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ABSTRACT

Keywords: DC Brushless Motor, EM Finite Element Analysis, Design Automation
Due to the AC driving pattern and permanent magnet on the rotor, the performance of
dc brushless motor is very hard to compute. Also because this type of motor has good
torque per unit weight output and mostly used in the servo system, the transient and
steady state performance usually require good precise analysis. The requirement of
using EM finite element analysis is obvious. In order to accomplish the finite element
analysis, a motor designer required to be an expert in both the motor design and finite
elerent analysis area. The designers are required to be able to assign boundary
conditions, excitations, material properties and be able to consider all kinds of
nonlinear effects. In this project, we are going to integrate the advanced motor design
knowledge, EM finite element analysis knowledge, and all the important technical
tips about using FEM to do motor analysis. The motor design engineers can simply
enter the motor geometry parameters or performance requirements to find out the
design of the motor. Also the FEM analysis will be done automatically by converting
the designer’s parameters into load and boundary conditions. After the analysis, the
software will automatically report all the transient and steady state perfomances of the
motor, the TN curve as well as the diagnostic report and the efficiency analysis report.
The designer can then concentrate on the motor design issue not the FEM technology
issue.
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Magnetic flux magnitude plot in postprocessor of 6 poles DC brushless
motor
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Magnetic Flux Vector plot in postprocessor of 6 poles DC brushless motor
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First line: <number of nodes>

Following lines: <node id> <x> <y> <triangle side> <boundary marker>

Next line: <number of segments>

Following lines: <segment id> <start point id> <end point id> <segment
radius> <boundary marker>

LA —(E # FITHMATIES R BT HRER A EAME A — )T - AN
FEH—EEEARE .d-

PR ERIBRR » ATLAIRMILA B NE R 2R - o5k - BFICRRAEaR, -
Fr—{EENEL Node )SEE A {HE R SH  <node id>» <x>r <y>: <iriangle side>»
Fll<boundary marker> - <node id> ZHTEEHY ID » <>EEIBHY X B » <y> Z2HE0
2R Y BEFE - <triangle side>FRTERE = A S HERH — AR ENIRE -
<boundary marker> - {EHE K B0 — WL BEAD R A SRR EE R -



<triangle side>FHER/]N - BE B - SRS ATE EIRAE B (ERIE
% GRS EL ST RS -

Fon—(H:%( Edge EEE A& 57 : < segment id>, <start point id>, <end
point id>, <segment radius>, F{I<boundary marker> - <segment id> JEHEEHY ID »
<start point id>F{I<end point id> 3B #FAELEELFIFR 1L BERT ID > <segment radius>
FOTHREATPRR - HEFSEE 4 SR HERE S AR REARTIIR - SREEER » 3
Fi<segment radius>F3r B E « SREEIR - HEREABERDR 180° - &
R —EARARY 180° BER—EE - fRe]LUR Mo EM{EI#R - <segment
radius> A[CAZIEMEERAE » EEEM Figure 2.2 fioR - HEBREERFIRE
iR - HAREMYPORIEME - AR RERE - BB EREHE -

tart Pt

Center Of Segmnt
Center Of Segment

End Pt

‘ Start Pt
Figure2.2 stk v N E 2 4

SR HAREYFTREER - iR —{EAREAE L RSRY ID FHYICARBHEEIGEIY ID »
HIE BAR BB —E8 - JAFT] DB REYE IR B8 ID & SiBahaREny
A% 1D v RIFEE A - ML LCEEREEE - B e DU
HUTATRERS R - FEHREME T - RIFTTLI2RBAT A RMRE R -

HEAMIEEE B TR EA RS - HRPAE e RS, - N
BENESR AN AR EEEHE - SHESRAFEN A TFREELRE -
- ¥ B 5 — B ERRY T k- ST AR S R R R R — BRI
MEREIRE I B PR BB AT — B - E TR ESRE R R BT AR
B - SRLEAFIERY » 20 Fig. 2.3 FR

TEE PSRN RIER T M - ZMIFoR S E R R S LRy
FREYER - TR AFELNER SRR ERIRT - SMERATVEIFTERBELE
i - MEERGPATESR AR - W Eq 2.1, Eq 2.2 AR » WAIDAXGEEEER
At EmER AT M -

area(ol2) + area{o23) + area(034) + area(o41) = area(1234) > 0 (2.1}



area(056) + area(o67) + area(o78) + area(085) = —area(5876) < 0 (2.2)

Figure 2.3 & A RI2 46 EiK

B ELSE =/ nodefile - element file - ] side file - i§ = EAY
EIRE 4 » #7] Table 2.2 BT

Table 2.2 #842 4 B B B8 2

node file .coordsf
element file .egraphf
side file .8

LR E IR AR A - SRR ARES NAMEd - BIF5IRORERE
BT R
® Node file NAME.coordsf) £ Table 2.3 FrByRS=!, -
4 Element file (NAME.egraphf) [ Table 2.4 BRI -
4 Side file (NAME.s) 54 Table 2.5 T RAFE R, -

Table 2.3 Node file 654 5,

first line <number of nodes>
following lines <x> <y> <boundary marker>

Table 2.4 Element file &3 &,

first line <number of elements> <number of nodes>
following lines <node i> <node j> <node k> <region marker>

Table 2.5 Side file &4 5,



first line <number of sides>
following lines <side number:> <node ¢> <node d> <boundary
marker>

<node i> - <node ;> * <node k> ZMEHY element Y nodes > <region marker> &
element [3EE » <node ¢> ~ <node d>F side FYFEREFTRR 1B » <boundary marker>
P45 B2 S F boundary side -

3.4 =AEESRNERSE 3]

3.4.1 &% (Structured) vs. JE&&4#4t (Unstructured)

AEEH ISR B ARG - BRtEnuARER - — (iR v L
FE A EHFE B ARTH elements AR interior nodes 2RPFER - 55— » FEiG
BEMEAUREREE£ BT node valence BUTRK  EARFAEE - node HEEEH
Y elements - —ABHRE -REEAREFEHEBEMEBES -

3.4.2 Delaunay = A #84%

SRR = A HBHE 2 A Fi i 29 A Delaunay criterion [4] « The Delaunay
criterion FHRHE G EEY L, "empty sphere” property 2B © {L{TENETREE =8
FEHYATIEIA » 40 Figure 2.4 Ay - —{EAE A #E € 38 500 = AfEr =4
EEE - RSER S8 = AR ATIEIT S HMA=AEEavEIRs - Frll the
empty circle property @ #5{REF - HF Delaunay =AFIH—E _RIBTHE -
FREAERERS EE A R R ME—RY -

