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Abstract — In this paper the influence of the end-winding heat
transfer on the thermal analysis of induction motors is
presented. Experimental tests on two induction motor
configurations - Open Drip Proof (ODP) and Total Enclosed Fan
Cooled (TEFC) frames — are performed and the heat transfer
coefficients are determined and validated in a lumped thermal
analysis network. The cooling effect of the wafters present in the

induction motor cage end-rings is also discussed.
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I. INTRODUCTION

Thermal analysis of electric motors is in general regarded
as a more challenging area of analysis than electromagnetic
analysis in terms of the ease of constructing a model and
achieving good accuracy. This is due to the fact that many
electric motor electromagnetic problems can be reduced to a
2-dimensional problem which can be fully described using a
simple set of analytical equations, or Maxwell’s equations
when using numerical finite-element analysis [9,11]. The
thermal analysis of an electric motor is seen to be more of a
3-dimensional problem, with complex heat transfer
phenomena to solve such as heat transfer through complex
composite components like the wound slot, temperature drop
across interfaces between components and complex turbulent
air flow within the end-caps around the end-winding that
includes rotational effects. Based on experimental data,
thermal lumped equivalent networks may be successfully
used to predict the temperature rise in any part of the machine
[3-8], [10],[12-17].

II. THERMAL PROBLEMS IN INDUCTION MOTORS

Due to the large number of thermal exchanges
simultaneously active, the thermal phenomena inside an
electrical motor are very complex. Conduction, natural
convection, forced convection and radiation are all present
with a relative weight that depends on the motor cooling
system (natural convection, fan cooling, water cooling, and so
on). In addition, many heat sources are active at the same

time. As a consequence, it is not easy to split the causes and
effects in thermal exchange phenomena. The most widely
used procedure to analyze these heat transfer exchanges is the
definition of thermal networks based on lumped parameters
as shown in a rich technical literature on this topic (see
references list in [1-2]). A difficult aspect of this approach is
the correct determination of heat transfer coefficients and the
resulting thermal resistances for convection and radiation heat
transfer. When using an experimental approach to help
quantify heat transfer coefficients, the use of a standard motor
is often not the best choice, in particular when a single
thermal effect has to be analyzed [12], [13]. In fact, in
complex systems, the thermal phenomena analysis can be
simplified where, as far as possible, the heat sources can be
separately activated. In particular, when the stator winding
cooling effects are under analysis, it is convenient that only
the stator joule losses should be present and the other thermal
sources should not be active. Obviously, this condition is
particularly true when the phenomena involved in the end-
winding cooling have to be studied [6]. As a consequence, in
the proposed approach, suitable induction motor prototypes
have been built [6], [10].

III. EXPERIMENTAL DATA

Two prototypes have been built and tested to analyze
different end-winding cooling arrangements. The first
prototype is a standard 2 poles Total Enclosed Fan Cooled
(TEFC) motor (generically defined as Motor A), while the
second one is a 4 poles Open Drip Proof (ODP) motor
(generically defined as Motor B). For increasing the cooling
effects of the end-windings, some openings are present in the
main frame and in the two end-caps of this motor. Since only
the inner cooling effect on the end-winding must be active,
the external fan of Motor A has been removed.

For both prototypes the rotor laminations and the rotor
squirrel cages have been totally replaced by a nylon cylinder,
as shown in Fig.1. In order to maintain the internal ventilation
effect, the two end rings of the original rotors have been fixed
by screws on the two sides of the plastic cylinder, as seen in
Fig. 2.



TABLE I
NAME PLATE DATA OF THE PROTOTYPES

Motor # Motor A | Motor B
Enclosure type TEFC ODP
Frequency, [Hz] 60 60
Rated Voltage, [V] 230/460 230/460
Rated current, [A] 8.0/4.0 13.4/6.7

Pole number 2 4

Rated speed, [rpm] 3530 1760
Rated efficiency, [%] 88.5 87.5
Endwinding over-length, [mm] * 48 45
Endwinding perimeter, [mm] ** 108 90
Endwinding average diameter [mm] 145 150

* Over length from the lamination of a single endwinding in axial direction
** Perimeter of the endwinding cross section

The plastic rotor diameter has the same value as the
original one. The rated data of the two prototypes are reported
in Table 1. Fig. 3 shows the TEFC Motor A on the left side
and the ODP Motor B in the right side. In the bigger rotor
(Motor B), very long end ring wafters are adopted (as evident
in Fig.l) to improve the end-windings ventilation.
Conversely, the smaller rotor (Motor A) has regular end ring
wafters, as usually adopted in this machine type.

