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(c) Short-pitched (Stator slot area=98mm?)

Figure 5.5 Single-phase FSPM machines having different winding topologies.
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Figure 5.6 2D FEM predicted back-EMF, cogging torque and winding inductance waveforms
of single-phase FSPM machines having different winding topologies.
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(a) M1; Rotor pole-arc=60°
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(b) M2; Rotor pole-arc=80° (c) M3; Rotor pole-arc=100°

Figure 5.9 Cross-section of single-phase FSPM motors with different rotor pole-arc.
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Figure 5.10 2D FEM predicted cogging torque-displacement characteristic of M1, M2 and
M3.
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Figure 5.11 Ideal rectangular phase current waveform with amplitude Iy,
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Figure 5.12 2D FEM predicted static torque-rotor position characteristics of M1, M2 and M3.
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(a) Cross-section of asymmetric rotor

(b) Open-circuit flux distribution of FSPM motor with asymmetric rotor

Figure 5.13 Asymmetric rotor, with pole-arc=80°, and chamfer angle/depth=30°/1mm
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Figure 5.14 2D FEM predicted influence of chamfer angle on cogging torque.
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Figure 5.15 2D FEM predicted influence of chamfer depth on cogging torque.
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Figure 5.16 2D FEM predicted torque—displacement characteristics with asymmetric rotor
(Chamfer depth=1mm, Angle=30°)
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Figure 5.17 2D/3D FEM predicted and measured static torque-rotor position characteristics
with asymmetric rotor.
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Figure 5.19 3D Lumped parameter magnetic circuit model.
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Figure 5.20 Leakage-flux paths external to outer surface of stator.
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Figure 5.21 End leakage-flux paths.
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Figure 5.23 PM slot leakage-flux paths.
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(b) Symmetric rotor (c) Asymmetric rotor

(d) Symmetric rotor and stator laminations (e) Asymmetric rotor and stator laminations

Figure 5.24 Prototypes of single-phase FSPM motors.
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Figure 5.25 LPMC model and FEM predicted open-circuit airgap flux density distribution
(Rotor position=0°pccp).
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Figure 5.27 3D LPMC model predicted percentage of leakage-flux at rotor position of 0°pech.
(Asymmetric rotor)
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Figure 5.28 LPMC model and FEM predicted and measured back-EMF waveforms
(Speed=1krpm).
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Figure 5.29 LPMC model, FEM predicted and measured inductance waveforms.
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Figure 5.30 2D FEM predicted open-circuit field distributions of single-phase FSPM motors.
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Figure 5.32 Measured and FEM predicted static electromagnetic torque of single-phase FSPM
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Figure 5.35 Influence of rotor pole-arc width on the back-EMF waveform (Speed=1krpm).
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CHAPTER 6

General Conclusions

6.1 Conclusions

Within the last decade high-speed electrical machines have been increasingly applied for a
wide range of applications such as compressor, pump, vacuum cleaner, machine tools and so
on. However, numerous challenges arise and need to be addressed in the design of the
high-speed electrical machines. In this thesis, the comparative study of three-phase and
single-phase PM BLDC motors and their drive systems have been presented. The work has
been focused on their rotor eddy current loss which is investigated by FEM and analytical
model. Further, a high-speed single-phase FSPM motor has been developed and its design and

performance are described.

In Chapter 2, a three-phase 2-pole/3-slot PM BLDC motor and a single-phase 2-pole/2-slot
PM BLDC motor having tapered airgap were designed, analysed and constructed. The stator
iron loss and rotor eddy current loss have been predicted by the FEM. A simplified analytical
model has been derived to find the optimal split ratio of rotor to stator diameter of the
single-phase PM BLDC motor. The single-phase PM BLDC motor can be driven by either
full-bridge inverter or half-bridge inverter if the bifilar windings are employed. Their dynamic
simulation models have been developed to investigate the dynamic performance with due
account of the stator and rotor losses. Compared to the measured phase current and speed, it is
found that by considering the stator and rotor losses in the simulation, the simulated results
agree better with the measured results. It has also been found that together with the phase
current the eccentric airgap of single-phase PM BLDC motor plays an important role in the
rotor eddy current loss, and consequently the single-phase motor has relatively lower rotor
eddy current loss but higher stator iron loss than the three-phase motor on the rated load.
Finally, the overall performance comparison of three-phase and single-phase motors has been
presented. It shows that three-phase PM BLDC motor has relatively higher power density and

less torque ripple but required more electronic devices than single-phase PM BLDC motor.
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Since the rotor eddy current loss is increasing significantly as the motor rotating speed
increases, the demagnetisation of the PM becomes a concern. Hence, the rotor eddy current
loss needs to be investigated at the motor design stage. Due to the relatively small stator
slotting and concentric airgap, the open-circuit rotor eddy current loss of the three-phase PM
BLDC motor can be negligible. Hence, the rotor eddy current loss due to the armature mmfs
becomes dominant. In Chapter 3, by a static analytical model has been developed to predict
the armature rotor eddy current loss for three-phase PM BLDC motor and validated by the
FEM. Good agreement was obtained at low speed range (<30krpm). However, at high speed
range the rotor eddy current loss is significantly overestimated by the static analytical model
due to its neglecting the eddy current reaction field. Hence, an improved analytical model has
been developed to predict the armature rotor eddy current loss with due account for the eddy
current reaction field and validated by the FEM. Good agreement is obtained within
full-speed range. In both static and improved analytical models, the winding current is
represented by an equivalent current sheet distributed across the stator slot openings to

account for the space and time harmonics of the stator mmfs.

