a function of the stator filling factor. Thelinear regression reported in the picture can be written as
 (3)
 where a value of equal to the air thermal conductivity for afilling factor equal to zero has been imposed. It is evident thatthe equivalent thermal conductivity increases with the stator slotfilling factor. Taking into account that the filling factor used inindustrial TEFC induction motor is in the range 0.35 0.45, theequivalent thermal conductivity can be considered in the rangeof 0.06 to 0.09.
 A requirement of the winding model incorporated in thethermal simulation software was that it should be simple tounderstand and ease visualization of results. To achieve this, anew method was developed based on a layered winding model.A depiction of the model is shown in Fig. 3. In the model, wetry to lump conductors together having similar temperatures.Layers of copper that have roughly equal temperature are ex-pected to be a similar distance from the lamination. The layersstart at the slot boundary with a lamination to slot liner interfacegap (Section II; this can be an air/impregnation mixture), then
 Fig. 2. Equivalent thermal conductivity in the stator slots.
 Fig. 3. Layered winding model suitable for electric machines.
 a slot liner (known thickness), and then layers of impregnation,wire insulation, and copper. A drawing of the layered model isshown in Fig. 3. This is to help the user visualize the slot filland show where the hot spot is likely to be. It is also useful forspotting errors in data input. It is assumed that heat transfer isthrough the layers thickness. The series of thermal resistances isalso shown in Fig. 3. It is easy to calculate the resistance valuesfrom the layer cross-sectional area, thickness, and materialthermal conductivity. For a given slot fill, if small strands ofwire are selected, then more conductors result. In such cases,you would expect more effective gaps between conductorsand to have more copper layers. To achieve this, we make thecopper layer thickness equal to that of the copper bare diameter.The winding algorithm then iterates with the spacing betweencopper layers until the copper area in the model is equal to thatin the actual machine. This sets the number of copper layers.The slot area left after inserting the liner and copper layers iscopper insulation and impregnation. A similar constraint is alsoplaced on the wire insulation in that the model insulation areais equal to that in the real machine. The only other parameterthat needs to be set in the model is how thick the first layer ofimpregnation is in comparison to the rest. The default valuesused in the program are half the thickness of the other layers.This is because typically many of the round conductors will bein contact with the liner surface.
 The beauty about the model is that we can simply apply im-pregnation goodness factors to analyze the effect of air withinthe impregnation using a weighted sum of impregnation and airthermal conductivity. Typically larger impregnation goodnessfactors can be achieved with vacuum impregnation rather thantrickle or dip varnish processes [7].
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 IV. CONVECTION FROM HOUSING SURFACE
 Within the heat-transfer literature, there are many empiricalcorrelations that are suitable for the prediction of convectioncooling from surfaces shapes typically seen in electrical ma-chines [1]–[3]. For instance, correlations exist for natural andforced convection from simple shapes, such as cylinders andflat plates, and more complex structures, such as open andclosed channels of various shapes and sizes. Such correlationsare usually based on the dimensionless numbers: Reynolds(Re), Grashof (Gr), Prandtl (Pr), and Nusselt (Nu) numbers.For natural convection, the typical form of the correlation is
 (4)
 For forced convection, the typical form is
 (5)
 where , , and are constants given in the correlation. Also
 (6)
 (7)
 (8)
 (9)
 whereheat-transfer coefficient W/m C ;fluid dynamic viscosity (kg/s.m);fluid density (kg/m );fluid thermal conductivity (W/m/C);fluid specific heat capacity (kJ/kg/C);fluid velocity (m/s);delta temperature of surface-fluid (C);characteristic length of the surface (m);fluid coefficient of cubical expansion
 (1/C);g gravitational force of attraction (m/s ).The magnitude of Re is used to judge if there is laminar or tur-
 bulent flow in a forced convection system. Similarly, the Gr.Prproduct is used in natural convection systems. Turbulent flowsgive enhanced heat transfer but added resistance to flow in aforced convection system.
 The parameter that we are ultimately after is . Once we know, we can calculate a thermal resistance to put in the lumped
 circuit model using the relationship
 (10)
 wherethermal resistance (C/W);surface area ( );convection heat-transfer coefficient W/m C .
 Natural convection heat transfer is a primary function of thetemperature difference between component and fluid and thefluid properties. Forced convection is a primary function of thefluid velocity and fluid properties and only a secondary func-tion of the temperature because fluid properties are temperature