Figure 2.4 Delaunay criterion mesh

The Delaunay criterion AZGIi- e —EELEFENERE - EHREEHRTHES

\\ -

B GIEPIRY BRI - RO, - ERER A —ERL R SR RIRETR
il - B ERE % - SRR SRR RIS ETRE



T © SRS FLENRLR IR Delaunay criterion 4 =515 - BB —{EH— (G B
BAMED  EE—-EHFNEMEEARN EFERBH =AML
Delaunay criterion 35 2 —{l /515 H R E EASPEIRAIALE LIS B Delaunay $5H
AR -

343 BayiEA

A ERRYRER AT R | T — R Ty T AR T R AT IR RS B E R ETRG -
BT IR element WRTHYTTH: @ AIDIEE —EE EETHEH R T B
3 BEEEAERIR T RHARARRE - B— A7k EEERsR it A = Al
FiZHI5] - BE—MEAEREER clement BEP.LATHEEL [6, 7 - Ei@IE—E
FEERHEANRR - EfEEATH#E FR "Guaranteed Quality" & =A% LI —{&
RERENIEARESR - BOIBRRGHEAR % » Voronoi-segment B A
JFIEEAE Rebay[8]H 7148 - —{H Voronoi S#EY W] LAE{FR H RRMEAHARAY = AU
R A B R OB R IEL AR R B - FTROBIRGIGSE Voronol #EBHE A LI E RENE
5 RT AR - SE M T A e — 8 BRI EIRE LA = AR EE A SR A
HIREEE o S5—1EJ5EEAE Marcum 91 TG - 'ER—ERBRRYEIRMEA T - #i%
MEREA - BEHARAATHEA - - HERERELUREECFEN
Delaunay #84&AIERAYEE MBS ETREEVREERLE - BRGHE A RS2 RS EERaEE -
12 (E T EA RS B LTI R SR R BT IR elements - INRIA[10]
H— A EBRE TR B AR - —HRBIER RS U EIRRIE R n
EFENAET=AEIS5TIES - SiFg R A - ISR ASEEEFERER
Ei%h - EERERGEEEEE R R TR EERE -

3.5 SN RInRE 4

NS E £ HEEEE S E RnRENE A E BHRENFMELIEE
{8 elements #I5E - METF BERMENEHERS © smoothing and clean-up -
Smoothing FLFE(LAa]E HERFEAS 1E SR BE BB BN H ik - Clean-up —BEEFE(E
{ATEEC® element EAEERTRFE -

3.5.1 Smoothing

KRB smoothing @S & Lo IER BB Y E AR LIMCE By
elements /B < 4R smoothing FMTEMHRL - EE Lo HAT ¢
€ Averaging methods
€ Optimization-based methods



€ Physically-based methods

3.5.1.1 Averaging Methods

TEZ Y smoothing HH . H » RAHE HEBEIELE Laplacian smoothing
(111 - Bl A EE RN R I BB Bt RS - &
—RHEIEE AR LUEREER element AR - K258 smoothing KRR E7E
NIRRT B E R S N E B AR IR R AR R e A MR THE
— B HETERKHEAREHEZOERY - ZtE SHavEM
Laplacian B9 smoothing #7i7 * EEAVENELE G 2IR5EERY nodes F1 elements 1Y
BATHEERMETLY - Canann [12] $RET —EREFZHEHA T HELGE -
Averaging methods FASHIRGHBE —BREINFE - Fl0 - ASHEEEERH
Laplacian smoothing HEHER HAH KBRS, element BY7E - MEESNE
SER - BEEARNSE RS ERAR AL - EEEE ErERHIN
Laplacian smoothing < Canann 7RI /AR T EIRLIE B EE p -

3.5.1.2 Optimization-Based Methods

— SRR B A T R ERERLEE cement #E » I ARERAH
averaging methods - Optimization-based smoothing FZfiTE#l T 8% elements |
node iE + HEREFEHHFEE clement SLBERHEHSNEE B R ERE
fk. - ENELLIBE B I 5 S BN £ 5 AFREE - Canann and Freitag[13] FIALR
H optimization-based smoothing $EE i -

EHEFF optimization-based smoothing HfkiiF - IREL T RIFRUMERELE - 7812
PR E D » HHERRF— MBS - Canann and Freitag R ABEHR —HHESH
Laplacian/optimzation-based 435 —# A ZHFRI#EHERH - H A E & 15 element shape
FERE(ERA - P9 F [E118 optimization based smoothing -

3.5.1.3 Physically-Based Methods

S—{EHEEAESUE F R A8 EEE Physically-Based 1% 7 [5(HERF 1)
HIEITRRAL « Lohner[ 148 T ALTETRRIN N E - MRS RFNH
B - Shimada [15] and Bossen[16] P& HEEA EHEETHNERNTL -
FEE OB TR/ R - ATLAERR A 2EREA element
IR -



3.5.2 Clean—up

BLf8: smoothing » I 5H LN EEHUOBEE element FESYE » AT{HFH
SREGEHEEILE - Cleanup methods — A FEF— AR BT HW R BIREVIRIE -
ERE— M FEFES ¢ 1) shape improvement or 2) topological improvement -

BRILZ A » cleanup operations —#F A€ BB  TTEH smoothing — &8 -
Freitag [17]#53E A S PEEIES S smoothing and cleanup LACK ZE B FEHY element
B e

3.5.3 Shape Improvement

H_AERNS - MERMEREEERT - H5—E=A%0 NS
JUREAEGE - SEERENUEREMEE = AR REREE shape
metric £/ « The Delaunay criteria 0] Fi 3R EBRIE - ©ES 1 AL {EAE
5> Z [F—{ELBHI AR elements o

FE—BSRIET element meshes FFE R - B 62 F mEAEHE — AR
element ByaLE - TI-MMEABENE—TUARTE - (IRBERNEE > i
RIS G #i s -

3.5.4 Topological Improvement

— RS RS T R B L RS B B 1L - B
e SRR E {ER node valence or degrade - 35 PEfi 255415 element shapes
A LACE - H—R =AM S - CE— AR A EERRELN - SRl
REE —(EEnEN A E RN valence » ETBE R elements H B FREEHEMLN -
¥t elements E{TEIREEFAEECNEE topology F{l element quality - — 5P #E2
HARoh == fA#a& (triangle) [18]HY node valence -

3.6 Refinement

Element refinement BYiRFEG R « LIETRENTNS » refinement EHE
BERSCE (R element RSFRUBME L - RTHURA 26 T HAEN— 3
RIER S » BER TS R BRI, element BYE - b refinement F3EAR
S & F RS E AR RE - DUKBS TR EE B » — & refinement 3@FFE AL
% FHESFT ERVEIEEHELET - Refinement FHEERRE AR E(ERENEILE
FERy—&if » AeRURYAS R ] LABRHE mesh refinement -—{E#EHI -



