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Abstract—Modeling of convection heat-transfer at
the end-windings for thermal networks using lumped-
parameters has been widely discussed in the literature.
Unfortunately, the resulting coefficients are highly
influenced by the end-winding shape, the area in the
vicinity of the end-windings, the cooling method of this
region (if any), as well by the size and power of the machine.
This makes extremely difficult for the designer to choose
a suitable coefficient for the thermal analysis during the
design stage of an electric motor. A methodology to obtain
the end-windings convection heat-transfer coefficients for
fractional-slot concentrated winding permanent-magnet
synchronous motors is proposed in this paper. Machine
designs with both internal and external rotors will be
considered. The experimental tests required for the
model characterization are described in detail. General
expressions of the convection heat-transfer coefficients
between the end-windings and the housing end-caps are
proposed for both internal and external rotor designs.
Differences observed with results reported in the literature
are also discussed.

Index Terms—Permanent-magnet machines, fractional-
slot concentrated winding, thermal analysis, lumped-
parameter thermal network, end-space convection heat-
transfer, end-winding cooling.

[. INTRODUCTION

ERMANENT-MAGNET synchronous machines
P(PMSMS) with fractional-slot concentrated windings
(FSCW) have already been employed in electric and hybrid
propulsion vehicles due to their high torque density, high
efficiency, low torque ripple, good flux-weakening capability
and inherent fault-tolerance [1]-[3]. On the other hand,
external rotor designs can be beneficial for in-wheel motor
topologies for electric vehicles [4], [S] and modern lightweight
vehicles, such as electric bicycles [6], [7].
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Thermal analysis is a mandatory during the design process
of an electric machine, especially in applications in which the
machine is expected to operate at its temperature limits. A
precise understanding of the heat-transfer phenomenon within
the electric motor will enable performance improvements,
volume reduction, etc. Traditionally the design was based on
generic equations in which, for a given air-gap volume, the
designer defined electric and magnetic constraints based on
previous experiences [8]. This often resulted in large errors
in the estimation of the thermal behavior of the machine.
Advances in computers over the last years have resulted in
powerful tools for the thermal analysis of electric machines.
Available methods can be grouped into two major categories:
analytical lumped-parameter thermal networks (LPTN) and
numerical methods. The last group can be divided into finite-
element methods (FEM) and computational fluid dynamics
(CFD). An exhaustive review of both approaches can be found
in [9].

Choosing between LPTN and numerical methods involve
both computational requirements and accuracy aspects. Ana-
Iytical LPTN models are relatively simple, enabling therefore
the thermal characterization of multiple design options [10],
[11]. On the contrary, numerical methods can provide much
more detailed results, but its use must be limited to a few
design options due to the increased computational (and there-
fore time) requirements [3], [12]-[16]. A mix between both
approaches is efficiently implemented in [17], where A LPTN
model of the complete machine is complemented with specific
CFD/FEM simulations. Due to numerical methods being high
time-consuming, even with advancement in computers, they
are not the preferred solution during initial design stages of
electric motors. In this context, this paper is focused on the
accuracy improvement of LPTN methods.

A pioneering work describing the detailed LPTN model of
the whole electric machine was published by Mellor in 1991
[10]. The method used thermal resistances derived from purely
geometric information, thermal properties of the materials and
heat-transfer coefficients. Thermal resistances modelled the
three physical heat-transfer mechanisms between the different
elements of the machine: conduction, convection and radiation.
The accuracy of the method analysis is highly dependent
on the quality of the models used for characterizing these
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phenomena. Following this pioneering work, there has been
an intensive research aimed to improve the accuracy of the
models structure and parameters, a thorough review can be
found in [18]. Inverse thermal modelling techniques have been
widely use for the identification of lumped parameters of
thermal models [19] and accuracy improvements of FEM com-
putations [20]. However, despite of these efforts, some heat-
transfer coefficients still suffer from significant uncertainty.
More specifically, modeling convection at the end-windings
remains to be properly solved, due to the difficulties intrinsic
to geometries involved as well as to uncertainties modeling
the air flow in the surroundings.