Similar technology has been employed to develop the static and improved analytical models
to predict the armature rotor eddy current loss of the single-phase PM BLDC motor which has
the concentric airgap. Again, the improved analytical model can predict the armature rotor
eddy current loss more accurately as validated by the FEM. However, due to the complicated
expressions for the boundary condition at the interface between the stator inner bore and
airgap in the 2D polar coordinates, this technology is not suitable for the single-phase PM
BLDC motor having eccentric airgap. Modified static and improved analytical models, where
the boundary conditions at the middle of the airgap were obtained by FEM, have been
developed for calculating the armature rotor eddy current loss of the single-phase PM BLDC
motor which has either concentric or eccentric airgap. As validated by the FEM, modified
improved analytical models can accurately predict the armature rotor eddy current loss over

the full speed range.
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However, single-phase PM BLDC motor with eccentric airgap has significant airgap
permeance harmonics. Consequently considerable open-circuit eddy current loss exists and
cannot be predicted by the analytical model. Further, the on-load rotor eddy current loss is
affected by the eccentric airgap and phase current and cannot be predicted by the analytical
model as well. In addition, the segmented magnets and end effect cannot be modelled in the
analytical model. Hence, FEM was employed to investigate the open-circuit, armature and
on-load rotor eddy current loss of single-phase and three-phase PM BLDC motors in Chapter
4, with particular emphasis on the single-phase motor. It has been found:

e Unlike the three-phase PM BLDC motor, thé single-phase PM BLDC has much less
on-load rotor eddy current loss than its open-circuit and armature rotor eddy current
loss due to its eccentric airgap.

e An optimal combination of eccentric arigap and phase current exists for a minimum
on-load rotor eddy current loss.

e Radially magnetized PM introduces more open-circuit and on-load rotor eddy current
loss than the diametrically magnetized PM.

e As the number of circumferential diametrically magnetized magnet segments increases,
the rotor eddy current loss can be reduced gradually. However, it becomes less
effective when a metallic sleeve is employed to contain the magnets.

e Due to that the magnetic field produced by the eddy current loss in the sleeve can
smooth the varying field in the magnet as a magnetic shield, as the sleeve electrical
conductivity increases, the eddy current loss in the magnet is reduced dramatically.

o For a given speed, i.e. 45,000rpm and a given sleeve material, i.c. stainless steel, as the
sleeve thickness increases, the PM eddy current loss decreases gradually, but the

sleeve and overall rotor eddy current loss increases graduaily.

For the conventional high-speed PM BLDC motor which has the PM in the rotor, there are
two special concems: Firstly, significant centrifugal force may crack the magnets. Secondly,
high temperature resulting from the significant rotor eddy current loss may cause irreversible
demagnetisation of the PM. In order to overcome these potential problems, Chapter 5 focused
on a single-phase FSPM motor which has the PM in the stator for high-speed applications. Its
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operation principle was introduced. Three winding topologies, i.e. full-pitched, short-pitched
and toroidal winding, have been investigated with due account for the torque capability at a
given winding copper loss and the overall motor size. It has been found that short-pitched
winding has the least torque capability and toroidal winding has the biggest motor size. In
addition, shorter motor axial length prefers the full-pitched winding. As a single-phase motor,
the chamfered rotor pole was employed and optimised to introduce the starting torque. During
the investigation, it was also found that a significant end leakage-flux exists. Hence, a 3D
LPMC model was developed to predict the motor back-EMF and inductance with due account
for the end effect. By comparing with FEM and measurement results, LPMC model can
predict the back-EMF very well. However, due to that the simple LPMC model neglects the
iron saturation, there was an obvious discrepancy in terms of the inductance prediction.
LPMC model was employed to optimise the rotor pole width for increasing the motor power
density. It was also used to investigate the influence of the magnet dimensions on the motor
end effect. Finally, the dynamic simulation model was developed to investigate its dynamic

performance.

6.2 Suggestions for future work

Firstly, the simplified analytical model for the optimum split ratio of the single-phase PM
BLDC motor as described in Chapter 2 neglects the stator iron loss and rotor eddy current loss.
However at high-speed condition, they may become dominant loss component rather than
copper loss. Hence, analytical model needs to be modified to take the stator iron loss and rotor
eddy current loss into account for the optimum split ratio when the motor is operating at high

specd.
Sccondly, the influence of the control strategies such as phase commutation advance and

commutation pulse control [97] on the stator iron loss and rotor eddy current loss needs to be

investigated for improving the motor efficiency.
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Thirdly, the analytically predicted rotor eddy current loss of three-phase and single-phase PM
BLDC motors has only been validated by FEM. They need to be further experimentally

validated.

Fourthly, the iron loss and PM eddy current loss of the high-speed single-phase FSPM motor

need to be investigated.

