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Abstract—This paper presents a fault-electromagnetic-thermlamodel of a fault-tolerant dual star Flux-Switching
Permanent Magnet (FSPM) motor. The analytical resus in terms of phase currents, rotor velocity and otput torque are
firstly calculated by a Simulink-MATLAB based fault (short-circuit) model. Then, the fault and normal phase currents
are used in the motor 2D Finite Element Method (FEM model to calculate the copper and iron losses. Ake main heat
sources in electrical machines, the obtained coppand iron losses are used in the Lumped ParameteLP) and the 3D
FEM thermal models to calculate the temperatures ofdifferent machine components. Finally, the variathn of
temperatures of the machine in presence of faultsac be predicted. The results obtained by the LP anthe 3D FEM
models are also validated by experimental tests. §ood agreement has been observed among the analgtichnumerical
and experimental results. In order to realize the B FEM model of the doubly salient rotating machine,a method to
transform the salient rotor into a non-salient onehave been proposed. Some methods are also proposectnhance the

performance of the cooling system and decrease theaximum temperature of the machine.

Index Terms—Fault-tolerant, loss modeling, flux switching, themal resistance network, finite-element method (FEM.

1 INTRODUCTION
DUE to their high power density, the fault tolergetrmanent magnet motors have attracted increasing
attentions in safety critical applications such Hgrid Electrical Vehicle (HEV) and more electrical
aircraft. To enhance the fault tolerant capabilaypt of methods have been proposed in recensyeay.
the multi-phase machines (the number of pmase3) [1]-[5], multi-motor structures [6] or dual-statator

machines [7]-[8], etc.



Concerning to multi-phase machines, due ta thigher phase number, the power can be split a@os
greater number of inverter legs than classicaletlplease machines. As a result, the rating of tiveepo
devices could be relatively lower. Furthermore, it@ependent flux and torque control can be ensured
even if one phase is open-circuited. This is imibsdor the three-phase machines [1], [4]. Howevee
multi-phase machines need multiple inverter legsl #his non classical inverter structure could ease
the cost of the system.

With regard to the multi-motor structures, thigases of the motors are magnetically and physgicall
separated. Thus, the phase failures (short-ciccudpen-circuit) of one motor will not infect théases of
other motors, and the rest machines can operaggepyoeven in presence of faults in one motor. As a
result, the reliability could be considerably irmsed. To some degree, this method is not suitablthé
embedded systems as in aircraft and HEV, wherevtheme for installing the motors is often limited.
However, because of the increase of additionalveinding length, the series [9] or parallel [6] mioto
connections need more system volume than the singter structure.

To obtain the advantages of both the foregsingctures, the dual star motors could be appliethis
paper, because of its high torque and power derssas well as its simple rotor structure, a dual Blux-
Switching Permanent Magnet (FSPM) motor is appledcontrolling the Variable Stator Vane (VSV) of
aircraft.In VSV application, the electrical machine is apglito control the open angle of vanes so thatithe a
flow enters in the aircraft engine can be conttbiend the regime of the engine can be regulakbe. cross
section of this dual star FSPM motor is shown i Bi (a), in which the stator and rotor tooth nurstzee
relatively 12 and 10. The rotor structure of thd®?KBis as simple as that of Switched Reluctance koto
Thus, the fault tolerance capability of this kindnoachines can be significantly higher than rotamumted
permanent magnet machines [10]-[11]. For simpljcitie consider that the primary star consists of the
phases, b andc, while the redundant one is composed by the phasBsandC. All the phase windings

are concentrated. Thus, there is no overlappingacbibetween end-windings, and the end-windingtleng



can be decreased. The two stars are supplied byntfependent voltage source inverters (VSIs, sge Fi
2), and the neutral points of which are not coneg¢bgether [7]-[8]. In healthy mode, only the painy

star is supplied, which is similar to a classitake-phase permanent magnet motor. When a showitcir

or an open-circuit failure occurs, to decreasedngue pulsation and the mutual influence betwdwases,

all the switches of the primary star are opened, Eimultaneously, the redundant star is suppliezsl.aA
result, the operation continuity of the machineersured. A summary can be made that the dual star
structure is similar to a double-motor structureifimmotor). However, they are compacted into ongre
motor structure as a six-phase (multi-phase), irthytonly three phases are used. Thus, both theésmoér

the multi-motor and multi-phase structures candiern into account by using the dual star structure.