End-windings are usually the hottest spots in an electric
machine. High performance electric motors may employ spe-
cific cooling methods for the end-windings [21], [22]. For
the case of industrial induction machines, fins attached to the
rotor short-circuit rings (usually known as wafters) have been
traditionally employed in totally enclosed designs to boost the
airflow within the end-space region [13], [14]. This reduces
the risk of irreversible damage of the insulation of the copper,
but this is at the expense of increasing the windage losses.
Several authors have addressed characterization of the heat-
transfer within the end-space region. Methods reported in
[13]-[16] are based on numerical approaches being therefore
beyond the scope of this paper. Earlier, Schubert [23] pro-
posed an empirical correlation for the convection heat-transfer
coefficient in totally enclosed motors as a function of the
inner air velocity v (1), where k; accounts for the natural
convection and radiation of the end-windings when the motor
is at standstill, and ko and k3 account for the impact airflow
due to the rotation of the machine in the end-space region.
Selection of air velocity is not trivial, often it is assumed to
be equal to the peripheral speed of the rotor. The approach in
(1) is widely used nowadays.

h=ky [1+ koo™] . (1)

In [24], [25] Boglietti et al. proposed different coefficients
for (1) based on experimental tests obtained for various designs
with totally enclosed fan-cooled (TEFC) induction motors, as
well as for an open drip proof (ODP) induction motor.

All the preceding discussion was for induction machines.
Since PMSMs present relatively low rotor losses, no wafters
are normally placed at the rotor ends. Considering that the
moving air at the end-space is highly influenced by rotor
wafters, it is evident that the heat-transfer coefficients reported
for induction machines [23]-[25] cannot be applied directly to
the case of PMSMs with a smooth rotor.

To the best of our knowledge, the first study of the end-
winding thermal behavior for PMSMs with smooth rotors,
i.e. without wafters, was released in 2017 [3]. This work
studied the heat-transfer in the end-regions of an integrated
starter generator using numerical CFD methods, and provided
the coefficients for (1) for each surface of the end-winding
cavity. However, no information is provided regarding how
these coefficients should be combined (averaged) to obtain an
equivalent model of the whole end-winding.

The main objective of this paper is to obtain the generalized
coefficients which are required for the use of (1) with PMSMs
with smooth rotors, when no specific end-winding cooling
methods are employed, which comprise the majority of the
electric motors employed in actual electric/hybrid vehicles
[26]. Machines with internal rotor (IR) and external rotor
(ER) will be considered. Furthermore, the study will include
a comparative analysis between PMSMs without wafters and
induction motors with wafters for completeness.

The paper is organized as follows. Section II introduces
LPTN thermal models. The design of the motor prototypes
used in this study is presented in Section III. Characterization
of the LPTN is addressed in Section IV, characterization of
the end-space heat convection, including experimental results,
being presented in Section V. Finally, conclusions of this work
are discussed in Section VI.

Il. ELECTRIC MACHINE THERMAL MODEL

This section describes the LPTN models. Two three-phase
PMSM prototypes with IR and ER will be considered. Both
machines have the same ratings.

A. Basic Principles of Heat-Transfer

LPTN models should comprise the three physical heat
transfer principles: conduction, convection and radiation. Con-
duction is the principal heat transfer mechanism in solid
materials, the thermal resistance being given by (2), where
l is the length across the heat propagation direction, k the
thermal conductivity of the material and A the cross-section
area perpendicular to the propagation direction.

o
Riheona = A (2)

In cylindrical components the conduction thermal resistance
is of the form shown in (3), where r is the outer radius, r; the
inner radius and L the length of the element perpendicular to
the propagation direction. « is the angle of the circular sector,
which is 27 for complete cylinders.

In <T2>
1
=—7 3
kanL )
Convection heat transfer occurs in fluids and gases, where
particles can change their position. Convection can be natural
or forced, both being modeled by (4), where h is the con-

vection heat transfer coefficient and A the surface area of the
element involved in the convection.

1
cone = 77 4)
Radiation is the energy emitted by any physical body
because of its temperature. The equivalent thermal resistance
associated with the radiation process is given by (5).

R,

cond

R,

T-T,
R = 5
thead T G (TT—TLY A’ ®)
where 7' is the body absolute temperature, 75, the temperature
of the surrounding bodies or ambient, o the Stefan-Boltzmann
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Fig. 1. Lumped-parameter thermal network of the IR motor. Resistances
crossed by diagonal line indicate that the thermal path corresponds
partially or totally by convection through the air (see Table | for details).

