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I ntroduction

There is currently a revolution in the development of compact
brushless permanent magnet (BPM) motors which are up to
75% of the size of conventional products [1-6]. Such large size
reductions are due to a combination of factors including,
improved magnet grades, new materidls, modern
manufacturing techniques and improved design capabilities.
This paper will concentrate on the improvements that can be
gained by using advanced design capabilities. In particular it
will concentrate on the thermal design of motors, a discipline
that has traditionally received much less attention than the
electromagnetic design.

Traditionally the thermal performance of a new motor design
has been estimated from prior knowledge of one or more of the
following parameters - winding to ambient thermal resistance,
housing heat transfer coefficient, winding current density limit
or winding specific electric loading limit. These numbers may
be estimated from tests on existing motors, from competitor
catalogue data, or from simple rules of thumb [7-9]. The
problem with such design methods is that no insight is gained
of where the therma design may be compromised and
therefore where design effort should be concentrated.

One of the thermal modules of a new commercialy available
motor design package (Motor-CAD) will be the focus of this
paper. This module (BPM-Therm), can be used to give the
designer a rapid method of analysing design changes on the
thermal behaviour of BPM motors. In doing so, not only can
the optimum design solution be quickly identified, but the user
fully understands the consequences of changes. It will be used
to examine a selection of the thermal issues that may be
considered when designing a new motor. It will aso be used to
highlight some of the improvements that can be achieved by
adopting some of the new manufacturing techniques and
materials available. Data is presented to illustrate
improvements achieved in particular designs. These values
cannot however be generalised to all motors as each design is
different and a complete therma evaluation should be
performed on all new designs.

Motor-CAD

The Motor-CAD thermal model is based upon lumped-circuit
analysis. The lumped circuit approach has a clear advantage
over numerical techniques such as finite-element analysis
(FEA) and computational fluid dynamics (CFD) techniquesin
terms of calculation speed. The near instantaneous calculation
capahilities of Motor-CAD make it possible to run "what-if"
scenarios in real time. The main strengths of the numerical
techniques are in the development of convection formulations
for use in lump-circuit analysis [10,11], rather than carrying
out the thermal circuit optimisation itself.

Lumped Circuit Schematic:

Figs 1 & 2 show typical schematic diagrams of a brushless
permanent magnet motor model developed with Motor-CAD.
A schematic diagram is useful for analysing steady-state
thermal data. It is used to analyse thermal resistance, power
flow and temperature distribution within the motor.
Components are colour coded to match those shown in the
cross-section editors (Fig's 3 & 4). In summary, the circuit
consists of thermal resistances and heat sources connected
between motor component nodes.
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Fig. 1: Motor-CAD Iumped circuit BPM thermal model
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Fig. 2: Schematic showing motor power flow

Thermal resistance values for al conduction paths within the
motor are calculated from motor dimensions and material data.
The accuracy of the calculation is dependent upon knowledge
of the various thermal contact resistances between components
within the motor, e.g. housing to lamination interface, dot-
liner to lamination interface. Such resistances occur due to
contact between solid surfaces taking place at limited numbers
of high spots, the adjacent voids usualy being filled with air.
There has been much experimental work on the prediction of
contact resistance [9, 12, 15]. The Motor-CAD online help
system summarises this literature to include guidance on
effective gaps to be expected with different material types,
interface pressures and surface roughness. Motor-CAD
combined with motor test data also forms an effective
parameter identification tool. This technique can be used to
estimate the gaps within the machine which are physicaly
impossible to measure and to quantify the effects of winding
impregnated air pockets.

Cross-Section Editor:

Radial & axial cross-section editors are used for dimensional
data input (Figs 3 to 5). Figs 3 & 4 show a 80mm diameter
concentrated winding motor design, in this case having 12
dots and 8 poles. Fig 5 shows a traditionally wound motor
having 18 slots and 6 poles. It has the same diameter and axial
length as the concentrated wound motor, however, its overall
length is 30% longer to accommodate the longer end-turns.
The visual feedback produced helps the user gain an insight
about the importance of the various heat paths within the
motor. Thermal resistance is proportiona to length and
inversely proportional to cross-sectional area and thermal
conductivity. The feedback also reduces the incidence of input
errors.