Fig. 1 Fault-tolerant dual-star flux-switching paanent magnet motor X®/10) that has two three phase stator windings. The
phases a, b, ¢ are primary phases, which are saggluring normal mode, while the phases A, B, Gadendant phases
supplied during fault regimes. (a) radial cross4sae of the machine, (b) no-load flux distribution.

During the design process of a fault toleraogldstar FSPM motor, besides the fault tolerant
consideration, the thermal problem caused by thksfahould also be taken into account. Previoasthl
modeling studies were often focused on the madinim®rmal mode, in which the main heat sources are
the constant maximum copper, iron and mechanicael® [12]-[19]. A few studies have been reported
about the electrical machines with driving cycl28]{[22]. In this paper, due to the redundant phatee

open-circuit failure is not serious because ituffigent to open all the phases of this star amdige the



other one. However, for the short-circuit failu@specially for the terminal short-circuit of onbage),
even if the switches of the inverter legs are odetiee short-circuit phases can always induce shiantit
current. This can produce a various resistant &rgehich will disturb the output torque and theorot
speed. To maintain the same average output totiqeesurrents of the normal phases need to be isedea
to compensate this resistant torque. As a resattalse of the presence of short-circuit currenttard
increase of normal phase currents, the copper @mdlosses (the influence of mechanical losses are
neglected) would be increased and the temperatul also increase considerably. This increase of
temperature could exceed the thermal constraimt,tlh@ well designed motor in normal mode could not
meet the machine specifications in fault mode. Thus main goal in this paper is to study the iafice of

short-circuit failures on the thermal behaviouaafual star FSPM motor.
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Fig. 2 Control scheme for fault tolerant dual sE8PM motor.

2 ELECTROMAGNETIC MODEL OF DUAL STAR FSPM MOTOR

2.1 SHORTCIRCUIT FAULT MODEL

In this paper, the fault model is based on pim&se terminal short-circuit of the primary stahich is
shown in the Fig. 3. All the three phases of thenary star are opened, and the three phases afidadt
star are then supplied simultaneously. As an exantipé phasa of the primary star is considered as short

circuited. As been mentioned in previous sectimendf the switch of the inverter leg of the shoiruit



phase is opened, due to the permanent magnet arsglftand mutual inductances, the short-circuitesu

can still appear.
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Fig. 3 Equivalent circuit of the fault-tolerant dustar FSPM motor with one phase of the primagy short-circuited.

The neutral points are isolated and inaccessibé relation among the three redundant phasentaris:
Following generator convention, the relationshipwaen the no-load electromotive force (EMF) of the

short-circuit phasa (e;) due to the permanent magnets and the phase taroernd be established as:

do, , di, diy dig di;
eazszala+LaE+MaAE +MaBE+MaCE (2)
Where
R, andL, . Resistance and self inductance of ptese
ia : Short-circuit current of phase
Dy : No-load phase flux linkage,
Maa, Mag andM,c :  Mutual inductance between phasand phasé, phaseB as well as phase.

All the parameters of the (2) are calculated byFHEM and validated by experimental method. It isnidu
that, if the high order harmonics are neglected,EMFs of the corresponding phases between theaprim
and the redundant stars could be identieak(es). Furthermore, comparing td,s andMac (Mag = Myc),
the Maa is significantly low. This is because the permdamaagnets in the middle of the pha&<, b and

c form a natural barrier for the phase magnetic,flukich prevents the mutual flux created by thesplaa



from passing through the pha&eia the stator yoke (see Fig. 1). As a result Magis neglected. Without
flux weakening operation, the expression of thatstiocuit current in the phasecan be written as:

la(6) = {L (wzl\iu/r) 2 ( MIA> COS(“””(‘” _MEIA )Sm(“’t)]

3

Ml,w (1 N Ea> _5}
Lo(w? + (/0 \t M1,/
where e, (t) = E cos (wt + m/2), M = Myg = My, is(t) = Iycos (wt +m/2), T =Ly,/R, (electrical

time constant) ando (electrical speed). After the short-circuit faduand the machine enters in the

permanent regime, thet — 0 and the expression of short-circuit current in(@jecan be simplified to:

iq(t) = KyJA% + B? cos(wt + ¢) (4)
= M 4 1, Ea = (2 — _
whereK = ROEYEE) A= w (T + MIA), B = (w MIAT) and¢ = arctan (B/A).

