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Abstract- Thermal analysis is an important design aspect bedoming a more important
component of the electric motor design processtdube push for reduced weights and costs and
increased efficiency. To obtain an accurate aradthermal model, all the important heat transfer
paths must be included in the network and suitalgerithms should be used to calculate thermal
resistances for such paths. This usually requiveskperience of a heat transfer specialist, to use
his skills and experience to construct an accubaemal network. However, over the last 10 years,
Motor Design Ltd have developed a software packitgeor-CAD, which automatically constructs
an electric motor thermal network from the usepuis for motor geometry and their selection of
materials and cooling type used. This makes it dasyion heat transfer specialists to carry out
thermal analysis of electric motors. In this patter Motor-CAD software is briefly reviewed and
several Motor-CAD thermal analysis models put tbgeby the software users, for different types
of motor and cooling types, are described and coedpaith experimental data.

Introduction:

Thermal analysis of electric motors is in geneggarded as a more challenging area of analysis
than electromagnetic analysis in terms of the edseonstructing a model and achieving good
accuracy. This is due to a number of factors:

- Many electric motor electromagnetic problems carrdmiiced to a 2-dimensional problem
which can be fully described using a simple setanélytical equations, or Maxwell’s
equations when using numerical finite-element aislyThe thermal analysis of an electric
motor is seen to be more of a 3-dimensional probleitih complex heat transfer phenomena
to solve such as heat transfer through complex ositgp components like the wound slot,
temperature drop across interfaces between comfmorad complex turbulent air flow
within the end-caps around the end-winding thauithes rotational effects.

Most motor designers are from an electrical baakgdoand on the majority of electrical
engineering degree course thermal analysis, wisiéghmechanical engineering discipline, is
only given a rudimentary treatment. Also, emphasisften given to topics relevant to power
stations such as steam tables rather than simpletfasfer analysis based on conduction,
convection and radiation thermal resistances.

Experts in heat transfer analysis can often badfte electromagnetic engineer in jargon
associated with thermal analysis, i.e. ask abaitthgnitude of Reynolds number, to try and
judge if there is laminar or turbulent flow, andokoat interface resistances in units of
C/W.m2. Conversely the electromagnetic expert caflebthe heat transfer expert with talk
about limiting flux densities, mmf harmonics, etc.
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Fig 1: Motor-CAD Radial and Axial Cross-Section Ems'




In reality heat transfer is not too complicatedwié simplify the mathematical concepts and
formulate a heat transfer language understandabteb specialists using parameters that are easy
to visualise like effective gaps in mm rather thaterface resistance in C/W.m2. As electrical
engineers have a good knowledge of electrical teeste networks then the thermal resistance
network is usually very easy to understand. Theptrature is the equivalent of the voltage, the
power the equivalent of the current and the thermealstance the equivalent of the electrical
resistance. We just have three types of thermateexe, for conduction, convection and radiation.
In Motor-CAD we automatically construct the thermasistance network from the users definition
of the geometry, materials and cooling type. A ustarface is provided that makes the data input
easy, i.e. using parameterised cross-section sditwaiterial libraries and many pre-setup editors to
help in setting data for the different cooling opis with inputs of meaningful quantities such as
water jacket flow rates.

Motor-CAD Software:

Motor-CAD is a unique piece of software dedicatedthiermal analysis of electrical motor and
generators. It is based on network (lumped circaitalysis. Nodes are automatically placed at
important points on the motor cross-section, swgltha stator back iron, tooth, winding hotspot,
etc. These are linked with the conduction, coneectind radiation thermal resistances. Losses are
input at the relevant nodes. Thermal capacitancesadded when thermal transient analysis is
performed. Fig 2(a) shows a typical network thasés up. The experience of the Motor-CAD
development team and the backup given from itsslwkh universities and industry [1 - 17] has
been used to make sure that this network givesamate representation of all the important heat
transfer paths in the machine.

Editors are provided in Motor-CAD to try and malkatalinput and interpretation of the results as
easy as possible. For instance in Fig 1 we seeathial and axial cross-section editors, which have
pre-setup parameterised geometries for a wide rahgeotor types (induction, inner and outer

rotor brushless BPM, PM commutator, switched raoce, synchronous and claw pole), housing
types (two of the many types are shown in Figel,the axial channel water jacket and radial fins),
magnet shapes (the v-shaped magnet is shown ih) Figduction motor cage shape, etc.

Solid and fluid material databases are provideelp the user set components thermal conductivity,
density, specific heat and viscosity (for fluids)tal The fluid database editor allows the variation
fluid properties with temperature to be modelletijali can be important in some applications.

The required cooling type (totally enclosed nontWated [TENV], totally enclosed fan cooled
[TEFC], waters jackets, wet rotor and stator, suisib&e, through ventilation, spray cooling, ets.) i
selected by the user. Dedicated editors are prdvidehelp set up the different types of cooling
model, with easy to understand parameters suctates yacket flow rates, inlet temperatures, etc.

