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I. ABSTRACT

This paper presents a fast and precise eleatypatic-
thermal model of a redundant dual star Flux-Switghi
Permanent Magnet (FSPM) motor for
applications with driving cycles, e.g. Hybrid Elecal Vehicle
(HEV), aerospace, etc. This model is based on @ gteady
characterization by Finite Element Method (FEM) @bthe
FSPM motor via calculating the instantaneous torcghe
normal and tangential components of magnetic flersity

(B; and By) of each element of stator as well as rotor for

different RMS current densities and different ropasitions.
These results are then used in the analytical coppe iron
losses models for calculating the instantaneougpeomnd
rotor as well as stator iron losses during oneingicycle. The

the embedde:

===
(b)

Fig. 1 Dual-star flux-switching permanent magnetan (2x6/10) with two
three phases. The phases Al, B1, C1 are primarggshavhich are supplied
under normal mode, while the phases A2, B2, Catanedby phases supplied
under faulty modes. (a) cross-section of the magHim) no-load flux
distribution.

Lumped Parameter (LP) and Finite Element 2D tramsie

thermal models are then carried out, in which thevipusly
obtained instantaneous power losses are used asheaes
for calculating the temperatures of different mgiarts during
driving cycles. In the thermal studies, a transfaiion of
irregular slot structure into a regular (rectangulane is
applied to simplify the calculation of winding tineal
resistance. The Thermal-Electromagnetic Analysishow in
this paper can also be extended for all the otpetitions
with driving cycles. The experimental tests areriedrout to
validate the analytical and numerical results.

In high reliability applications such as Hybrilectrical
Vehicle (HEV) and aerospace, in order to ensureoff@ation
continuity, a dual star flux-switching permanentgmat motor
is considered in the conception process (see BigAd4 in
[10]-[11], the two three phases of stator are seppby two
independent voltage source inverters (VSIs). Irmadrmode,
only the primary phases (in this paper, phasesBA1,C1 are
primary phases) are supplied. To some degreejsthssnilar
to a flux-switching permanent magnet machine witeraate
poles wound [3], [12]. When a short-circuit or op@rcuit

Index Terms— Flux-switching, permanent magnet (PM)occurs, in order to reduce the torque pulsation amdual

motor, loss modeling, thermal resistance netwoikjtek
element (FE) analysis.

. INTRODUCTION

influence between phases, all the primary phase®pened,
at the same time,
simultaneously and
consequently ensured.
Besides the fault tolerance consideration & ¢hnception

the operation continuity can

URING recent years, the Flux-Switching Permanergrocess, it is also necessary to perform a theamalysis to

Magnet (FSPM) Motors have attracted a lot of aiterst

make sure that the machine can satisfy the thecoratraints.

of the electrical machine researchers because efr thTo our best knowledge, previous thermal modelingliss

outstanding performances [1]-[3]. Generally, suchchines
can have high torque and power densities [4]-[Blariks to a
simple rotor structure that is similar to Switch@eluctance
Motors, the fault tolerance capability of this kinflmachines
can be significantly higher than rotor mounted pement
magnet machines [6]-[7]. Moreover, since the pemnan
magnets are mounted on the stator, the heat dempwer and
iron losses are easier to be dissipated and the system
could be simpler. This leads that the FSPM motans be

were often focused on one driving point of eleetric
machines, in which the output torque and rotor dpas
constant, the heat source is considered as th@soraximum
copper and iron losses as well as mechanical 1d48¢$18].
A few studies have been reported about the -elattric
machines with duty cycles [19]-[22], in which thatd cycle
was constant and a value of 50% was often chosérer&s,
to the electrical machines having driving cyclesfasHEV
and aerospace, these kinds of method cannot beogesphny

employed in some harsh environments, e.g. high embi jonger, because it has been known that during thend

temperature, high speed, etc. In order to imprdwe ftux
weakening capability of flux-switching permanentamiaes,
the hybrid excitation flux-switching permanent maes have
been studied in recent years [8]-[9].

cycles, the output torque and the rotor speed arable. As
an example, an electrical machine designed foraléi Stator
Vane (VSV) of aircraft engine is studied, in whithe
electrical machine is applied to control the opegla of vanes

the standby phases are supplied



so that the air flow enters in the aircraft engicen be
controlled and the regime of the engine can be latgal

Thus, the variations of the average torque anddtur speeds
are considerably irregular (see Fig. 2). This legdsariable
copper and iron losses. Furthermore, the maximuspe&oand
iron losses do not appear at the same moment dardrgying

cycle, because the maximum torque corresponds (nuemi
copper losses) often to the minimum rotor speecdhifmim

iron losses). Thus, if the sum of maximum coppel aon

losses is taken to calculate the maximum tempexatime
obtained results could be significantly deviateahfrthe real
values. This could lead to no optimal dimensionsthe

conception process and a good candidate could jbeted.