With the obtained short-circuit current, thepui torque T) produced by the three redundant phases

and the short-circuit phase can be finally cal@dads:

= & (€lic  [anc + eaio) ®
whereQ is the rotor mechanical velocityg]asc and[i]asc are respectively twd x 1 matrix of three phase
EMFs and currents of the redundant star.

The simulation is based on the Simulink-MATLA#ckage, and the block-diagram of the control
system is shown in the Fig. 4. The speed contradasized by a Pl controller while the current cohts
realized by a hysteresis controller. Since therobstrategy is not the main research aspect g ghper,
thus, for simplifying the simulation and the expeental validation, we suppose that the redundanmtist
always supplied and the phasean be short circuited at any moment. In ordevdiidate the simulated
results, a dSPACE-based digital controller is desiigand implemented to drive the dual star FSPMbmot
and a DC motor is used as a charge of the systaemu3ed motor is a 12-slots and 10-pole FSPM motor,

the prototype is shown in the Fig. 5. The paransedéthis machine are given in the appendix.
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(Igi)g. 5 Prototype of the dual star FSPM motor. ¢&gtor, (b) rotE)br).

The simulated and measured currents and rpeeds are shown in the Fig. 6 and the Fig. 7 (SC is
short-circuit). A good agreement between the sitedland measured results has been observed. Wien th
phasea is short-circuited at 2.3 seconds, a short-circuitrent appears in the phagsewhich is almost
opposite to the current in the phase A. Since M&£of these two phases are practically identsa/,the
torque produced by the short-circuit phasshould also be opposite to that of the phase A Fsge8).
Generally, if the phase resistance, the mutualdtashces and the iron losses are neglected, the hmrit
current and the phase EMF will have a phase separatr/2, and the average value of torque produced
by the short-circuit phase will be null. Howevenr,this paper, the angle between the short-cirauitent
and the phase EMF is not exactly2. Thus, the value of average resistant torque dushbrt-circuit
current is not null. On the contrary, this is alwayegative if we consider that the torque produmnethe

three redundant phases is positive. In order tantai@ the same output average torque and the same



velocity, the currents of the three phases of #teindant star should be increased to compensashdine
circuit torque as in the Fig. 6, in which, the pedkhe current has increased approximately tw@sim

In the Fig. 7, it is found when the short-citdailure appears in the phaagthe rotor speed decreases.
This is because the torque produced by the phasalways opposite to that of the phase A, whiculd
be considered as a brake torque and deceleratesdt®. However, due to the speed controller, the

average speed could be maintained at the same asltre initial speed except that the speed isrtist

by the asymmetrical failure.
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Fig. 6 Healthy and post-fault current waveformgsha healthy and short-circuit phases of the faolérant dual star FSPM
motor. (a) simulated results, (b) measured results.
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Fig. 7 Healthy and post-fault rotor mechanicalagties of the fault-tolerant dual star FSPM motor.
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Fig. 8 Healthy and post-fault instantaneous torgjoéthe fault-tolerant dual star FSPM motor. (ajpttorque components
produced by the healthy and by the short-circuag#s, (b) total torque produced by the healthy thiedshort-circuit phases.

The maximum short-circuit current could be pretl by the characteristic of short-circuit cutrearsus
rotor speed. The simulated and measured maximunt-aihcuit currents as well as that calculated
analytically by the (3) are shown in the Fig. 9slfound that the maximum short-circuit currentioé dual
star FSPM motor is about 20 A. At low rotor spedts, rotor speed has a great influence on the w&lue
short-circuit current. However, with the increadelee rotor speed, the influence of the resistavicthe
phasea could be neglected. As a result, the short-circuitent is independent of the rotor speed at high
rotor speed regions, and which could be determinyethe open circuit flux and the self inductancehef

phasea. This is why the maximum short-circuit currengjgproximately constant at high rotor speeds.
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Fig. 9 Short-circuit peak current versus rotor rhanical speed of the fault-tolerant dual star FSRidtor.

2.2 CoOPPER ANDRONLOSSESVIODEL

For one phase short-circuit condition, the @pdpssesHco) of the dual star FSPM motor depends on

the phase resistance, the normal and short-cpbase RMS currents. They can be computed as fallows
Pco = 3RIgys + RIS, (6)

where R is the phase resistance (in this paper, the nabisbf copper is considered as constant and
independent of the temperature variatidays andlsc are respectively the normal and short-circuit phas
RMS currents. The RMS phase currents could be by Simulink-MATLAB based model as shown
in the Fig. 6. It is clear that the strong increaé@hase currents certainly leads to a consideralgiease
of the copper losses, because the latter one ppronal to the square of RMS currents.

