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ABSTRACT

A Study on the Development of BLDC High Efficiency Motor for

Electric Vehicle Drive

By Jung, Bo-Won
Advisor : Prof. Cha, Yong-Hun, Ph.D.
Department of Mechanical Engineering

Graduate School of Chosun University

In the past, the automobile industry market showed off the large displacement and
high-power & high-performance technical power focusing on internal combustion engine.
Due to the instability of oil price, however, it started developing/mass-producing vehicles
with low displacement & high fuel-efficiency. Thus, the domestic automobile industry is
continuously growing into the national core industry by developing vehicles with low
displacement & high fuel-efficiency. However, because of car exhaust after using fossil
fuels for a long time, the environmental problem is largely highlighted, and the issue of
climate change was discussed with the development of automobile industry. Therefore, the
environment-friendly trend could be found in the recent world automobile industry. On top
of electric car, the R&D of environment-friendly vehicles such as fuel cell vehicle and
hybrid vehicle is actively performed.

In case of environment-friendly vehicles, they are driving only with electric motor
without engine, or the engine and electric motor are composed as serial, parallel, or
serial-parallel. When driving, the high-efficiency driving is possible by combining engine
and electric motor. When braking, as equipped with the regenerative braking ability to
collect energy, the fuel-efficiency could be improved more than 50% compared to the
existing vehicles.

The representative cases of environment-friendly vehicle include hybrid vehicle, fuel cell

_|X_
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vehicle, and electric vehicle driven by electric motor. Among them, the electric motor
application technology which is the most core technology is represented as the technology
of environment-friendly vehicle, so that the technical demand for it is increasing. In the
world motor technology area, products for microminiaturization, high-speed, high-efficiency,
high-power, and light-weight are rapidly growing. Especially, with the increased interest in
environment, environment-friendly products are forming new markets. There have been
active reinforcement of regulations and technical development to meet such demands for
this R&D and also to reduce power consumption.

Especially, due to the intensified environmental problem, drivers' interest in electric
vehicle is increasing. The great amount of subsidies from government/local governments is
also a factor that promotes the purchase of electric vehicles. Moreover, once the
autonomous function is added to no noise, no exhaust, light-weighted engine design, and
high-tech driver's seat, it is the model of the 4th industrial revolution.

Currently, for the development of BLDC motor using the semiconductor switching
element after removing the commutator and brush, on top of motor manufacturing
businesses in the core parts industry of future automobile, even home-electronic motor
manufacturers and industrial motor manufacturers are jumping in the business based on
their great interest in researches on product development and quality improvement.

Compared to the brush-type DC motor, the BLDC motor has better durability, and
high-efficiency and high-power. As there is no brush, the electric noise and mechanical
noise are less, so that there is no need of maintenance/repair work. On top of high-speed,
its reliability is also high. Compared to other DC motors and AC motors, the BLDC motor
has more strengths as a driving motor of electric vehicle. In spite of its high price, it has
a long life and great efficiency, so that it has been a lot researched as a driving motor of
electric vehicle.

This paper aimed to develop the BLDC motor & driver as a driving system of
60kW-level electric vehicle. Completing the development of motor & controller for the
PWM control in accordance with high-performance speed control of BLDC motor drive, the
Maxwell Program was used for the detailed interpretation of the designed motor. Using the
dynamo measuring system, the performance relation of motor efficiency was verified. The

results of a series of motor performance test are like below.
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1. In order to measure the test results of maximum output, the inverter input was
measured as input voltage(VDC) 310V. The motor output was torque(Nm) 102.933Nm,
the rated revolutions were 5,560rpm, and the rated output was(KW) 60.02KW.

2. In the results of the motor performance assessment by changing the angle of hall
sensor by 5°, 10°, and 15° after producing a BLDC motor, when the speed value was
high, and the values of torque, voltage, and watt were low, the performance efficiency

was the highest.

3. In the results of dynamo test, when changing the angle of hall sensor by 5°, the
maximum torque was 102.933Nm. When the maximum revolution speed was 5,560rpm
with voltage(308.1V) and watt(60.02KW), the motor showed the maximum efficiency,

which verified the excellence of the motor.

As PWM has high efficiency, high power-factor, and high performance, it gets the
limelight in the application area of drive. As the motor could be driving in a certain
torque area, certain output area, and extensive driving speed range, more things could be
expected from future researches. Owing to the excellent control algorithm in the aspect of
responsiveness, linearity of control, switching frequency, and high-frequency percentage of
output current, it is applied to many drive systems. In the future, regarding the BLDC
motor & drive system for high-performance & high efficiency electric vehicles, it is
expected to apply the technology to auto part-related companies, and also to contribute to

the commercialization of environment-friendly electric vehicles.
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Fig. 25 Rubber Magnet
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2.1.2 BLDC 3&5%F 974A49 54