Fig. 3: Motor radial cross-section editor showing a 80mm
diameter concentrated winding motor design

/ Motor-CAD (C:\Motor-CADADEVAD&CABPM_B0_12_8_A.mat)
Fie Options Defaulls Help

EEEEERINE élﬂ Motor Type: [Pt =] Title: [50mm 128 BFM Hotor - Concentated winding [Design #)
Fladial Cross-Section |[Aal CiossSection Winding Editr | Input Data | Schematic | Dutput Data| Transient Giaph

Housing [servo = Mounting: [Flange

E'w/dg Cavity: | Mot Potted ¥ | Feedback: |{gh
Cowling NotFited =

Fladial Dims, Dals 4| [Aiel Dins.
Housing Dia % Housing Length
Housing Step[F]__|0 Stator Lam Length
Housing Step [R]__ |0 Magnet Length

StalorLamDia__|20 Rotor Lam Length
Stalor Bore ne Stalor Asial Offsel
Airgap 08

[Banding Thickness |0

Magnet Aal Offset
Slesve Thickness |0
Magne! Thickness_|3

Flotor Aol Offset
Shat Dia 20
Shat Dia [F] 15

Ewdg Ovethang [F]
Ewdg Dvethang [R]
wdg Extension [F]
widg Estension [R]

Shatt Dia [R] 15 Endcap Length [F]
Flange Extension__|5 Endcap Length [F]
Flange Dia 0 Ewdg Endeap [F]
Plate Height 250 Ewdg-Endoap [R]

Ewdg Housing [F]_|#
Ewdg Housing [R]_|3

|Shaft Extension [F]
Flange Depth

EwdgBoelF] |2 Plate Thickness |15 T
EwdgBoelR] |2 Beaing Widh [F]__|3 2w full plate
Beaing Dia [F] 50  =|[Beaing'idh([R] |8 = REd raw ‘ = | Dl biase

[mm 11 December 2000 [www mator-design. com
Fig. 4: Motor axial cross-section editor showing a 80mm
diameter concentrated winding motor design
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Winding Design:

The winding is modelled using several layers of copper, wire
insulation and inter-conductor insulation (impregnation and/or
air) together with a dot-liner and a dot-liner-lamination
interface gap (Figs 6 & 7). The number of layers and copper
to insulation thickness ratio is set by wire diameter, number of
turns and subsequent slot-fill. The winding diagrams are useful
for gaining a visua indication of the dot-fill that can be
achieved using various winding techniques. For instance the
winding shown in Fig 6 is for a traditional winding in which
the coils are inserted into the dots through the slot openings.
This is the winding used in the motor shown in Fig 5. Fig 7
shows the increased dot fill that can be achieved using a more
modern concentrated winding in which the non-overlapping
coils are precision wound directly onto a segmented tooth, the
teeth then being joined together to form a wound stator [4].
Thisisthe winding used in the motor shown in Figs 3 & 4.
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Fig. 5: Motor axial cross-section editor showing a 80mm
diameter traditionally wound motor design

Concentrated winding techniques:

Fig 6 shows a traditional winding in which the coils are
inserted into the dlots through the slot openings. This has a
dot-fill limit of around 55% (based on round covered
conductors and slot area available for winding after liner
insertion). Fig 7 shows the increased dlot fill that can be
achieved using a more modern concentrated winding in which
the non-overlapping coils are precision wound directly onto a
segmented tooth and the teeth are subsequently joined together
to form a wound stator [4]. Slot fills of around 80% can be
achieved using this technique.