Ambient

Fig. 2. Lumped-parameter thermal network of the ER motor.

constant (o = 5.67 - 1078 W/(m?K*)), ¢ the emissivity fac-
tor of the radiative surface and A its area.

B. Lumped-Parameter Thermal Network

Fig. 1 and Fig. 2 show the corresponding LPTN. In order
to simplify the model, elements with similar temperatures and
thermal behavior are combined in the same node, e.g., all teeth
are represented by a single node, therefore average temperature
of the elements are just considered. As shown in the figures,
nodes being considered in the model are: motor housing, stator
yoke, teeth, slot-winding, end-winding, end-space, magnets,
and bearings. The model has axial symmetry, and is symmetric
with respect to a horizontal containing the shaft as well.
With these assumptions the LPTN is simplified considerably
without compromising the accuracy of the model. Only the
steady state temperatures are considered; consequently thermal
capacitances are not included. Table I lists the resistances
included in the models.

Stator core losses are divided into stator yoke losses Prey
and teeth losses Pre . Winding losses are split into slot-
winding losses (i.e. copper inserted in the stator slots) Py s
and end-winding losses Py cw. Copper loss distribution be-
tween slot/end-winding is estimated based on the correspond-

TABLE |
THERMAL RESISTANCES INCLUDED IN THE LPTNS
Common |y .t transfer path ts for:
IR and ER eat transfer path accounts for:
Ramb - Housing to ambient convection/radiation resistance
[271/(5).
Rwe * End-winding convection resistance with internal air.
Ren * End-cap convection resistance with the internal air.
Rw - Coil copper conduction resistance for the embedded
section (2).
Riw 1 Equivalent resistance between coil, insulation and stator
teeth.
- Magnet conduction resistance (half magnet height) (3).
Rtm - Air-gap convection resistance. [28]
- Stator teeth conduction resistance (half tooth height) (2).
R - Stator teeth conduction resistance (half tooth height) (2).
R - Stator yoke conduction resistance (half yoke height) (3).
Rpn - Bearings equivalent resistance [28].
Sp eclﬁ? IR Heat transfer path accounts for:
machine
- Stator yoke conduction resistance (half yoke height) (3).
Ryn 1 Housing-stator yoke contact resistance.
- Housing conduction resistance (3).
- Magnet conduction resistance (half magnet height) (3).
- Rotor yoke conduction resistance (3).
R - Shaft conduction resistance (2) (3).
- Bearings equivalent resistance. [28]
Specnﬁc‘ ER Heat transfer path accounts for:
machine
- Magnet conduction resistance (half magnet height) (3).
1 Adhesive epoxy layer between magnets and rotor.
Ron - Rotor yoke conduction resistance (3).
1 Housing-rotor yoke contact resistance.
- Housing conduction resistance (3).
- Stator yoke conduction resistance (half yoke height) (3).
Ry, - Bearings equivalent resistance. [28]
- Shaft conduction resistance (2) (3).

* Denotes heat paths involved in the end-space convection.
t Denotes heat paths affected by the manufacturing process.

ing volumes, with a share of 47.3/52.7% for the IR and
51.2/48.8% for the ER. The heat produced by mechanical
losses Ppecn is assumed to occur in the bearings. Prpag
represents the magnet losses. As can be seen in Table I, some
thermal resistances account for more than one element in the
conduction/convection heat path. For each element in Table
I the corresponding equation number as well as examples
in the existing literature are provided. Resistances crossed
by a diagonal line indicate that convection through the air
is involved. The most relevant difference between the two
networks is in the location of convection resistances. It is
noted that air presents considerably higher thermal resistance
compared to the other elements in the heat paths. In the IR
motor, the stator is assembled to the motor housing, providing
a relatively low thermal resistance path to ambient. On the
other hand, in the ER motor, there is an air-gap layer between
the stator and the rotor assembled to the housing, stator heat
dissipation through this path being problematic.
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Fig. 3. Thermal resistance model for the convection heat transfer
through the end-space. Details of the geometry and dimensions of the
housing and end-cap involved are also shown.

While it is relatively straightforward to estimate most of
the resistances included in Table I with reasonable accuracy,
it can be challenging in some cases, e.g. when the heat path
depend on the manufacturing process of the machine (marked
with ’1* in Table I), or when the heat transmission is by means
of convection in the end-space (marked with ** in Table I).
Prior to the analysis of the end-space convection, a number
of experimental tests (see Section IV) had been carried out
in order to precisely characterize the aforementioned thermal
resistances.