Fig 2: Motor-CAD Steady-State Schematic and No@ahperature Plot



All conduction, convection and radiation resistaneee calculated automatically by Motor-CAD
using proven formulations, some developed in-haitsklotor Design Ltd, and others taken from
heat transfer literature. The user can calculate steady-state thermal performance, which is
calculated instantaneously, or the thermal trangerformance (Fig 3) which typically takes a few
seconds to calculate. The thermal schematic shaviig 2(a) is used to analyse the temperatures
of nodes in the network, the importance of altemeaheat transfer paths by examining relative
power flow through thermal resistances, and thériciens to heat transfer from the relative
thermal resistance values. An alternative to thesatic diagram is to indicate nodal temperatures
on the cross-section plots. Space limitations doatlow us to show these plots in this paper. The
thermal components plotted in the schematic areucotoded to the motor cross-section, i.e.
housing shown in blue, stator lamination in redpper in yellow, etc. In the majority of cases
vertical resistances represent radial heat trarssfdrhorizontal resistances axial heat transfee. Th
user has several options of what data to displatherschematic, i.e. labels, absolute temperatures
or temperature rise, power flow of thermal resisémnvalues, etc. Between certain nodes there may
be several thermal resistance values in seriedialethe stator lamination back iron thicknessspl
the housing thickness and the stator laminatiohawsing interface gap between the stator back
iron node and the housing node. Examining all titevidual resistance values on the schematic
aids in the judgement of which ones are dominahichvis important as some may be reduced by
simple changing the manufacturing process and ragag h large influence on cooling.

The Motor-CAD user has several options when setiipg thermal transient calculation. This can
be a simple transient calculation, with a fixedslos a fixed load applied for a set amount of time.
Motor-CAD has internal models to calculate the a@on of loss with speed (iron loss variation
with frequency) and with temperature (winding resmise variation with winding temperature, and
magnet loss in flux with magnet temperature). Therwan also specify any duty cycle load to
model by defining a loss and speed variation withet In the case of the permanent magnet
machine the user has the alternative to definspleed and torque or current variation with time. In
this case Motor-CAD has models to scale the logh Waiad, based on the assumption that the
torgue is proportional to current and flux. Theydeycle can be defined using the duty cycle editor
provided in Motor-CAD. In Fig 3 we see the calcathtthermal transient. Only the winding
average, stator tooth, stator back iron, housimgraagnet temperatures are shown. In this example,
10 cycles of the duty cycle defined using Motor-CADRIuty cycle editor (shown Fig 3) are
calculated. More complex duty cycle loads are @gihycset up in an external program such as Excel
or Matlab and imported into Motor-CAD. AlternatiyelMotor-CAD can be run as a black-box
thermal calculator with loss information at certames fed into Motor-CAD.

Fig 3: Motor-CAD Thermal Transient Graph and Dutydl: Load Editor

Motor-CAD has powerful inbuilt multi-parametric setivity analysis capabilities. Sensitivity
analysis is very useful for gaining an in-depth enstinding of the main constraints to dissipation,
allowing informed design decisions to be made tprowe the cooling.



For instance, in Fig 2(b), we see the sensitivity garticular design to variation in the effective
interface gap between stator lamination and housing impregnation goodness factor. From
experience the effective interface gap has an atessohaximum value of 0.1mm in a very poor
motor construction, and an average value of ar@du@8mm in a typical industrial machine [2]. An
effective interface gap of zero is impossible thiaece in a housed motor, but is something to strive
towards. Some of the experience data built intod#@AD has been gathered from the extensive
research Motor Design Ltd has done in thermal amalyf electrical machines in the past. But also
we benefit from the large amount of thermal prgetiat we have set up at different universities
throughout the world over the past 10 years. We gét valuable feedback from the Motor-CAD
users in industry. The impregnation goodness fastigure of merit for the winding impregnation
system. A value of 1 means the winding is perfextigregnated and contains no air. A value of O
means that the winding is not impregnated. We @ag the impregnation goodness factor between
0 and 1 to investigate all possible mixtures of negmation and air. Such meaningful parametric
quantities are typical in Motor-CAD. But, in ordir quantify the upper and lower limit of such
parameters and give typical values for a particmenufacturing process some experience is
required. This is where Motor-CAD is a big assistato the designer, as the default values are set
to quantities typical in an average machine. Alsp is give as to what the maximum value could
be with different manufacturing techniques.

Motor-CAD also has an in-built circuit editor iseaifsl for including thermal models of other
components attached to the machine, such as flangested gear boxes, etc. The software is fully
compatible with the ActiveX standards for transbérdata between programs under the Windows
operating system. This makes it possible to autimalt run optimization from such packages as
Excel and Matlab. Motor-CAD also has advanced taks with the Speed software making it easy
to automatically transfer geometry, losses and &atpres between the packages.