The two motors are not monitored by thermal sensors, but
the winding temperatures is estimated from rise in phase
resistance value while the stator lamination temperature can
be measured by a digital thermometer through a hole
available inside the terminal box for both the motors. Due to
the plastic rotors, the two motors cannot rotate by themselves,
so the two rotors are mechanically connected to an industrial
TEFC induction motor (generically called “Drive Motor”)
using the mechanical output shafts of this machine. In
particular, the regular output shaft is connected to one motor
under test while the shaft on the other side is connected to the
second prototype removing the external fan and cowling of
the Drive Motor. In Fig.4, the complete test bench is shown.
The two motors under test have both been connected to the
Drive Motor because this configuration allows performing the
thermal tests on the two machines at the same time, halving
the number of tests. In order to introduce a high thermal
resistance between the three shafts, the two mechanical joints
have been realized using a simple rubber water-pipe. This
joint does not present problems because only a very small
torque, due to the mechanical losses, is involved. In addition,
the rubber water-pipe joints introduce a thermal
disconnection, reducing the thermal flux from one motor to
the other. As a consequence, the three motors can be
considered thermally decoupled. This configuration
minimizes the ventilation effects on the prototype endcaps
that could be introduced by traditional mechanical joints.

In order to increase the thermal decoupling, a plastic
barrier is introduced between the Drive Motor and Motor A,
as shown in Fig.4. The aim of the plastic barrier is to stop the
air flow produced by Motor B versus Motor A.

Fig.1: Prototype plastic rotors
(Motor A lower and Motor B upper).

Fig. 4: Test bench with the two motors under test
(Motor B in TEFC configuration)

An inverter is used to supply the Drive Motor, in order to
impose the requested speed to the two plastic rotors. The test



bench has been positioned in a room with ambient
temperature variation lower than 2 °C throughout the day.
The test rig has been position on a wood support to reduce the
thermal exchange through the motor feet.

Using the previously described test bench the following
tests have been performed on each prototype:

e Thermal test with a DC supply connecting the three
windings in series and with the rotor still. This test is the
reference condition for the thermal models set up.

e Thermal test with a DC supply connecting the three
windings in series and with the rotor running at constant
speed imposed by the Drive Motor. In particular the
following mechanical speeds have been considered: 250,
500, 750, 1000, 1500, 2000, and 2500 rpm.

Several experimental tests have been performed in order
to investigate and quantify the influence of different cooling
arrangements on the end-winding — motor frame thermal
exchanges. In particular, in order to provide evidence of the
cooling effects due to the enclosure type, Motor B has been
tested both in ODP configuration and in TEFC configuration
(closing all the frame and end caps openings with a plastic
tape, Fig.4). Also, in order to provide evidence of the cooling
effects due to the end ring wafters, both Motor A and motor B
in TEFC configuration have been tested with end rings
mounted on the plastic cylinder and without end rings fixed
on the plastic cylinder.

It is important to remark that removing the end rings from
the plastic cylinder would drastically reduce the inner
ventilation effects.

The use of a DC supply involves stator joule losses only,
simplifying the thermal analysis. In fact, with a sinusoidal
supply, the loss contribution values are not known accurately
and the loss separation is made following international
standards. In DC supply conditions the thermal system is
more obvious and an easier thermal analysis can be adopted.
In addition, knowing the winding resistance at a reference
temperature, with a DC supply the ratio between the voltage
and current allows continuous monitoring of the winding
temperature during the temperature test.

In order to avoid motor damage, the DC supply voltage
for the two motors has been chosen to inject an appropriate
constant DC power of 100 W for Motor A and 150 W for
Motor B. These powers lead to an increased temperature rise
(about 70-80 °C for both prototypes) compatible with the
motor insulation class. It is important to remember that during
the tests the prototypes are without any type of external
ventilation.

In the tests, the stator winding, stator lamination and
external motor frame temperatures have been measured in
thermal steady state condition, together with the ambient
temperature. The external motor frame temperature is the
average values of 25 measured temperatures on the main
frame and on the end caps, as described in [10].

IV. THERMAL MODELS

The two prototypes are modeled in a lumped thermal
network model [18]. This included the nylon rotor and fixed
values of stator copper losses for the two motors. Based on
the geometrical dimensions and material properties (Figs. 5-
6), equivalent thermal resistances corresponding to the
conduction heat transfer are calculated. The convection heat
transfer is modeled via thermal resistances calculated using
best available correlations in the literature.