 Fig. 4. Natural convection resistance between frame and ambient air.
 dependent. It is often easier to predict the heat transfer due tonatural convection as we do not need to predict the local fluidvelocity. This is usually true in machines intended for naturalconvection as they either have relatively smooth well-definedsurfaces or include radial fins that are intended for natural flowin the inter-fin channels. For such cases, well-proven correla-tions exist.
 Cases where the calculation is more complex are in TEFCmachines where the use of axial fins does not lend themselvesto inducing a good flow of natural convection air flow deep intofin channels. We must, however, be able to predict the naturalheat transfer in such machines (as shown in Fig. 1) as motorswith shaft-mounted fans are often operated close to the stall atwhich point natural convection dominates. Special formulationshave been developed to give an accurate calculation in suchsituations. Area-based composite correlations are used for thecomplex finned shapes with each part of the geometry using acorrelation that is best suited to its shape and orientation [i.e., acombination of vertical flat plate, horizontal flat plate (upper andlower facing), cylinder and horizontal fin channel correlations].Also, terms are introduced to limit dissipation area to a depthdown the fin channel equal to fin spacing as there will be littleair circulation at the base of deep narrow axial channels fittedto the sides of the motor. A special form of average is used suchthat if the fins are deep compared to spacing, then the fin-sidecorrelation predominates, but if the fins are not deep, then thefin base correlation predominates. This ensures that when thefins are virtually nonexistent, then the correlation reverts backto that of a cylinder or square tube. Fig. 4 shows that in TEFCthat a good prediction of the natural convection can be achievedusing such complex correlations. Here, we see both calculatedand measured thermal resistance values between housing andambient for the motors shown in Fig. 1; the fan being at rest inthis case. The calculated data have been done adopting the de-fault setting of all parameters—all the user has done is input thegeometry for the motor and its foot mounting (the cooling fromthe flange or foot mounting is important and is included in theanalysis), the winding details, the materials, and the losses.
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 Fig. 5. Variation in fin channel air velocity (average at fan outlet) withrotational speed for the motors in Fig. 1.
 The mixed heat transfer due to the combination of natural andforced convection is estimated using the formulation [8]
 (11)
 where the motor orientation determines the sign used, asign for assisting and transverse flow, and a sign for opposingflows.
 In some forced convection systems, such as liquid cooled ma-chines, the fluid velocity is well defined (from the flow rate andthe known ducting cross-section). However, in TEFC machineswith open fin channels, the prediction of the local fluid velocitycan be more difficult. It is important to include channel blockageand leakage factors to try and help the user determine accuratevelocities. The correlation used for open fin channel construc-tions is that of Heiles [9]. This is based on testing actual electricmotors. In the correlation, it is assumed that the flow is alwaysturbulent due to the fact that the radial fans and cowlings usedin such machines create turbulence.
 The inlet velocity to the fin channels must be estimated. Wecan use empirical data such as that shown in Fig. 5. This showsthat average velocity of the air in the fin channels as it leaves thefan. The variation in velocity with shaft speed is as expected, alinear relationship. The actual variation in velocity from channelto channel can vary significantly and is a function of the fandirection, as shown in Fig. 6. Alternatively, we may know thevolume flow rate. As we know from the channel dimensions andthe inside diameter of the cowling, we can calculate the velocityfrom the cross-sectional area available for flow.
 A. Open Fin Channel Blockage and Leakage
 Typically in a TEFC machine, some of the fin channels onthe outside of the machine are blocked by bolt lugs and terminalboxes. Another deficiency of TEFC machines is that the air leaksout of the open channels causing the local air velocity to belower at the drive end than at the nondrive end. The typical formof the reduction in velocity is shown in Fig. 7. The prediction ofthe actual reduction in velocity is a complex function of manyfactors including the fan, fin, and cowling design and rotational
 Fig. 6. Typical form of variation in fin channel air velocity with fin position(reported speed in meters per second).
 Fig. 7. Typical form reduction in local fin channel air velocity with distancefrom the fan.