For the machines having driving cycles, the stestdye
thermal analysis could be insufficient, becausentaimum
copper or iron loss is often during only severalosels that
depends on the machine specification (in this pap@®ds for
the maximum copper loss and 50s for iron loss).sTkue to
the thermal time constant of different componentsthe

electrical machines, in transient regime, the maxm
temperature could not reach the same value asirthttie

steady-state regime.
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Fig. 2 The machine specifications of the dual &&PM motor for VSV
application. (a) output torque versus time duringeariving cycle, (b) rotor
mechanical speed versus time during one drivingecyc

Based on this example, we will establish a wdttogy for
calculating instantaneous power losses and heatifig
electrical machines. This methodology will be apglito
similar cases such as hybrid or electrical vehicldss paper
is organized as follows. Based on the torque aegdpersus
time during driving cycle (given in machine spezifions),
copper and iron losses for driving cycles were dated in
Section Ill. In order to simplify the computatiori thermal
resistance, the section IV proposed a novel methwd

transform the irregular stator structure in a ragune, and a

lumped parameter thermal model was finally esthblis
Based on the lumped parameter thermal model, #resignt
thermal analyses were realized and the results verited by
Finite Element Method 2D (FEM 2D) and the analytiaad
numerical results are also validated by experimeatds. All

of this is applied for the machines with redundancydensity was calculated

Conclusions are finally given in the Section V.

Ill. LossMODEL OF DUAL STAR (2 x 3 PHASE) FSPM

MOTOR

In contrast to previous studies, where irors lyas obtained
at certain driving points (output torque and rospeed are
constant) or the computation was often performedaddoad
conditions [23]-[26], in this paper, the output doe
corresponding to copper loss and the rotor mechhsjpeed
corresponding to iron loss are variable during aineing
cycle. Moreover, the computation of iron loss wealized in
on-load condition. The characteristic parameterghef dual
star FSPM motor are shown in Fig. 2. It is notitkdt the
maximum and minimum output torques are respectidety
Nm and 6.9 Nm, and the maximum and minimum roteesis
are 8000 tr/min and 20 tr/min, respectively. Thenflchart of
the coupled thermal-electromagnetic model of thePMS
motor with driving cycle for calculating the temparre
evaluation during driving cycle is shown in Fig. #he
machine parameters for realizing all the computati@are
given in the appendix. The copper lossB$ i primary stator
winding can be computed as

o))

Where p (Qm) is the copper resistivityjgy,s (4/m?) is the
RMS current density, which dependents on the ouipngue
and can be obtained by FEM 2D [see Fig. 3 ()],(m?) is
the total copper volume of primary winding. Witheth
characteristic B-H of the Fe-Co 50 for the statod aotor
cores [see Fig. 3 (a)], the average torque ver$dS Rurrent
density [Tem (Jrw9] Can be obtained. Using the MATLAB
based Basic-Fitting, an analytical relationshipwsstn the
average torque and the RMS current density carstableshed
[Jrussf X(Tem)]. With the torque versus time during one
driving cycle [Tem ()] [see Fig. 2 (a)] and the expression (1),
the copper losses during one driving cyck® ()] can be
finally obtained.
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Fig. 3 B-H curve of Fe-Co 50 and the average tergarsus RMS current
density obtained by FEM 2D. 6.9 Nm is the maximamuee of in the machine
specification.

In this paper, the magnetic flux densiti® (n different
mesh elements of stator and rotor were obtainedirbg-
stepping Finite Element Method (FEM) 2D (the forfmmesh
elements is triangular, see fig. 13). The time\agive of flux
from normal and tangential
componentsg, andBy) with the relationship (2) [25]. For a
driving cycle, the magnetic flux densities of altlet mesh
elements of the motor, the number of which ns are
considered as functions of the RMS current derastyvell as
the rotor positionB; (8, Jrms), By (6, Jrm9)]-



FSPM motor
Parameters

Rotor position
©)

Electromagnetic RMS current

Thermal phenomena
Average [ Model (FEM 2D) density (Jus)
- thermal conduction, torque (7.,) T
- thermal convection. Inductions (B) of
T_ (Nm) all the mesh elements
~ ., B,@, Jm)l 139(9, Jus)
RMS]
T, vs time during N8 ool 1 | ( N8l oe| |
driving cycle [T, (1] T.=f Ve Hemert!) o | B.|B,| Hemest!) | By | By | :
T, (Nm) — : |88, : | Bo| By :
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) =
Q vs time during
driving cycle [Q (t)] 2 :
Iron losses during
v driving cycle
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Temperature during
driving cycle T(?)