The windings shown in Figs 6 & 7 are used in the motors
shown in Fig 5 & 4 respectively. It is seen that the non-
overlapping winding benefits from having a shorter end-
winding length. This also gives a reduction in resistance and
copper loss. For example, in the case of the 80mm diameter
motor reported here, the 12-dot 8-pole concentrated winding
design has a 100mm overal length compared to 130mm for
the 18-dlot 6-pole traditionally wound motor. It also produces
34% more torque for the same temperature rise. A similar
design study has been carried using a 36-dot, 6-pole
traditionally wound motor and a 12-slot, 8-pole concentrated
wound motor, both having a 160mm housing diameter and the
same active length. The two stator lamination designs are
shown in Fig 9. In this case the 12-slot design has a overal
length of 190mm compared to 230mm, but the torque increase
for a given temperature rise is only 8%. The reduced
improvement is largely due to the fact that the 36-slot motor
has 80% more total slot periphery than the 12-slot motor to
dissipate its copper. In the case of the 80mm motors, the 18-
slot motor has only a 16% benefit in terms of total slot
periphery compared to the 12-slot motor. For this reason a
larger dot number may be beneficial in the 160mm motor,
probably a 16-slot 18-pole or a 24-slot 16-pole design. The 16-
slot 18-pole benefits from not requiring skew, the 24-slot 16-
pole and 12-slot 8-pole designs needing to be skewed by half a

slot pitch. The increased pole number would however lead to
increased iron loss, although these are closer to the outside of
the motor and would be easier to dissipate. These design
possibilities will be investigated in the near future.
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Fig. 6: Winding model showing copper/insulation layersin a
traditional winding where are coils inserted into dots
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Fig. 7: Winding model showing the high slot-fills achievable
in a precision wound non-overlapping winding

Additional methods used to increase the winding dissipation
include improved winding impregnation techniques and
potting of the end-windings. Vacuum impregnation can
eiminate air pockets within the winding. For instance the
winding shown in Figs 5 & 6 benefit from a decrease in
temperature rise of around 9% when the motors are perfectly
impregnated compared to a 50% impregnated motor. The
previous examples use a traditional impregnation material
having a therma conductivity of 0.2W/m/°C. However, new
high temperature impregnation and potting materials are now
available which have therma conductivites of around
IW/m/°C. If one of the new materials were to be used in the
two designs shown in Figs 5 & 6, a reduction in temperature
rise of between 6% and 8% could be expected. If the end-



windings were potted, a reduction in temperature rise of
between 14% and 16% would be expected.

Thermal Mathematical Models:

Motor-CAD features efficient, accurate and robust
mathematical algorithms for forced & natural convection,
radiation and conduction. The particular convection model
used for the various surfaces throughout the motor are
automatically selected from a library of proven laminar and
turbulent convection correlations [12-20]. Correlation
formulations for open and closed channels and external
surfaces of various shapes and orientations are included.
Totally enclosed non-ventilated (TENV) and totally enclosed
fan cooled (TEFC) forms of cooling are included. However,
as the correlation formulations used are based upon
dimensionless analysis of heat transfer [15], they are also
applicable to liquid cooling methods such as housing water
jackets, shaft spiral grooves, wet rotor and wet stator cooling
techniques. These are included in Motor-CAD. Rotation
effects on convection cooling in the airgap are included within
the model [19-20].

Fin Design:

The fin design is often given little attention in servo motors as
they traditionally do not have a shaft mounted fan because
they are intended to operate down to zero speed. The radia
fin design shown in Fig 8 can however be used to increase the
amount of natural convection from the housing [10,11,23]. In
the case of the 80mm diameter motors presented earlier, a
reduction in temperature rise of around 10% can be achieved
by adopting a radia fin design. There are special radia fin
designs which allow similar dissipation when the motor is
mounted vertically as when mounted horizontally [10,23].

External blower units are sometimes used to increase the
output from servo motors [24]. If these are to be used, then
one of the axial fin designs shown in Fig 9 would be
beneficial.