3.6.1 Triangle Refinement

HERAR SR TEERLEK » (ERE triangle refinement F B HEEE -
4 Edge bisection
4 Point insertion

3.6.2 Edge Bisection

AR S T A= ARERES - Bit - FEEE = AEndess
FRMAE - Rivara(19] 2 TR = A#sn R R 5K BBHIHIET -

3.6.3 (BEAYHEA) Point Insertion

A—EAEN A S TRBEEE  EA—EE Y node BIEFLETEN
BOE - FTEARE=ARmRyIEIR=1F - 41 Fig. 2.5 iR - SEE G —RE
EREMERIFRIITR IR EH TR RMREE T #R ST 2 - HH LR
EHREFEE » u[LUH A Delaunay approach ¢ {HEHMEREIEZE local FYy7T 3R I HEST
ARY node %84 Delaunay criterion SEHMITTFRAY node #8#E - & FiETEHEHIT
{Al—%& Delaunay #H ARRIT LI 0] AT LR B ERM - .

K> g

Figure 2.5 Example of Delaunay refinement, where point A is inserted

DA E SIS 48 T IR MRS (unstructured mesh generation ) ZEZERFErS
WX EMEEY S AN EEE - 5 RS FHEEWRMERMIEG ARSI - |
R R ZEEERR » FrAE N T RALE MR EAAEANEET - AMCE LR —
SR B EREE AEFERM T B EHR - A SRS R R
BB T TEEENAZAIERNE  REBEEESTACKETHNIE - ALt



BRI B Ry R AL Z B AT S L R0 1EBRSE - BRI
18 TR H A ARIREME - il B ESCEE -

3.7 Renumber

E#HT#RR (renumbering ) ZHIZKTUUE node # element FEAFRITRIEEIFH
S5 ¥ nodes B elements EFRIR IR R TRWHRER S  ZRIBTE
ERRRIBSRRTE - AR REE RIS - Nodes BERIRER I 8285
FIRER - BB TS RREE - ERANAEE TYI=%&

# The sequential renumbering
€ The bandwidth renumbering
€ The wavefront renumbering

3.7.1 Sequential Renumbering Method

The sequential renumbering method A BN 5% - nodes 1 elements %
RNRFE iRy 2 RS H B A 5 ##3 - Sequential renumbering tHRTLIFH
KRR EAT < AR A RBRAEE -

3.7.2 Bandwidth Node Renumbering
The bandwidth and wavefront renumbering 7] AR AT LR E SRR A
BIEREAY %S - can be used to improve the efficiency of the global matrix

decomposition process performed during an analysis.
Total Bandwidth HIEH S

Bandwith = Max(b,)| (2.3)

i=0,n

Hrh b, S5 1517 bandwidth, bandwidth 3RZMAZFIEAHITRE () #
— TR ER Y IR EHIFER TR — TR LR A58, n SRR HR2INEL
H o

B LA F Bandwidth Node renumbering method 33745 ffr R4 A A B HaE
#1383 - Bandwidth Node renumbering method &K E{E(l, nodes MBS EHIHE
¥ RS IRERE  MRARNENESHIMESREEETR/ - HiF2H
RTE e EA —ERN M AREESES - (HItE - B& - 8%
F.. ) HEFERORE S - Y - AW - AL CRI AR
HEVEFRIME

EEEET - B FRAGERRERIT RSB B profile. The profile is
the number of terms that are under the skyline of the matrix. RHEHZR - FMJEE



profile SFTH bandwidth B9F] :
Profile = Z bi (2.4)

FAERRITRTE - AMOHEESEESETEE profie JUEH » #
P F bandwidth {FEH -

3.7.3 Wavefront Element Renumbering

FFHITC R renumbering 7i%ER bandwidth A9 node renumbering F7iEFEEL -
HER T ERDEINTP R EEEE SR IRENKE - Both are used to
minimize the number of operations needed to decompose the assembled global
matrices during an analysis. B Bi#T $BERIC RS ia i A —EH i g
REGEEES » B G AT H e A0 BRRT T A SR R (8 A
3R = There are several finite element commercial software which use a technique to
decompose the large global matrices that eliminates the need to completely assemble
the entire matrix before starting the decomposition procedure. &5 AN H, » T
LA figure 2.6. £34 - Figure 2.6(b) BEREE figure 2.6(a) MHIFIRY mesh {HZ - {H{F
KT wavefront renumbering method EFTHREE o LA FFIELE: figure 2.7 By
fill-in 48[ » FFH, figure 2.7(b) KY profile 8 figure 2.7(a) Kf§/)»- 7F Fig. 2.7 ¢ >
FFaR "o T EMITRAHIEA - FEE X" FRERETREEREA K
RN RITTR IR IR F A -

g 8 7 6 14
10 1 7 ] 8
15 5 1
11 3 4
19 ) 0 9
0 1 2 3 1 2 6 12
(a) (b)

Figure 2.6 (a) the initial mesh number (b) the mesh after renumbering
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Figure 2.7 (a) The fill-in matrix of initial mesh (b) The fill-in matrix of mesh

after renumbering

3.8 Moving Band £

B mesh —{F model §EERBRMIFM » TTERA "moving band" Al

f& e R E T —(HE

18

LABKEE(20, 21]. "Moving band" FHEITE—/BRERITHK - 3



KBS (T ) F—HEBRAEREY (1) - BERTFEEmT - H#fR
#H Eq2.5) @B/ T87 nodes M "moving band” ¥AHITTHRMARKAIE L
figure 2.8(b)AT S - AIRTERBEIAETY - BRFUWNEEFLHE figure
2.8(c) H "moving band" FHEEHHIITLE - 1L figure 2.8(d) F1 figure 2.8(e) -
BIMHEER AR BFRATE AT REYOR T - 10 - ((1,4,2), [24,5], [2,5,3], [3,5.6])
#([1,4,5], [1,5.2], [2.5,6], [2,6,3]). {HREREAH > FFIRTE mesh —7% - T HE#
F nodes MBI EHLHE "moving band" FHIMEEEER T ER R B R R EHIRY
Fl'alj a

WAVAVAVAVAV ATV aVAVAVA I,_— yTaTAYAYAYAVA
MVAVAVAVAVAY ) 747474782 708 ]

T Rotor 4"—'32)—
1 2 3 , 3
4 @° 6 4 5 () 6

Figure 2.8 Moving Band Hifr

{x‘]z[co.sﬂ sinﬁjl[x] 25
v —siné cosé || y

BT ARBFISHE " Moving Band | JFEEFHEFMAVRN - MREMIEER
"Moving Band | J5i% - E5LL/AMEEAE "Moving Band ) layer HAYTERERT
ASRAHE AV S mesher ZEEATTRIFRR SRR/ MUT R B EPRIERIRR
BRSNS ATDIE AR RB BT R A NEHM - MBRERERER » AEL



