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Thermal Modelling of Hollow Conductors for
Direct Cooling of Electrical Machines

X. Chen, Member, IEEE, J. Wang, Senior Member, IEEE, A. Griffo, Member, IEEE, and A.
Spagnolo

Abstract—A direct cooling design using hollow
conductors with the coolant flowing inside can
significantly improve the heat dissipation in an electrical
machine. To predict the thermal performances of an
electrical machine with such cooling configuration, this
paper proposes a computationally efficient thermal model
of hollow conductors with direct cooling features. The
hollow conductor is modelled using four equivalent solid
cuboidal elements with a three dimensional thermal
network and internal heat generation. The heat transfer
coefficient between the coolant and conductors is
determined by an empirical model considering fluid
dynamics behaviors. Axial discretization is performed to
take into account the non-uniform temperature distribution
along the axial direction. Experimental validation is
performed with a U-shaped hollow conductor test rig.
Compared to computational fluid dynamics analysis, the
proposed thermal model is much more computationally
efficient, and thus can be incorporated into design
optimization process and electro-thermal simulations of
the electrical machine over a driving cycle.

Index Terms—Thermal model, hollow conductor, direct
cooling, electrical machine.

I. INTRODUCTION

water-glycol. Compared to air cooling system§7p a liquid
cooling systen] [§9] typically is more complex but results in
smaller size, less weight and higher heat transfer rate. In a
conventional liquid cooled machine, the stator outer bore is
enclosed by a cooling jacket which removes the heat from the
active parts of the electrical machine and dissipates it to
ambient. However, the heat generated in the windings has to
flow through wire insulation, impregnation, slot liner, stator
tooth and back-iron, interface gap between stator outer bore and
cooling jacket, and cooling jacket wall, before being dissipated
to the coolan{10]. Hence, to shoen this heat flow path and
reduce the total thermal resistance, direct cooling of the internal
components of an electrical machine has been proposed in
[11-19]. In [11][12], a spraying technique was utilized to assist
the cooling of end-windings while the active part was still
cooled by conventional cooling jacket. A permanent magnet
starter-generator with flooded-stator cooling configuration was
developed if13][14]. A sleeve attached to the stator inner bore
was employed to avoid the coolant penetrating into the rotor
region. The coolant flows axially via ducts in both
slot-openings and stator back-iron to carry the heat flow. An
interior permanent magnet machine with axial cooling ducts on
stator back-iron was proposed@, demonstrating improved
cooling performances of the direct cooling configuratién.

Power losses produced in an electrical machine result yiokeless and segmented armature axial flux machine with
temperature rise in its internal components. Electriclooded-stator cooling design was proposefil|[L7]. Due to

performances and the maximum machine temperatures largidyyokeless segmented armature topology, the coolant flows in
depend on the amount of the heat that the cooling system ¢rth the radial and circumferential directions and thus has a
effectively remove Thermal management and heat extractiotarge heat transfer area. An axial flux permanent ntagne
systems in automotive traction machines have been extensivelgchine with directly cooled hollow conductors, with coolant
reviewed in[[1[2}. Although some innovative solutions usingflow in the axial direction, was proposed[i8][19]. Although
novel materials e.g. graphite she@ [3] and thermomagnétiese direct cooling techniques improve the machine thermal
liquids [4] have been proposed, the vast majority of coolingerformances, they complicate the manufacture and assembly,
systems in traction machines use direct or indirect liquicesulting in higher cost. Hence, they can only be justified in the
cooling of stator windings using 0E|[5] or a mixture ofapplications with very demanding thermal requirements

To evaluate the benefits and optimize the design of such
electrical machines with direct cooling systems an accurate
thermal model is essential. Most thermal modelling techniques
for directly cooled electrical machines available in literature are
based on computational fluid dynamics (CFD) simulations,
such a. A lumped parameter thermal moaheds
proposedn , for a yokeless and segmented armature axial
flux machine with flooded-stator cooling configuration. The
heat transfer coefficient between the coolant and windings was
predicted based on the flow distribution determined by the fluid
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model. Although CFD models can be accurate and offer more Il. THERMAL MODEL OF HoLLOW CUBOIDAL ELEMENT

insights in the fluid dynamics behaviors, their computational This section describes the proposed thermal model of a
time and efforts are much higher than lumped parametggiow cuboidal element with direct cooling features, including

thermal' model. . e the thermal models of the hollow conductor and the internal
To minimize the thermal resistance between the winding apd|ant.

the coolant, thus enhancing the electrical machine cooling
performance and improving the torque density, a number 8f Thermal Model of Hollow Conductor

direct winding cooling solutions have been proposed. The hollow cuboidal element shown[in Fid. 1 can be split
ReferenceL_['S] describes an effective solution using oil-spragto 4 solid trapezoidal elements along the diagonal lines (blue
cooling on the end windings. However the need for sprayirdashed lines in Fig.]1). Each solid trapezoidal element can be
nozzles in the housing reduces the practicality of the propossimplified to an equivalent solid cuboidal element with its inner
Cooling channels inserted in the slots in direct contact with tiseirface connecting to the coolant node through a convection
windings have been proposd@if[22]. Again, despite the resistance, as illustratedin Fid. 2.

