Proceedings of the 2008 International ConferencEleatrical Machines Paper ID 1414

Analytical Thermal Models for
Small Induction Motors

D. Statort, M. Popescl) C. Cossdt M. McGilp®, S. Omor, T. Kurimotd
1 — Motor Design Ltd, UK 2 — SPEED Laboratory, \sity of Glasgow, UK 3- Oriental Motor, Co, Japa
dave.staton@motor-design.com, mircea@elec.gla.acalkm@elec.gla.ac.uk, mal@elec.gla.ac.uk

Abstract-Thermal analysis is an important design aspect and  The simpler thermal models described in the paper a

gec_oming a m%re itmptﬁrtant ﬁofmpor:jent é)f them‘i?t”d{‘mord implemented in the SPEED PC-IMD software [1] whisHor
esign process due to the push for reduced wei costs an . . . . . . .

incréqasgd efficiency. The gccuracy of analyticeflJ #rmal models simulation of |nFjucF|0n.mach|nefs. It includes atabl models
depends on the accuracy of the thermal resistanceomputation ~ for the magnetic circuit which is uses to calcultéte motors
and on the number of nodes in the equivalent thermacircuit. In ~ equivalent circuit and so the torque/speed chaiiatite and
this paper several thermal analytical models with dferent performance criteria such as the winding resistacopper
numbers of nodes are compared against with each athand with losses, power factor, efficiency, etc. For many thie

CApeTEntl e, D geronsitated hat 1€ TGS performance creria such as winding resistance cugber
can be used to calibrate the simpler but faster maals with less 0SS it is important to know the winding and cageperatures.
nodes. The models are all for the same range of sh@ENV  The software has some simple thermal models to peddict
induction motors. these temperatures. However, it is important téocate the
models as they have a limited number of nodes anaa
include pre calculation of difficult to predict timeal
A range of small TENV induction motors, one of whiis Phenomena such as heat transfer through conduatutigs,
shown in Fig 1, has been modeled with analyticalvoek interface gaps between components, turbulent ap@iound
thermal models having different number of nodes Wiodels the end-windings and end-cage, convection from dexp
with a small number of nodes are fast to run but be Surfaces, etc. [3] The calibration can be doriBthESt data
difficult to set up accurately. The models withaage number OF using a more sophisticated thermal model setinuthe
of nodes can be programmed to give an accuratenger Motor-CAD software [2]. Motor-CAD is an analyticaktwork
prediction. This is done by dividing individual hemansfer analysis software package dedicated to thermalysisabf
phenomena into separate thermal resistances forchwhelectrical machines. It includes algorithms to auatically
mathematical algorithms exist for their calculatiery. thermal model complex thermal phenomena.
resistances to represent heat transfer through esitep Automated links exist to transfer electromagnetometry
Components such as the Wmdmg and bearings' théuotion and loss data from the PC-IMD to Motor-CAD. Addit®and
through the solid components such as the teettbaok iron changes can then be made to the geometry to actmutite
and convection and radiation from the internal amternal thermal components, e.g. fins or a water jacketeddu the
surfaces of the machine. housing etc. The steady-state or transient thepmdbrmance
can then be calculated. As many of the losses &uaction of
temperature an iterative process is available &s ghermal
data from Motor-CAD to PC-IMD and recalculate tlusdes
and subsequent temperatures. The simple thermalelsod
available in PC-IMD can also be automatically caltbd
based on the thermal performance calculated in MOAD.
This process is termed a GoTAR in PC-IMD (Go Thdrma
Analysis and Return). These calibrated models ¢tem tbe
used to give accurate predictions with PC-IMD ftsbbth of
the steady state thermal performance and of thiel tamting
of the winding under an overload condition
Details of the single thermal resistance model tedfive
and ten node models as implemented in PC-IMD arengin
sections Il and Ill. The more sophisticated mutidea model
implemented in Motor-CAD is described in section Béction
V gives information on the automated thermal model
calibration process, while section VI compares dliféerent
thermal models with test data.

