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Abstract — This paper presentsa computationally efficient ! Density [kg/m’]

thermo-fluid model to predict the temperature and flow T  Temperature [K]
distribution in an oil -cooledelectrical machine witha segmented U Uncertainty
stator. The Yokeless and Segmented Armature axial flux U  Overall heat transfer coefficienfV/m’K]
machine was used as aase studyin which a numerical model !:  Fluid velocity [m/s]
was set up andvalidated to within 6% of experimental results vV~ Volume [m¥
The model was adapted tgredict the temperature distributon vV~ Voltage \Y%|

of the segmentedstator of a machine, identifying the hotspot
temperatures and their location. Changes to the flow geometry on I. INTRODUCTION

the stator temperature distribution were investigated. It was ECENT developments iraxial fl ermanent maanet
shown how Lty carefully controlling the flow distribution in the velop Iraxi ux p g

stator, the temperature distribution is improved and the hot spot \machines enable higher torque densities and higher
temperature is reduced by 13K. This beneits the machine by €fficiencies makinghemsuitable for applications such as road
doubling the insulation lifetime or by increasing the current  transportation or wind energy generatid]-[3]. The quest to
density by approx. 7%. improvetorque densityequires that both the electromagnetic
and thermal aspects of the machine are opéichiWhilethere
Index Terms P Electric machines, thermal analysis, thermal are numerous papers demonstrating improvement in
modeling, fluid dynamics, numerical simulation, thermal  electromagnetigsstudiesdemonstrating improvements in the
resistance, temperature control, fluid flow control, predictive thermofluids aspects of electrical machines &wer[4]. The
model losses inelectrical machinesgenerate heat which if not
removed raises the temperature d@s components. In the

NOMENCLATURE stator, thecopper|°R losses increasthe temperature of the
A, Flow area [m? windings resulting in @& increas_e in resistanc@&he iron
¢ Specific heat capacity [J/kgK] suffers fromeddy and hysteresis losseBhese reduce the
!, Hydraulic diameter [m] efficiency of the machineAs the winding insulation is rated to
I ; Incremental flow correction a maximum operating temperaturét degrades by the
A Headflow ratio Arrheniuschemical reactiof5]. Thereforethe hotestspot in
E'g Total heatoss generated W] the stator limis the machineite and rating
f Friction factor
lm  Apparent friction factor Accurate hermal modehg of electrical machinesallows
g Acceleration due to gravity  [m/s? proper choice of materials, avoidsanecessarygle-rating and
h, Head loss [m] reducessafety factors thus achieving higherque densities.
| Current (Al Thermal modelingis performed either throughanalytical
k  Thermal conductivity [W/kgK] methods such akimped paramete(LP) models [§,[7], or
K~ Head bss coefficient numerical techniques such asite element analysiso[-[12]
Iu, E:ﬁfy'?;%?h {m} and computational fluid dynamics (CFD) [13-[17]. LP
, Dynamic viscosity [ka/mK] models simplify s;_ntlal _te_r_nperature distribution solids
I Kinematic viscosity [m?/s] Although t_heyreqwrgan initial efforF to setupthey are fasto
p  Wetted perimeter [m? solve Their application may sometimes be insufficient as they
P  Electrical Power W] fail to provide an accuratetemperaturedistribution of the
Pr  Prandtl number machine [18 [19]. Moreovera number ofinput parameters
Q Flow rate [m¥s] such aghe heattransfer coefficien{HTC) arerequired. This
Re Reynolds number is difficult to determine ands obtainedfrom experiments

[17], [20], [21], empirical correlationsof ideal geometries
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alternating simulations betweenCFD and LP models The segmented statatesignallows each ple piece to be
Therefore alterations during the design procedure is tinound separately. The stator is therefore easily assembled in
consiming and costlyThis is especially true for direct cooling its housing. This siplifies the manufacturing process,
methods in which the heat transferthe stators a functiorof  reducing the production cost®f the maching [25].
the flow distribution Furthermore, he ability to repair winding faults in such