As one kind of main heat sources of the elegtnmachines, the stator and rotor iron losses ldhoe
calculated so as to precisely predict the tempe¥stof different parts of the electrical machin€ke

expression of stator and rotor iron loss dens{@e$W/m®)) could be established as [23]

1
x OB
P.(W/m3) = f,(kn1ABpy + kpyABZ,) + ko fy f (E)zdt . @)

0

Where
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ik(X=R 9 : Rotor R) or Stator §) electrical frequency,
kn1 = 5 A/mandk,, = 40Am/Vs . Hysteresis loss coefficients,

Bpp (Teslg . Peak-to-Peak value of flux density,
ke=0.022Am/V . Eddy current loss coefficient.

In this paper, the hysteresis and eddy curies¥ coefficients are obtained by experimental wegh
With the instantaneous normal and short-circuitrents obtained by simulation and validated by

experiments, the rotor and stator magnetic fluxsdgmversus rotor position could also be calculdig®D

FEM.
Table 1
Copper losses and rotor as well as stator iron ézsfor two driving points

Healthy mode Fault mode

Pointl Pointll Pointl Pointll
Rotor speed (rpm) 1000 100 1000 100
Output torque (Nm) 4 8 4 8
Phase resistanc] 0.53 0.53 0.53 0.53
Healthy current (A) (RMS) 3.54 7.36 9.2 11
Short-circuit current (A) (RMS) 0 0 14 55
Copper losses (W) (normal phases) 19.9 86 134.6 4192
Copper losses (W) (short-circuit phases) 0 0 103.9 16
Rotor iron losses (W) 2.5 0.1 2.6 0.13
Stator iron losses (W) 8.7 0.27 8.9 0.28

In this paper, two driving points are choseahsas at the driving poirit the output torque and the rotor
velocity are respectively 4 Nm and 1000 rpms whtl¢he driving pointl, the output torque and the rotor
velocity are respectively 8 Nm and 100 rpms. Thiioled copper losses and the stator as well asiroto
losses are shown in the Table 1. As discussedewviqurs sections, to maintain the same output tonque
presence of one phase short-circuit, the currentiseohealthy phases should be increased. Thustheg
with the short-circuit current, the copper lossesrease considerably comparing to healthy mode.

However, in presence of short-circuit, the statud eotor iron losses increase only slightly.
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3 THERMAL MODEL OF DUAL STAR FSPM MOTOR

3.1 LuMPED-PARAMETERLP) THERMALMODEL

As in power system, using the network thermegistance to model the nodal temperature and the he
flux paths in the electrical machine is possibl8]{[iL5], [17], [20]-[21], [24]. Concerning this mebd, the
different parts of machine could be modelled byedént thermal resistances. Moreover, the diffeheyatt
transfer mechanisms, e.g. thermal conduction, theconvection and thermal radiation can be takém in
account. The accuracy of this method depends oditizeetization level of different parts of the mae.
Generally, the higher is the discretization levieg higher is the accuracy, while the longer isdhleulate
time. Comparing to the Finite Element Analysis, linmped-parametelLP) thermal model can have the
similar accuracy of computation while with much gbo consuming time. This is the main benefit a$ th
model, which is much more interesting for the maehoptimisation that needs numerous iterations of
calculate. In order to establish the thermal model, the different thermal transfer nauéms are detailed
in the following sections.

3.1.1 Thermal Conduction

The general expression of temperature desgrihie heat transfer is
—AV2T + pc, Z—T =g ®)
t
wherel (W/m/°Q, p (kg/n?), ¢, (Ikg/l°Q andg (W/nT) are thermal conductivity, density, specific heat
capacity and heat source, respectively. After xdsglthe expression (8) in steady-state regimegtreral

expression of thermal resistances of different memmponents R pnauction (CC/W)) representing the

conductive heat transfer in one direction is [14]

L
Reonduction = E )

whereL (m) andS (m? are the length following the heat flow directiand the area of the cross-section of

the motor component.
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Since the structure of the electrical machméhis paper is cylindrical, using two cylindersrépresent
different components are possible, which is showrthe Fig. 10. In zoné (r; <r <r,), with heat
sources, which represents the redundant phase ngmdind the short-circuit phase winding (in fault
mode), the stator and the rotor iron core. Whilezamell (r, < r < r3), without heat sources, which
presents the frame, the shaft, the permanent nggtiet outer and inner air of the machine. In axial
direction g axis), the heat can be removedtim directions, and for simplicity, only +z directidghermal
resistancesRy andR.) are shown in the Fig. 10. Because of the irragdistribution of the coils in the
stator slots, the precise thermal model of eachisaignificantly difficult. Thus, as in some ofgvious
studies [15]-[16], the stator slots are consideasdan equivalent homogeneous material so as tdifsimp
the thermal model.