I.  INTRODUCTION

Fig. 1: TEFC induction machine modeled in the pape
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. MODELWITH ASINGLE THERMAL RESISTANCE the different heat transfer mechanisms in the nmachie. we

Fig. 1 shows a thermal model for a machine wheeethire is €an calculate individual values for convection, iatidn,
a single global thermal resistance between the imgnénd conduction and interface resistances within thergeoy.
ambient R,). This is the simplest possible thermal model for

predicting the heat dissipation of the motor areltdmperature

rise of the stator conductorsd:

TC = TAmbient+ Ra VVTotaI (1)

Whotal represents the total motor losses. This model baay
combined with the overall thermal capacitance torege the
thermal time-constant of the motor. However, thisdel can
only be used to gain an understanding of the gémeating
and cooling of the bulk of the machine and not tfee rapid
heating of the winding under overload conditiongpically
the thermal time constant of the winding is muctaken than
the bulk machine thermal capacitance. This is tineplest
thermal model available in PC-IMD, other than jsstting the

winding and cage temperatures to fixed values,tarded the
DegCW model. Fig. 2: Thermal model with 1 thermal resistancegO#/ model in PC-IMD)

I1l. SIMPLIFIED MODELS WITH BETWEENS AND 10NODES

A more complex thermal model employs between 5 Hnhd
nodes to represent important features within thehime. For
instance the 5 node network shown in Fig 3 has sidde
represent ambient, stator lamination, housing, imigdand
rotor. The internal thermal resistances betweending to
stator back iron and stator back iron to housing te
calibrated from the internal temperature drops withe stator.
The difference in stator and rotor temperatureengd as a
temperature difference in this simple model. Thaveation
and radiation from the housing and endcap surfases
calculated using an effective heat transfer coieffic h —
W/m?.K) in the model. This is used together with thanfe
surface areaFaea to calculate a frame-to-ambient thermal

resistance:
R =1/ (hX Fared (2) Fig. 3: Thermal model with 5 nodes (HTCoeff moaePiC-IMD)

The calibration of this resistance can accountafoy fins on
the housing by noting thet,., is the effective cylindrical
surface area of the frame and endcaps in equa)on (

Fig 4 shows a thermal model that employs 10 nodesl&
thermal resistances which is towards the top endhait would
be considered as a simple thermal model. With suatiels all
the thermal resistances can be calibrated usingumeent or
more sophisticated thermal models. Another optienta
calculate some of the thermal resistances and itapees
based on dimensions and material properties fopérgcular
component. A problem with calibration of such madesing
test data is that it can be quite problematic twlate the
individual heat transfer mechanisms, i.e. convectiand
radiation from the housing and endcaps, etc. Thibration
process is much easier using more sophisticatedi-made
network models as more detailed information is laléé for Fig. 4: Thermal model with 10 nodes (Hot10 modePi-IMD)
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IV. DETAILED MULTIPLE-NODE THERMAL MODELS

Detailed analytical thermal models tend to haveo@nore
nodes to model complexities in the heat transféh pach as
interface gaps between components, the compositeriaia
nature of the winding, cooling of the active andl-evinding
components, etc. Such detall
numerical techniques such as finite-element arml{SEA)
and computational fluid dynamics (CFD). Howevededailed
analytical model has large advantages in termsatffutation
speed. The near instantaneous calculation capedbildf the
analysis technique make it possible to run "whasdenarios
in real time. It also facilitates sensitivity ansiky on the main
thermal unknowns to evaluate their importance enttiermal
performance, i.e. effective interface gaps, impatigm
goodness, etc. The main strengths of the numesgcahiques
are in the visualization of flow and in the devetggnt of
convection formulations for use in lump-circuit s, rather
than carrying out the thermal circuit optimizatitself.

The thermal network as implemented in Motor-CAD é#or
induction machine with TENV cooling is shown in F3g The
circuit consists of thermal resistances and heatrces

connected between motor component nodes. The ggomet

defined by a set of geometric parameters such asikg Type
(cylindrical, square, radial fins, axial fins, gtcTooth Width,
Slot Depth, etc. Some of the parameters are maula

selection of choices (Housing Type, Slot Type, ett) some
are numerical values (Slot Number, Poles Numbet, Bépth,
etc.). The user can select from a wide range ofirpaypes.
From the geometry, cooling types and materials ctate a
thermal resistance network (with losses and
capacitances) is automatically constructed so twh the

could be modeled using
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are accounted for in Motor-CAD by allowing the useiselect
different component types (Housing Type, Bar Tyt
Type, etc.).