C. End-space heat convection modeling

In the approach proposed in this paper, heat convection
through the air within the machine is modeled using two
thermal resistances in series between the end-windings and
the housing end-cap as shown in Fig. 3. Stator and rotor
iron heat convection through the end-space is neglected. The
reason is that their temperature is considerably lower than that
of the end-windings, meaning most of heat dissipation at the
end-space will occur at the end-winding. It is also desirable
to keep the LPTN as simple as possible, as adding more
convection thermal resistances would considerably increase the
complexity of the proposed fitting method with a very modest
impact on the overall accuracy.

Surface areas to be considered include the end-winding on
one side, and motor housing and end-cap on the other. Motor
housing and end-cap areas can be approached as a cylinder and
a disk respectively as shown in (6) (see Fig. 3 for details).

Ace =2(m 12+ 27  Teclec) - (6)

The reduction of the end-cap surface areas due to the rotor
shaft has been neglected in (6). Also the end-cap has been
modeled as a totally flat surface, while often it is slightly
curved. It is noted that the two simplifications introduced in
(6) have opposite effects, and therefore compensate to each
other to a certain extent.

Fig. 4. Details of the geometry and dimensions of the end-winding in a
FSCW.

TABLE Il
FSCW PMSM DESIGN CONSTRAINTS

Number of stator slots 12
Number of pole pairs 5
Active stack length 50 mm
External diameter 274 mm
Airgap height 2 mm
Magnet arc 85 %

Fundamental airgap flux density peak | 1T

Total electric load 16.5 kA/m
Slot RMS current density 3 A/mm?
Rated speed 1080 rpm

End-windings usually have a relatively complex geometry,
getting and estimate of the effective surface area involved in
the convection being more difficult. However, for a case of
machines with FSCW, the problem simplifies significantly, as
there is no interference among conductors of different phases
or slots. In this work the end-winding surface area has been
approached as (7), which takes into consideration the thickness
of the coil, i.e. 734 — 1sj, and the ratio between the total length
of the end-winding for the concentrated winding case e, and
the slot pitch 74 (see Fig. 4).

Aew =21 (rl —12) li—w . @)

It is noted that both (6) and (7) are multiplied by two to

account for the axial symmetry of the machine. It is finally

noted that (7) is valid for the concentrated windings case

shown in Fig. 5 and Fig. 6. Other end-winding geometries
might require a different approach.

[1l. ELECTRIC MOTOR PROTOTYPES

Two electric motors with IR and ER have been built to
validate the proposed thermal model. Both are three-phase
surface-mounted PMSMs with a 10-pole/12-slot configuration
and FSCW. Both machines have been sized according to
design constraints shown in Table II. Design details for both
prototypes affecting to end-space convection heat-transfer are
shown in Table III. Further details on the designs can be found
in [29].



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

TABLE IlI
MAIN DATA OF THE PROTOTYPES

| IR&ER
External diameter (housing), [mm] 294
External length (housing), [mm] 150
Rotor stack length, [mm] 50
End-cap radius (rec), [mm] 132.5
End-cap length (lec), [mm] 40

| IR | ER
Rated power, [kW] 3.6 4.5
Rotor (air-gap) radius, [mm] 99 114
Slot top radius (7ss), [mm] 123.7 109.5
Slot bottom radius (rs;), [mm] 103.5 69.5
Slot pitch (75), [mm] 42.8 36.6
End-winding length (lew), [mm] 55.7 47.6
Number of turns/phase 248 228
Conductor diameter/parallel, [mm] 0.5x8 | 0.56x8

3 x Housing
1 x End-space
2 x Stator yoke

\ e
. 4% A 6 x End-winding
\

2= 6 x Slot-winding
Fig. 5. IR prototype without housing end-caps and thermocouple
distribution.

End-windings in FSCW designs are considerably reduced
compared to standard winding configurations. A shorter end-
winding implies a decrease in the phase resistance, and
therefore in the copper loss, but also a reduction of the area
available to dissipate heat through the internal air of the
machine. Moreover, the rotors of the prototypes are smooth, in
contrast to traditional industrial motors that have wafters, what
reduces the air flow considerably. End-windings will therefore
dissipate less heat compared to machines with standard wind-
ings and rotor wafters.