The winding equivalent thermal conductivity thie prototype is obtained by analytical method (see
equation (10)), and verified by Finite Element anxgerimental methods as in the following partsthis
paper, a value of 0.2 W/m/°C is given for a stalots filling coefficient of 40%. It should be ndt¢hat in
the stator and in the rotor as well as in the pheiseings, the axial thermal conductivity and tlaelial
thermal conductivity are not the same. This is hyattue to the dielectric coating layer between the
conductors (iron and copper). For example, in dmaihated stator core, the radial equivalent thermal
resistance is the parallel resistance of the latiming and the dielectric coating layers, which dobk
considered as similar to the thermal resistancpuoé iron. While, in the axial direction, the ecplent
thermal resistance is the series resistance dathmations and the dielectric coating layers, Wwhgmuch
higher than the radial thermal resistance becabsedielectric coating layers are not good thermal
conductors. As a result, the radial thermal conditigtin the laminated stator or rotor is often rhuaigher
than the axial one. This is contrary to the statioding, in which, the axial thermal conductivity similar
to that of the copper, while the radial thermal auetivity is considerably lower. This is main reasehy

the maximum temperature is often found in the entimgs of the electrical machines.
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L= (1 +kp)Ac + (1 —kp)A
T A=k + (L + kA

(10)

wherel; (W/m/°Q, 4. (W/m/°Q andk, are respectively the thermal conductivity of isimla, the thermal

conductivity of copper and the filling factor.

Fig. 10 Zones describing the heat transfer ofdéht components of electrical machines, Zoneth Wweat sourceg # 0),
Zone II: without heat source (= 0).

After resolving the different equations as show the Fig. 10, the thermal resistances of dffer

components of the electrical machine in form ofeélkpression (9) are

(r —p — 1 . 2rf | (rz)
@b T gmaL i — 1 "\n

R — 1 1<r3)
J7e T zman "\,

R = L (11)
T AmA(r — 1)
R, L

e T 2mA(rZ — P)
whereL (m) is the axial length of the cylinder mdirection,r; (m), r, (m) andr; (m) are the inner, the
middle and the outer radii of this cylinder, redpesty. The (11) could be applied to calculate thermal

resistance of all the motor components due to taeconduction.
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3.1.2 Thermal Convection

In the electrical machines, the thermal coneacphenomena could be divided into two categoiiée
first one is the external thermal convection betwtd® outer surface of the frame and the coolirsgesy
(fluid or gas), which could be modelled as the tirconvection between a cylinder and the coolinigl f
While the thermal convection between the innerédteurfaces of the frame and the end-windings,thad
thermal convection between the stator and the raterincluded in the second category, which is the
internal thermal convection within the electricahchine. All the foregoing thermal convections cooé&l
considered as between the solid surfaces and tmbdyneooling fluid and modelled by a single thermal

resistancek onvection (CC/W)) as

Rconvection = 1/ (hS) (12)
whereh (W /m?/°C) andS (m? are respectively the convection coefficient amel éxchange surface area
between the solid surfaces and the nearby codlirdy f

In order to obtain the convective thermal masises in the electrical machines, the accuratlzdion
of the convection coefficients in different partstee electrical machine is essential. Howeveshibuld be
taken into account that the precise computationtheifmal convection coefficient is a significantly
demanding task. This can be performed by lots ah@gdational Fluid Dynamics (CFD) [16]. While the
CFD calculations are very time-consuming and negalid knowledge of mechanical fluid in air-gap.igh
is certainly a very challenging task in the machienception process. Furthermore, the obtained
convection coefficient of one certain machine caudtl be used for other machines, because the chowec
coefficient depends much on the motor structures.