 speed. A more accurate model is formed if some calibration isperformed using testing and/or CFD as shown in Figs. 5 and7. Fig. 8 shows the typical accuracy that can be expected withan uncalibrated model. Here, we have taken software default pa-rameters and calculated the effective thermal resistance betweenhousing and ambient. The open channel air leakage data of DiGerlando [10] in Fig. 7 is used as defaults in this case. It is seenthat an accurate estimate can be made if the user has a basicknowledge of the inlet air velocity or volume flow rate to the finchannels. From Fig. 4, it is seen that the larger machines have ahigher air speed, this being confirmed by comparing calculatedand measured data in Fig. 8. Fin blockage is simply accountedfor by the user counting the total number of fin channelsand the blocked channels . The factor used is then
 (12)
 Kovalev [11], [13] has performed testing on open and closedfin channel arrangements. He shows that the reduction in heattransfer is only of the order of 10% in the open-channel arrange-ment; the inlet velocity to both being the same. The small reduc-tion compared with the larger reduction in velocity along the
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 Fig. 8. Forced convection resistance between frame and ambient air.
 channels is attributed to additional turbulence in the middle andfar end of the machine. The closed fin channel requires a largerdriving force in terms of a larger fan. Benerke [12], [13] showssimilar results.
 V. END SPACE COOLING
 The end-space is defined as the area within the end-shieldsthat contains the end winding, end cage (in induction machines),and any simple fans. This area of machine cooling is known tobe one of the most difficult to predict accurately. This is be-cause the fluid flow (air in most cases) in the end space regionof an electric motor is usually much more complex than that forflow over its outer surfaces. The flow depends on many factorsincluding the shape and length of the end winding, added fan-ning effects due to wafters and salient poles, the surface finishof the end sections of the rotor and turbulence. Not withstandingthe complexity, several authors have studied the cooling of in-ternal surfaces in the vicinity of the end winding [6], [10], [13],[14]–[17]. Some have based their results on testing and some onCFD. In the majority of cases, they propose the use of a formu-lation of the form
 (13)
 whereheat-transfer coefficient W/m C ;
 , , curve fit coefficients;vel local fluid velocity (m/s).
 The term accounts for natural convection and theterm accounts for the added forced convection due to
 rotation.Fig. 9 compares published correlations for end-space cooling,
 where relatively good correspondence is shown for such a com-plex phenomena. The accuracy of CFD in predicting the localheat transfer is not guaranteed, but it is usually good at pre-dicting local velocity variations [17]. This information can beusefully employed by analytical packages to give more accu-rate models.
 Fig. 9. Published end space convection correlations.
 VI. AIR-GAP HEAT TRANSFER
 The traditional method for accounting for heat transfer acrossair gaps in electrical machines is to use the dimensionless con-vection correlation developed from testing on concentric ro-tating cylinders first by Taylor [22] in 1935 and then added to byGazley [23] in 1958. In the analysis, use is made of the Taylor(Ta) number to judge if the flow is laminar, vortex, or turbulent
 (14)
 (15)
 Equation (15) is useful for a system with the presence of asmall air gap. The flow is laminar if . In this case,
 and heat transfer is by conduction only. Ifthe flow takes on a vortex form with enhanced heat transfer
 (16)
 If , the flow becomes a fully turbulent flow and afurther increase in heat transfer results
 (17)
 whererotor radius (m);air-gap length (m);fluid density ;fluid dynamic viscosity (kg/s.m).
 The problem with the above formulation is that the slotopening and, in extreme cases, salient poles are not included.Published data that include saliency are quite scarce. Gazley[23] does look at the slot opening and finds that if the flow islaminar, then there is a decrease in heat transfer compared to thesmooth air gap. If the slots are on the rotor, then the reductionis by around 10%. If the slotting is on both surfaces, thenthis decrease can be as large as 20%. If the flow is turbulent,then there can be a significant increase in heat transfer. In thevortex flow range then there is little difference to that of the
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 Fig. 10. Variation of thermal conductivity with lamination silicon content.
 smooth cylinder. Hazley [24] carries out computational fluiddynamics (CFD) on smooth air gaps and rotor and stator salientpole structures (larger cavity than slotting). He shows a 10%increase in heat transfer (taking the same air gap area as forthe smooth air gap) for stator saliency and a 20% increase forrotor saliency. He does not give results for both rotor and statorsaliency as found in switched reluctance machines.
 VII. MATERIAL DATA