thermal benefits, complexity of manufacturing and reduced fill ‘
factor might reduce the appeal of these solutions. A simpler b 1
method based on the insertion of a silicon pipe in direct contact ‘
with the end-windings has been propose[28).|

This paper investigates hollow conductor windings with A .
direct cooling. The use of directly cooled hollow conductors Win iiif,,,,,,;:'f ,,,,,,
can achieve significant improvements in heat removal without Houe|  |Hin
significantly affecting manufacturing and slot fill factor. As y Lo
illustrated if] Fig. 1, the heat generated in the winding hollow T X
conductor can be directly dissipated to the circulating coolant 5/ Woue

inside the conductor, leading to significantly improved coolingig 1. Geometry of a hollow cuboidal element.
performance. To effectively design a machine with such a
cooling scheme, an accurate and computationally efficien
thermal model is essential. However, no lumped parameter
thermal model in such applications has been reported in
literature although an analytical thermal model of a generic
cuboidal element was proposed [. To address the

Inner
surface  Fluid

problem, this paper proposes a computationally efficient Outer_| LY
thermal model of hollow conductors with direct cooling ysurface \
features, considering the non-uniform temperature distributions Convection
over various conductor walls, the fluid dynamics and the X

enthalpy carried by the coolant. Experimental validation is z

performed with a U-shaped hollow conductor test rig. The ,
developed model is employed to design a high power interiFllg' 2. Thermal network of one quarter hollow cuboidal element along

- g - e primary thermal dissipation direction.

permanent magnet (IPM) machine for electric vehicle

applications. Furthermore, a 62.7kW IPM machine with both An axial segment of the hollow conductor is then represented

direct cooling features and conventional liquid cooling jackefy 4 equivalent solid cuboidal elements with their inner

is prototyped, and the comparison of these two cooling schenségfaces connecting to the coolant node through equivalent

are performed to demonstrate the advantages of the diréigrmal resistancgs. Fig 3 shows the thermal model of the solid

cooling configuration with hollow conductors. cuboidal elemeni,, + R,, is the thermal resistance in the x
The main contributions of the paper are as follows. First@irection,R,; is a compensating thermal resistance to correctly

thermal model for machine windings employing hollowpredict the average cuboidal temperatlire T,; and Ty,

conductors with direct cooling has been developed. Compamepresent the temperatures of the two outer surfaces

to computational fluid dynamics analysis, the proposed thermaérpendicular to the x axis. The thermal resistances and

model is much more computationally efficient, and thus can bemperatures in y and z directions also follow the same

incorporated into design optimization process or igonvention.C andg are the heat capacity and internal heat

electro-thermal simulations of the electrical machine over ower, respectively.

mission profile. Further the proposed thermal model has beenA merit of this model is that it can accurately predict the

incorporated into the thermal analysis of an electrical machiewerage temperature of a solid cuboidal element with internal

with direct cooling. The validity of the model and the benefiteat generation, by introducing an equivalent thermal fode

of the direct cooling have been demonstrated experimentally.

These would facilitate further improvements in machine torque

density and efficiency, which are crucial in a variety of

applications.
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T, Ry R, To l,; is the x-axis dimension of th& solid cuboidal element as
shown in[ Fig. $A,; is the area of the equivalerit solid
cuboidal element surface which is perpendicular to x axis and

are given by:
Hy, + H
y Axl = Ax2 = mfoutl'a (2)
Houe — H;
X Ax3 = Ax4 = 701”2 o La (3)
z whereH,,, andH;, are the heights of the outer and inner cross

sections of the hollow conductor, respectively, apds the

Fig. 3. Schematic of the solid cuboidal element therm&Xial length of the hollow conductor, as illustrated in Flg. 1.
model from[R4. The thermal resistancés,;; andR,,;, andR,;; andR,;, are
depicts the thermal network of the proposed hollogglculated similarly.R,;3, Ryi3, and R, are the dummy
cuboidal element with internal liquid cooling; (i=1, 2, 3, 4) thermal resistances introduced in order to predict the average
represents the equivalent thermal resistance betweerih theteimperature of thefiequivalent solid cuboidal elemef4.
solid cuboicl element inner surface and the coolant ndgjes ~ They can be determined based on the superposition of the
the coolant temperature. The first digits of the subscripts of tR8€-dimensional steady-state heat diffusion equation with zero
thermal resistances, heat capacities, and internal heat powigigrnal heat generation condition and that with zero surface
represent the quantities for tHesolid cuboidl element. The t€mperature boundary conditions. Therefore, the equivalent
connections betweefi,5; andT,,,, betweenT,;; andT,,,, thermalresistancky in[Fig. 4 is calculated by:
betweenT,,, andT,,,, and betweef,, andT,;, represent Rys = _6kl;j4 (4)
the physical connections of the 4 solid cuboidal elements. xxi o
The thermal resistanc@;;, Ryiz, Ryias Ryiz, Ryin andR, Ry;j andR,;; can be calcg!ated ina §|m|lar way :?ipg Ay,
are determined based on the one-dimensional steady-state e&"d4zi need to be specified accordingly.and(; in[Fig. 4

diffusion equation with zero internal heat generation conditioA'® the internal heat power and heat capacity of the |