Fiﬁhly, due to its flux focusing, the FSPM motor is more likely to be saturated. Further, it has
doubly salient structure. Hence, its inductance is depéndent of not only the phase current but
also the rotor position. Hence, a 2D inductance is required for the dynamic simulation to

improve the simulation accuracy.
Finally, for the low supply voltage applications, the voltage drop on the MOSFETs/IGBTs

cannot be neglected. Hence, the inverter conducting loss and switching loss need to be

modelled properly in the dynamics simulation model, particularly at high-speed.
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APPENDIX A

Static Analytical Model for Single-Phase PM BLDC Motor Having

Concentric Airgap

By neglecting the eddy current reaction field in the magnet and the retained sleeve, in terms of
the magnetic vector potential 4, the Laplace’s equation, which governs the armature reaction

field in the airgap, magnet and sleeve regions is given by,
Vi4=0 (A-1)
Its general solution is,

A= i(Cvr" +D,r )cos(va) (A/m) (A-2)

where C, and D, are constants to be determined from the boundary conditions.

The radial and circumferential components of the armature reaction field can be derived from

A as,
1 04
B =—— T
iy (T) (A-3)
0A
B, =—=" (T) (A-4)

By assuming both of the stator and rotor iron to be infinitely permeable, the boundary
conditions are given by,

At r=R, H,

rr =, (@) (A/m) (A-5)

At r=R, B,

2 =0 (T) (A-6)

r

According to equations (3-6) and (A-2) to (A-6), the analytical expressions for the magnetic

vector potential can be derived as:
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A(r,a,t)=

© —\+| }
- /“OZZ J”G (r Y+ R,zvr'” Icos(ua),t +6, - va)— cos(ua),t +6, + va)] (A-7)
R\"
where G, = l~[;:j .
Therefore, the radial and circumferential components of the armature reaction field are,
B.(r.a.t)=
—\+| T )
-$ 3 e R il £, -va)esinua, 46, +va)]
B,(r.a, t)=
Z Z #OJ"‘ RS— r - er ot )[COS(ua),t +6, - va)-— cos(ua),t +6, + va)] T (A9

In order to determine the induced eddy currents and the associated loss in the rotor, above
analytical expressions for the equivalent current sheet and magnetic vector potential have to

be transformed from the stationary reference frame a to the rotating reference frame &

with the transformation a=80+w,!.

Hence,
= ii‘l"" {cos[(u -viw,t—vl + 0,,]— cos[(u +v)o,t +v+6, ]} (A/m) (A-10)
A(r 0,t)=
. (A/m)
- /‘OZZ wRs (r +Rr ”){cos[(u —v)w,t -v8+8, |- cos[(u+v)w,t +v8+8, ]
| (A-11)

The induced eddy current density in the permanent magnet and the retaining sleeve due to the

time-varying armature reaction field can be calculated by,

-, dA(r,8,1)
ot

J,(r.0.1)= +C,(r) (A/m?) (A-12)

0A(r,6,1)

Jsl (r' 0”) ==0y + Csl (’) (A/mz) (A- 1 3)
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where C,, and C, are the integration constant which ensure that the net total current

flowing in each magnet segment and the sleeve to be zero at any instant, respectively. i.e.

a

=

Ry 2

I j./,,,rdra’&:O (A-14)
R, _aT,,

R:f )]Js,rdrdl9=0 (A-15)
Ry -7

where R, R, and R, are the magnet inner radius, the magnet outer radius and the

retaining sleeve outer radius, respectively. a, is the pole-arc of the per magnet segment and

is given by,
27
a, = ~ (A-16)
where N is the number of magnet segments.
Equations (A-11) to (A-13) yields,
OA(r,0.,1t
—am—(;—,——)=1m ) (A-17)
N
—GMM=JS/. +J 2 (A-18)
ot
where

—v+i

| =—0 a)pOZZu ) “”R‘ ( +Rfvr'”)sin[(u—v)a),t+v0+0u]

~v+l

Iz =Cm /’OZZ U+ “VR‘ (r +R,zvr'v)sin[(u+v)w,t+v0+0u]

-v+]

Jg= o,a),uOZZu ) ““R‘ ( +R,zvr“’)sin[(u—v)a),t+v0+0u]

—v+l

J 2 =0,0, /’ozz u+v) "‘(f‘ (r +R,2"r'v)sin[(u +v)o,t +v0+6,]

Hence, according to equations (A-12) to (A-15), the integration constant C,(f)=0 and the
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integration constant C,, can be given by,

Cm = le + Cm2

(A-19)
where

o If N=1, C,, =C,,=0

e If N>1,
le =
20_ w4 R—v+l R,:+2 _Rrv+2 . ) P )
;(R—Z;R—z)ZZ Gt vz +RE,, sm(vﬁ)sm[(u—v)mrt+0u]
CmZ =

R2 ZZ u+v R—v+l[Rv+2 Rv+2
ﬂ'i ) v

2v : i .
l_ ) +R, E,,,v:|sm(vN)sm[(u+v)a),t+0u]

where
ln(%’—), v=2
En = R-v+2 ’R—wz
vz2
-v+2

Therefore, eddy currents in the magnet and the sleeve are

‘]m =‘]ml +Jm2 +le + Cm2

(A-20)
Jsl = Js/l + JJ/ 2 (A-21)
The eddy current loss in the total magnets and the sleeve are
e
p, = NLa2 Rj‘ mj 2] LI rdrdrde = Zf P, +P,. W) (A-22)
27 5 5 a, Om >
iF)
R, _a;,’{ n 1
s J‘ J. j. rdrdtdo ZZ sluy (W) (A-23)
R, 0 -x sl

where L, is the axial length of the PM and the retaining sleeve, which is assumed to be the

same as the axial length of the stator lamination.