—EE R TTR A/ B ARERE - B MBI mesh elements A nodes &
5B =48 - S5—JHF stationary group + 58 "#H£S moving band group ' B =HEE
moving group.;g —XEHHHFERYEIRRRIE Fig. 2.9. 55— Stationary group &
HHEIE T HHY nodes. 55 —%F Moving band group H&HERFETH nodes. =
¥ Moving group HEEHIEE T nodes. FH—IFH nodes FITCFEIGRFRFT
& - F=IWP - nodes WA G IR Eq.(2.5) [e8 - M TRABREES 7R
T - 8 IR HAM PR - SEEES: "S" Y nodes £ stationary, $E3T
HERR "R USRS AIE KR Eq. ()il - SMTOSEAER "S” A9 nodes T35S S
nodes", SETAE#R "R" RUERTEE "R nodes". H=HH » BRI THREFE
HEBIET A RETTLOR - Reconnection MIEEERIAMT « 15 » MEKIH S
nodes" F1 "R nodes" HYFJE sorting 173K - BT INfR sorting MEF » BFHRAT
Shell sorting {EH - £ - JIFHNEFEE ¢ /& 1R "R nodes” #E)
¢ AP LLEE 0 H "Rnodes" YA GHHEBER 6 A node identity
k. Etk - BAFEHEIR A shifting "R nodes" identities by k f9 7520 » JH#5 =454+
BHHTTR - BOAFREE B S SRR - B ESRIrEETT
mesh K)EHE - BIFEBRYD figure 2.10.F77R

Figure 2.9 (a)Stationary region (b)Moving region (c)''Moving Band" region in
electrical machines.



Mesh motor model

—— ¥

Stationary group Rotating "Moving Band"

Connections||Nodes| {Connections| |Nodes Nodes| [Connections

Execute once i Sorting S

TS e RS

Rotate by | [Rotate by (eq.1)|

v

Find k

Figure 2.10 "Moving Band" &

—HRER - MR =R TRNE—EARARAE - HERTR IR
MT-EARRY - FEEA T TMoving Band | B % - AIDERI=ARIRE
EARNAREAR S B - EERRCEY > 8IS EEERMSE rotation 7 »

"Moving Band | layer FEETTRAVET—EANAEE » B30S/—ERAG
& 11 B - WA AR 5 B FTLUAIEOT - SR R vy - B
IR BURY mesh £55R51L Fig.2.11(a). REFHCRLLE » $15 KRS mesh TTRE
BARE— S - Fig2 LI H@R Y Fig2.11(a) FESMSTWHR KE R - 7 Fig.
2.11(c)~2.11(g)& -~ meshes FE{FF " Moving Band | #fiffei#i@i 2468 & 10
JEZ#ER - Fig2. 11(b)~2.11(e) PR EE it B2 T RE TR
B - TEMIHILRUREBRNES - REEFERNTRER LAY - FTLULE
HITREMHERF A8 - T ESATR A R - RS - [
RIS BT R G B g - i Fig. 2.11(b)~2.11(g) * HFIATLLE
£ A" Moving Band il EnE R EIRER S = A T RES/NEE -
IEBAT AT LA A E T E i T #1I5 2RHY mesh ABIRSE B TR AIBE HUIESH -
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Figure 2.11(a) BHEKEIN) mesh &R (b) #46%) mesh [F3 () HE) 2 BHLY
mesh (d) #HE) 4 BEEREY mesh (¢) BEBh 6 FHEY mesh (D #EI 8 BEEAY mesh ()
BHED 10 BN mesh

4 BHAERITTRES T
4.1 Maxwell Equation

Maxwell equation B]ZFRAEY
VxH=J . (3.1}

H 4 BHRWEAR - J SEREENE
E# flux potential 5

~

VxAd=RB (3.2)

Hrt 4 B flux potential > B ERESEE MR
RTHERERBLR B 88, B TE&, SHeHR0T

4.1.1%&

SR - WERWE B ORWSME A MR T



H=vB 3.3)

Hh v 5 magnetic reluctivity - SR o HEIS
HE Maxwell equation IR

VxVuxd=J, (34)

Haw b BHREE J, BE=8M  —2XREERE - -EXEHNEER
EMEATERMES - Z—ARHSERAFE AR EREREEME S ERE -
Rt - BB IRTRE

.}3=a£—a%+aﬁx:§ (3.5)
! Bt

Hp o BREX > 7/, BEBERVERZ | SUBYSIE - + BB
MUERWE B WBEEE - Figdl BN EEBEHEESE B 1S
HEBEYE - Eq. (3.5) BAER OB L H%5E 7 BERHIEER -

Figure 4.1 @hPryENE

R —EEEB R DAEIER - ARSEERRE - 8 + S
% - FIREK Eq G5RIETIH » BX

Vx?vx,a=o'-pl—0'§£ (3.6)
{ ot

B E » KEPHFLER stranded conductors - 7 [ B8R B A HEAS T T RE
ERRE—/) model - EAFIFEP » HMTHRRILERAEL eddy current B
DB SR ERFEE RSN - AL ARG TFETSRENTYBREE
J

VxVvxd=J 3.7

BT R e — - IR Eq. 34) Bk



”

G4

VxVyxd+o—=U (3.8)
ot
B EBBAERS
stranded conductor RJES5T »
0= (3.10)
iit]
=0 (3.11)

HEH_HEICRY A - IBRES: 4 HERER J JLEdmsE - Fibl
M Eq.(3.8) MI&EH!

P X
104,194 ;24 _ v (3.12)
H & u ok ot

TEERM XY » B A THEARTRER T L E R -

412 EE

ERNER S ARG TEMAT B AT R - BT ¢

MRS B MR RRE TR AT - — B RFRTR ARy
model HFE : i RE M BEEHHERTIN - MARESBYARTH - |
HEREFR—E A - RERAEHE - Fig(3.2) - RFARBAEERRE
Koy WAcEy  BNATEHIEA AR (TEARD -



Figure 3.2 WESEFFHERIE ST

At
B=p,([(Q+x)H + M) (3.13)

Hrh x« B B (dimesionless), M B is the L BE N =
(amperes/meter) * H BANIREES - BEHLHER - R0 Eq.(3.13) H&
H =v(B- p, M) (3.14)

¥ Eq.(3.14) 8A Maxwell equation Eq.(3.1)  [EF%E B A Eq.(32) Bt 7]
g
VxVyxAd=J, + Vx (M) (3.15)