 A thermal model is only as good as the material data putinto it. There are a number of common deficiencies associatedwith data for materials used in electrical machines. One ofthe main deficiencies is the lack of thermal data provided bysteel manufacturers—typically they do not publish thermalconductivity data for silicon iron. As can be seen from Fig. 10,the thermal conductivity is a function of the silicon content[13], [18]–[21]. Steel manufacturers also tend not to publishthe chemical makeup of the steel.
 The difference in lamination stack radial and axial laminationconductivities is an area that requires more research. The effec-tive axial thermal conductivity is a complex function of suchaspects as the clamping pressure, lamination thickness, stackingfactor, lamination surface finish, and interlamination insulationmaterial [13], [19], [25]. Typical ratios of radial-to-axial thermalconductivity are 20 to 40 [13], [25], [26].
 Obtaining thermal conductivity data for critical materialssuch as the slot liner and impregnation can also be difficult.This situation is, however, improving with time as more motormanufacturers ask for such data from component suppliers.Also, there have been developments in improved insulationsystems which have higher thermal conductivities. In suchcases, their thermal properties are published as they are sellingpoints for the materials.
 VIII. BEARINGS AND END SHIELDS
 The bearing thermal model is not a simple problem. Thebearing is a complex mechanical component from the thermalpoint of view. In particular, the balls are in contact with the
 Fig. 11. Adopted system for the bearing temperature measurement.
 inner and outer rings just in a very small mechanical spot and,as a consequence, the thermal transfer is difficult to predictaccurately. In addition, inside the bearing, the presence ofgrease and lubricant introduces new factors of uncertainty forthermal resistance determination.
 A simple solution is to consider the bearing as an equivalentinterface gap. The authors are working on gathering more dataon typical values for this equivalent gap. To date, some of themotors shown in Fig. 1 have been tested. The procedure adoptedis as follows. A thermal model of the motor under test is cali-brated using the temperatures measured during a dc supply test.The thermal model is considered calibrated when the predictedtemperatures match the measured ones. In this test, the rotor isat zero speed and only stator joule losses are present. A thermalexchange between housing and ambient is by natural conventionand radiation. The critical thermal resistances that are calibratedare those that have been previously discussed in this paper [i.e.,housing-lamination interference gap, winding model, housingnatural convention (Fig. 4), etc.]
 The second step is to perform a classical locked rotor testusing a three-phase sinusoidal supply. In this condition, the me-chanical losses are again zero because the rotor speed is zero.The active losses are the stator and rotor ones only. The rotorlosses can be computed as the difference between the inputpower minus the stator joule losses as given in the followingequation:
 (18)
 whererotor Joule losses;input electrical power;stator resistance;stator current.
 In order to measure the temperature of the inner and outerbearing rings during these tests, a special end shield has beenadopted as shown in Fig. 11.
 The dc calibrated thermal model has shown very good agree-ment between the measured and predicted temperatures for thewindings, stator lamination, and housing during the locked rotorthermal simulation. Starting from this thermal model, the frontand rear equivalent bearing interface gaps have been changeduntil the temperature across the bearing thermal resistance isequal to the measured one. The obtained equivalent bearing in-terface gaps are reported in Table IV for several bearings. Theobtained results seem to be interesting even if the test has beenmade with the rotor and the bearing at stall. In particular, thesefirst results show that a bearing equivalent interface gap equal
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 to around 0.3 mm can be considered in a thermal model firstapproach. The authors are now working on suitable tests fordefining the bearing thermal behavior with the rotor in runningcondition.
 If the predicted bearing temperature contact resistance dif-ference is to be predicted accurately, an accurate model of themotor end shields is also required. It is possible to predict bothradial and axial thermal resistance values for the end shieldsif their effective lengths and cross-sectional areas are known.However, this is often complicated when the end shields havecomplex shapes. The interference fit to the housing must alsobe taken into account. The authors are working on this problemand the results will be presented in the future.
 IX. CONCLUSION