A picture of the prototypes without the housing end-caps is
presented in Fig. 5 and Fig. 6 for the IR and ER, respectively.
Both machines are totally enclosed by a cylindrical aluminium
housing, with no wafters or additional cooling systems. Heat
dissipation occurs exclusively by natural convection. However,
in the case of the ER machine, where the rotor is placed in
the external side of the structure, the housing rotates at the
rotor speed. The cooling can be considered therefore as forced
convection with an equivalent air speed equal to the peripheral
speed of the machine.

Machines’ temperatures were measured using several T-
type thermocouples distributed along the end-windings, slot-
windings, stator yoke, housing, and end-space air. These
locations correspond to nodes of the LPTN. For the particular
case of the ER motor, thermocouples were also placed attached

T 3x Housing
- 1 x End-space
* 2 x Stator yoke
3 x Magnet

6 x End-winding

6 x Slot-winding

Fig. 6.
distribution.

ER prototype without housing end-caps and thermocouple

i

Ambient e
thermocouple |\

Fig. 7. Test-bench setup with both motor prototypes.

at the magnets. Thermocouples distribution is shown in Fig.
5 and Fig. 6. Acquisition was performed using an Agilent
34970A datalogger. Temperatures shown in this paper are the
average value of all the measurements belonging to a LPTN
node.

Both motors were connected in the test-bench in a back-
to-back configuration, as shown in Fig. 7. Each machine is
fed by an ABB commercial drive. Torque is measured with
a HBM T22 torque transducer, while all electrical variables
are captured using a Yokogawa WT1600 wattmeter. All signal
processing is implemented in Matlab.

IV. LUMPED-PARAMETER THERMAL NETWORK
CHARACTERIZATION

Previous to characterizing the end-space convection heat-
transfer coefficients, a precise model of the other elements
involved in LPTN circuits is required. The following losses
sources must be measured for this purpose: Joule losses in the
end-winding and slot-winding; iron losses in the stator yoke
and teeth; magnet losses and mechanical losses (see Fig. 1 and
Fig. 2). Thermal resistances subjected to uncertainty due to the
manufacturing process (marked with ’{” in Table I) must also
be estimated. Once this is accomplished, the only unknown
variables in the model will be the end-space related thermal
resistances Ry and R.}. Three types of tests are proposed to
characterize all these elements:

e DC test
e Open circuit test
o Load test
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Fig. 8. Test diagram for the characterization of the end-space convection
heat-transfer coefficients.

Fig. 8 summarizes the process for the characterization of the
end-space convection heat-transfer coefficient. Tests details are
explained in the following subsections.

A. DC test

This test applies a DC power to the stator windings, with
the rotor at standstill. Power is controlled to be 80 W for
the IR machine and 60 W for the ER machine. The reason
for the lower power for the ER case is its reduced capability
to dissipate windings heat. Power is applied until the motors
reach steady-state temperature. Steady-state is assumed when
the temperature increase of end-windings is lower than 0.5°C
in an hour. The results from this test reflect the natural
convection between the end-windings and the housing end-
caps, which is connected to coefficient k£ in (1).

In this test all heat is due to copper losses, what significantly
simplifies LPTN analysis. Phase windings resistance can be
easily and accurately measured from the applied voltage and
the circulating current. Also thermal resistances which depend
on the manufacturing process can be accurately calculated;
these resistances are assumed to remain constant for all the
tests, independent of motor speed and torque. Finally, end-
space heat-transfer by means of convection when the motor is
still can be characterized.

Input power and measured temperatures feed the models in
Fig. 1 and Fig. 2, unknown thermal resistances marked with
> and * in Table I being adjusted by means of nonlinear
least-squares regression, implemented in MATLAB using the
nlinfit function. The goal of the fitting being to minimise the
error between the estimated temperatures in the models and
the measured temperatures. Table IV and Table V show the
temperature increase with respect to the ambient temperature,
and the characterized resistances, respectively. Bearings, teeth
and magnets (in the case of the IR motor) temperatures are not
available and are not considered in the regression. As expected,
the ER motor has higher winding temperatures even if a lower
power was applied. This is explained by the fact that stator
heat must dissipated through the air-gap and also the thermal
resistance between the end-windings and end-caps is higher.