Fig. 4 Flow chart of the thermal -electromagnetiodel for electrical machines with driving cycles

(c’)_)!?)2 _ AB? +2AB§ (2) m; ié/A\Tn?\r/‘g Hysteresis loss coefficients,
ot At By (Teslg . Peak-to-Peak value of flux density,
where At is time step,AB, and ABy are respectively the k.=0.022Am/V . Eddy current loss coefficient.
normal and tangential components of flux densities. The hysteresis and eddy current loss coeffisieare

The excess iron loss and the minor loop hysielieon loss obtained from the characteristics of the laminathdets [Fe-
as well as the losses in permanent magnets wetakext into Co 50, see Fig. 3 (a)]. With the expression (3) antbtor
account. The expression of iron losses densifRs(\W/m®), speedQ = 1rad/s, the hysteresisPh) and eddy current losses
subscriptx represents the stator or the rotor] of the rotwt a (Pe) can be obtained for all the mesh elements of F&Ritbr
the stator could be established as [26] 12/10, which are in function with the RMS currergndity
[Ph=f (Jrm9), Pe=f (Jrm9]. Knowing the relationship between
B W/m?) = f(kny *ABpp + knz +ABj) the RMS current density and the average torgl@s[=Ff -

7x 0B (3) XTew], the analytical relationship between each eleémen
hysteresis as well as eddy current losses and \‘heage
torque can then be establishdehff (Te,) and Pe=f (Ten)].

where ) Using average torqueT{, (t)] and the rotor speed] (t)]
fkk=R§ : Rotor R®R) or Stator § electrical versus time during one driving cycle, the hysteresid eddy
frequency, current losses of each element during one drivirgeccan be



obtained. Summing hysteresis and eddy current $ossall
the elements of rotor as well as the stator, the &iator and
the rotor iron losses versus time during one dgwigcle can
be finally obtained Br (t) and Ps (t)]. The obtained
instantaneous rotor and stator iron losses as wagllthe
instantaneous copper losses will be used as heatesoof the
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LP and FEM 2D transient thermal models for caléntathe
temperatures of different motor parts. The traristaermal
models will be detailed in the following parts bfs paper.
Based on the characteristic parameters and iouev
methods for calculating the power losses, the coppd iron
losses during one driving cycle were obtained dsgn5.
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Fig. 5 Copper and total iron losses during onevily cycle of the dual star FSPM motor for VSV aaion.
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Fig. 6 Rotor and stator teeth magnetic flux dgné® andB,) versus rotor position. The calculations are f@Imechanical degrees. (a) rotor tooth, (b) stator
tooth.

As been shown in Fig. 5 (a), the maximum coppsses
(126 W) and minimum iron losses (0.5 W) appear fi280s
to 620s, and the minimum copper loss (0.3 W) ad agl
maximum iron losses (245 W) appear from 0s to 3&0d
from 4000s to 6000s. The rotor and stator irondesgersus
time during one driving cycle is shown in Fig. §.(Bor the
dual star FSPM motor in this paper, the periodatbmr flux
density (60 mechanical degrees) is 2 times highan that of
the stator (30 mechanical degrees) as shown in €ig.
However, the harmonics in the rotor flux densite aiso
significantly higher than that of the stator. Asuks, even if
with a lower rotor frequency, the rotor iron lossesild be as
high as one half of that of the stator.

IV. TRANSIENT THERMAL MODEL OF DUAL STAR FSPM
MOTOR WITHDRIVING CYCLE

A. Thermal Conduction of Machine Components

In this paper, as mentioned in previous sestitine stator
structure of the dual star FSPM motor is symmeéltritaus,
the thermal studies on one part of the stator ppesent the
whole stator are possible [14]. The stator strectto be
studied was shown in Fig. 7 (a), which is 1/12 led tvhole

4

stator. It has long been known that the maximunptrature
of the machine is in the stator end-windings beeausthe

stator slots, the axial thermal conductivity is abinthe same
as that of the copper, which is 350 W/m/°C, whileradial

direction, due to existence of insulating materiathe

equivalent thermal conductivity is significantlywer than that
in axial direction. Thus, the heat generated imhostalots are
removed to the end-windings and dissipated by timection

of cooling fluid nearby the end-windings [14]. Howee, the

modeling of the convection nearby the end-windingsa

challenging task, which demands experimental tests the
convection coefficient in these regions is consilgr sensible
to the variation of end winding structures. Thus, the

conception process as in this paper, the thermdies were
limited in the radial direction. As in most of preus thermal
studies [15]-[27], the stator slots were conside@ an
equivalent homogeneous material, and the equivatemmal

conductivity can be obtained by analytical, Firiiflement and
experimental methods.
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Fig. 7 Transformation of the real stator structuwrkthe dual star FSPM

motor in a regular one (rectangular). (a) real cessection of stator structure,

(b) regular cross-section of stator structure.