 In this paper, some of the more difficult aspects of electricmotor thermal analysis have been discussed. It is evident that asuperficial knowledge of the geometrical and material proper-ties used in a machine’s construction is not sufficient to give anaccurate prediction of the thermal performance. This is becausemany of the complex thermal phenomena that occur in electricmachines cannot be solved by pure mathematical means. Evenpowerful numerical programs based on computational fluid dy-namics do not give any assistance in solving problems, such asthe identification of interface gaps between components, the de-velopment of accurate winding and bearing models, etc. The in-terface gap between the housing and lamination stack is a func-tion of the material softness and manufacturing processes usedand the winding model is a complex function of slot-fill, the slotliner, the impregnation, the winding process, etc.
 The CFD’s main strength is in the visualization of fluid flow.An example of such visualization is in the prediction of the com-plex air flow in the end regions of electric motors. The use ofCFD is expensive in computing terms, but such data can be usedto improve the accuracy of analytical models. In most cases, em-pirical data are called upon to aid in the development of analyt-ical models to solve thermal complexities. A classical case of theuse of empirical data is in the development of convection corre-lations. More recent uses of empirical data are in setting realisticvalues for interface thermal resistance between components, thedevelopment of bearing models, calibration of winding models,and in the prediction of open fin channel air leakage.
 In the design package, we have used both empirical data andCFD to set realistic values for the default parameters associatedwith the complexities talked about. Use of default values willget the user acceptable accuracy in most cases. However, exper-imental calibration based on materials and construction tech-niques used by the motor manufacturer can improve the accu-racy further. For best reuse of calibration test data, it is best to set
 up databases and/or define analytical curve-fitting equations topredict the key thermal quantities when designing new motors.This approach is welcomed by electrical machine manufacturesto get the most benefit out of testing existing motors and pro-totypes and improve their future design capabilities. One goodthing is that in uncalibrated CFD and analytical models, the usercan gain great insight from trying out new design configurationsand seeing by what percentage the temperatures increase or de-crease—the absolute temperatures may be in error but the per-centage change is usually realistic.
 Analytical design packages have been found to be of greatbenefit in the identification of the key thermal design parame-ters. Based on analytical methods backed up by empirical andCFD data, they have very fast calculation speeds. This allowsthe user to perform instantaneous “what if” studies with vari-ation in parameters between upper and lower expected limits.This sensitivity analysis is used to identify the key design vari-ables that should be concentrated on if an optimum design is tobe produced and to access what level may be varied before asubstandard design results.
 ACKNOWLEDGMENT
 The authors would like to thank Dr. E. Galaverna for theresults developed for the Laurea Thesis at the Politecnico diTorino, and the FIMET Motori and Riduttori for their techno-logical support.
 REFERENCES
 [1] J. P. Holman, Heat Transfer. New York: McGraw-Hill, 1997.[2] A. F. Mills, Heat Transfer. Englewood Cliffs, NJ: Prentice Hall, 1999.[3] W. S. Janna, Engineering Heat Transfer. New York: Van Nostrand,
 1988.[4] A. Boglietti, A. Cavagnino, M. Lazzari, and M. Pastorelli, “A simplified
 thermal model for variable speed self cooled industrial induction motor,”IEEE Trans. Ind. Appl., vol. 39, no. 4, pp. 945–952, Jul./Aug. 2002.
 [5] F. U. Braunschweig, Die Warmeleitung in Runddrahtspulen: Archiv FurElektrotechnik, 1995.
 [6] P. H. Mellor, D. Roberts, and D. R. Turner, “Lumped parameter thermalmodel for electrical machines of TEFC design,” Proc. Inst. Elect. Eng.,B, vol. 138, no. 5, Sep. 1991.
 [7] D. A. Staton, “Thermal computer aided design—advancing the revolu-tion in compact motors,” in Proc. IEEE International Electric MachinesDrives Conf., Boston, MA, Jun. 2001.
 [8] F. P. Incropera and D. P. DeWitt, Introduction to Heat Transfer. NewYork: Wiley, 1990.
 [9] F. Heiles, “Design and arrangement of cooling fins,” Elecktrotecknik undMaschinenbay, vol. 69, no. 14, Jul. 1952.
 [10] A. DiGerlando and I. Vistoili, “Thermal networks of induction motorsfor steady state and transient operation analysis,” in ICEM, Paris, France,1994.
 [11] E. B. Kovalev, A. N. Burkovski, and A. T. Tokarenko, “Heat transferin channels between frame-ribbing of enclosed asynchronous motors,”Elektrotechnika, no. 11, 1965.
 [12] W. Benecke, “Temperature field and heat flow in case of small surfacecooled three-phase motors with squirrel cage rotor,” ETZ(A), vol. 87, no.13, 1966.
 [13] S. K. Pal, “Heat Transfer in Electrical Machines—A Critical Review,”Rep., ERA Rep. 71-76, Jul. 1971.
 [14] E. Schubert, “Heat transfer coefficients at end winding and bearingcovers of enclosed asynchronous machines,” Elektrie, vol. 22, Apr.1968.
 [15] G. Stokum, “Use of the results of the four-heat run method of inductionmotors for determining thermal resistance,” Elektrotechnika, vol. 62, no.6, 1969.
 [16] E. S. Hamdi, Design of Small Electrical Machines. New York: Wiley,1994.