281



P isgiven by,

Pow =
;d,aamwfngi,Rgz"*z[(u +v) +(u —v)2] RI*2 _R¥+? +R2V(Rz —R2)+ RYF
vaz 2V+ 2 r m r r my
ln(R—"'], v=1
where F_ = R,
mv R-2v+2 _R-2v+2
o L vzl
-2v+2
P, isgiven by,
o If N=I, P, =0
o If N>I
2L 2 02,2 p-2vi2 -2 W 2 2
aOm@r Ho Ju\'R.v sin vﬁ)[(u + V) + (ll - V) ] Rv+2 _ Rv+2 2
Paw:_Nz 2 4ln2 2 = - +R3VEmv
2GR - R?) v+2
P,,, is given by,
Psluv =
’d‘ao’.\‘lwrzﬂoz‘]lf\'kshzv*z [(u + V)2 + (u - V)2] Rszlv+2 - R:V"'Z + RZV(RZ _R2 )+ R4VF
G‘?vz v+ 2 r sl m r sy
ln[ﬁ‘i} v=1
where F,, = Ry
R—Z"*»z - R—Z\'*Z
s{ m vl
-2v+2
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APPENDIX B

Improved Analytical Model for Single-Phase PM BLDC Motor

Having Concentric Airgap
Account for the eddy current redistribution effect, improved analytical model for predicting
the eddy current loss in the rotor magnet of single-phase PM BLDC motor having a

concentric airgap can be developed.

The equation (3-6) for thc equivalent current sheet over the stator slot openings of the
single-phase BLDC PM motors which can induce the eddy current in the rotor can be

rewritten as,

J,(a)= i iJ"‘, [cos(uew,t +6, —va)-cos(um,t + 6, +va)]=J, \(a)+J, ,(a) (A/m)

u v

(B-1)
where J, (a) and J_ ,(a) arc related to the forward and backward rotating mmfs which

are rotating in asynchronous with the rotor, and can be given by,

J, (@)= i iJ cos(uw,t +8, —va)= f iRe[Juvej("“"'+0"'”“)lu #v (A/m) (B-2)
J, 2la)= —i y J . cos(uw,t+6, + va):iiRe[— J, e ('“”"*0"“’")] (A/m) (B-3)

H v

If u=v, the forward rotating mmfs is in synchronous with the rotor and will not induce the

eddy current in the rotor.

In terms of the magnetic vector potential A; ; and A4 2, rotating in asynchronous with the rotor,

Laplace’s ecquation, which governs the armature reaction field in the airgap, i.e.

(R, <srsR,) are,
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8’4, +_|_6A,h, +_1_82A,_,

-
or? r or r°- oa

=0 (B-4)

(]

%4, , 104, , 104, ,
2‘ +— e o — .
or r or r- oa*

=0 (B-5)

For which, the general solutions due to each component of the equivalent current sheet, i.e.

equations (B-2) and (B-3), are,

A = i i Rc[(A,r" +Br™ }j("“'”‘v"*o")lu #vV (A/m) (B-6)

A 5= iiRc[(Azr" + Bzr"*" (““'"“"”0")] (A/m) (B-7)

The radial and circumferential components of the armature reaction field can be derived from

Al_l and Al_z as,

:

B,(a)=25L =8, (a)+B, @) (D ®-9)
0

Bul@)=-2L =8, (a)+B ,(@) (D) (8-9)

which can be written as,

B, \(a)= g‘;Re[— j;(A,r" + B,r‘“):f("“r"“"*"~)],u v (D (B-10)
B, ,(a)= ZZ Rc:j;(Azr" +Byr™ )ef‘"wr'*“"*‘“] (T) (B-11)
B, \(a)= Zi Rct— %(A,r" — By pluanivare. )],u £V (T (B-12)
By Jla)= iiRc[— —:—(Azr" - By )e-"‘""'"*"“*9~)] (T) (B-13)

In the slecve, i.c. R, <r<R,, the induced eddy current density due to the equivalent

current shect can be found by solving the diffusion equations,
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aZJzu_n +_l_alzll_l 1 aZJ-// I

or? - or +:z_ (‘?az- ‘!(“‘V)“’rdslﬂo/‘sl-’zll_l=0,u¢v

Iy 2 180y PSR SO
.n_,+l .IIM.+_1__ 7,

-

3 2
or? r or r- oda-

- jlu+ V)“)raslﬂoﬂsl-]zu_z =0

i.e.

2 -~ 2
OJuy v V& 18Uy, 2
7 t- 7 7=+ Ty S 1 =0u=zv
or r Or r- oa - -

P4

2 2
Oy 2 18y, 10Uy,
== 4 — +—

2
+7y 23Sy 2 =0

or? r or r! da’
where i1 = _5.1‘:1] and b}/*l ) ‘/(" V)‘U O MHoMsi Y
fz = —‘{l:j 204 B2 = J(“ “‘v)“’rzdslﬂoﬂs/ '
The general solution, duc to the stator current sheet, is,
o 1 zRe{Cl T 1" +D Y( T |")}'j(m"_m+o")}»“¢v (A/m?)
Jar_ (e ZZRC{CZ Ta Al +D2Y( Tsi A" )]fj(m'maw")} (A/m’)

(B-14)

(B-15)

(B-16)

(B-17)

(B-18)

(B-19)

The radial and circumferential ficld components in the sleeve can be found by applying

Maxwell’s equation,

= OBy
VxEn =-
xEn Py
which yields,
1

— =~ j(utvio,B,
ro, Oa

i.e.