V. SIMPLE MODEL CALIBRATION USING MULTI-NODE
DETAILED THERMAL MODELS

Various automated data links and been developedeeet
SPEED and Motor-CAD software. The two packages farm
perfect combination for designing electric motorsida
generators. The thermal capabilities of Motor-CAd@kdlly
complement the electromagnetic capabilities of 8REED
software. To obtain a true optimum design it issesial to take
account of both the electromagnetic and thermaligdes
aspects. In fact there should be strong interadtietween the
two disciplines as it is impossible to accuratehalstsis one
without the other, i.e. the losses are criticalgpendent upon
the temperature and vice versa.

In this section of the paper we will demonstratatdiees to
automatically calibrate the simplified PC-IMD thealhmodels
using the sophisticated thermal model set up inoM&AD
(referred to as a GOTAR — Go Thermal Analysis aretuR).
This allows the user to make best use of the @etdatiermal
modeling features in Motor-CAD and fast combined
loss/thermal calculations in PC-IMD. Motor-CAD ised to
optimize the cooling by dealing with features sueh the
cooling method used (TENV, TEFC, water jackets, wator,
etc.), the size of the thermal components (fin, nceh
dimension, etc), manufacturing issues (impregnatio
goodness, interfaces between components, etc.) thed

thermgberials used (slot liner, impregnation, etc).

After the data has been transferred from PC-IMDtior-

steady-state and transient thermal calculations imade. -ap the user may adjust some geometric quantitieg
The temperatures of important nodes within the mm&Ch joiaiis such as the bearing dimensions which aravailable

geometry (such as the housing, tooth, back ironding hot-
spot, etc) are predicted using the analysis. Akriial
resistances and thermal capacitances in the netvapek
calculated automatically from the geometry, cooligge and
materials used using standard analytical heatfeatiseory [3-

in PC-IMD. Intelligent geometry scaling is usednake sure
that geometric parameters that are not availabRGAMD are
given reasonable values for the size of machineeund
consideration, e.g. bearing that fir the machinte, e

A typical example of the geometry for an inductioachine

6]. Motor-CAD does contain some specially developg] pc_imp being automatically transferred to Mo®AD is

mathematical algorithms to allow accurate thernaéddations

for more difficult to analyze parts, e.g. the wimgli which is a
complex composite part consisting of randomly plastands
of wire surrounded by a mixture of enamel, impregmaand

air and the slot liner [3]. Much effort has beendmdo set
realistic default parameters for more difficult tstimate
guantities such as the effective interface gap eetwhe stator
lamination and housing [3].

This type of pre-parameterized model approach ssipte
as the general geometric form of radial gap electrdtors and
generators are very similar. There may be some ggam
differences, such as housing fin shapes (no fadiat fins and
axial fins of various shapes, etc.), different robar shapes,
(single and double cage with round and rectangblars etc),
and slot shape (parallel tooth, parallel slot,)dtat in general
all machines are very similar. The different geaimethapes

shown in Fig 6.

Fig. 5: Detailed multi-node thermal network
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Fig. 6: Automatic transfer of geometry from PC-INM®Motor-CAD

The geometry in Fig 6 is not one of the machineisicge
studied in this paper in this case. It is the geoyrfer a much
larger machine where axial fins and a shaft mourféedare
used to improve the cooling compared to a TENV ritaxzh
The predicted torque/speed characteristic is shiaviig 7 for
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Fig. 7: Torque/Speed characteristic calculatedGAMD

one of the TENV machines being studied here. The

performance at any point on the torque/speed ctarstic can
be calculated such as the losses and efficienay.ld$ses are
automatically transferred to the Motor-CAD model.

In Motor-CAD we can compare temperatures at
equivalent nodes to those in the various simplentaémodels
in PC-IMD. For instance for the DegCW model setim@C-
IMD with default parameters we obtain the resulisvegn in
Fig 8.