Page 9
                        

628 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 20, NO. 3, SEPTEMBER 2005
 [17] S. J. Pickering, D. Lampard, N. Hay, and T. F. Roylance, “Heat transferfrom end-windings of a low voltage concentric-wound induction motor,”in Proc. Inst. Elect. Eng., Elect. Mach. Drives, Durham, U.K., Sep. 1995.
 [18] G. Gotter, Heating and Cooling of Electrical Machines. Berlin, Ger-many: Springer-Verlag, 1954.
 [19] T. J. Roberts, “Determination of the thermal constants of heat flowequations of electrical machines,” in Proc. Inst. Mech. Eng., vol. 184,1969–70, pp. 84–92.
 [20] P. J. Banks, “Thermal Conductivity of Sheet Steel Laminations,” Rep.,AEI Manchester Rep. TP/R/1,188, 1961.
 [21] M. Schumichen, “Longitudinal and transverse thermal conductivity oflaminated transformer sheets” (in German), Elektrie, vol. 20, p. 12,1966.
 [22] G. I. Taylor, “Distribution of velocity and temperature between concen-tric cylinders,” in Proc Royal Soc., vol. 159, 1935, pp. 546–578.
 [23] C. Gazley, “Heat transfer characteristics of rotating and axial flow be-tween concentric cylinders,” Trans. ASME, pp. 79–89, Jan. 1958.
 [24] T. Hayase, J. A. C. Humphery, and R. Greif, “Numerical calculation ofconvective heat transfer between rotating coaxial cylinders with period-ically embedded cavities,” Trans. ASME, J. Heat Transf., vol. 114, pp.589–597, Aug. 1992.
 [25] W. Liebe, “Cooling of large machines,” Elektrotech. Z (ETZ) A, vol. 87,pp. 434–442, Jun. 1966.
 [26] M. M. Liwschitz-Garik, “Some factors influencing the temperature riseof armature windings,” Trans. AIEE, pt. III, vol. 74, 1955.
 Dave Staton received the Ph.D. degree in com-puter-aided design (CAD) of electrical machines atSheffield University, Sheffield, U.K., in 1980.
 Currently, he is with Thorn EMI, the SPEEDLaboratory at Glasgow University and Control Tech-niques, Glasgow, U.K., working on motor designand, in particular, the development of motor designsoftware. In 1999 he set up a new company, MotorDesign Ltd., Shropshire, U.K., to develop thermalanalysis software for electrical machines.
 Aldo Boglietti was born in Rome, Italy, in 1957. Hereceived the Laurea degree in electrical engineeringfrom the Politecnico di Torino, Torino, Italy, in 1981.
 He began his research work as a Researcher inElectrical Machines with the Department of Elec-trical Engineering, Politecnico di Torino, in 1984.Currently, he is a Full Professor with Politecnicodi Torino, where he was an Associate Professorin Electrical Machines in 1992. He is Head of theElectrical Engineering Department of the Politecnicoof Torino until 2007. He is the author of many papers
 and his research interests include energetic problems in electrical machinesand drives, high-efficiency industrial motors, magnetic material and theirapplications in electrical machines, electrical machines and drives models, andthermal problems in electrical machines.
 Andrea Cavagnino was born in Asti, Italy, in 1970.He received the M.Sc. and Ph.D. degrees in ElectricalEngineering from the Politecnico di Torino, Torino,Italy, in 1995 and 1999, respectively.
 Currently, he is an Assistant Professor with theElectrical Machines Laboratory of the Departmentof Electric Engineering, Politecnico di Torino, wherehe has been since 1997. His fields of interest includeelectromagnetic (EM) design, thermal design, andenergetic behaviors of electric machines. He has au-thored several papers published in technical journals
 and conference proceedings.Dr. Cavagnino is a Registered Professional Engineer in Italy.