LIRS

(B-20)

(B-21)

B,,,-,(a)=ZZRc -Jj= /‘ol‘:; [Cl sl 1’)+D|Y( Tsi nr)kj("a”'_mw")},u#v (B-22)

v \-/ |
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B, , (a)= i i RC{ j~ M [("zJ. (’,\/ :")* D,Y, (’.c/‘ z’)}‘j(wwma' )} (B-23)

r ri/ N
and,
] al.l, .
—— = jJlutviv 1, H -
e Ju £ 3w, o M, (B-24)
1e.

r‘
("{_JT’_‘_';J‘_ l(r,tl _lr)—‘]\'(t.t/‘lr)]
‘.. e;(um,l—va‘&,) uEV (B-25)

H = ») Re{ ~ ——
d"l(a) ;2 ¢ rvg Tyl
+ D, —vh)‘ I(T,:/,l")' Yr(rxl_lr)

2L e )2k
.‘

Ha]] z(a)= iiRc - = e)’(ua),lﬂvaquau) (‘B_26)
) I rey s r, o
+ Dl‘[—‘;.‘_”.- |(7.'/ i :’)' y.-(fxl_z’)]

Similarly, the eddy current density in the PM, i.e. R <r<R,, also satisfies the diffusion

equation,

52*1:/// W RO AR ‘-’2":1// .
a’,z + -; or + ;.3_ S 2 - j(ll - ")(oramyoym‘]:lll 2l = O’u #V (B'27)

2 o) P
0" J.y > +|‘J.-/// LR

- +—= ~-jlu+viw o J. =0 B-28
o C o T o Ju+V)0, 0 pio o gy (B-28)
i.e.
az-I-/// N iUPT ‘”:J-m 1 2
et ¢+ ———+T, " J. =0u=v -29
arl r or re O’ m ) Vil (B )
52.].,,, By l ("J./” 3 I ("2.1.”/ 4 )
=t — ——=+1, Sy 2 =0 B-30
ar? o PR m 2 Y 2 ( )
-1+ R 2
WthC tm 1 = > I . and (5'" 1 = J WUEY ;
i O (" - v)n),a,,,yﬂy,,,
-1+ . 2
tM 2 = - I . ﬂnd "M 2 = .
: o, (w + v)(u,a’,, Mol



The general solution, due to the stator current sheet is,

Jou_ it ZRe{[El Tm_ 17 +F1Y( Tm lr)}j(uw"_va+0")}a“¢v (A/m?) (B-31)

o 2 ZzRe{[Ez Tm_ 2’ +FY .\ ( m_ 2" )]ej(uw"wme")} (A/m®) (B-32)

Therefore, the radial and circumferential field components in the magnets are,

By A ZZRC{ /;O#M [El ( )+Fl (m 1") Suapt-vast, )}u;tv (B-33)

m_1

B,,,,_z(a) = iiRe{j;!ﬁ%&[ET}V (z'm_zr)+ FZYv (Tm_zr)kj(”“’r’”“*"")} (B-34)

) El[t'";'r JV_,(rm_lr)-Jv(Tm_l")] ]

5 ej("wr’_va+0u) ’u #V (B‘35)
rrm_l +F z-m_er ( ) Y( )
1 v v-1 Tm_lr iy Tm_]r

T, of i

© © Ez{ ‘-) JV‘I(rm_Zr)_Jv(rm_2r)

Ha]” 2(a)= ZZRC —+ J ej(uw,r+va+0u) (B-36)
- re,

u v -2 +F2|:rm;2rYv—l(fm_z")'yv(r'"-zr)jl

In order to determine the induced currents, the expressions for the equivalent current sheets

and the magnetic vector potential have to be transformed from the stationary reference frame
a to the rotational reference frame such that a =6+ w,t. Hence,

The equivalent current sheet is,

J,(8)=J, ,(6)+J, ,(6) (A/m) (B-37)

where J, , (8)= iiRe[JweM 1u £V, JS_2(0)= iiRe[— J e ],

u \4

¢ =(u-v)o,t-v6+0, and ¢, =(u+viw1-v6+6,.

The armature reaction field is

e In the airgap, i.e. (Rs, <r<R,)
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rll

rIZ

Bal_l(a

By (6

i 3 Re[ (A,r +Br )em:',u;tv (T)

ZZRe _]-E(Azrv +Bzr“V)ef¢’z} (T)

)= iiRe —;(Alr" - Blr-V)eM ],u = v (B-40) (T)

ZZRe[--(Azr -B r‘")e""] (T)

u \4

In the retaining sleeve, i.e. R, <r<R,

rIl l

rll 2

Tsl 1

iiRe{ ﬂo,us, [Cl ( sl_lr)+Dle(Tsl_lr) 7 }Jl#

zzke{ ttalc (e, 2r>+uzn(rs,_zr)]em}

7s1 2

Cll:rsl‘jlr Jv—I(TsI_Ir)— Jv(fsl_lr):l
2
SN D,{TSI‘:lr Yo (Tsl_l")‘ Yv(‘r:,_lr)}

Inthe PM,ie. R, <r<R,

iiRe{ Y JuOlum [El 7, Ir)_’_Fin(z.m_lr)kjﬂ}

rlll l

Tml

v (D

(T)

el usy (A/m)

b0 EE0el 201, e, )

Hyy

W WO v
O=L2R T

m2

ml" vmlr

T r
E,[ '"v—‘ J,.