As mentioned in previous sections, the foregaimachine is designed for a Variable Stator Vang\()/
application. Thus, the machine should be a totliglosed one, and the only cooling system is thaiearh
air flow nearby the outer surface of the frame. Thavection coefficient between the external swfat

the frame and the ambiance is obtained by expetsramd a value as = 30 W /m?/°C is given in the
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machine specifications. The experiments is reall®gdising a cylinder, the outer diameter of whish i
similar to that of the machine. The power los$e8/)) are distributed uniformly in the cylinder. Theter
surface and ambient temperatures can be measuredh&rmal resistanc®¢%nveciioy due to outer surface
convection can be obtained by using equation (B@¥ed on the expression (12), the thermal coefiicie
can be finally calculated. Two things should beetainto account that, the difference between thterou
surface temperature and the ambient temperaturé Imeukow enough to avoid the influence of thermal
radiation, and the air density should be considecetstant.

Without motor fan on the rotor, the axial flfldw in the air gap could be neglected comparmghie
radial fluid flow. Furthermore, even if the air Woin the air-gap is turbulent, it could still bensidered
that there is a thin layer of air nearby the ratath tips, which is laminar, and rotates with tber with
the same peripheral speed of rotor tip. This issdm@e case for the air flow inter-rotor teeth. Thhe

convection coefficient in the air-gap could thench&ulated as follows [14], [16]

Ta = pzfi—zraeB (13)

Where
Ta . Taylor number,
u (Pa-s) :  Dynamic viscosity of fluid in air-gap,
Q (rad/s) :  Rotor mechanical speed,
ra = e/In (:s_inner) :  Mean logarithmic radius,

r_outer
e (m) . Air-gap length,
Ts inner (M) :  Stator inner radius,
Ty outer (M) :  Rotor outer radius.

Based on the obtained Taylor number, the Nussefieun (Vu) can then be calculated as
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Nu =2 (Ta < 1708)
Nu = 0.128Ta®3%” (1800 < Ta < 12000) (14)
Nu = 0.409Ta%?*1 (12000 < Ta < 4.10°)

The convection coefficient could finally be estabkd as

h_Nu-A
= D,

(15)

where D, (m) is the hydraulic diameter, which is equal to ttwoes the air-gap length (x e) for the
electrical machines with narrow air-gap. Using éx@ression (12), the thermal resistance due torider
convection in the air-gap could be obtained.

Concerning the end-windings, without the mdéor on the rotor, the thermal convection aroundeting-
windings could be considered as natural, and tbertal convection for the vertical plate surfaceldde
applied for computing the Nusselt number as [24]

Nu = (0.825 + 0.387Ra% % (1 + 0.671Pr~05625)~0296)2 (16)
whereRa;, andPr are respectively the Rayleigh number and the Rrrandhber. This can also be used for
calculating the Nusselt number of the inner latstaface of the frame. However, for the laterafae of
the rotor, the thermal convection is forced, arelNlusselt number should be calculated as follow§ [2

{NuD = 0.664Re3°Pr®333 (Rep < 500 000) a7

Nuj, = (0.037Re5® — 871)Pr®333 (Rep, > 500 000)

where theRe, is the Reynolds number.
3.1.3 Thermal radiation

Within the electrical machines, because of riglatively low temperature gradients between dfifer
parts, the thermal radiation is often not as imgpdrtas the thermal conduction as well as the tHerma
convection [14]. Generally, the higher the tempeaedifference between the surfaces of the maclhinee,
higher the heat flow transferred by the thermalatah. In electrical machines, the thermal radiatcould
also be divided into two categories as the samefaragnodelling the thermal convection. The firsteas

between the surface and the surrounding environreentthe extern surface of frame and the ambidrd.



18

second one is between two surfaces, e.g. the ootter surface and the stator inner surface (ai);gap
end-windings and the inner lateral surface of thenke (cavity), etc. As mentioned previously, theosel
one is often neglected, and only the first onealen into account. If the ambient surrounding tbeeio
surface of the frame is great enough to be corsidas a blackbody, then the surface radiation fieans
(graa) between the surface and the ambient could bélesdtad as [14]
Graa = €n0sp(Ts — Tg) (18)

Where
&pn - Total surface emissivity,
osg - Stefan-Boltzmann constant,
T, : Surface temperature in degree,
T, : Ambienttemperature in degree.

Using the same way as for modelling the theromadvection, the thermal resistance due to radiatio
could be established as

R _L-Ta (19)
radiation Qrad S

Using the motor parameters shown in appentix.thermal resistances of different motor companent
due to thermal conduction can be calculated wighntiethod as in paragraph 3.1.1, and thermal caowect
and thermal radiation could be obtained by the pughpresented in paragraphs 3.1.2 and 3.1.3. After
series of calculations, the complete Lumped PamrangeP) thermal model of the dual star FSPM motor is

then established, and shown in the Fig. 11. THeréifit thermal resistances are described as ihdhke 2.
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Fig. 11 Lumped-Parameter steady state thermal model afubestar FSPM motor.