In this case we are quite lucky that the defauérrial
resistance is set at 3C/W which is close to thesurea value
for this small machine. This means that the prediatinding
temperature is close to that calculated by MotoBCA this
case. For larger machines the 3C/W would be fatamge and
a much worse comparison would result. Details #8e given
of the comparison between losses and thermal aesiss for
the two models in Figs 9 and 10 respectively. Baotbdels
have the same losses as Motor-CAD obtains its Vadses
directly from PC-IMD. The Motor-CAD prediction ofhé
equivalent thermal resistance from winding to ambiés
2.74C/W in this case which is close to the 3C/Wuesd in
PC-IMD. The Motor-CAD equivalent thermal resistarfoam
winding to ambient is calculated from the totalsleand the
predicted average winding temperature taken from fifl
multi-node temperature prediction.

The user can select values to be calibrated usiey M
iterative calibmati

checkboxes and then perform an
automatically passing temperatures, losses andvamte
calibrated parameters between to PC-IMD and Mo#®bBC
The calibrated winding to ambient thermal resistarand
resulting temperatures are now shown in Fig 11 tfo
DegCW model. The calibrated losses are shown irlEig

Fig. 8: Comparison of Motor-CAD and PC-IMD DegCW debtemperatures

its

Fig. 9: Comparison of Motor-CAD and PC-IMD DegCW aeblosses

ore details of the temperatures within the mactiae be
tudied using the thermal resistance network soiredotor-

AD (Fig 13) or by viewing the temperatures of noda the
cross-section, the axial cross-section being shiaviaig 14.

A similar method as described above is used tddg the
5 and 10 node models in PC-IMD, but with more paatars
calibrated in such cases. For instance the caéiirdD node
model is shown in Figs 15 to 17.
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Fig. 10: Comparison of Motor-CAD and PC-IMD DegCWbdel thermal
resistance values

Fig. 11: Calibrated PC-IMD DegCW model. Compariedmodal temperature
thermal resistance values.

Fig. 12: Calibrated PC-IMD DegCW model. Comparisdross data used in
the two models.

Fig. 13: Calibrated PC-IMD DegCW model. Full MotGAD nodal network.
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Fig. 14: Calibrated PC-IMD DegCW model. Axial cressction temperatures.

Much more data has been set in PC-IMD in this ctse,
calibrated data being shown in red in Fig 17. luldabe very
difficult to perform the calibration without an aumated
iterative process for such models. When calibrating 10
node model we must set a sufficiently long simokatiime to
reach steady-state as PC-IMD always carries outeantal
transient calculation for such a model. A comparisd the
Motor-CAD thermal transient and the PC-IMD Hotl@rtmal
transient is shown in Fig 18. As expected theysanglar as
the Hot10 model has been calibrated by the MotoBG#odel
in this case.

VI. RESULTSDISCUSSION

Two small TENV induction motors have been modeled.

Both motors operate at 50Hz and have 4-pole. Matbas 3-
phases, while Motor B is a permanent-split capaaitotor.

Rated torque is 0.2Nm for both motors. Fig. 1 tHates one of
the analyzed motors. Table | shows the resultgHersteady-
state temperature rise for the stator winding. Mddis based
on the DegCW equivalent thermal circuit shown ig.F2 with

thermal resistance from Motor-CAD calibration. Mbdeis

based on the Hot10 equivalent thermal circuit mathelwn in
Fig. 4. Again, the parameters within the model ae¢ up
according to the automated Motor-CAD calibratioroqass.
Model 3 is the original Motor-CAD model. As expettall

three models give very similar results as they cakbrated
using the same Motor-CAD model.

VIl. CONCLUSIONS

Simplified and/or detailed analytical thermal madean be
successfully used in predicting the temperature s small
induction motors. The level of detail and accuradythese
models strongly depends on the number of nodehandthe
thermal resistances are set up. The calibratiorcgs®o for
various reduced nodal model has been successfedgrithed.
Once calibrated the reduced node thermal models goth
satisfactory accuracy and allow very fast and rotkiermal
calculations.
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Fig. 15: Calibrated PC-IMD Hot10 model. Comparisémodal temperatures.

Fig. 17: Calibrated PC-IMD Hot10 model (calibratddt10 data in PC-IMD).

Fig. 18: Calibrated PC-IMD Hot10 model (Hot10 andtbt-CAD transients)
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