R +FI[T—"';KY (,,, lr) (Tm l’)]
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e]

wuzv (T

(T)

uzy (A/m)

(B-38)

(B-39)

(B-41)

(B-42)

(B-43)

(B-44)

(B-45)

(B-46)

(B-47)

(B-48)

(B-49)



Ell:rm;zr‘]v-l(rm_Zr)— Jv(rm_Zr)}
m'2 + lei'r"%t Y (Tm_zr)" Yv(Tm_Zr):l_

The eddy current densities induced in the retaining sleeve and the permanent magnet in the

e/# (A/m) (B-50)

Ha/11_2(9)= ZZRC

rotating reference frame @ are as follows, respectively,

Ja(6)=Jy 1(0)+J.4 ,(6) (A/m’) (B-51)

J o (‘9) = lell_l (9)+ Juu 2 (‘9) (A/mz) (B-52)
where

o ZZRe{c, (rr)+ DY, (r r )’ v # u (B-53)

Jar_ o ZZRe{CZ (zar)+ DY, (z,7) M} (B-54)

Jan 1(6)= fiRe{E,Jv (er)+ FY, (e, ) by 2 (B-55)

T 2 ZZRe{E2 (c.7)+ EY, (0,0 )™ } (B-56)

By assuming both of the stator and rotor iron to be infinitely permeable, the boundary

conditions at the interface between the different regions are given by,

Ho 10)or, =75 1(6), Hy_2(6),-r, =, -(6) (B-57)
B,y 1(0) =k, =B 1(6)r, > Bt 2(60)or, =B 2(6) s, (B-58)
Hy 16)-r, = Han 10)ar, » Has 20}k, = Hanr_2(6),s, (B-59)

By ()4, =B 16) oz, » Brir_2(6)r, = Buu_2(6)-s, (B-60)
Hor 1O)o=r, = oy 1B)s=r, » Har_2O)o-r, = Hoa_>(6)-s, (B-61)
Heon 1(O)rr, =0, Hoy 3(8),os, =0 (B-62)
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According to above boundary conditions, the coefficients 4,, B,, C,, D,, E, F, and 4,,

B,, C,, D,, E, F, canbe resolved by the following equations,

[x1[x1]=[r1]= [x1]=[K1]"[r1] (B-63)
[k2Dx2]=[r2]= [x2]= [k2][r2] (B-64)
(K, K, 0 0 0 0] [4,] —J,]
Ky Kp Ky Ky 0 0 B, 0
Ky Ky Ky Ky 0 0 G 0
= , | X1|= , |Y1]=
where [K1] 0 0 Ky Ky K K ] D, 1] 0
0 0 Ky Ky K Ky E, 0
| 0 0 0 0 K¢ Ke | | A ] | 0 ]
[k, kK, 0 0 0 0] (4, 7,
K21 K, K;3 K;4 0 0 B2 0
i C
[K2]= Ky Ky K?3 K?4 0 0 , [X2]= 2 , [Y2]= 0
0 0 Kiu Ku Kis Ky D, 0
0 0 K K;4 K§5 K E, 0
L 0 0 0 0 K65 K66 _Fz_ L 0 i
where
Ky, ='LRsH’ Ky =‘LR;H
Ho Ho
v -y # KY s
Ky =Ry, K =Ry, Ky =~ 1_02# l Jv(rsl_lel)’ Ky, ="/;02ﬂ1 Yv(rsl_lel)
sl _1 sl 1

v -v M Ts lel
Ky =Ry, Kypn=-Ry, Ky '-"120 l:__"v Jv-l(z'sl_lel)‘Jv("sl_lez)],
sl_1

R
K34 == lejol |:TSI-‘1 = Yv—l (Tsl_lel )_ Y:’(TS’_IRSI )]

K =50, 1R,)s Kas =LY (e 1Ry ), Kes =~ J,(En_iRn);

2
Tsl_l z-sl_l Tm_l

K46 == :L:m Yv(rm_lRm)

Tm_l
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Ta_1L v
R
K54 -2 Tsl-l L Yv—l(Tsl_lRm)_Yv(rsl_lRm):l’
z'sl_l
R
K55 __121 1 T"’—‘i - J —l(rm_lRm)_Jv(Tm IRM)}
i R
K56 == 21 T’"_‘i “ Yv—l(rm_lRm)_Yv(TM__lRm)]
m_1L
K65 = Tm_er Jv—](rm_er)_Jv(rm_er)’ K66 - T’"_IR" Y—](Tm_er)_ Yv(rm__er)
and

K =R, K
Ho Ho

! v ' p-v v _ Mol v HoH
KZI =RSI’ Kzz _RSI ’ K23 __g—IJV(rSI_zRSI)’ K *——_Z__YV(TSI_ZRSI)

24

Ty 2 Ty 2

K, =R K, =R, K, == (e )0 e,
K, = —T—QI‘—{R Yv_l(rs,_stl)—Yv(rs,_st,)]

K, = rgs_lz Y[z, 1R,), K, _-r’gmz I fem 2R)s K., _—Tgmz Y,(z, JR,)
K, = e ) o)

K, = rf,l_z S0y (e Ra) Tl sR, )}

K, = 2 ) )

K, =] = )1 )
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T

R '
= m—v2 - Jv—l(Tm_er)_Jv(Tm_er)’ K“ = m—sz’ Yv-l(rm_ZRr)-Yv(r'"_zR’)

According to the Poynting’s theorem, the average eddy current loss over an electrical cycle

T =2rn/w, canbe calculated by,
L T
= Oji Re(E x H)- dSdt (W) (B-65)

where the surface S bounds the conducting region.