In the electrical machines, the form of stadtmts is often
not regular, e.g. fan-shaped, or with round ingideers, etc,
thus, in order to simplify the studies, especiétlycalculating
the thermal resistances, it is often necessaryattstorm the
real structure in a regular one. The transformatigthod in
[14] was not accurate enough, which could causeifgignt
errors in computing the maximum temperature inostatots.
In this paper, a novel transformation method wapgpsed and
the principle of this method is shown in Fig. 7,iethcould
simplify considerably the calculation of the
resistances of the machine components and, in ganrime,
give a satisfactory calculate precision.

thefma

1 6
Reony = hS ( )
outer
e = Souter_reg Tmean (7)
tr — - =
Souterjeal Touter

Where R.pnp, h=30Wm™2K™!, &,=0786 are
respectively the thermal resistance due to the nthker
convection between outer surface of stator and embi
environment, the thermal convection coefficient atick
transformation coefficient. Finally, the thermakistance of
the real partsK,.,;) can be obtained by the thermal resistance
of equivalent regular structur@,(;) as

(@)

With the transformation coefficiend,,, the relationship
between the maximum temperature of real statorctstre
(Tmax_rear) @nd that of regular stator structurg,f ) can
be established such as

Rrear = €trRreg

)

WhereT, = 150°C is the ambient temperature (given in the
machine specification of VSV application).

In order to verify the previous transformatiorethod, the
Finite Element Method is applied for computing tlaiation
of steady-state temperature during one drivingecyth this

- Ta)+ Ta

Tmax,real = Str(Tmax,reg

In order to realize the transformation of stawe as shown part, for simplicity, only the copper loss as shoasnin Fig. 5

in Fig. 7 and not change the physical reality,hibidd make

was taken into account. The numerical results amwvs in

sure that the area of stator slots, the widthstatbs teeth as Fig. 8, a quite good agreement between the maximum

well as the permanent magnets, the stator radmgthe the

temperature of the real stator structufg,( ,.4;) and that of

stack length and the stator slots filling coeffitiare the same the regular stator structure was observed.

as those in real stator. The outer radius of regstEtor was
chosen as the mean radiys,,, between the outet,,,., and
innerr;,,,., radii of real stator, the expression of which is

(4)

_ Touter T Tinner
rmean - 2

With the (4), the area of the outer surface ofrégular stator
Souter_reg IS Obtained as

©)

Souter,reg = 2T * Tiean * L

WherelL is the stack length of dual star FSPM motor. After

this kind of treatment, it could be noticed thaé tareas of
stator slots, the stator core iron and the perntamagnets of
the regular stator are the same as those in thetegar. Thus
the iron and copper losses can be considered the sathe
regular stator as those in the real stator. Howeatsshould be
noted that after the transformation, the area térosurface of
the stator was decreased froRPx (¢ 7,yter + L) 10 2T Thean
L), since the thermal convection between the ouigase of
stator and ambient environment depends on the afreater
surface of stator, and can be modeled as in (6, vould
increase maximum temperature in the regular s&itacture.
Thus,
transformation on the variation of maximum tempemat a
transformation coefficient should be employed, ékpression
of which is shown in (7).
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With the regular stator structure (rectangulétrg thermal
resistances of different materials in stator carobtined by
resolved Poisson’'s equation (2D rectangular) withath
sources as in the primary phase windings and stater iron,
and by resolved Laplace’s equation (2D rectanguidifiout
heat sources as in the standby phase windings hed t
permanent magnets (in this paper, the permanennetgmg

in order to compensate the influence of thgere supposed without losses). The principle eqostiare

shown in Fig. 9 4T = —P;/2 for the zond andAT = 0 for
the zondl), which was S|mpl|f|ed to resolve 1D problem. The
heat source is only in the zorle the thermal flux was
supposed to flow in the direction of axisand the Dirichlet
boundary conditions were applied to the surfaceafiis 2)



wherex=H (H=2l, H is the length of the studied zone), on the Nu - Dy,
other surfaces (in axig, the Neumann boundary conditions ==
were applied. In Fig. 9, T,, P; are respectively the thermal

conductivity, the ambient temperature and the pdess (heat WhereD, (m) is the hydraulic diameter, which is equal to two
source), whileA is the Laplacian operator. With previoustimes the air-gap length2 e) for the electrical machines

(13)

conditions, after resolving the Poisson and Laptaegquations
in different zones, the thermal resistances caoliained as
follows:

R, = for Zone I

!
225§ (10)

l
Ry = s for Zone I1

with narrow air-gap [27].

As shown in Fig. 2, the maximum rotor velodityring the
driving cycle is 8000 rpms, and with this velocitthe
maximum Taylor number is about 285.8, which is ldsn
1708. Thus, for all the range of rotor velocitidstee driving
cycle, the Taylor number is always less than 17@&hbse the
higher the rotor velocity, the higher the Taylommer. As a
result, the Nusselt number and the convection efit in

Wherel is the zone length in axis S is the area of surface of the air-gap are constant, and which are respegtaglal to 2

y-z axis (perpendicular te-axis).