Table 2
Thermal resistances of different parts of the dutal FSPM motor
Radial direction Axial direction
Stator slots R1-R4 R33
Stator tooth R5R8 R32
Stator yoke R9 R30
Frame R10R12 R29, R47
Permanent magnet R13R14 R31
End-winding R39,R41 R40
Rotor tooth R21:R23 R34
Rotor yoke R24-R26 R35
Shift R27 R36
Air-gap R15R20 -
Cavity of end-wing - R37R38, R42R44, R46
Frame surface R28 R48

Based on the thermal network shown in the Fig.a relationship among the thermal conductartbes,

node temperature and the node power losses candlly established as
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Yin. Yi2 - YT Py
Yor Yoo v You!|T2 _ P, (20)

Where[T],x1 is the node temperature matrj®],.1 is the node power loss matri¥,],,«, is the thermal

conductance matrix.

3.2 3DFEMTHERMALMODEL

Different from the non-salient electrical maws, the steady state thermal model at one rogtigois

not suitable for the doubly salient machines agdéonHowever, it is always possible to transforma th
salient rotor into a non-salient one. Since thertia time constant is much longer than the meclanic
period of dual star FSPM motor, so, the air atrthedle of air-gap could be heated up uniformly bg t
rotor tooth tip or the air inter-rotor teeth. Asessult, it could be considered that the air layethie middle

of air-gap is isothermal. Moreover, since thera fn layer of air nearby the rotor tooth tip, wiimtates
with the rotor with the same peripheral velocithug, to the immobile part of stator, the rotatiotpr part
(the mobile rotor and the half of air-gap nearby ttotor) could be considered as an equivalent
homogeneous material, and which is immobile. Thaéwedent radial thermal resistance of the rotorldou

be obtained as in the Fig. 12.

Fig. 12 Procedure of calculating the equivalentorathermal resistance of the fault-tolerant dutdrsF<SPM motor.
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In the Fig. 12, for simplicity, the stator pa@treplaced by only one thermal resistarRg.y). T,, (22°C
in this paper) is the ambient temperatuteé,and P2 are respectively the iron lossBs., and Py, in the
rotor. The different components in the Fig. 12gagl (b) can be obtained using the network of tige FL
as

el _ (R18 + R21) - (R23 + R19)
equal — p18 + R21 + R23 + R19

R2¢quar = R22 + R24 (21)
R3equar = R20 + R25
{APl = Rgequal : PZ/(RZequal + Rgequal) (22)
AP2 = Rzequal : PZ/(RZequal + Rgequal)
The rotor part equivalent thermal resistang,{,,) in the Fig. 12 (c) could then be obtained as
_ (Rgequal+R2equal) : Rlequal (23)

Rrotor (Rlequar + R2equar + R3equat)
With the expression (11), the equivalent radiatrtted conductivity of the equivalent rotor could fireally
obtained. Concerning the axial thermal conductjwifich is approximately equal to the axial thermal
conductivity of the laminated rotor.

The results of temperatures obtained_Bymodel and by 3D FEM for the driving poithitare shown in
the Table 3. It is found that, the highest tempegmis always at the normal phase end-winding th ltiee
healthy mode and the fault mode. However, the |owaraperature is at the lateral surface of the &altn
is also important to note that the temperature iptieth for the critical application as in this pape
necessary during the preliminar conception, becaudesign in the normal mode could not satisfy the
thermal constrants in fault mode. As shown in thbl& 3, the maximum temperature in fault mode isoup
148°C. If the rotor speed increases, the temperatould exceed the thermal constraints and dantege t
winding isolations.

The temperature distributions of the dual B&&PM motor in normal and fault modes at drivingnpdli

are shown in the Fig. 13. To some degrees, atrdyigointll and in fault modethe maximum temperature
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of the end-winding is so high that the windingdased material could be damaged. In order to deeréze
maximum temperature of the electrical machine, ti@imisation of the power losses is always a good
choice, while enhancing the performance of coofigstem is also a good alternative. In the caviopad
the end-windings, the rotor mounted fan (Totall}clBsed Fan Cooled (TEFC) structure) could be agplie
to increase the air circulation. While on extesaiface of the frame, several kinds of cooling tosld be
applied to increase the heat exchange area. Taaeahe heat transfer on a finned surface coofeairb

some methods have been proposed in [18].