The trapezoidal cross section of each solid cuboid element&@uivalent S‘?“d cuboidal element, respectivel§; can be

simplified toarectangle shape with equivalent area as shown f/culated by:

[Fio. 5 Ci = oV, 5)
Thus, the thermal resistancRg, andR,;, shown i Fig. # wherec, andp are the specific heat capacity and density of the

can be calculated using (1), assuming they are symmetric. conductor material, respectively, akdis volume of the

L equivalent solid cuboidal element.
Ryj1 = Ryip = kA 1)
XXl

wherek, is the x-axis thermal conductivity of the conductor,

T><31 Rx31 Rx32 T><32

T><21 Rle R><22 T><22
1

T222

T242

Fig. 4. Thermal network of the proposed hollow cuboidal element.
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vt
Pry = a (12)
whereu is the kinematic viscosity of the coolant and is defined
as the ratio of the coolant dynamic viscosity to its density, i.e.
ur/ps. ar is the thermal diffusivity of the coolant.

In this application, Fragoltherm X80 is employed as the
coolant medium considering its good thermal and fluidic
. o properties for the proposed cooling scheme, and the estimated

Tx3@x3 ) Tx4@x4z Pr; is approximately 110. The predicted hydraulic entry length
o () Lentry n @nd thermal entry lengthy,,..,  are approximately

Fig. 5. Four equivalent cuboidal elements with x-axis thermal 4 6mm and 506mm, respectively. They are approximately 2.3%

ﬂmftﬂs'ecfgﬁ;éﬁy:”“e'emem' (b) Second element. () Third element. () oy 25304 of the 200mm axial active length of the hollow

conductor, respectively. Therefore, the flow character in this

B. Thermal Model of Internal Coolant application is hydrodynamically developed and thermally

The coolant inside the hollow conductor is modeledaas developing laminar flow. In these conditions, the mean Nusselt
thermal mass connext to the internal surfaces of the hollownumberNu can be predicted by 8) based on the experimental
conductor through equivalent thermal resistances. As showndata published by P. Wibulswas|[28].

[Fig. 4 the thermal resistan@g; represents the internal forced Nu = f(Gz, AR) (13
convection applied to thé iequivalent solid cuboidal element WhereGz is the Graetz number as defined1d)( andAR is the
of the hollow conductorR;, is the equivalent thermal duct aspect ratio defined as the ratio of the maximum to the

resistance to take into account the enthalpy carried by cool&Hfimum dimensions of the duct as described.B).(

Tx11 ¢ 3 Tx22

in the flow direction (z-axis in this paper). To calculBtg and Gz = % (14)
Ry, the following steps need to be performed. VLI/a i
The hydraulic diametep,, is defined by (B AR = max{Hm , W"} (15)
in in
Dy, = pe; (6) The convective heat transfer coefficiggt between the
whereA, is the area of the internal hollow duct and can peoolant and the hollow conductor inner surfaces is given by:
calculated usindi;,W;,. per is the wetted perimeter of the hy = e Nu (16)
internal hollow duct and can be predicted by (7), given that the ) Dy o _
duct cross section is a rectaranshape. wherek;, is the thermal conductivity of the coolant. Finally, the
per = 2(Hyp+W;) (7) equivalent thermal resistancRg can be predicted using:
TheReynolds number can be calculatey _ 1
Re = —— (8) fHlinta
_ . . . Rys = Ryy = —— (18
wherep; is the density of the coolant is the dynamic f I R WLy

viscosity of the coolant, and, is the mean velocity of the In general, the energy balance equation in a medium inside a

coolant: channel with forced convection contains terms representing the
vV heat transfer from the duct wall to the coolant; the volumetric
Yr =7 (9) generation due to viscous dissipatioexternally imposed
c

volumetric generation in the coolamnthalpy carried by the
If the calculatedReynolds numbeRe < 2300, the flow will be coolant and axial conduction in the coolant. However, in most
' cases, the dominated energy components are only the heat

laminar. Otherwise, it will be turbulent @ combination of ¢ for f the duct wall to th lant and th thal
both turbulent and laminar flawn this application, the duct ransier from the duct watl 1o e coolant an € enthalpy
arried by the coolant, as described by:

size is 3mmx1mm, and the volumetric flow rate is lower thafi dT
0.052L/min (the flow rate of all the 192 conductors in the g.per = mfcpfd_f (19
- A

complete electrical machine is no higher than 10L/min X .
TherF()afore theReynolds numbeRe is mu?:h less than 2300 zlvhereqs is the heat power density per unit area from the duct
’ all to coolantper is the wetted perimeter of the internal

resulting in laminar flow. The equations presented below a . .
g a P ollow duct and can be predicted by (), is the coolant mass