Previous Motor-CAD Projects:

Next we will give examples from some of the usdrdotor-CAD on how useful the software has
been in modelling a variety of machine types. Thé&o give an indication of the good level of
accuracy that can be achieved by non heat traesfeerts. We only have space to show a few
highlights of the many paper published.

Over the past 10 years, we have carried out maojegs with Prof. Aldo Boglietti and Andrea
Cavagnino at the Politecnico di Torino, Italy aral/é published many papers and three theses. A
few examples are given in references [2] to [7].sMof this work has been on TEFC induction
machines, but much is also applicable to other macand cooling types. A significant amount of
effort has been devoted to obtaining a set of defearameters for the difficult to quantify
manufacturing issues in electrical machines, taos lamination to housing interface, end-winding
convection cooling, TEFC axial fin channel air lagk with distance from the fan cover exit, heat
transfer through bearings, etc. There is littlecepto publish much of our joint findings in this
paper, and we just present a few highlights.

In Fig 5(a) we see Motor-CAD’s prediction of effieet thermal resistance from housing to ambient
compared with test data for the five induction maek shown inset on the graph. The machines are
intended to have TEFC cooling, however, the dathéngraph is for zero speed at which point the
cooling reverts to TENV. The axial fins are notioplly designed for such a cooling type as there
is often a build up of stagnant air deep in thecfiannels on the side of the motor. Motor-CAD has
developed a special convection formulation to antdor such matters. This seems to work
correctly in this case as we get excellent agreéméh test data in Fig 5(a). In the Motor-CAD
models used all parameters are at their defaultegaland no calibration was performed. All the
user had done was input the motor geometry, se¢$oand materials and the set zero fan speed.

Fig 5(b) shows the typical form of air leakage fram open fin channel in a TEFC machine.
Channel velocity in per unit of that exiting thenfaover is plotted against distance from the fan



cover exist, also in terms of per unit length. Fofehe curves are for the motors depicted in Fig
5(a). The other curves are for alternative souofgaublished data. The general trend is similar for
all machines, but the level of leakage is greatesdme machines than others. This is due to the
complex nature of leakage, which is dependent enfith fan cover and fan design, shaft speed,
surface roughness, etc. It has been shown thaitisgpsanalysis of the leakage term in Motor-
CAD, with upper and lower limits taken from Fig »(lsan be usefully used to estimate upper and
lower temperature rise limits in a TEFC machin®&]4and aid in housing fin design optimisation.

Fig 5(a): Measured & Motor-CAD predictions of homgtambient thermal resistance (RPM = 0);
(b): Measured characteristics of channel velocitthwdistance from the fan cover (TEFC)

Robert Chin and Juliette Soulard from the Royaltiimte of Technology (KTH) in Sweden
compared both Motor-CAD transient models with FEA aneasured thermal transient data for the
permanent magnet synchronous traction motor shaowkig 6(a). Fig 6(b) shows one of the
comparisons with test data made, where excellemeagent is shown. The FEA analysis did have
some useful features such as showing the temperdisiribution throughout the solid components.
However, the FEA model was several orders of mageitin terms of time to set up and calculate
compared to Motor-CAD. Also, the FEA model showedadvantage in terms of accounting for the
interface gaps and convection, radiation and heaster through the composite set of components
in the winding (copper + impregnation + air + diaer, etc.). In fact the FEA model was worse at
predicting these effects than Motor-CAD as MotorfCAad algorithms for such problems pre
setup for the user while in the FEA the user mugti data and algorithms for such features from
their own experience.

Fig 6(a): Brushless PM traction motor; (b): S1 opgon (Motor-CAD and Test)

David Dorrell from the University of Glasgow madense thermal analysis on the brushless
servomotor shown in Fig 7 [10-12]. At the time feelmot used Motor-CAD before and had a tight
deadline of just a few days to carry out the analyide had a lot of experience in electromagnetic
and very little experience of thermal analysishat time. However, he found no problem in putting
together an accurate thermal model in Motor-CAD tlués ease of use and the use of simple to
understand parameters. He was an experienced SB&fBiare user and had an electromagnetic
model for the machine in SPEED’s PC-BDC software.uded the automated data links between
PC-BDC and Motor-CAD to transfer the geometry aossés from PC-BDC to Motor-CAD. In
Motor-CAD he then just needed to set up a smalllarhof additional data required for the thermal



calculation, i.e. housing type, materials usedrgrregnation, housing, etc. After, the temperatures
had been predicted in Motor-CAD he could carry ant iterative solution between the two
packages passing losses one way and temperatereghier. This makes sure that the losses are
calculated at the correct temperatures and thedmhpes are calculated with the correct losses. He
is showing excellent correspondence between measined Motor-CAD predictions of steady-state
and thermal transient data as shown in Fig 7.