						
LOAD MORE                    

                                    


                
                    
                    
                                        
                

                

                        


                    

                                                    
                                M-620 BT / M-620 DWT

                            

                                                    
                                620 IEEE TRANSACTIONS ON CYBERNETICS, VOL. 44, NO. 5, MAY ...hebmlc.org/UploadFiles/2017417113954336.pdf · 620 IEEE TRANSACTIONS ON CYBERNETICS, VOL. 44, NO. 5, MAY 2014 A New Approach

                            

                                                    
                                IEEE TRANSACTIONS ON ENERGY CONVERSION 1 A …eprints.aston.ac.uk/...control_scheme_for_doubly_fed...generators.pdf · ... the doubly fed induction generator. ... active power control,

                            

                                                    
                                TRANSACTIONS ON ENERGY CONVERSION, VOL. X, NO. Y, …

                            

                                                    
                                254 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 30, …ldupre/2015_6.pdf · 2015-06-10 · 254 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 30, NO. 1, MARCH 2015 An Experimental

                            

                                                    
                                +7 7172 620 620 - CERBA

                            

                                                    
                                IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 24, …face neurocontroller (INC), power oscillation damping, reactive powercontrol,staticsynchronouscompensator(STATCOM),wind farm. I

                            

                                                    
                                Open Research Onlineoro.open.ac.uk/11883/1/Schmidt_et_al_1994_IEEE_Trans_CE.pdf208 IEEE Transactions on Consumer Electronics, Vol. 40, No. 3, AUGUST 1994 > Down- conversion PALPIUS

                            

                                                    
                                HCL’s Guidewire Conversion Suite - HCL Technologies...HCL’s Guidewire Conversion model Strategy 4: Automated Mass Conversion + on demand batch (with closed transactions) on intermediary

                            

                                                    
                                IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 32, NO. 2 

                            

                                                    
                                IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. XX, …

                            

                                                    
                                68 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 24, NO. …

                            

                                                    
                                620 50840 fx: 620 53030 I - cmd.act.gov.au

                            

                                                    
                                930 IEEE TRANSACTIONS ON ENERGY CONVERSION ......932 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 27, NO. 4, DECEMBER 2012 Fig. 4. Steps taken in modeling a two-pole 266-MVA generator

                            

                                                    
                                flow and level measurement Transactions · 2020. 11. 8. · 1. A Flow Measurement Orientation. TRANSACTIONS Volume 4 09 Figure 1-2: Conversion of Static Pressure Into Kinetic Energy

                            

                                                    
                                IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 10 ...IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 10, NO. 3, JUNE 2002 351 Fixed-Alternate Routing and Wavelength Conversion in Wavelength-Routed

                            