valid for laminar flow only. The hydraulic and thermal entr X » ' )
lengths for a laminar flow can be estimated bg)(and (1) [OW rate,c,  is the specific heat capacity of the cooldptis

whereV is the mean volumetric flow rate of the coolant ftism

[25, respecitively. the coolant mean temperature (over its cross-section) which
Lentry n =~ 0.06ReD), (10) varies with the variation of axial locatien Based onX9), the
Lentry t'z 0.06ReD,,P; ; (11) coolant mean temperatufg can be derived as:
wherePry is Prandtl number which is defined 2. Tr(2) = Tiner + = . 2 (20)

fCo_f La
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wheregq, is the heat power transferred from the duct wall to the The dimensions of the conductor prototype and experimental

coolant. Considering the continuity of the heat power, theetup are illustrated

equivalent heat power carried by the coolant satisfies
4r = gs. Thus, the equivalent thermal resistaRggis:

in Fig

7.

TABLE |
TEMPERATURE SENSOR LOCATIONS

Te (2) — Tiper z Temperature sensor__Location
Re,(2) = u — = I (21 TP1 Active winding - front
ar . .mfcp_f a TP2 Active winding - front
Due to the fact thak,, varies withz, the averag&,, overz TP3 Active winding - rear
can be used in the simulation if only one thermal node in the mg éf]t('j‘_’fvi‘:]v('ﬂg'g“_gr;;ar
axial direction is employed. ThuB,, can be simplified to: PG Coolant - inlet
R 1 TP7 Coolant - outlet
= e (22
me Cof 8 TP6 (coolant)
It should be noted that2®) cannot capture the coolant
temperature distribution over the axial direction. To improve
the model accuracy, an axial discretization with a certain SomT Lateaar=74
number of elements is recommended. Then, the equivalent
thermal resistance between two neighboring coolant elements Lateadz=9
of the " pair to take into account the enthalpy carried by 17 25
coolant in the flow direction can be calculated using: ol TPt BN e
R Az 23) g
= I
fz_j heCy rLa 277
where Az; is the axial distance between two neighboring 169 §
thermal nodes of the®jpair. This discretization will be =
discussed in Section Il1.B. 65
TP4

Ill. RESULTS

A. Experimental Setup

To validate the proposed thermal model, a hollow conductd
has been prototyped, as illustrated in Fig. 6.

- TP3 N
P57 2
TP7 (coolant}-3 \)09‘&

ig. 7. Dimensions of the experimental setup (dimensions in mm).

It should be noted that in an electrical machine, the hollow

Active
winding

End-
winding

Fig. 6. Experimental setup.

Thermal
coupler

Pump
system

Outlet

Coolant
tank

conductor is located in a slot and thus exchanges heat with its
surroundings by conduction. However, in this experiment, the

hollow conductor is exposed to air, and therefore the natural

convection and radiation to air need to be modeled. These two
mechanisms are described in Section III.C.

B. Thermal Model

To perform comparison with experimental results, a model is
proposed, as shown 8. Each block (except for the
‘clamp’ block) is a hollow cuboidal element shownin[Fig. 4
The active winding and end-winding are discretized into 4 and
2 elements, respectively. The purple lines represent the coolant
circuit, while the orange lines are the physical connections
between conductor elementB,, ; can be calculated using
(23). Table Il lists the dimensions of the hollow conductor, and
La_active! La_end! La_leadl andLa_leadZ are illustrated i7'

It should be noted that the internal heat power only applies to
the clamp, active winding and end-winding blocks. The natural
convection and radiation are also considered in all the blocks in

It can be seen that the experimental setup incluale

JFig. 8 with the model ih Fig.]8, the axial distribution of the

vertically placed hollow conductor consisting of both activ&oolant and conductor temperature can be more accurately

winding and end-windig region. A DC power source feed
electric current into the hollow conductor through the cable and
clamp. The coolants fed to the inlets of the two hollow
conductor sides before returning to the coolant tank via the
outlet. Seven temperature sensarisose locations are listed in

Tablel, are employed, as showr in Fig. 6.

Spredicted
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TABLE II [25), respecitively.
DIMENSIONS OF THE HOLLOW CONDUCTOR 2.0
Parameter Unit Value Nugir 1qm =
Hyye mm 3 Inl1+ 2.0 (26)
Hin mm é ClamRa'airO.25
Wo,u mm
VVint mm 3 Nu.. _ CturbRaair1/3 (27)
La,active mm 167 air_turb — Pr..
La,end mm 34 1 + R ill:' : 1.4’ X 109
Lateaas mm 4 wherePr,;, is the Prandtl number of the afhy,, andCpys
La lead?2 mm 9 B
- can be calculated by@) and @9) [25) respectively.
T 0.671
inlet Clam — 4/9
1+ (0.492)9/16 (28
Prair
0.13Pr,;, %2
Ct b — (29)
7 (1 4 0.61Pry, 081"
Then, the convective heat transfer coefficiep} between
|_Clamp the outer surfaces of the hollow conductor and the ambient air
can be calculated using:
ko i-Nug;
hair = g (30
a

wherek,;, is the air thermal conductivity. The equivalent
thermal resistanc®,;, ; representing the natural convection
between the outer surface of tifedquivalent solid cuboidal
element and the ambient air can be predicted usltyand