YA
-MOT(x,)/0y) = 0
©1 kD). H])
Zone I Zone IT
-MOT(0,)/0x) P | 5
=0 AT=-P/\ AT=0 |TE)=T,
VA !

L»X ©o (©0) (H,0)

-AM@T(,0)/8y) = 0

Fig. 9 Zones representing different componentaadhine to be studied,
Zone I: with heat source’( = 0), Zone II: without heat sourcé#(= 0).

B. Thermal Convection in the Air-Gap

Without motor fan on the rotor, the axial flidw in the
air-gap could be neglected comparing to the reftlia flow.
Furthermore, even if the air flow in the air-gagusbulent, it
could still be considered that there is a thin tayfeair nearby
the rotor tooth tips, which is laminar, and rotatéth the rotor
with the same peripheral speed of rotor tip. Thithe same
case for the air flow inter-rotor teeth. Thus, ttenvection
coefficient in the air-gap could then be calculatedfollows
[14], [27]

2.02.+ .03
Ta _P Q Zra e (11)
u
Where
Ta Taylor number,
=e/In ( Jinner Mean logarithmic radius,
T_ outer

e (m) Air-gap length,
Tinner (M) Stator inner radius (see Fig. 7),
7 outer (M) Rotor outer radius.
u (Pa-s) Fluid dynamic viscosity in air-gap,
p (kg/m®) Density of fluid in air-gap,
Q (rad/s) Rotor mechanical speed,

Based on the obtalned Taylor number, the Nussatibeu
(Nu) can then be calculated as

(Ta < 1708)
(1800 < Ta < 12000)
(12000 < Ta < 4.10°)

Nu=2
Nu = 0.128Ta®367 (12)

Nu = 0.409Tq%241

The convection coefficient could finally be estabkd as

and 150Wm™2K~t. Finally, the thermal resistance due to
thermal convection in the air-gap could be obtainsithg the
expression (6). It should be noted that the premigeputation
of thermal convection coefficient is a significantlemanding
task. This can be performed by lots of Computalidriaid
Dynamics (CFD). While the CFD calculations are venye-
consuming and need a solid knowledge of mechafiigdlin
air-gap, this is certainly a very challenging task the
preliminary conception process of the electricathiaes. In
the accessible literature [27], an augmentation20% of
surface exchange due to the rotor slots are repohtethis
paper, the rotor iron losses are relatively lowd #&ns safe to
use the foregoing method to calculate the therroal/ection
coefficient.

C. Thermal Capacitances of Machine Components

In transient thermal model, the thermal capacié should
be added to calculate the ability to store heatawh machine
component. For the component where exist heat scasdn
the zonel shown in Fig. 9, the thermal capacitance should
connect with the energy injecting node, while ie ttonell
(without heat source), the thermal capacitance ecinwith
the thermal resistance. A simple example of tramisieermal
analysis in different study zones of the Fig. 9 bamtmodeled
as in Fig. 10T, andT, are the node temperaturé$,and R,
are respectively the thermal resistances of the z@nd the
zonell while C; andC,, are the thermal capacitances, which
can be calculated by (14).

Jlone 1 Zone II
T,

Fig. 10 S|mp|e example of transient thermal analysd|fferent study zones.
Zone |, with heat sources;fP(b) Zone Il, without heat sources

The thermal capacitancé.f (J/°C)] in different zones of
Fig. 10 can be calculated as

Cen=cp - M=cp-V-p (14)

Wherec, (J/kg/°Q, M (kg), V (m*) andp (kgim?) are the
specific heat capacity, the masse, the volume hadi¢nsity,
respectively.



D. Lumped Parameter Transient Thermal Model fothe machine, whiled,inaing: Pwinding @Nd Cwinging are
Driving Cycle respectively the equivalent thermal conductivithie tmass
With the given machine parameters as showrigna (a), density and specific heat capacity of the primaayos slot.
the thermal resistances [see (10)] and capacitgsees(14)] With all the obtained thermal resistances ampacitances
of different motor components can be obtained. Yangple as ©of different motor components, the complete Lumped
(15) is given for calculating the thermal resismnand Parameter (LP) transient thermal model of the dtal FSPM
capacitance of the primary winding [see Fig. 11, (mhich motor is established as shown in Fig. 11 (b). Téscdption

could be also applied for other motor components. of different thermal resistances and capacitansegivien in
Table 1.P; is the copper loss of the primary phase whie

( R1 = Mwinding s Pss are the iron losses of different parts of statomell as of

4 4’1wmdmg lwinding_s * L rotor. In this paper, the distribution of coppesdoand iron