) ) ) designss improved, asighlighted in[26]. Segmented stators
This paper addressesisitproblemby coupling togethetwo 5154 offer the benefits ofindertaking thermal afysis on a
conventional techniques the flow network mdel an_d the single pole piece [47 speeding up théhermal design of the
Iumped_ parameter mpde_l. T.h? flow network model 1S used Machine. This architecture has recently received increasing
determine the flow distributiom the stator from which the attention and several variants can be foimthe literature [2]
HTC values areestimated These areinputted into the lumped [28]-[30. Throughout this work,the direct drive moto’r
parameter model, which solvése temperature distribution in YASA—7SO motor 81] is considereéj The specifications of the
the statorThe novelty of couping a flow network modelnd . X ' P
a lumped parametethermal model results ira fast but Motor are listed in Table I.

accuratesimulation tool thatdentifies which of the segmented TABLE |

pole pieces will be at the highest temperatingring the early MACHINE SPECIFICATIONS
design stages of the machine the thermal designecteame  Machine name YASAT750
the flow geometry to alter the temperature distribution in thePeak power 100 kw
statorpole piecestherefore investigate aumber of Owhat if® Peak torque 750 N!m
scenariosin a very short timeThe paper uses th¥okeless ggm:gﬁgﬁz tpoor‘gjé igok,\\/lv,m
And Segmented Armaturé’ ASA) electricalmachine[l] as a  pea efficiency 04%

casestudyand is therefore organized in the following manner.

Section Il presentsx description of themachineand the gach stator pole piece of the YASA machine is made from
cooling arrangementhus setting théoundary conditions 0 ¢qcentrated windings of square cross section wire. Epoxy is
which the model is appliedSection Il presentsthe flow typically injected in the windings to fill the air gapshich
ggltjw?;:]k mggﬁ,te?fuThp:tsvgarasrzztiﬂemaln;ggsr'i%gg h'?he also leaves the surfaces of the pole pieces smaotithis
expgrin?ental quartemotor tést rig.The numericalmodel is machine, the stator is enclosed in a glass fiber casing allowing
' liquid coolant to be injected into the stator in direct contact

validatedwith experimental resuli& SectionV. The model is - :
adapted to simulate full machine stator in Section M, in with the windings.Flow stoppers are used to avoid the flow

which improvements to the motor design are suggeste'@.’passmg around the periphery, dividing the machine into
Finally Section VI provides a discussion of ¢hwork four similar sections as shown in Fig. 2. In this respect the

presented in this papeshowing thatby reducing the hot spo liquid flow distribution in the stator is similar to that of a
temperature the lifetime of the machinan beimproved or Parallel flow liquid cooled heat sink used for cooling high

the current density increased. power densityelectronics. The statorOs lack of a physical back
plate gives the individual pole pieces a relatively low thermal
Il. THE YASA MACHINE: A TESTCASE STUDY mass and makes them very sensitive to the liquid flow

The YASA machine, shown in FidL, is derived from the NS distribution within the stator.
TorusS topology By removing the stator yoke, enlarging the
pitch of the teeth and wrapping a high fill factor short end F'Owoutﬁ @F‘OW”‘
winding coils around eaclof the individual stator poleghe o
iron in the stators reducedy around 50%Thisincreass the \ @D
torque density by around 20% when compared toradial
flux machines. Theeak efficiency can be maintained at over
95% [1].

Flow stoppers

Inner flow

distribution Outer flow

"4 . distribution
. ring ring
é Coolant
K Pole piece
. Fig. 2. Schematic of the YASA direct liquid coolst@tor. Highlighted:
Quadrant replicated for testing in Section IV
-$"$%&/#0.)",&
I"#'$%&'$()&*)+),&
-$"$%&*%$.& I1l. The ThermeFluid NumericalModel
Fig. 1. Schematic of the YASA topology developed in [1] A. The iterative flow network model

The head loss across a pipe varies with flow rateQ as
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described by: Consider the first quadrant as an example; using anr anti
frzoome (1) clockwise flow convention, the flow in each network ldop