                                                    
                                IEEE TRANSACTIONS ON ENERGY CONVERSION, …racelab/static/Webpublication/2016-IEEETEC-DaveR.pdfIEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 31, NO. 4, DECEMBER 2016 1549 Ofﬂine Identiﬁcation

                            

                                                    
                                IEEE TRANSACTIONS ON ENERGY CONVERSION 1 Optimal Sizing …

                            

                                                    
                                IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 27, NO. 1, MARCH 2012 173 Power … · 2013. 10. 20. · IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 27, NO. 1, MARCH 2012 173 Power

                            

                                                    
                                Ceramics for Energy Conversion, Storage, and …download.e-bookshelf.de/download/0007/9240/32/L-G...Ceramics for Energy Conversion, Storage, and Distribution Systems Ceramic Transactions,

                            

                                                    
                                IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL ...alindas.com/University/Upload/Docs/Navid/neural network/5...IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 21, NO. 1, MARCH 2006 273 Long-Term

                            

                                                    
                                DUCATIMONSTER - wavecompany.jp...Ersatzteilkatalog 620 Catalogue piéces detachees 620 DUCATIMONSTER 620 620 620. P.N. 91511402D Ottobre - October '05 Edizione - Edition 01 ... le

                            

                                                    
                                Webcare Conversion Report Guide · 2013. 1. 12. · Webcare Conversion Report : Overview : The Conversion report displays data related to customer transactions which have occurred

                            

                                                    
                                IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 27, NO. 2, …ldupre/2012_10.pdf · 2012. 6. 20. · IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 27, NO. 2, JUNE 2012 403 A Combined

                            

                                                    
                                hompi.sogang.ac.krhompi.sogang.ac.kr/.../transactions/VOL78/VOL78.docx  · Web viewManuscripts should be prepared in Microsoft Word to reduce conversion ... With his losses ... He

                            

                                                    
                                Context-based adaptive binary arithmetic coding in the H ...iphome.hhi.de/marpe/download/cabac_ieee03.pdf · 620 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL

                            

                                                    
                                IEEE TRANSACTIONS ON ENERGY CONVERSION 1 Variable Speed ... · 2 IEEE TRANSACTIONS ON ENERGY CONVERSION Fig. 1. Principal design of a WEC based on electromechanical differential

                            

                                                    
                                1210 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 26, …

                            

                                                    
                                1 Skin Color Detection through Estimation and Conversion of Illuminant Color Under Various Illuminations IEEE Transactions on Consumer Electronics Authors:

                            

                                                    
                                IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 25, NO. 4 ...web.ecs.baylor.edu/faculty/lee/papers/journal/2010/2010TECfuelcell.pdf · IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 25,

                            

                                                    
                                1028 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL…vahabonline.com/wp-content/uploads/2014/10/sdf4g___sprgkgr100g.pdf · 1028 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 25, 

                            

                                                    
                                312 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. …upcommons.upc.edu/bitstream/handle/2117/9503/Espinosa.pdf312 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 25, NO. 2, JUNE 2010 Fault

                            

                                                    
                                724 IEEE TRANSACTIONS ON IMAGE PROCESSING, …...724 IEEE TRANSACTIONS ON IMAGE PROCESSING, VOL. 24, NO. 2, FEBRUARY 2015 Toward Naturalistic 2D-to-3D Conversion Weicheng Huang, Xun

                            

                                                    
                                GardinerAngusRanch SouthernCarcass ImprovementProject1182CRY•Ashland,KS67831 Office(620)635-2156•Fax(620)635-2871 Henry(620)635-2932 Mark(c)(620)635-5095,(h)(620)635-2760 Greg(620)635-2752•Garth(620)635-2361

                            

                                                    
                                394 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 28, NO. 2, JUNE 2013 Optimal Design ... · 2015-05-14 · 394 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 28, NO. 2, JUNE 2013 Optimal

                            

                        
                    

                                    

            

        

    

















    
        
            
                	About us
	Contact us
	Term
	DMCA
	Privacy Policy



                	English
	Français
	Español
	Deutsch


            

        

        
            
                Copyright © 2022 VDOCUMENTS

            

                    

    








    