AF AR LR E R F RN -

4.1.3 #FEHT

MR REGTRERE - WAL AR - WRERBHERER

agf- SE—TF - BISESTTRER - HIERT A -

=)



4.2 FROTRE R

BHAREEERIRAEANMEHEE®5ER Galekin i - i
Galerkin #=F MWR (the method of weighted residuals ) g E o —{F45 - B
Galerkin ZEHEIZIRA » FiAAER3UR R IR e -

MWR SR ELEBET RKAERN  residual 7255 B EEES 1y
LB RE - Galerkin 15351 HH 5] A9 REBR B R IHL 5619 Y ME B8 ( shape
functions ) - 44843 principle 2AHMHEI (HIF) T » Galerkin EFTREH A
SRR ARSI R R AR < ERRMERLR TE | 1y
ERoTHGHE -

4,2.1 Nonpermanent Material (&)

{8 ] Galerkin & » 5% residual 500 F

2
R=1&A4 104, o4 (3.16)
T o

Hrh R £ residual.
e ERIRE 25 (shape function) I H SHBEHBE -

ﬂnNRdxafy={] (3.17)

# R LAEq.(3.16)A -

18°4 16%4
_ H nN(ZEJ’ZEﬂdx@Jr J’j v afmj; H NUdxdy (3.18)

AT BRI

e[ G2 + 5 Sy~ A2

1 62A 12’4
H N(— z &y
{3.19)

RIER Eq.(3.19) A Eq.(3.18) b HATERS  op MRS BT IR -



5N a aN 0A,
Sl G s

n,axax oy oy

vo ff Ne— dy——l——aiciNd v.ff Nty (320)

 \dxdy

Eq.( 20 A E T EATE T RS - SRS S —RISEAT R S e
A - AESERIEEA  METHEEENER s B /88 - LA
WHRESHEEE - —#FHER NBC (the Natural Boundary Condition ) iif7 H 4%

RE -‘g}o. AIE—% Eo.G20)E Tk —TER L - R

5 - RSN ARTREE SR - BRIVCKMEY - CEREHENE &
=

4,20 F—FE=AF T3 (First Order Triangular Element )

{EHEERTRE - BB TRE mesh A9BHE - $H—E RIS
B ROFHFEARRILIRE - LSR=AFERERE - M ARMATLGEFETRAR
ER{LIAYPES; (approximation order )

#18 Fig. 3.3 hpy—B=AETHE (k) -

Figure 3.3 ((E—B=AIEE ) First order triangle

AIRFAERLAETCR P potential EARMERME HMEREUTERIRMEE —
P e -FEE AR T - BeFI I LARHE = AT (T — BB H magnetic potential
TR

_ A,
= 4, A4, + . A+ A .
(A, +A, +A,) (A, +4;,+4,) (A, +A, +4A,)

(3.21)



Hrp 4, £ node i A9 potential value *© 4 : £% node j #Y potential value © A4, £

node k #Y potential value

BT equation (3.21) FAE

FHr

FitEA Galerkin iErHERITETFEE,, (the shape function) N, FJLAFRE

de (ax+by+c)Hd +(ajx+bjy+cj)Aj +(a,x+b,y+c, )4,

2A

ai =y;_...yk

b,

)

=X, — X,

C =X,V — X )

[ ax+by+c,
2A
ax+b,y+c,

2A
ax+by+e,

N.(x,»)=

ZA

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)



1 Eq.(3.26) B x K y EyEsy -

4 a([aix+b1y+ca aix+b.}‘y+cj al:x+bky+ck ]) A‘
. 24 2A )
ox ox Aj
X
a1x+ba‘y+cj ajx+b.l'y+c.}' akx+bky+ck ]) A

a4, _ 2A 2A 4o
Ay dy AJ
k

ARLA

] ax+by+c, i
ZA
ax+b y+c,

2A
ax+by+e,

24|

ox

[ ax+by+c,
2A
ax+b,y+e,
2A
ax+by+c,
2A

&

3T Eq.(3.20) RpAEERIS

Hr

1
24

= B~ SR~

-

)

Tols.u+olr)ZH-Tloy

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)



S = [ DD, +EDED asay (3.36)

& oy
T, = j IN,.NJ.cﬁmﬁ) (3.37)
0, = 'HN,.dxaﬁz (3.38)

Eq. (3.35) "PEUREERARVER T LAA time stepping procedureru HELBERLL - 20
EART ettt B D — (A SRR R ERR . de FRARBVAT - BERIAHGREL 7 7 1., ¥
MR PR

Jen = Fi + fih (3.39)

Hrh » BERESENER - /7 B8% 5 188
FrlA Eq.(3.35) #BRERHE BN

ZV[S 14, + oI, ] el Z[Q k/ kel (3.40)
WA Eq.(340) B

])MM Z([Q U, +VIS.14) (3.41)

Z(v[S

4, =D A4, (3.42)

k

BIATLHE Eq.(3.41) JRA the sparse matrix solver » SRS S RIS NEHG
potential fE - MR k B4 HERRRIRT  F—FE5ERE S 2HY magnetic
potential ATF&EEK + FILISE] magnetic potential 4, .

42.3 —#ICFE (General Element )

Eq.(341) HAR=AETE - MIXTEFE=AETE » FJLHENT
IREBAHCER - (GAIREEBY (shape function ) ¥ x i y FESL -



SN/ BN/ _a;/
a|_| /0 /o (3.43)
BER E(x, ), n(x,y) KA B x(&.m), (& n) BTE - FRCIAJEE
GN/ ay ay BN/ GN/
os1_| /e& /é¢ Bx|_ g /o (3.44)
am%q [ax an 6%?1 aN%y aNA»

E Eq344) 5

oN,
aw?z

_

a}%;-' _ conj(J) aN%é (3.45)
GN%?? det(.}) GN%H

Hrr J £ Jacobian 4HRE - “det" EEFEE J Y determinant © conj( ) 5

J # conjugate JEET - BIFMIHAETE J WUSUER  FHS-EHT A I -

4.2.4 EE (Permanent Material )

f#iF Galerkin's ¥ * Eq.(3.15) RIE %

if N (VXN x A)dedy - [I N -J ddy - [[ V- (IxvuM)dxdy =0 (3.46)
17

I} (VW x ). Nedsdy I} o Netxdy - if Xy M)Ndxdy =0 (3.47)
I - BRI A TR EEER

(VXF)-G=V-(FxG)+F-(VxG) (3.48)



F=WxAd-vuM
G=N
BRI LR — IR
[[ (V% OW x )~ vpz M) Nelsdy =

([ 0% xA—viM)-(Vx N)dvdy + [ 9O x4=vuob) x Nydudy

o PR E BRI iR — TR

[[ 70 x 4= vt M) x Nyexdy =q (W x A~ vity M) x N} -ndC

Htb n BHANER C HEREE
A
FxG=-GxF

(FxG)-T=F-(GxT)
AT LUAR TR S O AR

{ (W xA-vu,M)x N}-ndC = d _N-A{0¥x A= M)yxndC

(3.49)