Py ! tgh ~ 1 is made from the flows of each pipe making the loop. Thus:

can be calculated directly. The application of (2) to determine H
the pressure losses in through flow electricecine was

demonstrated in [23], [32[33]. However in a closed circuit . .
flow network, the total head loss of the system is equivalent {Bhe flows in each loopan be describes as vectors:

|
- l=l (2)
For a known flow rate, the pressure drop across a single pipe . I: .
!
!

the sum of the pressure drops along any path connecting the 1, ! [' ! !l ! gal A3)
inlet and the outlet, and is the same irrespective of the path. 1 ,_,1 [1 Qye ! Q- Q]
The head loss is therefore dependent on the flow distribution !
within the sysem and can only be solved through an iterative I [ RN I RTTo PR
procedure.The iterative technique to determine the flow
distribution in fluid networkss described in [&]. In the first iteration a uniform flow distribution through the
number ofchannelsN is assumed such that:
Flow distributionin pipe networks is analyzed by following o 4)
simple rules based on KirchoffOs laesd following the e
continuity equation: The flow in the peripheral rings &stimated by observing the
¥ The algebraic sum of the flows at any junction is zergonservation of mass and therefore can be found by:
¥ The algebraic sum of the pressure drop around any Pp Dlp b Tag (5)
closed loop is zero. Ly =1 ! Qp
|

p!l Qe Qr
After the network is divided into flow loops, a conventional :

flow direction in each loo@nd an initial flow distribution is Q! Qn! Qr
decided. Positive and negative head losses are computed Dol wtl
depending on the direction of the flows. The total head loss in ST _ o
each loop is algebraically determined from which amn the following iterations an mcremental correction tire
incremental correction in the flow is calculatdthe following ~flow for each loog !, is calculated using:

section describes how the iterative fluid network model was 1

applied to liquid cooled stator of the YASA machine. dr, = Tl," (6)
The flow networkin the stator isconvertedinto a pipe ' is head loss in any single loop and is estimated from the
networkas shown in Fig3. vector summation of the head loss in the individual pipes

FI into 1t
quadrant P! z! " @)
—r+++— — 3+ | » is dependent on the pipe or component geometry. Details
H rd . . . .
oo of the values of - are given in the following section.

alalale|ls|le |2|le|le|lo|ale I' lis headflow ratio for any loop and is calculated using:

gyl ®)

a ¢t n g M A R When pipes are common to more than one loop, an algebraic
P amant correctionbased on the flow convention for each loop is made.
Flow out of The model was solved using MATLAB. Special attention was
: ac ae ag  ai N T I A taken to preserve the flow and head loss vector based on the
Flowin flow convention taken in each loop. The iterative process set
quadrant to continue until the maximum change in the branchesO flow
varied less tharD.1%. The iterative procedure to solve the
flow distribution in each sector is shown in Fig.T7he head
loss in each pipe is heavily influenced by the loss coefficients.
Thus applying the correct loss coefficients is key to obtaining
® @ ad of o oa ok a0 on @ au accurate flow distribtion and pressure drops in the staidre
4% quadrant flow circuit can be broken down to a series of short pipes, T
Assumed loop flow direction . . . . . .
junctions and bendsThe following subsections investigate
the theory behind the loss coefficients for these components

and give the contributioaf each to flow mabistribution.

3| 44| d5|de | 47| a8 9|2 | ev]22| 23|

Loop numberj
Fig. 3. Schematic of a simplified flometwork for the machine.
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2) Losses from T-junctions and bends
10:40$;3;0$4017#"'<$ ] Combining and dividing manifolds are typically consideasd
|

a minor source of head los®wever in small systems their
contribution may become significant. Thghenomenon is
governed by flow separatidrom the walls and becomes more
pronounced with decreasing velocity. The variation of the loss

/O:40$34=3>3=?86$:3;0$@0#201"}0
T
/O:40$34601$B#7$"810$84=$B#7$C#4>)(
/O:40$C#2;#4041$"0D3D184COD$]
T

l
l
l
l
l
— F#2;#DO$B#7$34$IG##:D$H81"3|$JK|_$k in a T-junction has been investigated[B8]. A table Olook up
l