(32.
R R ! 31
air_.1 — Bair2 — hairHloutLa ( )
R..=R.  ,=—— 32
air_3 air_4 hairWoutLa ( )
Toutet The radiative heat transfer coefficieht,; between the
Fig. 8. Equivalent thermal model of the experimental setup. outer surface of thé'iequivalent solid cuboidal element and the
C. Natural Convection and Radiation ambient air can be calzculated zby:
hrad_i = SU(TSi + Tamp )(Tsi + Tamb) (33)

Due to the fact that the hollow conductor is exposed to air inH is th issivity of the holl duct ¢ d
the experiments, this section describes the natural convectigfjreé 1S the emissivily ot the hollow conductor surtace, an

and radiation models used in the simulation before comparirq IS Boltzmann_ constant._T_he equivalent thermal resistance
with the measured thermal results. The hollow conductor éad-i representing the radiation heat transfer between the outer
treated as a vertical plate, neglecting the tilt angle of tryrface of the equivalent SO"_d cuboidal element and the

end-winding. The Rayleigh numb@&e,,;, can be calculated @mpientair can be predicted as:

. 1
using: R =R -
gL 3ﬂ(T i — Tamp) radt rad-2 hrad_lHoutLa (39
Ragy = =—————*= (24 Ryaqs =R .
air Xair rad_3 rad_4 hrad_3 WoutLa (35)

where g is the gravitational acceleratiorf is the air
volumetric thermal expansion coefficient which can b@. Experimental Validation
calculated by the reciprocal of its absolute temperafyrés
the outer surface temperature of tHie dquivalent solid
cuboidal element,,,, is the ambient air temperature,, is
the air kinematic viscosity, and,, is the air thermal

With the natural convection and radiation effects described
in Sectionlll .C incorporated into the discretized thermal model
shown i Fig. this section compares the model-predicte
~oan thermal results with the measurements. The thermal
diffusivity. _ performances of the hollow conductor are measured at various

The average Nusselt numbefu,; is calculated by |5aq conditions, including 100A, 250A and 400A DC currents
asymptotically weighting the Nusselt numbers for laminar angp, 0.067L/min, 0.11L/min and 0.154L/min coolant
turbulent flow using the empirical formulﬁ&} [25). volumetric flow rate, respectively. The resulting current

Nitgir = (Ntgir 1am® + Nitair urs®)® (25) densities are 8.3A/mtn 20.8A/mnt and 30.3A/mm
respectively (related to the copper surface). The total coolant

where the laminar Nusselt numb®t,;, .., and turbulent i : X i
" volumetric flow rates of the complete electrical machine (i.e.

Nusselt numbeNu,;, ¢, Can be estimated bR and @7)
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192 hollow conductors), converted from thagehe 2 hollow a hollow conductor with direct cooling features can provide an
conductors in the experiments, are 6.4L/miA.6L/min and accurate prediction of steady-state temperatures. There are also
14.8L/min, respectively. noticeable fluctuations in measured temperatures. This is
Due to the page limit, only the transient thermal results &ecause the pump system cannot maintain a constant flow rate
250A DC current and 0.11L/min flow rate are presented in this the experiments.
section[ Fig. P compares the model-predicted and measureffig. 10] shows the heat flow breakdown in the thermal
temperatures at coolant inlet (TP6 showf in Fig. 6), coolasimulation of the hollow conductor at 250A DC current and
outlet (TP7), front active winding (TP1/TP2), rear activD.11L/min flow rate. Table IV lists the heat power andthea
winding (TP3/TP4), and rear end-winding (TP5). energy at the end of this simulation. The simulation time
The coolant inlet temperature in simulation is assumed to Haration is identical to that of measurement. It can be seen that
the same as the measured in order to ensure consisteatthe end of the simulation, the majority (89.8% of heat power,
between the simulations and experiments using the saB®&8% of heat energy) of the heat is dissipated to the coolant by
reference temperature as shog. 9 (a). The initial coolahe forced convection. Meanwhile 4.6% of heat power or 4.4%
temperature is 23.1°C. of heat energy is dissipated to the ambient by the natural
It can also be seen that all the model-predicted temperatuoesivection and radiation. At the end of simulation, tleath
at the coolant outlet, active winding and end-winding exhibjtower to heat up the copper drops to 5.6% rather than 0, due to
lower time constant, compared to those in the measuremertg large thermal mass of the conductors, clamps and leads. On
The mismatch between the prediction and measurementtlz other hand, the heat power to heat up coolant drops to 0 due
TP1/TP2 is believed to be caused by the thermal mass effectmfts negligible thermal mass.
the clamps and thick electrical cables not being fully accounted. TABLE Il
By correcting the thermal capacitances of the ConductJIEMPERATURES AT 1600s WITH 25ROAATEDC CURRENT AND 0.11L/MIN FLOW
elements, the agreement between the model-predicted and%perature