. J
In polar coordinate, due to E, = —£, the eddy current loss of the annual region with outer and
o

inner radius R, and R,, respectively, can be rewritten by,

L T 6, T6,
P= .‘ I(J aHa) Rld’d‘g_'— I I JiHyy)  Rodrdd (W) (B-66)
To 06 r=R, 0 6 r=R,

where J,, and J,, is the eddy current density induced in the axial direction, H,and H,

is the circumferential component of the magnetic field at the surface of the conducting region

of the radii R, and R,. 6, and 6, define the angle which spans the conducting region,

e.g. the pole-arc when calculating the loss per magnet segment, and 27z when calculating the

loss in the retaining sleeve.

Hence, the eddy current loss in the PM is,

a
=_2£ L, TJ'Z'[[(J”, 1+ XH +H )l R _dtdO -
a, To, g a 2l _ 2l 2 A adil 1 a2 ) _p Bm
5 W) (B-67)
L]l XHoss 1+ Hoas )]
a, To, 6[ Jp 2l 1 +Jz111_2 ait 1t Hey 2 =R,R’dtd0
2

where
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l.(']zlll_l +le11_2me11_1 +Ha111_z)J,=Rm
=ii[Re(X1 et + X2 ej'”z)Re(Yl et +Y2 e”’z)]

_ Z {|X1m|cos é +¢x,m*Y1 lcos é +¢y,m) |Y2m|cos(¢2

+ ¢ylm)]
#|X2,,|cos(s + B2 N¥1n|COS(B + By )+ [V 2] cOS(d + 1 |

I.(sz 1o ZXHalll 1+ Hoy 2J, R

33 [Re(x3, % + x4, Re(r3,e/ + ¥4, )]
i i{'X 3, cos(d + byzm )ﬂY 3, cos(¢, + 03 )+ )¢ 4,,,|cos(¢2

where

X1, = EJ, (e Ry )+ FY, (5, (R, )=|X1,Je
X2, = EyJ, (e R, )+ BY, (0, 5R,)=|X2, |
X3, =EJ,(tn R )+ FY, (0, R )=|X3, e

X4, =E,J,(tn 1R, )+ oY, (5, 5R,)=|X4,, e/

[ e (e )l )

Y1,
[ m_ l m ) YV(T,,,_IR,,,)]
m R ‘
{ =2 v—l m ZR ) J (rm_ZRm)]
Y2, = R R,
T
2[ ”’: Yv l(rm ZR ) Yv(rm_ZRm)}
E,[Tm_v,Rr Jv_,(r,,,_,R,)—Jv(r,,,_lR,)]
1%
Y3

rem_1 +F1|irm.v1Rr Yv—l(Tm_er)— YV(T"’_IR"):l
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+ ¢y4m )]
+X4,,|cos(d, + Bear )ﬂY 3,,,|cos(¢5l + @3 )+ v 4,,,|cos(¢2 +Byam )]}

=|r1,Je’*"

L — IYzmlef¢y2m

J

= |Y3m lej¢y3m

(B-68)

(B-69)



E2 |:Tm_2R" Jv—l (rm_ZRr )_ Jv (Tm_ZRr )jl

1%

2
R,T,,,_z + leirm_szr Y, (2',,,_2R,)— Yv(Tm_ZR’ ):l

— |Y4m Iej¢y4m

Therefore, the eddy current loss in the total magnets is given by,

Pm = Pml + sz (W) (B'7O)
where P, and P,, are the eddy current loss due to the forward asynchronous mmfs and

backward asynchronous mmfs, respectively, and can be written by,

7214 o e o]
Pml = o 4 ZZ [lem"Ylml cos(¢xlm - ¢ylm )Rm - |X3m||Y3m|COS(¢x3m - ¢y3m )eru #V
(B-71)
d 0 oo
Pm2 = o 4 Z Z HX2m|IY2m|COS(¢x2m - ¢y2m )Rm - |X4m“Y4m|cos(¢x4m - ¢y4m )Rr]
m u v
(B-72)
Similarly, eddy current loss in the sleeve is given by,
L T2rx
Py = —Ta_a- I J’[(lel_l + ‘]zll_2XHall_1 + HaII_Z)] R dtd6 -
L S TR (W) (B-73)
T;, II[(JZII_I+lel_2xHa11_l+Hall_2)] R,dtd6
5600 r=R,,
where
I,(']zll_l +lel_2xHall_l + Han_z)L:RS’
=3 S [Re(x1, /% + X2, 67 Reft1,,e™ +72,67% ) (B-74)

{lesIICOS(ﬂ +¢x1sl mYlsACOS(ﬂ +¢yls1)+|Y2sl|cos(¢2 + ¢ylsl )]
X2, cos(dy + B N1, |cosldh + 8,10 )+ [V 2 |cos(@s + 0,0, )]
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I,(lel v+ ZXHall_l+HalI_2)J,=Rm

0

Z[ (X3s,ef¢1 + X4ge'” )Re(Y3 e/t Y4 e )]