+01$0>04$l|3#7$=3Dl"3E?9#4$l coefficients with flow and area ratio for each of the branches
F86C?68103;3;08B#73;"#;0"90D$ | and interpolate® function was eleped for each of the
/010"2340$N08I=$6#DDOD$34$6##;1: dividing and combining branches respectivdliis selects the
/010"2340$N08:PlB#7$"89#4$JQL$84+ correct loss coefficient at each iterative st€pe head losses

l
l
[ /010"2340834C"02041863B#7$C#"0Co%k across each of the combining and dividing branches-in T
- junctions was determined using:
] /010"2340$407$B#7$ \
| /010"23408!"#'S | )t (14)
P'p=K.~—
Y
In which the loss coefficientK takes a different value
depending on the direction of the fl§88].

"#'$%$&'&($

| 1010'2340856#7$'89#5 |

B. The lumped parameter thermal model
Fig. 4.Flow chart showing the process to solve the iterative 1D flow model Assummg that th? pole pieces are made of a Smgle
for each sector homogenous material, the lumped parameter model was used
to determine the average steagtpte temperature foeach
1) The friction factor pole piece, and thus the temperature distribution of the stator.

At the entry of a fluid into a pipe, the no slip condition at thdhe lumped parameter technique is based on the assumption
wall dictates that the fluid velocity atetwall is zero. Thus the of a spatially uniform temperature distribution and solves the
fluid at the center of the flow accelerates to preserve tHgat equation:
continuity of mass. This is referred to as the developing flow I |
and occurs along an entry lendth until the velocity profile d—tp= (F)[
becomes parabolicin laminar flow, the enyr length is '
approximately 20 diameters long and is defined 5} [§: wheredT,/dt is the rate of change of pole piece temperature,
Lo i, ) I"# is the thermatapacitance of Qach pole piece while is

the convective thermal resistandg. is the total heat losses
generated in each of the segmented pole pieces. flliid
temperature! |, was taken as the temperature at the inlet of

(TR—!”! 0, Eg] (15)

Re is the Reynolds number defined as:

. Il (10) eachquadrantwhere eactpole piecewas located The fluid
! properties were alsadjusted withquadrant inletemperature.
I', is the hydraulic diameter defined as: Table Il shows the variation of the fluid properties with
I (11) temperaturesThe 4" order RungeKutta method was used to
byl — solve the differential equation.
Kays [28] showsthat the head loss in the entry regionaof TABLE Il .
laminar flow can be evaluated using: VARIATION OF COOLANT PROPERTIES WITHTEMPERATURET [°C]
: Density, ! [kg/m’] PLorrnrg 121 026677 "# 76 (11)
(P oyt (12) Dyn. visc.u [Pa.s] u = 0.0079! ~+-027 (12)
P! —— Heat Capacitys c=10028T2+!1#$ | +1"## 19 (13)
) I [I/kgK]
Iw incorporates the combined effects of shear stress at thehermal conductivityk k! 1e™'T' 1 81'51 1 11"#$ (14)

wall surface and changes in momentum flux associated witBY/mKI
changes in velocity profile. A correlation fég. has been

developed in [3psuch that: C. Coupling the flow and thermal models

| oS (13) The thermal resistanck,, is heavily dpendent on the flow
| N, properties and was useddouplethe fluid model and thermal
e (1) ,) R (._> model With the flow properties and flow distribution
determined, the empirical equation for the Nusselt nuriloer
A comparison between the developed and developing frictidor a fluid with Prandtl number > 5 and a developing thermal
factors shown in36], [37] show that the pressure losses irand fluid boundary layer was applied as suggest¢8Rin
developing flows can be up to 10 times larger than those in
developed flows.
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LI 11" Rey! (l,)—') (16)

" =1 wi 3.66 + e Define pole piece geometry
' w (DY T
1+0.04.(Prir 1(FH) )