Fig 7: Measured and Motor-CAD predictions of steathte and transient thermal data for the
brushless servomotor shown

Fig 8 shows excellent agreement between Motor-CAd&liptions and measured thermal transient
data for the brushless servomotor shown. In ths® ¢dhe duty cycle was a repetitive load of one
minute with 3 times overload followed by 10 minut#shalf full load. It is seen that the winding
heats up and cools down at a much faster ratetkiegabulk of the machine.

Fig 8: Measured and Motor-CAD predictions of a biless servomotor thermal transient data

Fig 9 shows excellent agreement between Motor-CAdliptions and measured thermal transient
data for a aerospace induction machine. In thig ¢hs duty cycle load is very complicated, as
shown by the diagram of stator and rotor lossel tite taken from Motor-CAD.

Fig 9: Complex load cycle modelled in Motor-CAD & aerospace induction machine together
with the measured and predicted thermal transienttie winding



Prof Phil Mellor and Rafal Wrobel from the Univeysiof Bristol did both electromagnetic and
thermal analysis on the outer rotor brushless peemamagnet axle traction motor shown in Fig 10
[13]. This type of machine has a particularly ditfit path for cooling of the stator winding asst i
embedded inside the rotating outer magnets. Alsiptes heat transfer paths are modelled in Motor-
CAD, i.e. via the static axle to any heat sinkintaehed, via the axle and through the bearings to
the rotating outer magnet retaining cylinder, tlglouthe airgap and off the end winding to the
rotating outer magnet retaining cylinder. Fig 10egi compares predicted and measured thermal
steady-state and transient data showing that MOAID-is doing a particularly good job.
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Fig 10: Brushless outer rotor PM traction motorsteady state results & thermal transient results

Qasim Al'Akayshee from Mawdsley’s Ltd in the UK [[Ldesigned the 1150hp induction motor
shown in Fig 11 using Motor-CAD. The motor was &br oil well drilling application. It had the
stator and rotor axial ducting system shown in Higo cool the machine using through ventilation,
with separate blower to pass air through the machvotor-CAD makes a combined heat transfer
and flow analysis calculation for through ventithtmachines. In this case the total flow through the
machine was correctly predicted to be around 3300CFg 11 shows the fan characteristic
(pressure drop against volume flow rate) as enteredto Motor-CAD together with the Motor-
CAD prediction of the system flow resistance chemastic. The intersection of the two curves
determines the total airflow through the machinlkee Motor-CAD analysis was used to optimise
the split between stator and rotor airflow throufle machine and so get the correct balance
between stator and rotor cooling. The full loadastavinding temperature was measured to be
157°C, which compared well with the Motor-CAD predin of 159°C.

Fig 11: 1150hp induction machine with through viatibn axial ducting and flow calculation.

Jacek Junak and Grzegorz Ombach from Siemens VDiOn#ative used Motor-CAD to carry out
transient thermal analysis on the Permanent Mag@eMotor shown in Fig 12 [15]. Such analysis
is important for applications that have short dorabverloads, such as the electro-hydraulic anti-
lock brake systems (ABS/EPS) considered in the p&jue the first motor analysed, emphasis was
placed on the prediction of the brush temperatdogsyhich good correlation with measured data
was found. However, due to space limitations ttag@lgs are not shown here. Such data is important
in the analysis of motor life expectancy and fodenstanding the main design criteria required to
keep the brushes cool. The second set of motobe tanalysed were two nearly identical 7-slot
prototype motors. One motor has a 1mm thick NomekIsmer and the other had a 0.9mm thick
powder slot liner. Comparisons between the measamd predictions temperatures for the
winding, rotor, magnet, housing and commutatorstu@wvn in Figs 12. A locked rotor current was



applied to both motors until the winding reache®d@pthen the load was turned off. A good
correlation between the measured and calculatedtsas shown. The powder liner show improved
heat transfer capability and it has the abilityattow an overload for a longer time period. The
times to reach 20C were 88 seconds for the Nomex liner machine @&ds2conds for the powder
liner machine. There is much better conduction eatsfer through the more highly conductive
and slightly thinner powder liner than through th@mex liner. The interface gap between the liner
and armature lamination is also eliminated in toeger liner machine.
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Fig 12: PMDC motor with measured and Motor-CAD potidns of thermal transients

Carlos Mejuto and Markus Mueller from the Univeysdf Edinburgh and Salem Mebarki and
Nazar Al-Khayat from Cummins Generator Technolodgse used Motor-CAD to model the
temperature rise of a range of TENV, TEFC and tghowentilated synchronous generators [16,17].
In general the Motor-CAD error for prediction ofdad temperatures is less than 5%.
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