2
>

L1 1

{|X3SIICOS ¢| + ¢x3sl mY351|COS ¢l + ¢y3:l)+lY4sl|cos(¢2 + ¢y4s1 )]
+|X4SI|COS(¢2 +¢x4sl mY3s,|COS(¢1 + ¢y3:1) |Y4S,|COS(¢2 + ¢y4sl )]

u v

where

X1, =EJ ey (Ry)+ FY, (5, Ry )=|X1,[e/
Xzsl =EZJ ( Tsi 2Rsl)+FY(sl 2R ) |X2;1|ej¢xm
X3, = EJ, ey 1Ry )+ BY,(zy Ry )=|X3,le
X4sl =E2JV(‘Z'S1_2R,")+ FZYv(rsl_ZRm)=|X4sllej¢"‘“’
E{ R0 e Rl R )}
v

Ylsl =TT 2
RSITSI-l +F||:ll_"iR_SIYv—l(Tsl_1Rsl)—Yv(TsI_IRsl):|

R A
E2litﬂ_j 2 Jv—l (Ts1_2Rsl)— Jv(TsI_ZRsI)

L= |Y1s[ |ej¢ylsl

Y2y=- v2 R ) =lY2s1|emm
Rty » + le:fy_: sl Y, (731_2R:1)_ Y, (Tsl_stl ):|
R
El[rsl_‘: = Jv—l (Tsl_lRm )_ Jv(rsl_lRm )] l
Y3s1 _ v2 =|Y3sllej¢ym
Rm TSIJ + E [ rSl—‘iRm Yv—l (z'xl_lRm )— Yv (tsl_ lRm )}
R -
E2|:Ts[—: = Jv—l (tsl_ZRm)—-']v(Tsl_ZRm)
Y4, = - =14 Iemm

RMTSI 2 + Fz[rd_ij Yv—l (z‘sl_ZRm )— Yv (T-F’_zR"’ ):l

Therefore, the eddy current loss in the sleeve is given by,

P, =P,

S,

n+ Py, (W)

(B-75)

(B-76)

where P, and P, arethe eddy current loss due to the forward asynchronous mmfs and

backward asynchronous mmfs, respectively, and can be written by,
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P = 22 55 D10~ R {0l =000 R
(B-77)

P =’fsjiiﬂxzs,nnykos(mzs,— 2 Ry~ X4,V 4| cO8(@ 0y — 800 R ]
(B-78)
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APPENDIX C

Dynamic Simulation Model for Single-Phase FSPM Motor

The single-phase FSPM motor is driven by a full-bridge inverter consisting of four MOSFETs
and diodes, Figure C. 1, in accordance with the rotor position that is provided by two Hall
sensors mounted on the stator. The Hall signals are illustrated in Figure C. 2. A numerical
time-step simulation model for the single-phase FSPM motor is developed on the MATLAB

platform to investigate the motor dynamic performance.

ﬂa DI ﬂa D3

afy o oy T

Figure C. 1 Inverter circuits for single-phase FSPM motor.
Conduction mode Off mode Conduction mode Off mode

Hall
Signat 1

Hall
Signal 2 _

0 8 9 90 +6; 180 Rotor position 8,

(Mech. Deg)

Figure C. 2 Illustration of Hall signals of single-phase FSPM motors.

In order to simplify the dynamic simulation model, the following assumptions have been

made:
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¢ Phase inductance is independent of the phase current.

e The eddy current and hysteresis effects on the motor's magnetic materials have
negligible influence on the phase current.

¢ The DC link voltage is constant.

o The voltage drop on the MOSFETs and diodes is 0.35V.

In this numerical time-step simulation model, at each time step, the winding terminal voltage

can be updated which is dependent of the inverter states as given in Table C.1 and Table C.2.

Table C.1 Inverter intervals of full-bridge inverter for single-phase FSPM motor.
— - ____________________________________________________________________________________________]

Inverter Rotor position 6,  Hall Hall
Gl G2 G3 G4
interval (mech) Signal 1  Signal 2
1 [0, 6] 1 0 1 0 0 1
2 [90, 90+6,] 0 1 0 1 1 0
[6., 90] 1 1
3 0 0 0 0
[90+6,, 180] 0 0

Table C.2 Winding terminal voltage at different inverter intervals of full-bridge inverter for
single-phase FSPM motor.

Inverter interval i>0 i<0 i=0
1 vpe —0.7 vpc +0.7
2 —vpe —=0.7 -vpe +0.7 €py
3 -vpe —0.7 Vpe +0.7

Therefore, the phase current can be updated by the following equation:
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Ri . dL(n)

Viy = Npery =yt =~ €pp(a)
imy = i1y + dt

(n) ~ Hn-1) L

dt (A) (C-1)
(n)

Hence, the electromagnetic torque can be updated by:

i e n dLn
7= kemeem( 1 2__Q_+Tc(n) (Nm) (C-2)

em(n) — (n)
Dyny 2 D,y it

And the motor rotation speed and rotor position can be updated by:

Tem(n) - Tload
Op(ny = Opyy + —J—dt (rad/s) (C-3)
0r(n) = 0’.("_1) + a)r(n)dt (I'ad) (C'4)

The back-EMF and inductance can be obtained by the FEM or LPMC model. The cogging
torque can be obtained from FEM. Hence, according to equations (C-1) to (C-4), at each
simulation time step, the phase voltage, the phase current, the electromagnetic torque, the

speed the rotor position can be obtained.
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