(3.50)

(3.51)

(3.52)

{3.53}

(3.54)

(3.55)

LA (the homogeneous Neumann boundary condition ) iS1& &R e

& AIFESR AR AR -

(3.56)

TR, -
[f (7x4)-(Vx Nydrdy = [ vasodd -(Vx N)dedy + [j W -Jaxdy
E—HEABRREA > TR
(f ﬂv(%%+ %%ii)dxdw [ 7Ny + nv,uo(M,%-My %%dx“‘y



18*°4 18%4 84
oG g a g e

aN

= [f [ NUasdy + | nvpu(MI—éy——My%)dxdy (3.57)

[L# Eq.3.57) B4 Eq.3.20) » A[LIFI Eq.(3.57) £T7—H - EREHERK
permanent magnet E{HER - R Garlerkin ¥ » WJHEE

Solsroln I =TloW + Tuwe b, -2, b1, 3.58)
Hrp
[2.]= J‘ %my (3.59)
2, ]= ﬂ‘%xﬁ—rdxdy (3.60)
%R Eq.(3.58) B

T
Z (V[Se ] + ih‘l)M*H = Z ([Qe ] U.t+l + V[Se ]Ak ) + Z Vﬂ{) ([P;x ]Mx - [‘Po' ]M_v )

(3.61)
mA

A, =D Ad, (3.62)
HFIRILME Eq.(3.61) LA the sparse matrix solver » SR EE S AR AL R RN

potential {H - AIRHUEE k ML HEFFEET » 5 —EH EREEFTEEE magnetic
potential JIIHEFEA » W[ L1153 magnetic potential A,

425 HEGEEFEE (Magnetic Flux Density )

FHMB Y Maxwell equation - ATLUHE Eq.(3.2) SE{E Maxwell equation



g4, 2, (3.63)

dy ox

MRBEMERE-E=AFTR ' BA% a‘%x LA Eq.3.31CA - aAay LA
Eq.3.39)fRA - 153l

. [a:' a; ak] 4 .
T A, |j (3.64)

Hit B, RITRATHGERFE
FERB=ANTREHE node WBER - WEEBBEATESMRSG - L=
ARRED  TRVBEEFRR —HE -

4.2.6 H19E (Torque)

RS B R st 2 EREHENE  ALBMEEEERITREX KT
EREE - BEAECREAKIEE RN AEE 3 T ¢
& LEERE ( Ampere's Force Law )
& The Maxwell Stress Method
¢ Brhit (The Virtual Work Method )

E=EAEAEHEE,  EEEE ST  EEEFEETREERE—
{E¥yes LRIPER RN - BRThdk B Maxwell Stress ¥EPRERGIEMAT » K
1EER (Ampere's force law) WD) - (HEAEIEHEMAERR EAHA - TAERF
Maxwell Stress ESTEIRM - LI #E8MA T - —— AR TSI Maxwell Stress Tensor
HIIRFRRELT

= B;Bf (3.65)
2 _p2
7 = ____anﬂBf (3.66)
0

Her f, [3fE¥ Fig. 3.4 (ER C £V LN EEE - f RANER C
ek G R TR B, SHHHER C Fika i LEEFE B, |
THEER C VT LRREERFE -

€ Eq.(3.63) f1 Eq.G.69) » ML RHEERETRG B LS EF



B - R H Bq.(3.62)  WEESHIKE x By AW LHEGEERE « FRFLAH
RS B R A Ry A OB FIRARET R -

BMERTHE Fig. 3.3 HPIEFAEER C DRRHE - M (ERERRR C £y
1ER B EIRE I B -

Tor=Ld f,*r’dg (3.67)

Hrh Tor BEEFEARRE (torque) ' L BEZHHER  r SEEREIPE -
HrAr sy F Maxwell Stress Tensor Method FRESERAIHEE - REENTEEB.

N ERARENREREEHARNEE MRS 4 (magnetc vector
potential ) 7F z 7 FHISESELIE— m BERSIER, - BAB o ER  HEE
TR EE D —BE  SERRE M A Maxwell stress FoRE—BETTRFTEES
AYBERE -

Figure 3.4 4T EES ( Torque Calculation Contour )

5. BFIERE SRS SR (Simulation Results of DC Brushless Motors )
BRI EZFEAN#E Introduction of DC Brushless

Motors [51] [52]

—HREREMEZTESBHRE —BHE FHEH#E ( square-wave
excitation ) + FH—YEERITEREIEL (sine-wave excitation ) » 32 BB EENETE
RS A ETE R E S AR [A » These two categories of motors are
different at the flux distribution pattern built by magnet. S @i EENE EE)
& (back-EMF ) B R HFESSTHEMEIF Y - The of square-wave excitation motor is



usually arranged to be trapezoidal. JZFFEER B EN K EEI% (back-EMF ) HIIE
1E5% %5 » The of sine-wave excitation motor should be sinusoidal. FFiFERs L EE
B4 Fig.6.1(a) F7n - SXIE R\ ERVE 710 Fig.6.1(b) I 6.1(c) P~ -
Fig.6.1(a) FHSFEGIKER G RBARE » FIET BEX 5 R HGE B
#7 - can build the square or sine wave distributed flux according the magnetized
direction. FEHEEN » HEBBEESMAEFTE - it is radial- magnetized, the flux
will be square distributed. EBIESETAHE » HEGBEMSIEIE - If it is
parallel-magnetized, the flux will be sinusoidal distributed.

I o gl S e P P |l s P g,

7 Fig. 6.1(b)F » TEERE Bk A iyl g 2 4 R By Sl 2 K8
AT « 7E figure 1.c 1 - BRERRVIREG WA SE DR T B RE - EH
By — (B BETER? cross-magnetization FIRZEE - BRI RERBEME K
BB -

I A

(5]

(O Ok

N N

(@) (b) (c)

Figure 6.1 Rotors commonly used in DC brushless motors

5.1.1 &y hik

%&%E“ﬁ%*ﬁ%ﬁ?ﬁ%ﬁzﬁﬂ?ﬁfﬁﬂ&ﬁ%ﬁmﬁiﬁ% EMmAEE FH
W HELEE .