T
Define pole piece materials
T

Introduce flow distribution

l l

l l

l l

The factor! | , is a @rrective factor to take theariation of the l ]
coolant propertiewith temperature Yang 0] definesthe l Estimate Nusselt Numbers (22) ]
correctivefactoras: l Estimate HTC for different areas (24) l
l |

l l

l

l

l

T
Introduce pipe flow properties

Determine the overall HTC (25)

Determine thermal resistance (26)

. <’ILT>I I.14 (17)

In which !, is the viscosity at the surface temperature land
is the reference fluid viscosity at its local temperatOnge to
the flow distribution problem, defining the local fluid
temperature is difficult. Therefora this work the temperature
at each quadrantlet is consideed as a referenc@his is
easier to calculatas all the flow passes through this location.
The corrective factor , was defined dr eachflow channel
As during the LP analysis, the solid temperature increases
with time, a new , for each channel is calculatatieach time
step The heat transfer coefficieribr each side of the pole
piece!"# , is determined from

g 2u (18)

T
Set the number of pole piece P ]
T

Set a time domain t l
>

|
Lumped Parameter model (15) and (16) ]

Correct the HTC for change in coolant
t=t+1 properties (23)

’ Output steady state temperatures for all ‘

pole pieces

! END

The overall heat transfer coefficiedtfor each pole piec&as Fig. 5 Flow chart showing the process to solve the iterative LP thermal model
determined using:
I z A (19) Silicone based thermal interface material was applied to
) _ ) improve the heat transfer beten the heater and the pole
A, is the area for each side of the pole pieEee average pieces Each pole piece was drilled with two 1mm holes and
thermal esistance for each pole piesedietermineds fitted with two temperature sensor§he pole pieces were
R = v (20) assembled on a plastic base in a test box, recreating the flow
S channels between them. The plastic base ensinadheat
Fig. 5 shows thgrocess flow chart for ththermalmodel It transfer to the test box was limite@ihe pole pieceheaters
can be seen hovhé¢ modelconsiders each of the segmentedyere connected to a variable transformvenich was used to
pole pieces as a lump aiml designed to provide an overallrequlate the heat input.Current meters and a differential

temperature distribution of the segmented staftbe thermal voltage probe were used to measuthe current and voltage
resistance ishereforeindependent of the thermal conductivitysypplied to the heaters using RicoScope 3000 series

of the statorHence his has no féect on the simulated results. oscilloscope recordng at 1 Hz The heat inputP was

calculated as:
IV. EXPERIMENTAL WORK 1LV (21)

A.  Experimental setup and temperature measurements | and V are the d.c. measured current and voltage supplied to
A representative experiment of a quadrant of the statfe heatersPico data loggers were used to recpale piece
highlighted in Fig. 2 was set up. The test rig is shown in Figemperatureat1 Hz.
6. To eliminate potential errors related to temperature
measurement and distribution within each pole piecdhe coolantvasre-circulatedfrom a reservoir into the tesg
aluminum pieces were machih&vith the correct geometry to andthen pumpedhrough a heat exchangexpeling heat to
replace the segmented stator pole pieces. As the flow regimeugbient. The reservoir was also fitted with a heating element
very laminar at a Reynolds number of approx. 200, smdfd control the inlettemperature of the fluidnto the test
differences in the surface finish between actual pole piecegction. The power input to the coolant heater was also
with epoxy and the machined aluminum piedeshot produce regulated through a transformdme flow ratewas regulated
significant differences to the HTC. Each aluminum piece wassing a globe valvand measured using a variable area flow
fitted with a 230 V, 150 W cartridge heater to simulate theeter as shown inFig. 7. Each experiment was run for
total internal heat generatiohhis setup satisfies the scope ofapproximately 3 hourto achievesteady state conditions. The
this work: to produce a means of validating a numeriwadel steady state values acrdhs finalhour were then averaged to
that produces a fast and accurate general temperatdesermine the temperature distribution of the pole pietks.
overview of the stator. experiment was repeatddr various cotant flow rates, inlet
temperatures and pole piece heat losseswn inTablelll .
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TABLE Il
EXPERIMENT DETAILS
Test No. Coolant inlet Flow rate Pole piece heat
temperature [lpm] input [W]
[°C]
1 24.58 0.96 81.06
2 22.96 0.96 148.14
3 23.57 1.67 81.14
4 24.85 1.77 152.27
5 40.47 1.00 82.02
6 40.83 1.16 148.36
7 40.06 1.76 82.11
8 41.52 1.99 148.89
=N A
\ ,
Temperature
Inactive L~ sensors in all
pole piece pole pieces