Mounting Arrangement:

The mounting arrangement can have a significant impact on
the thermal behaviour of the motor. In the servo motors
shown in this paper, between 35 - 50% of the total loss is
dissipated through the flange, the larger value being in the
smaller motors. Such high figures are not uncommon as
manufactures tend to use larger cooling plates than the
standard plate sizes recommended by NEMA [22]. A motor
must de-rate if it is unable to dissipate such powers into the
deviceit is connected to.
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Fig 8: Motor with aradial fin design

Feedback Devices & I ntegrated Motors:

When an encoder is used as a feedback device then this
should be included in the model as they typically have
temperature limits of between 80°C and 100°C. The encoder
model used in Motor-CAD is shown in Figs 1 & 4. The
encoder model can also be adapted to predict the temperature
rise of control and power electronics attached to the rear of
motors in integrated motor drives[21].

Magnet Temperature Limit:

The magnet temperature is a key item to be calculated in
permanent magnet motors, especially when Nd-Fe-B magnets
are being used. This is because they are more sensitive to
demagnetisation at elevated temperatures than Sm-Co. They
aso have a larger negative temperature coefficient of
remanence which can lead to a significant reduction in
torque/amp (Kt) at high temperatures. The trend is that the
higher remanence Nd-Fe-B materials which are suited to high
power densities also have alower BH knee value so are more
prone to demagnetisation. However new grades of Nd-Fe-B
are emerging that have relatively high remanence (1.19T) and
linear 3 quadrant BH characteristics up to 180°C [25]. It is



reassuring that the magnets are somewhat isolated from the
main sources of loss (i.e. the stator copper and iron |oss), so
that under a severe overload condition, the magnet
temperature rise is much slower than that of the stator
components (Fig 11).

/¥ Motor-CAD (C:\Motor-CADADEVAD&C\Axial_Fin_160_36_6_A.mot)

File Options Defaults Help
=== u i : 3 Matar-
BHE=S 7o"% ¢ Motor Type: [5PH =] Title: [355 Hotor - 160mm diemete]
Riacial Cross Section sl Cioss Section | Winding Editor | Input Data | Sichematic | Dutput Deta | Transient Graph |
Housing:  [4sial Fins(5+) =] Mounting  [Flange =

Cowiing: Mot Fitted B
BPM Rotor: [Suface PM =

Stator Dirs Data Rotor Dins Data

Slot Number * Pole Number 6

Housing Dia 170 Magnet Thickness |5

Stalor La Bia 160 Magnet rc [ED] 140

Stator Bore 896 irgap 08

Sleave Thickness |0 Banding Thickness |0

Tooth Width 5 Shaft Dia 25

Slot Depth 23

Slot Comner Radius |2

Slot Dpering 2

Tooth Tip Depth 1

Taoth Tip Angle 40

Comer Culout [2] 40

Comer Cutout Add 170

Fin Thickness 2

Fin Pitch/Thick 5

Fin Pitch [Calc] 10

Fin Exension 5 =

Plate Height 350 Draw plate

e — Redraw F b
[ [mm (21 March 2001 [wmotor-desin cora
/¥ Motor-CAD (C:\Motor-CADADEYAD&C\Axial_Fin_B.mot) [_[Ofx]

File Opfions Defauks Help

B8 &S| 2|7 3 4|1 Motor Type: [ =] Titte: [t 7
[ Riadial Cross-Gection | Asial Cimss-Section | Winding Editor | Input Data | Sehemtc | futput Data | Transient Graph |
Housing:  [YETRNEM =] Mowning  [Flange ]
Coning:  [NotFited =]

BPM Rotor: [Suface P 7]