The heat transfer coefficient for all surfaces within the
endcaps is calculated using Schubert’s expression which is
detailed in [19]:

h=15[1+(0.4v)" | ()

It has a natural convection term and a forced convection
component that is a function of the peripheral air velocity (v
in m/s).
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Fig. 5 Cross-section (a) and axial view (b) of Motor A in thermal model

mm 10June2010  www. 9




{73 Motor-CAD v5.3.13.22 (G Rezearch\ documentation CHUNTAC|ECCE 207012877 hic torino 150W.moi]- BETA RELEACE ]

Ele MotorType Options Defautts Editors View Results Tools Help

9 Scheneii | & Tonpotaes | = OuputDeta | 2% Trarsion | il Gicut Edie | 53 Serstiviy | €. Scipng | 28 Fon]

E s | [ e

Housing: Round ¥ | Mounting: | Not Mounted v
Sl Type: [Potall Tooth =] StatorDucts{None B
TopBa:  [Rectongular =] RoorDucts: [None =
Battom Bar. | Rectangular -

Sttor D, Das | | RotorDims. Dae
SN 65 FotorBas
Housing Dia 138323 Bar Opening [T] 0.254
Stator Lam Dia 189,941 Bar Opening Depth [T] |0.3048
Stator Bore: 12065 Bar Depth [T] 2464
Tooth Width 5.207 Bar Width [T] 3302

Slot Depth 18.7198 Bar Tip Angle [T] 4353

Slot Corner Radius 3,942 Bar Opening [B] 1.524

Slot Dpening 2657 Bar Opering Depth 8] [3.302
Tooth TpDepth  [1016 Bar Depth 8] 1458
Tooth Tip Angle 295 Bar Width [B] 2651

Slesve Thickness [0 ‘igap 03556

Bonding Thickness |0

ShatDn EH
Draw plate

Shaf ol Dt [0 l Redraw l S
Lengtn 010702023 51 June 2010w motor-desgn com

(@)
R e e G S eSSy

Ele Options Defaults Editors View Besults Tools Help

ANEE) Motor Type: (=] Tite: bsastionr
Radial Cross Section | [ Avial Cross SectionWinding E ta| Schematic | Nods Temperatures | Output Data | Transient Graph | Cicuit Editor | Sensiiviy | Scipting |
it Covi NPt ahock
Conire. [NtFtad__] ot g 3
RadilDins.___[Dats__ || AvsiDims. Das
T (e
Housing Step [F] [0 Stator Lam Length 32,075
Housing Step [R] [0 FRotor Lam Length 92.075
Serlanblo [ 658 | Sawibion o
Sorboe |05 | Fomhoe o
Airgap 0.3856 EWdg Overhang [F] |26
Banding Thickness [0 Ewdg Overhang [R] |26
WigEerdon ] |1
WigEerdon |1
Endcap Length [F] 22226
Endeoplengh PT_[22225
Endcap Thickness [F] [22.225
Endcap Thickness [R]|22.225
EndroThikoess |54
Vatelogh o175
Vterbeph g |8
Shaft Extension [F] |53
Shaft Extension [R] [0
besawiantl |10
BesgwiahFl |10
Besng a0
T

Slesve Thiskness |0
End Ring Inner Add 2153
Walter Thickness_| 3302
Waltertumber |9
ShaftDia 018
Shaft Dia ] w1782
Shat Dia [A] w1752
Shatt Hole Diameter| 0

Flange Extension |0
Wdg Add [DuterF] |0
Wdg Add [Duter ] |0
0
0

Wdg Add [iner FI
Wdg Addlinner R
Ew/dg Insulston [F] 0
Ew/dg Insuston [F]| 0

Bearing Dia [F] 43 Draw full plate

:‘ — ol e

BearngDiaF]__|49 l Redraw l Drawfuilbase
Lengtn (s2559615) mn 10June 2010 wwwemotor-design.com

(®)
Fig. 6 Cross-section (a) and axial view (b) of Motor A in thermal model
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Fig. 7 Thermal network for Motor A

Figs. 7 and 8 show the equivalent thermal network for
Motor A and Motor B respectively. As expected the hottest
point in each motor under the specific DC tests is the end-
winding.