. ) - Model prediction Measurement Error
measured transient temperature behaviors does improve.sensor °C) C) (%)
However, this problem does not exist in the machine windings TPL/TP2 50.8 57.7 -12.0%
as shown in Section IV and the correction is not justified. TPTS;EPA' gi-g gg-; (2)-(7)02

It should be noted that the measured temperatures in the two py 36.2 365 0.8%

conductor sides are slightly different, as shon in Hig. 9 (c) and
(d). This may be caused by a number of factors. First, it is 245

assumed that the coolant flow rates in the two sides are the

same, but in reality they may differ slightly. The thermal e wal

couplers are glued to the conductors in the designated position, 2

but the thickness of the glue and exact position may not be the &

same. Further, the measurement error may also contribute to the £23-5 ]

difference. =
Table Il lists the steady-state temperature errors of this 23 ‘ ‘ ‘ ‘ ‘ ‘ ‘

proposed model. The measured temperatures in TP1/TP2 and 0 200 400 600 . 800 10001200 1400 1600

TP3/TP4 refer to the mean temperatures of TP1/TP2 and (;;n °®

TP3/TP4. It can be seen that the proposed model 40
underestimates the front active winding (TP1/TP2) temperature
by 12% with respect to the measurement. This is mainly due to
the underestimate of the copper loss in the clamp which is
adjacent to the TP1/TP2 sensor. This is because the calculation
of the clamp resistance is based on the assumption of a uniform  § ,; ]
distribution of the current in the clamp while this assumption
may underestimate the clamp resistance. Ideally, the current 20 : ; ' ‘ ‘ ‘ ‘
distribution in the clamp should be calculated by 3D FEA. 0 200 400 600 Ti;io(s) 10007 120014001600
However, this is not the main concern of this pap&r. (b)
simplified analytic estimation of the clamp resistance is used 60 T '
here based on the clamp dimensions and conductivity. The

Temperature (°C)

copper loss per unit length of the cable before the clamp which <

is neglected in the model may also contribute to the deviation £

between the measured and predicted temperatures. However, 3

these issues will not be present in machine windings with 5 3, - - - Simulation ]
= Measurement TP1

hollow conductors. Measurement TP2

The steady-state temperature errors of the proposed model at 20 T 0 400 600 800 1000 1200 1200 1600
TP3/TP4, TP5 and TP7 are within 2% compared to the Time (s)

measurements. This shows that the proposed thermal model of (©
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Fig. 9. Comparisons of the model-predicted and measured

temperatures of the hollow conductor at 250A DC current (20.8A/mm?
current density) and 0.11L/min flow rate. (a) Inlet (TP6). (b) Outlet (TP7).
(c) Active winding — front (TP1/TP2). (d) Active winding — rear
(TP3/TP4). (e) End-winding — rear (TP5).
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Fig. 10. Heat flow breakdown in the thermal simulation of the hollow
conductor at 250A DC current (20.8A/mm? current density) and
0.11L/min flow rate.

TABLE IV
HEAT POWER AND HEAT ENERGY BREAKDOWN AT THE END OF THERMAL
SIMULATION OF THE HOLLOW CONDUCTOR AT 250A DC CURRENT AND
0.11L/MIN FLOW RATE

ltem Heat power Ratio to Energy Ratio to
(W) total (%) (kJ) total (%)
Copper loss 41.30 - 65.17 -
Heat dissipated to
coolant 37.10 89.83 56.57 86.80
Heat dissipated to air 1.90 4.60 2.86 4.39
Heat to heat up coppe 2.30 5.57 5.72 8.78
Heat to heat up 0.00 0.00 0.02 0.03

coolant

IV. APPLICATION

This section demonstrates the application of the proposed
hollow conductor thermal model 4) in the thermal g iner
analysis of an IPM electrical machine with direct cooling

conductor in parallel via holes on the end-winding segment of

the conductor. It should be noted that the dummy separator is
only used to fit the slot area in an existing design, and not

necessary in new designs with the cooling scheme. The hollow
conductor is custom-made with standard extrusion process and
coated with insulation.

The water cooling jackes incorporated into the prototype
machine in order to directly compare the heat dissipation
performance to that of the direct cooling with hollow
conductors. It should be noted that the periodicify in EIj.
does not applies to the water cooling channglisthe water
cooling channels are axially connected in series with a zig-zag
pattern, as shown [in Fig2]

The experimental setup is showt in Fig| The oil cooling
circuit feeds the coolant which flows in the hollow conductors
while the water circuit connects to the cooling jacket in the
stator housing shown The cooling oil is fed into a
sealed end-winding region and passes via a hole in the
end-winding section of each conductor through the hollow
region axially. The coolant is collected at the other end in a
similar manner. Therefore, the cooling channels via the hollow
conductors are connected in parallel. The details are covered in
the paten{Z7].