B. Open circuit test

The purpose of this test is to measure friction and windage
losses, hereafter known as mechanical losses. Segregation of

TABLE IV
MEASURED TEMPERATURE INCREASE DURING THE DC TEST
End Stator End
°C] | Windi M t | Housi
(°Cl mamne Winding | Yoke agne oustng Space
IR 55.72 57.43 33.13 — 28.38 29.66
ER 74.1 73.42 59.5 28.18 24.74 25.96
TABLE V
CHARACTERIZED THERMAL RESISTANCES WITH THE DC TEST
[OC/W] Riw Ryh Rmh Rwe Reh Rye + Reh
IR 0.2957 | 0.0714 — 2.3536 | 0.1085 2.4621
ER 0.2648 — 0.2002 | 2.8254 | 0.0726 2.898

mechanical losses from iron and magnet losses is challenging
in PMSMs, due to the impossibility of controlling the rotor
flux. This problem is worsen due to the variation of losses
with magnet temperature. In an open circuit test the machine
is rotated externally with the stator circuit open. The overall
open circuit losses are obtained from the measured torque and
rotor speed. Measurements are taken once the motors reach a
steady-state thermal condition. As no PWM exist, FEM can
be used to obtain accurate estimations of iron and magnet
losses. Mechanical losses are obtained by subtracting the iron
and magnet losses estimated by FEM from the overall losses
measured in the test. This process is repeated at different
speeds. Fig. 9 shows the measured mechanical losses for
different rotor speeds for IR and ER motors. ER motor is
observed to have substantially higher losses. This was be
expected due to the increased weight of the moving parts of
the ER motor comparison to the IR case.

C. Load test

Current harmonics due to PWM are known to produce an
increase of iron and magnet losses. For load tests, ER and
IR machines are connected in a back-to-back configuration.
ER machine worked in motoring mode while IR machine
worked in generating mode. Tests at different rotor speeds

250
—4— IR
-4 ER *
200 - -
2 .
© 150 4
s ¢
8
€ 100 ¢
< K2
S .
3]
=
50 F
ol s ‘ ‘ ‘
0 200 400 600 800 1000 1200

Rotor speed [rpm]

Fig. 9. Experimentally measured mechanical losses during the open
circuit tests.
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were performed. Load is controlled to be constant and equal to
25 Nm. Only g-axis current is injected, current being therefore
nearly constant for all the cases (minor differences can occur
due to changes of mechanical losses with speed). Temperatures
were monitored until the motors reached a thermal steady-
state. Fig. 10 and Fig. 11 show the measured temperature
increase with respect to the ambient temperature for every
load test for the IR and ER motors. There is an evident
rise of the temperatures with the rotor speed. This effect is
seen to be less relevant for the ER motor, due to the forced
convection cooling effect produced by the rotation of the rotor
and external housing. The copper losses are dependent on
the winding resistance, which, in turn, is dependent on the
total copper length, conductor area and winding temperature;
calculated values are shown in Fig. 12. No skin or proximity
effect is assumed in the windings, due to the low fundamental
frequency of the currents in the tested speed range. Since the
mechanical and copper losses are already known, subtracting
these from the total load losses, iron and magnet losses are
obtained. Separation of iron and magnet losses is impossible
only by empirical means; however, the ratio of iron to magnet
losses can be obtained from load FEM simulations considering
current harmonics due to PWM. It is possible therefore,
combining experimental data and FEM, to separate iron and
magnet losses. Fig. 13 shows the experimentally estimated
iron and magnet losses at different rotor speeds. While for
the IR motor, both the stator teeth and yoke losses values
are balanced, in the case of the ER motor, the teeth losses
exceeds the stator yoke losses because of the larger teeth that
are employed (see Fig. 5 and Fig. 6). The magnet losses is
similar for both prototypes.