Stator i Data Rotor Dins Data

Slot Number 12 Pole Number 8

Housing Dia 170 Magnet Thickness__|5

Stator Lan Bia 160 Magnet rc [ED] 140

Stator Bore 796 irgap 08

Sleave Thickness |0 Banding Thickness |0

Tooth Width 13 Shaft Dia 25

Slot Depth 325

Slot Comner Radius |2

Slot Dpering 2

Tooth Tip Depth 1

Taoth Tip Angle. 30

Comer Cutout [2] |0

Fin Thickness 2

Fin Pitch/Thick 5

Fin Pitch [Cakc] 10

Fin Extension 10

Plate Height 350

Plate Width 350 Red raw ’1: B:: ::St:
|Select housing type [ [11 December 2000 [ww.mator-design cora
/ Motor-CAD (C:\Motor-CADADEYAD&C\Axial_Fin_C.mot) [_[Ofx]

File Opfions Defauks Help

B8 &S| 2|7 2 4|1 Motor Type: [ =] Titte: [t 59
[ Riadial Cross-Gection | Asial Cimss-Section | Winding Editor | Input Data | Sehemtc | futput Data | Transient Graph |
Housing  [WETHIGAM S| Mountng  [Flange =]
Coning:  [NotFited =]
BPM Rotor: [Suface P 7]

Stator i Data Rotor Dins Data
Slot Number 12 Pole Number 8
Housing Dia 170 Magnet Thickness__|5
Stator Lan Bia 160 Magnet rc [ED] 140
Stator Bore 795 airgap 08
Sleave Thickness |0 Banding Thickness |0
Tooth Width 13 Shatt Dia =
Slot Depth 325

Slot Comner Radius |2

Slot Dpering 2

Tooth Tip Depth 1

Toath Tip Angle 0

Comer Cutout [2] |30

Fin Thickness 2

Fin Pitch/Thick 5

Fin Pitch [Cakc] 10

Fin Extension 5

Plate Height 350

Flatz Width 350 Red raw ’1: B:: ::St:

[ [11 December 2000 [ww.mator-design cora

Fig 9 Examples of axial fin types available in Motor-CAD
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Transient Analysis:

When carrying out transient analysis, thermal capacitances are
connected to each of the nodes within the schematic shown in
Fig 1. Each capacitance is caculated from the specific heat
capacity and weight of the relevant motor components. The
resulting set of partial differential equations are integrated to
obtain the thermal transient characteristics.

Typica transient graphs are shown in Figs 10 & 11. Fig 10
shows the thermal transient produced when a motor is run at
constant torque until the motor reaches its steady state
temperature. It also shows the typical level of correspondence
expected between measured and calculated transient
characteristics when using Motor-CAD. It is also interesting to
note that as with most motor rating tests, the motor current
must be varied throughout the test to accommodate the torque
constant (Kt) and iron losses which both reduce as the magnets
heat up. These effects, in addition to the increase in winding
resistance with temperature and the variation in losses with
speed, are all taken account of within the program.

The transient graph shown in Fig 11 shows changes in
temperature of the different motor components when driving a
complex duty-cycle load. The duty-cycle editor used to
describe the load is shown in Fig. 12. Duty-cycle analysis is
essential in the majority of servo applicationsif the motor isto
be driven to full potential without over-heating. This is
illustrated in Figs 10 and 11 as the same motor is used for
both calculations. When run continuously at rated torque the
winding takes nearly 2 hours to reach its steady-state
temperature. However when a severe duty cycle is used to
load the machine, the same temperature is reached in around
100 seconds.
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Fig. 10: Comparison of measured and calculated thermal
transient for a small servo motor
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Fig. 11: Thermal transient for a small servo motor operating a
duty cycletypeload (load shown in Fig 12).
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Fig. 12 Duty-cycle load editor
Conclusions

This paper clearly demonstrates the advantages that can be
gained from properly analysing the thermal characteristics of
electric motors at the design stage. Motor-CAD has been
developed as atool to assist the designer in this complex and
important area of design. Some examples of how thermal
analysis can aid the miniaturisation of permanent magnet
motors have been shown, supported by data where

appropriate.
Motors-CAD transient calculation capabilities have been
demonstrated with test data. If a motor is to be driven to full

potential without over-heating, the importance of carrying out
transient duty-cycle analysis has also been shown.
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