Heating Stator outer
elements diameter
within active

pole pieces Flow stopper

Stator inner
diameter

7 \ '
Fig. 6. Test piece representing the first quarter of the motor

lj e

5%

. Hydraulic circuit
====Electric circuit
Fig. 7. Test setup with 1) oil reservoir, 2) temperature sen§piest box,4)
pump, 5 heatexchanger, Bvariable aredlow meter, § globe valve, 8) ac
power supply,9) variable transformeto power fluid heater, 10) variable
transformer to power pole piece heaters

C. Calibration of the flow meter

Variable area flow metsare calibrated for water. Therefcae
recalibration proces® account forthe density and viscosity
of the cooling oil was required The calibréion by weight
method was usef#1], [42] using the setughown inFig. 8.
With the position of the flow meter noted, thessof fluid
collected was measured and timed@he calibration process
was repeated for a number of inlet temperaturés.
relationsip for the flow rate with float positiomt different
temperaturesvas derived.

6

PN

8

L
I S [a il

Fig. 8. Schematic showing flow meter calibration by mass using 1) gate valve,
2) pump, 3) heat exchanger,thermometer5) flow meter, 6)3-way valve, 7)
reservoir, 8) cllecting beaker9) scales, 10yideo camera

D. Uncertainty Analysis
The temperature sensor uncertainty u(T) was calculated:using

trr e I et [y 1 (22)
In which theu(T, ) is thethermocouple offset,! Txy! is the
reference temperature accuracy ah@yy! is the oven
hysteresis The temperature uncertainty was calculated to be
0.35 K. The uncertainty in the voltageeteru(v) was+0! V
while theuncertainty in theurrentmeteru(l) was+0!01 mA.
The uncertainty of the heat load u(P) was calculated

u(P) = V). 1" + [ (D11 ]2

The uncertainty of heat input was found to benw at low
heat flux and33 mW at the high heat fluXhe uncertainty of
the calibrationscales was 1mwith a reading error 00.01g.
The stopwatch used in the flow calibration has an uncertainty
1 () of I 11ls. The uncertainty in the flow mete! . ! was

(23)

To the authors® knowledge, no previous similar experimentdl-11pm. Hence the uncertainty in flow rate measurenh€Q}

work investigating direct oil cooled electrical machines has
been presented.

B. Calibration of the temperature sensors

A calibration procedurdor the T-type thermocouplesvas
performed
thermocouples and inserted inta Carbolite oven.The
thermocouples and data acquisition system were calibra
against a reference PT100 temperature sensor with
accuracy ofl ! .I" K, for a range of temperatures from 2D
to 180°C. The oven hysteresis was measured BKQ while
the thermocaple offset was measured at 0.33 K

was calculated at:

u(Q) = [[u(@)-2 + [u(®).! 12 + [u(@yn! ] @4

The uncertainty ofhe measured flow rate #s0!!" "% .

in which the test setup was mounted with

V. MODEL VALIDATION

t?g validate the numerical model, the flow and temperature
&tribution within a quarter motor were simulated using the
inlet conditions shown in Tabldll. The measured and
predicted pole piece temperatures are compared in Table IV
and Table V. The simulated pole piece temperatures are within
6% of the measured pole piece temperatures.
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TABLE IV
MEASURED ANDPREDICTED POLE PIECE TEMPERATURES FOR ACOOLANT INLET TEMPERATURE OFR24°C