It is finally noted that due to restrictions of the measurement
system, temperature of rotating elements for the ER case can
be only acquired with the motor is still; this applies to magnets,
housing and end-space air. The time delayed due to the need
to stop the motor and connect the sensors results in changes in
the temperatures distribution with respect to the temperatures
when the machine was rotating, especially in the internal air
of the motor due to its low heat capacity. In addition, a single
thermocouple inserted through a hole in the housing is used
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Fig. 10. Experimentally measured temperature increase during the load
tests for the IR motor. For each operating condition, measurements are
taken once machine has reached the steady state temperature.
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Fig. 11. Experimentally measured temperature increase during the load
tests for the ER motor.
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Fig. 12. Experimentally measured copper losses during the load tests.

to measure the end-space temperature. This sensor provides
therefore a lumped value of distributed temperature which is
expected to show significant gradients. This is believed to be
the main reason for the behavior of end-space temperature
for the ER motor observed in Fig. 11. However, as will be
explained in Section V, the correlation for the convection
through the end-space is not affected by this issue.
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Fig. 13. Experimentally measured iron and magnet losses with included
influence of PWM current harmonics.
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TABLE VI
END-SPACE THERMAL RESISTANCES FOR IR MOTOR

Rotor speed [rpm]
100 | 200 | 300 | 400 | 500 | 600 | 700 | 800 | 900
Rywe |1.80(2.13|1.82(1.29(1.39|1.40|1.35|1.08|1.10
Rep [0.21]0.11]0.0910.04/0.09(0.13(0.11{0.09|0.11
Ryn [2.01]224]1.91]1.33|1.48|1.53|1.46(1.17|1.21

“C/w

1000|1100 {1200
1.13 ] 1.00 | 0.81
0.08 | 0.14 | 0.08
1.21|1.14 ] 0.89

TABLE VII
END-SPACE THERMAL RESISTANCES FOR ER MOTOR

Rotor speed [rpm]
100 | 200 | 300 | 400 | 500 | 600 | 700 | 800 | 900
1.70(1.00{0.83{0.65(0.73|0.58|0.69|0.56 | 0.48
0.23/0.11{0.16{0.10{0.11]0.06|0.03 | 0.07 | 0.07
1.93(1.11{0.99(0.75]0.82|0.64|0.72|0.63 | 0.55

“C/w
1000|1100 | 1200

0.57]0.48 | 0.59
0.06 | 0.08 | 0.01
0.63 ] 0.56 | 0.60

Rwe
Re h
RW h

V. CORRELATIONS FOR THE END-SPACE
HEAT-TRANSFER CONVECTION COEFFICIENT
ESTIMATION

Once all the thermal resistances subjected to uncertainty
due to the manufacturing process (marked with ’§’ in Table I)
have been characterized, the steady-state temperatures during
load tests measured, and the different loss sources have been
estimated, the only unknown variables remaining in the LPTN
are the end-space thermal resistances Ry, and Rey. The
overall convection heat-transfer resistance between the end-
windings and the end-caps R, is defined as (8).

Rwh = Rwe + Reh . (8)

The aforementioned LPTN thermal resistances have been
adjusted using again the nonlinear least-squares regression to
match the measured temperatures and the estimated power
losses. Results are presented in Table VI and Table VII
for the IR and ER motors respectively. Even though the
aforementioned expected end-space air temperature gradients
measured on the ER motor will affect the estimated value
of the single end-space resistances, Ry, and Ry, the overall
convection heat-transfer resistance (8) will not be altered.

Convection heat-transfer coefficient between the end-
windings and the housing end-caps h, can be estimated from
(4) using the approach proposed in [24]:

1 1 1

B Rwh (Acw + Acc) ' (9)

Fig 14 and Fig 15 show hyy vs. the peripheral rotor
speed for the IR and ER motor respectively. The figures also
show the fitted regressions according to (1). The following
correlations are proposed for the estimation of the heat-transfer
coefficient between the end-windings and the housing end-caps
for the two machines being analyzed:

hwh

hir = 13.29 4+ 1.693v . (10)

hgr = 7.968 + 7.2340°°795 (11)

B Experimental coefficients
Estimated regression

Heat transfer coefficient [W/m 2/"C]

0 5 10 15
Peripheral rotor speed [m/s]

Fig. 14. Estimated convection heat-transfer coefficient between the end-
windings and housing end-caps for the IR motor.
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Heat transfer coefficient [W/m 2/"C]

0 5 10 15 20
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Fig. 15. Estimated convection heat-transfer coefficient between the end-
windings and housing end-caps for the ER motor.

The first term in (10) and (11) accounts for the natural
convection coefficient that was characterized during the DC
test (see Section IV). The ER motor has a lower natural
convection coefficient, which can be explained by the larger
distance between the end-windings and the top face of the
housing end-caps.