End-winding Frame

@ (b)
Fig. 13 Healthy and post-fault temperature distitibns of the fault-tolerant dual star FSPM motadaving point Il (3D FEM
results). (a) healthy mode, (b) fault mode.

3.3 EXPERIMENTAL VALIDATION

In order to measure the temperatures of thi-falerant dual star FSPM motor, a Fluke Ti20 That
Imager camera is used, which has an accuragy28f, and the temperature range is from -10°C to 350°C.
As mentioned in previous sections, the maximum &nadprre is often at the end-windings. Thus, saas t
display the maximum temperature by the thermal capgme holes are punched at the end-shield @&nd th
end-shield is drawn black as shown in the Fig.TBlavoid the influence of the thermal time constéme
image is taken when the regime of the electricatinmee is permanent, i.e. after the short-circulufa in
one phase, when the temperatures are nearly sthblenachine could be considered as entering o t

permanent regime. The temperature distributionhat énd-windings obtained by the thermal imager
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camera is shown in the Fig. 15. The ambient temiperas about 22°C. In normal mode, the maximum
end-winding temperature is about 95°C. While inltfaode, the maximum temperature is about 151°C.
The minimum temperatures are at the end-shieldormal mode as well as in fault mode, the values of

which are respectively 49°C and 70°C.

Fig. 14 Structure of the fault-tolerant dual st&&8PM motor for thermal experiments

End-winding (SC) Frame End-winding (SC) Frame

. b
-'i‘ .‘ A) ‘ ‘
x| 4 AN

End-winding (Normal) End-winding (Normal)
(a) (b)
Fig. 15 Healthy and post-fault temperature distitibns of the fault-tolerant dual star FSPM motadaiving point |
(Experimental results). (a) healthy mode, (b) fantide.

Table 3 Analytical, Numerical and measured ResifltBemperatures at Different Locations of
the Dual Star FSPM Motor in Degree Celsius (°C)

Healthy mode Fault mode
Location LP model 3D FEM Measured LP model 3D FEM Measured
End-winding (normal phase) 94 86 95 148 139 151
End-winding (sc phase) 66 68 70 119 115 121

Minimum temperature (Frame) 48 46 50 70 68 72
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4 CONCLUSION

A short-circuit fault model of a dual star H&xitching Permanent Magnet (FSPM) motor has been
presented. Based on this model, the short-cireuieat as well as the normal currents, the roteedpand
the output torque are firstly calculated and thenfied by experiments. With the obtained shortaitr and
normal phase currents, the 2D FEM is used to catieuhe copper and iron losses in the stator dsawéh
the rotor. To maintain the same output torque dedslame rotor velocity as those in normal mode, the
copper losses have increased considerably whiledhdosses increased only slightly because oftioet-
circuit current.

In order to predict the temperature increaseshart-circuit mode, a lumped-parameteP) thermal
model has been established. The obtained coppeir@ntbsses are used as heat sources to cal¢bkate
temperatures at different motor components. Thearacy of theLP thermal model is finally validated by
3D FEM thermal model as well as experimental tédte.LP and the 3D FEM thermal models can also be
extended to cover transient problems with the tiaéoapacitances of different machine components.

APPENDIX

STRUCTURAL DATA OF FSPMMOTOR12/10(PROTOTYPE

Number of stator/rotor poledlgN,) 12/10
Stator outer radius { outer) 77.2 mm
Rotor outer radius'{ oyte) 43 mm
Stack lengthl(,) 60 mm
Air-gap length €) 0.2 mm
Number of phase coildNj 50
Filling factor (k) 0.4
Remanent flux densityBf) (200°C) 08T
Self inductancel() 2.6 mH
Mutual inductanceNlo) 1.02 mH
No-load phase fluxd,) 51 mWb
Moment of inertia.J) 1.8x10° kg-m?2

Coefficient of friction f) 20%10° Nm-s
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THERMAL PARAMETERS OFFSPMMOTOR12/10(PROTOTYPE

Radial conductivity(W/m/°Q Axial conductivity W/m/°Q

Equivalent winding 0.2 300

Stator iron 5.9 30

Equivalent rotor 2.2 30

Air-gap 0.03 0.03

Permanent magnet 4 4

Shaft 51.2 51.2
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