LRZ _1 Lwindings and (15) loss are considered as homogeneous. Generallyrdigr o

2 Awinding * Mwinding_s * L improve the calculate accuracy, more thermal rastss

should be required [14], while this would be higime

C1 = pyinaing(Mwinding s * lwinding s * L) Cwinding consuming and could loss the advantageous of teemti

. resistance network method.
wherel,inging s @Ndhy,imaing s are respectively the length and

the height of the primary stator slot andbs the stack length of
A I

T,
h 'yoke_s )”stator )“PM
""" N Cstator | °PM
winding p p
C . 1 stator PM|
h winding
wmdmg_sv Pwinding

A ‘—“l—>ﬂl—)}
el lwinding_s ' “tooth_s ' ‘'PM'

c
)“ag ag pag i ltooth rool
P

hslot_r € ISIOt_r > )"mtor
h 77777 A rotor
Y oke_rrm”v' Protor
h A =
shaft v Mshafe Cshaft Pshafi R%6  R27
(a) machine parameters (b) LP thermal model

Fig. 11 Equivalent thermal resistance networkhef tegular stator of the dual star FSPM motor 12(lLOmped-Parameter Model).

Table 1 Description of thermal resistances and cépaces shown in the Fig. 11

Location Resistance Capacitange Location Resistance Capacitance| Locatiop Resistance Capacitance
Winding R1-RZ C1l Permanent magr R1(-R1Z C5-C6 Rotot R2z-R2t C7-C8
Stator tooth R3 -R4 Cc2 Outer convection R13 -R15,R27 - Shaft R26 Cc9
Stator yok RE-R¢ C3-C4 Air-gap convectio R1€-R21 -

R1€-R21in the ai-gap is due to thconduct-convection of fluic

Based on the thermal network shown in Fig. b)Y, @ the nodei and the nodg. If there is no direct connection
relationship among the thermal conductance, thermiaétween the nodes, which is often the case in tlenetwork
capacitances, the node temperature and the noder posges of electrical machines, the thermal conductances raull.

can be finally established as follows: Based on (16), the temperature variation in theplrexample
A[T]es (16) as shown in Fig. 10 could be calculated as
[Cluxn dt + [Cluxn[Tlax1 = [Pluxa
[Claxxn is the thermal capacitance matrif}],«,1 is the node [ ] 1 [ ] P]] (17)
temperature matrix[P],x; is the node power loss matrix, 0 C” dt Tl Tul L0}
[Glaxn is the thermal conductance matrix, the diagonal i LR R Ryl R” w

component of which is the self conductance of tbeen,

which is the sum of all the thermal conductancesnected . -
with this node. Whereas, in the upper as well aghénlower E. FEM 2D Transient Thermal Model for Driving Cycle

triangular components G{; with i # j), which are mutual Different from the non-salient electrical maws, the FEM
conductances and equal to negative conductance®ecied 2D transient thermal model at one rotor positiondssuitable

7



for the doubly salient machine in this paper. Hoevelt is
always possible to transform the salient rotor entwon-salient
one. As we know that the thermal time constant ischm
longer than the mechanical period of dual star FSRdor,
thus, the air at the middle of air-gap could be sidered
heated up uniformly by the rotor tooth tip or ther-rotor
teeth air. As a result, it could be considered thatair layer in
the middle of air-gap is isothermal. Moreover, doethe
viscosity of air in the air-gap, there is a thigdaof air (all the

Real salient rotor

®)

temperature drop of air-gap is in this thin layeearby the
rotor tooth tip rotates with the rotor with the sameripheral
velocity [28]. Thus, to the immobile part of stattire rotating
rotor part (the mobile rotor and the half of aipgaearby the
rotor) could be considered as an equivalent homagen
material and which is immobile. The equivalent ahdihermal
resistance of the rotor could be obtained using rethod
shown in Fig. 12.

Equivalent smooth rotor

©

Fig. 12 Procedure of calculating the equivalentorthermal resistance of the dual star FSPM motor.

In Fig. 12, for simplicity, the stator part g&ir and the
stator half air-gap) is represented by only onerntia

yoke, respectively.
redundant winding as well as the shaft, no powssds exist.

resistance Rsiao). T, (150°C in this paper) is the ambientFor modelling the half stator air-gap, where thermhal

temperatureP1 and P2 are respectively the iron lossgg.s
and P, in the rotor. The different components in Fig. (42
and (b) can be obtained using the network of Flg(k) as

Rlequa = R21 + R25

R2,4ua1 = R23 + R24 (18)
R3 _ (R20 + R22) - (R19 + R23)

\R3equat = ~p30+ R22 + R19 + RZ3

AP1 = R33qual : PZ/(Rzequal + R3equal) (19)