In a TEFC configuration as in motor A the local air
velocity over the end-winding surfaces is related to the rotor
peripheral velocity which is a function of the rotational speed.
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Fig. 8 Thermal network for Motor B

End-Winding Fanning Factor (Fig. 10) is used to relate the
magnitude of rotational air velocity in the end-caps to the
rotor peripheral velocity. If the internal fan is large the
internal air velocity will be close to the rotor peripheral
velocity and the end-winding fanning factor is 1. If there is no
internal fan and the ends of the rotor are smooth the internal
air velocity will be much less and the end-winding fanning
factor will be closer to 0. Values of end-winding fanning
factor equal to 0.8 and 1.0 were used for motors A and B
respectively. A larger value was used for motor B as it has
larger wafters incorporated into the rotor end rings.

A small amount of heat transfer is due to the radiation and
both prototypes have painted surfaces with an emissivity
factor of 0.9.

V. DISCUSSIONS
A. TEFC Motor Results

Fig. 9 shows the stator winding, stator iron and motor
frame steady state temperature rise versus the rotor speed for
Motor A. The small rise in temperature of the motor frame at
high speed is due to the increase of the bearing mechanical
losses and the increase of the ventilation losses inside the
closed end caps. Since this loss contribution is small and it
cannot be measured with the used test bench, it has been
neglected.
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Fig. 9 Predicted and measured winding, stator lamination and frame
temperature rise versus the rotor speed (Motor A)
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Fig. 10 Motor A winding temperature rise versus the selection of the end
winding fanning factor
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Fig. 11 End-winding — motor frame equivalent heat transfer coefficient for
the Motor A: (a) with end rings, (b) without end rings.

The heat transfer coefficients between the end-winding
and the motor frame have been evaluated as reported in [10].
The obtained results are shown in Fig.11 where the equivalent
(taking into account natural convection, radiation and forced
convection phenomena in the inner air end regions) heat
transfer coefficients as function of the peripheral rotor
velocity are reported.

One can note the essential role of the end-ring wafters in
increasing the end-winding — frame heat transfer coefficient.
For this specific example the peripheral rotor velocity
corresponding to the motor rated speed is around 10m/s. The
heat transfer coefficient will increase from 24W/m*/°C to 48
W/m*/°C when the end-ring wafters are present.

B. ODP Motor Results

Motor B was tested in three different conditions. In the
figures concerning this machine three letters are used to
identify the test type:

(a) Motor B with open frame openings and with end rings
(original ODP configuration, Fig.3),

(b) Motor B with closed frame openings, TEFC, (Fig.4)
and with end rings positioned on the plastic rotor (Fig.1)

(c) Motor B with the frame openings closed, TEFC,
(Fig.4) and the end rings removed by the plastic cylinder
(Fig.2).
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Fig. 12 Predicted and measured winding, stator lamination and frame
temperature rise versus the rotor speed (Motor B — ODP configuration)
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Fig. 13 Measured stator winding temperature rise for the Motor B: (a) ODP,
(b) TEFC, (c) TEFC without end rings.
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Fig. 14 Measured motor frame temperature rise for the Motor B: (a) ODP, (b)
TEFC, (¢) TEFC without end rings.
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Fig. 15 Predicted internal ambient as a function of rotor speed for Motor B
(ODP configuration)
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Fig. 16 End-winding — motor frame equivalent heat transfer coefficient for
the Motor B: (a) ODP, (b) TEFC, (c) TEFC without end rings.

Fig. 12 shows the stator winding, stator iron and motor
frame steady state temperature rise versus the rotor speed for
Motor B. There is an important temperature drop when the
rotor speed is increasing, i.e. from 70°C to 20°C temperature
rise in the stator winding when rotor speed increases from
standstill to 2500rpm.

The effects of the changing from ODP to TEFC enclosure
type are shown in Fig.13 and Fig.14, where the measured
stator winding and motor frame temperatures are reported as a
function of the rotational speed. It is interesting to observe
that with the rotor at standstill and TEFC configuration, both
the stator winding and the motor frame temperature increase
with approximately 12°C with respect to the original frame
configuration. This is explained by the fact that certain
amount of air enters end-caps even at zero speed leading to a
reduction in air temperature.

Motor B in ODP configuration has opening in the end-
caps. These openings have two major cooling effects which
are taken account of in the thermal model:

e The effect of the external air entering the machine
reducing the internal ambient. The amount of air entering
the machine is proportional to the rotational speed
according to fan scaling laws. In this case the fan forcing
air into the machine is attached to the rotor by way of
wafters on the end rings. The predicted internal air
temperature in the machine as a function of rotational
speed is shown in Fig 15.