It is interesting to note that the correlation for the ER motor
shows a knee at low peripheral rotor speeds but straightens at
higher speeds, while the correlation for the IR motor shows
a linear relationship for all speeds. This suggests that rotation
of the outer rotor has a significant impact on the internal air
flow at low speeds, but the changes when speed increases are
modest due to the smooth rotor and reduced end-windings.

Applying the correlations (10) and (11) to their respective
LPTN models, the errors shown in Table VIII and Table IX
are obtained for the slot-winding temperature (7%,) and the
end-winding temperature (Tey, ).

Finally, the heat-transfer coefficients obtained using the pro-
posed method are compared in Fig. 16 with results reported in
the literature. While a similar trend is observed, the values ob-
tained in this work are seen to be smaller than those previously
reported. A reason for this is that studies in the literature were
performed on induction motors having rotor wafters, for which
the increase of internal air flow with peripheral rotor speed is
therefore expected to be much bigger compared to the case
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TABLE VI
IR MOTOR ESTIMATED TEMPERATURE ERROR

Rotor speed [rpm]
100 | 200 | 300 | 400 | 500 | 600 | 700 | 800| 900 [1000{1100{1200
Tw |0.62]-0.73|-0.45(1.55| 0.22 |-0.31]-0.77|0.62|-0.35|-0.84|-0.74| 1.22
Tew [0.66]-0.84|-0.64[1.37|-0.06|-0.71{-1.22{0.12{-0.99|-1.66| 1.53 | 0.26

°C

TABLE IX
ER MOTOR ESTIMATED TEMPERATURE ERROR

Rotor speed [rpm]
100 | 200 | 300 | 400 | 500 | 600 | 700 | 800 |900|1000|1100|1200
Tw |-5.14|-3.14{-0.08| 0.06 |-2.71] 0.19 |-2.13|-2.15(1.98|-1.71| 1.98 |-2.17
Tew |-4.58]-2.99|-0.23|-0.38|-3.36|-0.81|-3.26|-3.52|0.15|-3.40|-0.06 |-4.20

°C

of machine with smooth rotors. Furthermore, the motors used
in these references had distributed windings, which require
much larger end-windings compared to designs with FSCW.
Such large end-windings normally result in reduced end-space
(i.e. reduced distance between end-winding and housing end-
caps), therefore increasing the heat transfer coefficient when
the motor is still.

The results shown in Fig. 16 evidence the relevance of the
errors in the estimated convection heat-transfer coefficients
which can occur when the particularities of the motor are
not properly considered during the design stage. Correlations
shown in (10) and (11) for PMSMs with FSCW had not been
reported before to the best of authors knowledge, and can be
therefore useful for researchers requiring a fast characteriza-
tion of the heat-transfer for these type of machines.

VI. CONCLUSION

Analysis of heat-transfer in the end-space region of FSCW
PMSM has been addressed in this work. Both internal rotor
and external rotor designs have been considered.

A LPTN has been designed for each motor. Convection
within the end-space has been modeled as series connection
of thermal resistances between the end-windings and the
housing end-caps. FEM and different types of tests using real
prototypes have been combined to characterize the different

200

m--- TEFC [16] v
¢ TEFC[17] v
A TEFC [18] A ¢
150 ¥ - ODP [18] R ’z *

Heat transfer coefficient [W/m 2/°C]

20

Internal air speed [m/s]

Fig. 16. Comparison of the heat-transfer coefficients obtained in this
work with results reported in the literature.

elements of the LPTN. Convection heat-transfer coefficient
between the end-windings and the end-caps as a function of
the internal air speed for each motor design has been obtained.

The results obtained in this work have been compared with
those reported in the literature. Heat-transfer coefficient at
stand still, as well as its increase with rotor speed has been
found to be smaller than reported in the literature. This is
due to the fact that published reports were for machines using
conventional windings and rotor with wafters, compared to the
concentrated windings and rotor without wafters used in this
work. It has also been observed that there are some significant
differences in the coefficients trends for the case of external
and internal rotor designs, especially in the low speed region.
It is finally remarked that the differences observed between
the coefficients obtained in this work and those reported in
the literature evidence the risks of incorrect designs if the
particularities of the motor regarding convection process in
the end-space are not considered.
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