Test No. Pole piece No. 1 2 3 4 5 6
1 Measured temp’C] 90.37 94.51 97.34 96.96 99.91 105.92
Predicted temp.°C] 91.93 101.31 102.28 102.52 101.95 104.36
2 Measured temp’C] 124.08 133.92 138.62 142.40 150.25 155.06
Predicted temp.°C] 124.18 138.68 141.22 142.22 143.59 147.06
3 Measured temp’C] 80.28 87.21 90.04 87.37 86.37 90.10
Predicted temp.°C] 76.28 85.24 86.47 87.02 86.96 89.39
4 Measured temp’C] 111.90 124.82 132.07 127.14 132.49 131.21
Predicted temp.°C] 112.24 125.90 127.68 128.39 128.11 131.77

TABLE V
MEASURED ANDPREDICTEDPOLE PIECE TEMPERATURES FOR ACOOLANT INLET TEMPERATURE OF40°C
Test No. Pole piece No. 1 2 3 4 5 6

5 Measured temp €] 103.52 113.71 112.0 112.03 114.40 116.77

Predicted temp°C] 101.85 112.17 113.77 114.68 113.98 116.07

6 Measured temp €] 136.88 151.77 152.11 151.81 157.66 159.79

Predicted temp°C] 136.52 151.31 153.29 154.2 154.13 157.66

7 Measured temp €] 93.42 107.25 104.77 101.43 101.85 99.57

Predicted temp°C] 91.93 101.31 102.28 102.52 101.95 104.36

8 Measured temp €] 123.80 143.06 141.21 138.09 140.56 138.8

Predicted temp°C] 124.30 138.49 139.87 140.23 138.00 141.08

VI. SIMULATION OF THE MOTORAND IMPROVEMENTS
220

A.  Simulation of the motor
Following the validation of the model, thisas adapted to | [ T T O
reflect the geometry of a full machine stator as shown in Fic _ .
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rate of 6 Ipm and a coolant inlet temperature of°80 The
manufacturerOs efficiencphart [3] was used to derivehe
statorheatlosses associated withn@minaloperding point of
1500 rpm and 400 N!m. The stator temperature for the origin
motor design is shown in Fig. 9.

Stator Pole Piece Temperature [0C
= =
@ ©
< <
"
°
[ 3
1 1

B. Improvements to the temperature distribution
The changes in flow geometry are found to affect th _

. . . = Original Stator Flow Geometry
temperature distribution as follows: o Improved Stator Flow Geometry

¥ Decreasing the width of the outer and inner fluid path P ase e Role pie wumber 0 17 18 192021 22 23 24
increases the head loss from the paths, forcing a largey. 9. Predicted stator pole piece temperatures for a coolant flow rate of 6
portion of the flow through the pole piece chann&lss Ipm, coolant inlet temperature of 80, motor operating conditions at constant
increasing the flow velocity and tHéTC, reducing the 1500 pm and 408iim
pole piece temperatures.

¥ The flow distribution is determined by the relative head
losses of the pipes. By increasing the head losses in the
rings, an uneven flow distribution (andniperature
distribution) occurs, creatingot spos in the segmented
stator pole pieces. =

¥ The flow distribution in the stator can be altered by
introducing flow-restricting components at specific —

1
; ) i . I"H4$9%6#()% \ v .
locationswithin the inner and outer rings. ~

The inner and outer rings of the original YASA flow " “
geometry shown in Fig. 2 was reduced to 8 mm. Blow . 4
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restricting components were introduced along these rings. As
a result ofthese changeshe temperatures of the segmented I"4#$%/)#66-+,/%
statorwere reduce@s shown in i 9. Themaximum hotspot Fig. 10 The resulting stator flowgeometry achieving an improved
temperature was reduced by approximately K.3 The temperature distribution.

improvedstatorflow geometry is shown in Fig. 10.

segmented stator. The model was validated with experimental
measurements on a quarteodel of the stator. The developed
model provides the thermal designer with an overview of the
thermal distribtion of the segmented stator at a very early

VIl. DISCUSSIONAND CONCLUSION
This paper develops a fast and accuratmerical simulation
tool to predict the overatemperature disibution of a
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