The thermal measurements in this section are obtained at
short circuit conditions. The prototype machine is driven by the
load machine (shown at 3000r/min with 3-phase
terminal short-circuit.

To demonstrate the benefits of the direct cooling scheme, the
thermal experiments with two scenarios are performed,
including (a) direct cooling only and (b) indirect cooling only.

In the direct cooling only scenario, the water pump is
switched off while the oil pump drives Fragoltherm X80
through the hollow conductors at a total flow rate of 6.7L/min.
The winding temperatures are measured by the thermocouples
which are embedded adjacent to the conductors in the middle of
the slots. To capture the possible uneven temperature
distribution over all the slots due to potential uneven flow rate
in the conductors, 1 type K thermocouple is placed in every 2
neighboring slots, as showr{in Fig]

In the indirect cooling only scenario, the oil pump is
switched off while the water pump drives water circulation
through the water cooling jacket at a flow rate of 12L/min.

Impregnation Hollow conductors Stator tooth Stator back-iron Housing

/ "4

\

Water cooling
channel

Coolant Separator Insulation Interface gap

featuredepicts the single tooth schematic of a 62.7 k\ig- 11. Single tooth schematic of a 130kW electrical machine with

(130kW peak) electrical machine with hollow conductors. Eac

rﬁ)llow conductors, and water cooling jacket in stator housing.

slot has 4 hollow conductors connected in the form of hairpin
winding and 1 separator (for mechanical support) between

conductors, as shown[in Fitd] Coolant flows in each hollow
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Water flow - -----c-cm-mmm- > based on the measured machine losses as listed in Table V. The
DC copper loss is calculated using the measured phase current
B and mean temperatures. The AC copper loss is calculated based
on the FE-predicted ratio of AC to DC copper &s3 he total
Axis | | Tommmmmmmmmmeeeeeee I’ machine loss is the measured mechanical power at terminal
N L. short circuit condition. The iron loss and mechanical loss are
P v calculated by subtracting the total copper loss from the total
machine loss.
______________________ - From] Fig.15|(a), it can be seen that the measured hotspot in
i the active winding is 8.8°C (20%) higher than the coolspot in

D v the direct cooling only scenario. This is mainly due to the
Fig. 12. Schematic of the water cooling channels and their connections. uneven flow rates 9ver various slots caused by the Qra"'ty-

‘ However, the predicted mean temperature (47.5°C) is only
& oil ircuit | || water Circuit & 2.1°C (4.1%) lower than the measured mean temperature
[« ‘ : y (49.6°C) at the thermal steady-state, as listed in Table VI. The
error in the transient waveforms is much less than that in the
hollow conductor experiment showr] in Fig. 9 in Section IIl.

From[Fig. 15 (b), it can be observed that the measured
hotspot in the active winding is 17.4°C (24.2%) higher than the
coolspot in the indirect cooling scenario. This temperature
difference is even higher than that in the direct cooling only
g scenario. This is because the water flows in the direction shown
Fig. 13. Expe_rimental setup for the thermal measurements of the inand thus the slots close to the outlet exhibits higher
prototype machine. . . .

temperatures than those neighboring the inlet. However, the
predicted mean temperature (80.3°C) is only 0.8%){igher
than the measured mean temperature (79.5°C) at the thermal
steady-state, as listed in Table VI.

It should be noted that the end-winding temperatures are
measured at only a few locations and thus their mean
temperatures are easily disturbed by the uneven flow rates, but
are lower than those in the slots. Therefore, they are not

presented in this paper.
60 T T T T T

Joooo

w
(=}

e — i

Fig. 14. Prototype machine stator and the thermocouples for winding
temperature measurements.

= = = Predicted mean
Measured hotspot | |
Measured coolspot
——— Measured mean

Fig. 15 shows the model predicted mean winding 20 ‘ ‘ . . . . ‘ ‘
. 0 500 1000 1500 2000 2500 3000 3500 4000

temperature, the measured hotspot, coolspot and mean winding Time (s)
temperatures of the active windings for the direct cooling only @)
and indirect cooling only scenad The ‘measured mean’ 100 ,
refers to the mean temperature of all the measured active
winding temperatures from the thermocouplBise ‘predicted
mean’ refers to the model-predicted mean temperature of the 4
hollow conductors in a slot.

The model used in this section is a Motor-CAD model with
the modified thermal network of the windings according to ﬁi:zﬁjfﬁf‘”
those described in Section Il. No hollow conductors with direct 20t . s s ‘ ‘ .
cooling features are available in the latest version of 0 2000 400 600 800 1000 1200 1400
Motor-CAD. Additional coolant thermal nodes are added to (Ttl)r)ne ©
model the non-uniform temperature distribution along axiadig. 15. Comparisons of the model-predicted and measured
direction. The equivalent thermal resistances between coolégmperatures in the active windings under terminal short circuit
and each cuboidal element are added to represent the di'ﬁ%@ﬁ;gg;;t132?32;/,?'“ (a) Direct cooling only, 6.7L/min. (b) Indirect
cooling effects on the hollow conductors. ' '