{

The rotor part equivalent thermal resistankg {,,-) in Fig. 12
(c) could then be obtained as

(R3equal+RZequal) : Rlequal
(Rlequal + Rzequal + R3£qual)

AP2 = Rzequal : PZ/(RZequal + R3equal)

(20)

Ryotor =

Based on (10), the equivalent radial thermal cotiditge
(Aequar) Of the equivalent rotor could be finally obtained

Concerning the equivalent mass densipqf,) and
equivalent specific heat capacityf,,,;) of rotating rotor part,
which can be calculated as follows

Vrotor * Protor

Pequal =
4 Vequal (21)
c _ Vrotor * Protor * Crotor
equal —
L Vequal * Pequai

whereV,otor, Protor @Nd Croror are respectively the volumes
the mass densities and the specific heat capaafigstor
iron. Due to its low mass density, the mass andnthk
capacitance of the air in air-gap are neglected.

With the obtained equivalent parameters, theMFED
transient thermal model of the dual star FSPM metor be
established and its boundary conditions are showrig. 13.
The copperR;) and stator iron losse®{ are homogeneously
distributed in the primary winding and the stateeth and

8

conducto-convection exists, an equivalent therrnabacivity

(Aag_equar) is applied and, the thermal resistance obtained b
using A4g equar is €qual to the conducto-convective thermal

resistance in the half stator air-gapl + AP1 is the
equivalent iron loss in the equivalent rotor whlB2 is the
iron losses injected through the line of the raiater surface
into the air-gap.

Permanent magnet

(}\‘[’M’ CPM’ pI’M)
Stator half
airgap

AP2

-AdT/dr=
h(Ta-Ts)

Equivalent
rotor

winding

Cvinding

winding

Piis @

winding

7\, p shaft |

Fig. 13 Boundary conditions for the FEM 2D trangi¢hermal model of the
dual star FSPM motor.

‘shafi

F. Analytical and Numerical
Temperature for Driving Cycle

With the LP transient thermal model and the FBRR
transient thermal model shown in Fig. 11 (b) angl BB, the
computation of temperature variation versus timeaingu
driving cycles could be finally performed. The an@kl and
numerical results of temperature variation duringydles (the
machine reaches the permanent regime) are showiy.iri4.
A good agreement between the results obtained bynbéel
and that obtained by FEM was observed. In Fig. d¢4 the
heat sources are the average copper loss (14.9heV/stator
average iron losses (14.6 W) as well as the roterage iron
losses (6.34 W), while in Fig. 14 (b), the heatrses are
instantaneous copper and iron losses during drigyales. It
is important to find that the maximum temperatuyeobtained

In the permanent magnets arel th

Results of Variation of



using average losses is much lower than that cddaiy using
instantaneous losses. Thus, the transient therraedkhusing
the instantaneous power losses as heat sourcedaties for
evaluating the real thermal performance of the tetsd

260

—==LP model
240 | —FEM2D
) SRR O o beieteiniet=teletetebsietetiet
L]
5
F 200
[
o
5 180
o
180
140, 05 1 15 5 25

Time during 4 driving cycles (s) % 104.

(CY

machines with driving cycles. Otherwise, the
performance of the machine could be overestimated.

thdrma

260

Temperature ("C)
[}
o
(=]

——FEM 2D
———LP model

0 05 1 15 2 25
Time during 4 driving cycles (s) x10*

(b)

140

Fig. 14 Variation of temperature in primary windiof dual star FSPM motor during 4 cycles (the niaehleaches the permanent regime). The results are
obtained by LP model as well as by FEM 2D. (a) Iseafrce is the average copper and iron losses dwite driving cycle. (b) heat sources are the
instantaneous copper and iron losses.
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Fig. 15 Temperature distribution of FSPM motorhwitrimary phase supplied at different moments dudriving cycle. (a) at 600 seconds, (b) at 4300
seconds.

It should be noted that the maximum temperaitufeig. 14
(b) is slightly high that will cause some thermablpem for
the isolation in primary phase winding (the isaas is class
C, the admissible maximum temperature is abduf, =
240°C). In order to decrease the maximum temperatine
minimisation of the power losses is always a gobdiae
while enhancing the performance of cooling systemalso a
good alternative. The rotor mounted fan (TotallclBsed Fan
Cooled (TEFC) structure) could be applied to insesthe air
circulation and the axial fluid flow in the air-ga@vhile on
external surface of the frame, several kinds oflingofins
could be applied to increase the heat exchange etea

It was also found that the maximum temperatame move
from the primary winding to other parts as showkiig. 15, in
which the temperature of rotor can be slightly leigthan that
of the primary winding. This is because that ttenitosses
could be sometimes significantly higher than coppmess.
Furthermore, the air-gap is not a good thermal ootat even
with the forced convection for a doubly salient orattructure
as in this paper. Thus during one driving cycle, thaximum
temperature point could move from stator slotsaimmr yoke
or elsewhere, e.g. at 600 seconds, the maximumeeiye

was observed in the primary and its value is aigdt7 °C,
while at 4300 seconds, a maximum temperature of820a
was observed at the rotor yoke.