® The increase in air velocity over end winding and internal
surfaces of the end-caps and housing due to air entering
the machine. The local velocity over a surface is a
function of the air entering the machine and the rotational
velocity.

The ODP motor is more complex to model accurately than
the TEFC machine as it is necessary to estimate the volume
flow rate entering the machine at one rotor speed. The volume
flow rate at other speed is calculated assuming flow is
proportional to speed as indicated by fan scaling laws.

The equivalent heat transfer coefficient as a function of
the peripheral rotor velocity is shown in Fig. 16.

Similar to the case of Motor A, one can note the essential
role of the end-ring wafters in increasing the end-winding —
frame heat transfer coefficient. For Motor B the peripheral
rotor velocity corresponding to the motor rated speed is
around 6my/s.

C. Forced Heat Transfer Coefficients
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Fig. 17 Estimated end-winding — motor frame forced convection heat transfer
coefficient for the Motor A: (a) with end rings, (b) without end rings.
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Fig. 18 Estimated end-winding — motor frame forced convection heat transfer
coefficient for the Motor B: (a) ODP, (b) TEFC, (c¢) TEFC without end rings.

Figs. 17 and 18 show the estimated values of the forced
convection heat transfer coefficients for Motor A and Motor
B respectively.

Comparing the results in Fig.18 it is important to observe
that the heat transfer coefficient values for the (c) case (Motor
B in TEFC configuration without the end rings) are
practically equal to the values estimated for Motor A without
the end rings (line (b) in Fig.17) and they are practically
negligible.

The slope of the regression line for Motor B in TEFC
configuration with end rings (line (b) in Fig. 18) is slightly
steeper than the slope of the regression line for Motor A with
end rings (line (a) in Fig.17). This result is coherent with the
presence of longer end-ring wafters for motor B, as shown in
Fig.1. Also, the ODP configuration leads to a considerable
increase in the forced convection heat transfer coefficient as
compared to TEFC configuration, i.e. 120W/m*/°C vs. 48
W/m’/°C.



C. Literature Result Comparison

The heat transfer phenomena in the end region of TEFC
induction motors have been subject of several studies, which
proposed the use of the following general formulation for the
related equivalent heat transfer coefficient:

h=ky Lk 3] ?)

Where: k,, k, and k; are curve fit coefficients, and v is the
peripheral air velocity for the surface under consideration
[13]-[17].

Previously published data are in the region delimited by
the two continuous curves reported in Fig.19. The same figure
shows the position of the obtained equivalent end-winding -
motor frame heat transfer coefficients for Motor A and Motor
B in TEFC configuration. There is good agreement between
the results obtained and those from literature.

Another more detailed comparison is given in Fig. 20,
where the estimated equivalent heat transfer coefficient for
Motor A (TEFC) is plotted together with various expressions
available in the literature. The thermal model described in
Section IV is using the Shubert (EW) variation of the heat
transfer coefficient with peripheral air velocity.
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Fig. 19 Comparison between the obtained equivalent convection heat transfer
coefficients for the two prototypes (TEFC configuration) and the upper and
lower limit values reported in literature.
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Fig. 20 Comparison between the obtained equivalent convection heat transfer
coefficients for the Motor A and the values reported in literature.

We can observe a very good correlation with estimated
values. The heat transfer coefficient tests have some

uncertainty due to the estimation of end-windings and end
space air cooling temperature and due to the split between
active and end-winding cooling ratio. Given these
uncertainties, a good agreement between measured and
estimated temperatures is achieved for the whole rotor speed
range.

VI. CONCLUSIONS

This paper presents the effect of different cooling
arrangements for induction motor end-windings. In particular,
the impact of the frame openings and of the rotor end-ring
wafters on the end-winding cooling is analyzed and
quantified by means of two prototypes with specially made
nylon rotors. The measured temperature rise is used to
estimate the heat transfer coefficients concerning the thermal
transfer between end-windings and external frame, with
respect to the considered cooling arrangements. Measured
results are compared with calculated results via thermal
networks. A satisfactory agreement test data versus calculated
data may be obtained by using a heat transfer coefficient
available in the literature, i.e. Schubert equation. The reported
results confirm the reliability of the proposed experimental
approach and allow the calculation of the equivalent or forced
convection heat transfer coefficients to be used in electrical
motor thermal networks.
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