PR R R R AT — (E A B R e A — (A - SRR R R
B - MEE TP XRRERBREREE @ iHEERESER
ZE o BTERES EAVREBIE LARRRER 7250 B IRSREE R R aBARE - RULLERMR 7k
TR MRS - RUE— OB RIRRREIR A T ERYEE - RIS R S
e FERORRSCE R AR P EE - BAIATERREEE R - RLE
FRERERNER  MENRRYETHAIER - ERERBERME T
AR R (SRR A AP - 5 T ARy — AP AR EE - TR




— AR TERERE -
HRESRBIN S HREFRNGE - RIREER  AREERREH
RARER AT SO RRE MR EEEER] - AT BB -

5.1.2 Coil Span

—EREN NS EEEN T BN REEE o, BERSERETE
BRDLUE FRBI TR/ EBHE (Eq. 6.1)- R EIBSEE T LUR R/ NIV ERE N BRI AR
BEE - BUEEREBEEE R EKEE - A E £ short-pitching” B
f2"chording” - IFLRERIGEEES B TR ERATHREE - HEERMLIEEHER
LTI (Eq. 6.DAF7R -

O, = Max Coil Span= NLI[%‘{] {Eq. 6.1)
' P

BLERAY “NLI” &5 TR/ ER.
FEARFER S M RERYI9 S LA HACER e T E s En & — 40" L - 53R
R AT AR IR AL AR R 2 A A R AR A -

513 kY R BEEHEY XS

—ERSEEE FEEHEGREBRE SR - BREFEERRRE—E%
BREVEZMAE - BE U E TSR E KRR BB  REE R
TERK—EEFAE - T ERARLE B — R -

—{EREF AR 2 F B R BRI S8 - BORER 0 —| 4-pole
HIRREEIEH |SEM RS 3.75 BN —E iR A E
HBIERAR - B8 Bl Ra S AaiR A T 5 IR TT R HNS - 2
RATRREIE S B — R PR — AR AR - B R —

R e E — BB E RS R R [51] -

B REEH slots/pole LU ANRAEE 0, © Oy 5T slot/pitches B
BEY, MesBBIRS slotpitches Z &AM 0 F1 1 By -

N
—W g L tE (Eq. 6.2)
2p

BB PSR E /T RS S, T - B E L “retum” HEH
HATHUAREABALARTE] “go” MR T —EMREHEA - B S, WETRRES



g+, if €205

S = {Nn iﬂam, if £<0.5 (Eq. 6.3)
S N, BTSSR TROT
Jr— | (Eq. 6.4)
““mwkwﬂ o

EREAREAENERERO BB ERMRE - B S =0., +1 HIERZ
#8 A EF RN —EAILAE RN FACCW) « B S =N, — 0 HIEE
BREZGRA R S —RaLnE & A H(CW) -

514 AR EBi#ESIRSEE

HE—E=HH BRI S — AT 120 BRYEBRS -
{Bi40 phase 1 i slot 1 Bith, H phase 2 BUEEIATER% RS N ., slots. Ry 120

BRERE TR (IR slot A, BRFMILUEE N4, AT

— l N.r.l'ar.r +k NF{W-Y , k= 1,2,3 ves (Eq‘ 64)

3 p r

N ooer

R N, 2EEH - p SEEEIHE N/ p*0. FH 360 BRYESRA,
e PREERERIIERAR - .
HIFWER (Eq 64) WIT ¢ RAIHRMTTRERHIRE slotl 120 BERYREA » RIET
AIURE— B ERE  EEMERT slotl (120+k*360) HRYERA - BT
LIRSt = AERRAR iy -



Figure 6.1 A prototype winding of an 15 slots and 4 ploes DC brushless motor

Table 6.1 The winding topology of a 15 slots and 4 poles dc brushless motor

L1} oll 1
"retl.ll'll" 4
“goﬂ 8
"return” 5

1] 0" 9
"return” 12
"go" 1{16)
"return” 13
"go" 2(17)
Ilreturn“ 5(2i))

4 Fig. 6.1 Fiom, BLIEER 15 B LK 4 BTN, HILRARIGRERS
EER 3 HRBBERENRER 075 H—AREREHRE IR En
B - BURHZRE EAERER - RFULRE S, B G+1=4). Bl
FERENEREME, NE—ERUERGE (15*2/3)=10 "1/2-slts” or 5 ¥
"go" FI "return” - EERERHIEFAE table 6.1 - IZHEMRAIEANT - RIFIFHR
TLBOEA TR/ R0 Fig. 6.2. - Fig 6.2(2), ~ 6.2(b), LUK 6.2(c)FT7n, HLE



B TR, - € Fig. 2(0), HEERMA IR SUHET
SR -

(b)

(d)



Figure 6.2 (a) Flux potential distribution at the slot position when only A phase is
excited. (b) Flux potential distribution at the air gap position when only A phase
is excited. (¢) Flux potential distribution at air gap position when three-phase
currents are excited. (d) Flux potential distribution at air gap when only magnet
is excited.

5.2 DC SRS e M

WE(S DC MRIEE - 4 Fig. 6.3 FrR - LI HEBTRITTRER ST | .

Figure 6.3 DC brushless motor 2D model

DC &R B S 2 BN table 6.2, table 6.3, F1 table 6.4.577 » EfISHIEE
TE2E B2 RS ERIIrISE - B2 8EEN Fig 6.5-6.7.

Table 6.2 Geometry Parameters of Stator

Geometry Parameter Variable Name Value




Number of Stator Slots 12

Stator OQuter Radius a 0.1 (m)
Stator Inner Radius b 0.0505 (m)
Back Iron Width c 0.02 (m})

Tooth Length d 0.02 (m)
Tooth Width € 0.01 (m)
Slot Open Width f 0.1047 (rad)
D1 g 0.0035 (m)
Motor Length h 0.1 (m)

Table 6.3 Geometry Parameters of Rotor

Geometry Parameter Variable Name _ Value
Number of Rotor Poles 4
Rotor Outer Radius a 0.05 (m)
Quter Radius of Silicon Steel b 0.048 (m)
Inner Radius of Silicon Steel c 0.03 (m)
Rotor Magnetic Span d 1.396 (rad)

Table 6.4 Dependent Geometry Parameters

Geometry Parameter Variable Name Value
Air Gap Width (.0005 (m)
Magnet Thickness a 0.002(m)
D2 b 0.0095 (m)
Bonding Material Span c 0.174796
(rad)
Thickness of Rotor Silicon Steel d 0.018 (m)

(a) (b)
Figure 6.5 Parameters of Stator Geometry



Figure 6.6 Parameters of Rotor Geometry

(a) (b)
Figure 6.7 Dependent Parameters of Motor Geometry

5.3 Cogging Torque ESTEHEE

FEEESRBRS AN ENHRER TR NEERE - —EHIIIR
B AR T S AN R BRI B A R3O - T H g e R R A TR -
THAREN A » BE S cogging torque K] commutation torque FYFARE + HIEET
FUFSEEEHERILA B A7 B IR EE - T2HR cogging torque, R EEH I - TG
ERRERE B A - (ERRPREGIEE - K- SoBEfEe -
{15 slot/pole LLBURIFRER -