G. Experimental Verification

In order to verify the results obtained by Hmalytical and
numerical models, a 12-slot and 10-pole flux switgh
permanent magnet motor (FSPM) is used (see Fig. iti6)
which the stator and rotor outer diameters are estsely
154.4 mm and 86 mm, the air-gap length is 0.2 nme& stack
length is 60mm while the frame length is 105 mmd éme
filling factor is 0.4. The FSPM motor is driven ey DC
machine, the speed of whichfis= 270 tr/min. The no-load
Electromotive Force (EMF) of the primary phase Ad i
calculated by the FEM 2D as in the previous sestidiis is
validated by the experimental tests as shown inFig
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Fig. 16 Prototype of a dual star FSPM motor (13/10
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Fig. 17 Simulated and measured Electromotive Féocene period of a
dual star FSPM motor (12/10)
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In order to measure the temperature of the FSRMbr,
two thermal sensors are respectively implementedthi
middle of the stator slot and on the outer surfatethe
machine. The first one
temperature of the stator slot while the second imne¢o
measure the outer surface temperature, which Wolaus to
calculate the outer surface thermal convection faoefit. In
laboratory conditions, the natural thermal conwatti
coefficient is about = 4 W /m?/°C and for a filling factor of
0.4, the equivalent thermal conductivity in thetataslots is

is to measure the maximum
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Fig. 18 Variations of temperature of windings dhd outer surface obtained
by simulation and validated by experimental metifapithe power losses are
constant, (b) the power losses are variable.

2000 8000

V. CONCLUSION

The copper and iron loss model of a dual tax 8 phase)
FSPM motor with driving cycles have been perforrnirethis
paper, the results of iron and copper losses dudirigng
cycles showed that at high rotor velocities, tlumilosses are

aboutd = 0.25 W/m/°C. As shown in Fig. 14, two cases arejgnificantly higher than copper loss while thisiiserse at
dealt with in this part: in Fig. 18 (a), the powesses are high output torques.

constant, the value of which is 68.5 W. While ig.FL8 (b),
the power losses are variables, from 0 seconds 6@0 3
seconds, the power losses are constant and eq@4l.2oW,
after 3600 seconds, the supply of the machine risetl off
until 5400 seconds, and then the machine is supplih
constant power losses of 91.3 W (the average pdwgsris
equal to 68.5 W). A good agreement is observed dmtvihe
analytical results obtained by the LP model
experimental results. The difference between thesmed
and simulated results is mainly due to the negtE#cthe
contact thermal conductivity between the
components, the neglect of the thermal radiatiorihenouter
surface of the machine and the roughly estimatexintéal
convection coefficient in the air-gap, etc.

10

In order to calculate the temperature variatidérthe dual
star FSPM motor, a Lumped Parameter (LP) and ateFini
Element Method (FEM) 2D transient thermal model for
driving cycles have been carried out. Since the grolsses
are not constant during a driving cycle, the terapee
changes also in function with time for a drivingcley It is
found that the maximum temperature obtained by

and th&stantaneous power losses (heat sources) is mighbrithan

that obtained by average losses of a driving cydiereover,
with instantaneous power losses as heat souraes)dkimum

maChin?emperature can move from stator slots to the rgtke.

Thus, the transient thermal model with instantasepower
losses as heat sources is essential to predidethperature
variations for electrical machines with driving B&
Otherwise, the thermal performance could be ovienastd.

The results obtained by the FEM method and_thenodel
are finally validated by the experimental tests.eTh
electromagnetic-thermal model for driving cycle cée
extended for other applications with driving cycl#gith the
axial thermal conductivity of different motor compmts, the
FEM 2D transient thermal model for driving cyclesitd also
be developed for covering the 3D thermal problems.



APPENDIX

STRUCTURAL DATA FOR FSPM MOTOR
Number of stator/rotor pol 12/1¢;
Stack length 60 mm;
Stator outer radit 45 mm
Rotor outer radit 25.5 mm
Air-gap length 0.2 mm;
Shaft radius 20 mm;
Filling factor 0.5
Permanent magnet length 2 mm;
Copper resistivity (200 °C) 3 fmm.

THERMAL DATA FOR FSPM MOTOR

Conductivity Density Specific heat
(W/m/°C) (kg/m3) capacit (J/kg/°C
Iron (Fe- 30 8150 460
Co 50
Equivalent 0.84 6380 487.2
windings
Air 0.0z 1.2t 100t
Permanent 4 5990 450
magnet
shaft 55 7700 515
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