The model predicted temperatured in Fig|are obtained

1}
Temperature (°C)
B
(=]

%)
(=]

= = = Predicted mean
Measured hotspot

Temperature (°C)
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TABLE YV
MEASURED MACHINE LOSS BREAKDOWN AT STEADY-STATE TERMINAL
SHORT CIRCUIT CONDITIONS AT 3000R/MIN

Direct cooling  Indirect cooling

Iltem Unit

only only
Phase current (RMS) A 280 280
DC copper loss w 1669.5 1813.7
Scaled AC copper loss W 417.4 453.4
Total copper loss W 2086.9 2267.1
Total machine loss w 2410.0 2550.0
Iron loss and W 323.1 282.9
mechanical loss

TABLE VI

COMPARISON OF MEASURED AND PREDICTED WINDING TEMPERATURES AT
STEADY-STATE TERMINAL SHORT CIRCUIT CONDITIONS AT 3000R/MIN

Direct cooling  Indirect cooling

Item Unit

only only
Predicted mean °C 47.5 80.3
Measured hotspot °C 52.8 89.4
Measured coolspot  °C 44.0 72.0
Measured mean °C 49.6 79.5
Error in prediction % -4.1% 1.1%

By comparing the measured winding temperatures at tha
direct cooling and indirect cooling scenarios, it can be seen that

(2]

E]

(4]

(5]

(6]

(7]

8l

by using the direct cooling scheme with 6.7L/min flow rate, the

reduction in the active winding mean temperature

L. Mingda, L. Yingjie, D. Hao, and B. SarliogltiThermal management
and cooling of windings in electrical machines forceie vehicle and
traction application,” in 2017 IEEE Transportation dildication
Conference and Expo (ITEC), 2017, pp. 668-673.

A. Tuysiiz, M. Steichen, C. Zwyssig, and J. W. Kpladvanced cooling
concepts for ultra-high-speed machines,” in 2015 9thrratenal
Conference on Power Electronics and ECCE Asia (IEREE Asia)
2015, pp. 2194-2202.

G. Karimi-Moghaddam, R. D. Gould, S. Bhattachargad D. D.
Tremelling, "Thermomagnetic liquid cooling: A novel éiéc machine
thermal management solution,” in 2014 |IEEE Energy Conversio
Congress and Exposition (ECCE), 2014, pp. 1482-1489.

D. Tanguy, S. Harmand, J. Pelle, and R. Yu, "Expental study of oil
cooling systems for electric motors," Applied Thermal Eagiing, vol.
71, p. 607, 2014/10/05/ 2014.

I. A. Metwally and A. A. A. Rahim, "Flow electifation phenomenon in
forced air-cooled rotating electric machines," IEEE Tratisag on
Dielectrics and Electrical Insulation, vol. 5, [866-971, 1998.

X. Sun and M. Cheng, "Thermal Analysis and Cooliygt&m Design of
Dual Mechanical Port Machine for Wind Power Apptioa," IEEE
Transactions on Industrial Electronics, vol. 60, pf24t7733, 2013.

S. Nategh, O. Wallmark, M. Leksell, and S. Zhadyéimal Analysis of a
PMaSRM Using Partial FEA and Lumped Parameter ModélitigeEE
Transactions on Energy Conversion, vol. 27, pp. 439-2012.

C. Kral, A. Haumer, and T. Bauml, "Thermal ModedaBehavior of a
Totally-Enclosed-Water-Cooled Squirrel-Cage Inductidiachine for
Traction Applications," IEEE Transactions on Industriadgonics, vol.
55, pp. 3555-3565, 2008.

{10] G. B. Sugden, "Oil-cooled a.c. generators focraft -- present trends,"

Students' Quarterly Journal, vol. 40, pp. 128-133,0.

approximately 30°C compared to the indirect cooling schemegl] k. Nakamura and Y. Hayashi, "Motor Cooling Syste US Patent
with 12L/min flow rate. This can significantly increase the life

time of the insulation and also reduces the risks of irreversiti¢
considerably

demagnetization of magnets. Alternatively,

higher power density could be achieved with optimized design.

It should be noted that the prototype is built for the tests aftf!
validation purpose. Once the proposed cooling scheme has
been tested and validated, the machine can be optimized with

very significant weight and size reduction.

V. CONCLUSION

[15]

This paper has derived and validated a computationally
efficient thermal model of hollow conductors with directi6]
cooling features, considering temperature distributions over 3D

thermal network, the internal heat generation, the fluid

dynamics and the enthalpy carried by coolant. Compared [19]
CFD analysis, the proposed thermal model is much more

computationally efficient, and thus can be incorporated into

design optimization process or electro-thermal simulations gg)

the electric driveover a driving cycle or mission profile

The proposed thermal model is applied to the thermal

analysis of a 62.7 kW electrical machine with both diregfg;

cooling and indirect cooling feature8y using the direct

cooling scheme, significant winding temperature drop can be

observed. This indicates that the direct cooling configuration

with hollow conductors can considerably increase the life tinjeo]

of the machine or allow for significant improvements in torque

density.
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