PART— RS BRI S A h A Fig. 6.8 Firn - TS —
#H cogging torque FH¥IFY EFAIEANFig. 6.9.AT EEMRRATE A —1E rating
torque A¥J 80 A E-2K o HELLE ripple torque LK rating torque » JEELAIAES
£ 13% - SEARIERBUEM slotpole WIIGS » HEEREIFIRAT E - BTH
{E cogging torque » {EV RS R R~ A1 - Fig. 6.10 S #H S =EFEH
ESFEE A cogging torque AYFENISER - (K 55 S 2 i i M B i VA B BUS 12,
AR ripple BRENERERAE 12 40 Fig. 6.10.F7T - = EIRVEIEERL



400 Fig. 6.11.777r » B i ERERIIERRAE table 6.5. -

(a) (b)

Figure 6.8(a) Field potential distribution (b} Flux density distribution of DC
brushless motor with 12 slots and 4 poles

MRS EE e RSB AGENNE - BB EEERE  H
B ST ERE R ML R A Er iR A - RIS cogging torque tHENREE. < FIFLEMRE T
cogging torque E'HE L T iR -

15 ;
10} (N-m)

5

ol

5k

A0

N (degref)
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Figure 6.9 Cogging Torque of 12 stator slots and 4 rotor poles
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Figure 6.10 Spectrum of a DC brushless motor with 12 stator slots and 4 poles

Table 6.5 Values of three different slot open widths

Type Slot Open Width (m)
Big 0.2094
Moderate 0.1047
Small 0.0524

T . T T

Wy S

(a) (b) (c)
Figure 6.11 (a) large slot open width. (b) moderate slot open width (c) small slot
open width.

5.4 Cogging Torque with Slot/Pole Ratio

BIRE#EIE slovpole [LIERIERE  REERVEY cogging torque - R
BMRESSE FREEEE 15 HEREMRRI28HEE - JRITTE RS
B3 fif(Fig. 6.12(a)) DARBEEEME S (Fig. 6.12(b)) - P AT LIL R
cogging torque BERY-—-{EHIF40 Fig. 6.13. 51~ » IR torque ripple &2 HY
EAESR- EAEENEHRETE 80 4E-RIVEHE /1M T cogging torque LA



BEHETENENLEIAHE 1.72% BFRR% - REER —EH#T 124
(slots/poles) + cogging torque FIZRE N BILLHIAHGRE 13% -

®)

Figure 6.12 (a) Field potential distribution (b} flux density distribution of DC
brushless motor with 15 slots and 4 poles

15 . A , | \ , (Degree)
0 50 100 150 200 250 300 350

Figure 6.13 Comparision of cogging torque between (12 slots / 4 poles) and (15
slots / 4 poles)

FH cogging torque BYSES ST » ISR A ARYFEH] cogging torque Z¥E 60
% Fig. 14. F7Ri 60 ZHEE 4 FIREE 15 B9/ N fE g -
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Figure 6.14 Spectrum of a DC brushless motor with 15 stator slots and 4 poles

5.5 Load Simulation

KREER Mk DC BRIEE - RIMEH A full-bridge JEBEREESHLL
FEESEEAEE - A BRI Fig. 61550 - TEAEGS 10A -
BISAREST » SB—EFIFRIRMZEFI table 6.1-6.4. 155 —{EHIF1Y
BEH R - BRTRHERS 15 -

(Degree)
o 0 3_6__9 12 150 180 210 240 270 300 330 360

18 frmel e —t - e ———-

Ib b----4----- ---- ----k-——- ----- —=-- ---

Ie]l___

- S I et

Figure 6.15 Input current sequences of DC brushless motor

B—MEEF - BEAR 12 slots f] 4 poles; AR HEE Y connected - {1
DA= i E ik e B EHBARU Fig. 6.16()F T - £ 6.2 1 » BPIXHEEZE
K slots i ZE 4 cogging torque < 'E iR FIgEIFYOMIREE S FMERR - §
HMEA=AER - S EEBHHER/ARGE - BE@R AR Fig. 6.16(b)F -
B RN AU Fig. 6.17.50m - FHHES 45.2192 448K - BFIAE
B E BT AHEEETER - RO ESRATEEN  FibARMET
SRR T HeFAD Fig. 6.18.F7~ - f# Fig. 6.18, FFIMIELRER
RAUSEFIRIRERS 120 12 2 12 A1 4 BB/ VAfEE - #FIARRES 12 FF - J7BRYEL



BIF% 0.25 » BB REFRET -

(a) (b)
Figure 6.16 (a) Winding pattern (b) Flux flow of DC brushless motor with 12

slots and 4 poles
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Figure 6.17 Torque values in one revolution
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e

Figure 6.18 Spectrum of a loaded DC brushless motor with 12 stator slots and 4
poles

R RURIEEET - TEH S BAVIEN T ROAER AR AR 0.25 -
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M3#4E 15-slots FI 4-poles DC MRIEZIERHRMB_@AL+ - BHE—EFFH
[RIEE: » TR R DA =) G B R R E i - RaERYRRAR YN Fig. 6.19.8TR - 1
PHBH— @0 MRS 40 Fig. 6,205 - 197 14ER 39.65 4E-0K- HES slots il
poles RYLLAERS 3.75 » WA —EERBR A LB RIS 511 - 7E 6.2 8
$ERINY - R TRy A B RURFEET torque ripple » FRMTREIRAESE B FHY cogging
torque (Z Fig. 6.13 FrR)E8 /Y - 7 Fig 6.21, 3B ARy torque harmonic
1E 12 FrfHAR » TAAZAE 60 » BRI BHY ripple torque T2 FHAEA BEIFFTAE
4+ iff 4 poles 1 3 phases #Yfg/ NV fSB{E 12 - harmonic torque £ 60 AR
1.33 44K SEFEEDNE 39.65 4lE-KHY 0.03556 5 - SEBERIER TEHRA
§2 cogging torque - ‘EfEH] 4 poles, 15 slots F1 3 phase currents B/ NS BLFR
FHRHT - 7E 60 By EARf B MR ERE harmonic torque = B4 ripple torque 7£
60 BARBAIEI T - 2 AL ripple torque 7 60 SEHAYIE

Figure 6.19 (a) Winding pattern (b) Flux flow of DC brushless motor with 15

slots and 4 poles
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Figure 6.20 Torque values of a DC brushless motor with 15 slots and 4 poles in
one revolution
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Figure 6.21 Spectrum of a loaded DC brushless motor with 15 stator slots and 4
poles