7}, vl e.t]e A (Nd— Fe— B Magnet)
LW Sm— CoAlAA 3} frAbekaL, F37F 2 oA s 27|54 o] H ot
(2) 7¥Ao]l Sm—Co Bt} Agste] dA) o AAA oz AR O] F5 L
(3) HAE(He) @ 12K0e ~ 14.9K0e
(4) AFALSYE(Br) 10,000 ~ 14,000
(5) ) AUAH(BH)max : 20MGOe ~ 40MGOe
(6) LE(g/cm) @ 7.48g/cnl

. AbutgE s E 24 (Sm— Co Magnet)

(1) &
2) A AARLZ Cool o]

(3) BAE (He) @ 5.5K0e ~ 9.0K0e

(4) AFALHYE(Br) @ 9,200 ~ 11,200

(5) Hd) AR A (BH)max @ 22MGOe ~ 26 MGOe
(6) YI(g/an) @ 7829/ cn
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2.2 BLDC % ¥§

2.2.1 BLDC % H

T 2AE TZPJ(X}’“J F7F e W FHe EHZE a8 whaoix= Aol

QUi meAE s RHe FxE F4d sdstE AAe] a1
150l gtk BeAEgs mHe HEdes DC ZH HEdee 2
Jolm o7 A4 mE 59l o= o] FAsdm 1 FEFdLE 2o}
BeAgs BEO ¢ AR gleng ojAe yilst: A 4R Hz)
a8t} o] BEE & ix} 53 e AT A AbEste] vyl 2EJL of= 3

5t QErte AAG L, o] NS vgon AR F2s Aojste] I A7)
LAY AZIT) o]Ze] BeAlgs mEHe pEIZAY Hz o] wg Bial)

mio] Fz AL IC7 AHEET ot BeAgs mEHe Fa
golo], VIRY A#t], FDD, FHEd ] ~d Soln 71 $93} =
QT7HE REHEZ AFSET Tk AC RES F9 RRy Beas A
o3

& g mEoly] MR BejAes REE RREA 2eg,

N

b
L
N

oZi 2 H
N o T,
N w

Mg i

©,
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222 BLDC ¥»H %

th& Fig. 2.7¢ DC Motor® BLDC Motord] +%7% zto]E vepbd Zlolth

Stator coil Rotor magnet
Rotor coil :

> Hall sensor

Current g Current

Stator magnet Rotor

rush

Com>nutator 4% _¢‘

- Semiconductor switch
DC Motor 2% BLDC Motor 2%

Fig. 2.7 Structure of DC Motor and BLDC Motor

Fig. 27914 2 % gl%o], DC ®H Tx9 Z$ 3447 sdelx dde] BLDC
2H FaE AAARAC ddete sl dAe] mgelth aenz Pz BLDC EEHE
Brush7} 22 §l&& & 9 vk

BLDC 2HE ZH 914 &4 AV4A mE F3 7b mEe WAE o
AUTE o] YA AHAZTV| A FEIEE AITE HUY EEH AAL 34 2eEHSTAR)Z
Adolth. ze]w ZH(ROTOR, 3| AA)E o FAH4 & A&,

Fig. 289 2 8& 1¥LS HY Fig. 279 BLDC Motord TFxel4 B9 A" =
dol ARy maw AAAAsL B AsAE HEeld 9o 349 4 EHud U,

£
any

V, Wb EAg ada mE a4 A48 A48 AAsks B AM7 3E
of gtk ol & MAE F3l Hed A7 L NALE 5L L 5 U, FEANY
S% e 5 ok
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=8 A7) &A= Hall IC 7} AF&E T ~H O E(STATOR, 242} ke 37
Zarwo] glem, Ze 7t 3xE wvith Hall ICAAM vAd 2357 890,

814}
(F7RH)

A}
(gAY

Fig. 2.8 Structure of BLDC Motor_1

BRUSHLESS MOTORS| £
U-uad  STATOR.

o

bl MOTOR #M |
W=wWaE A l\
ROTOR=%}4 A .
ROTOR =~ : = B
> - o 4
e . 2
IEEI_‘ H.E j 7 — | !._
e .
. &
HALL ICR

Fig. 2.9 Structure of BLDC Motor_2
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2.2.3 BLDC »H 54

»

A AbE Al 2A AgEa g 2HE dEge® DC RH, BLDC RH,
STEP RH, 223 2E ol gtk o|FolA o}47x /b el A§HL g &
Hi DC EHelth 1 olft &% Egol Fi 298U /teshd $1E8 Aol
wd §o5l7] wEelth. DC RE FEol Jbsay] faE ARAt BejAE of
gate] Bl @ AV)A AR T4 whe] Fol AT EAZ NP RA
TEE B,

FAW old TEE AR WFL

oy

s vt AFAer Beale] wpEe] AN
Fiol FAZE @3 HAp o]z il VAA &g TI 22 EAlgel dAskA |
th

a8y mie DC XY ASoe Fr|Fow HeAE wA s ok st WA 220
waw, FrjHoer mEe U A SR §A/HE7F Fasixivh ol #d
DC 2H 9 @xe nesl & 4 e EH®E FHZod= BLDC 2HE Apgo]l F7hat

i 9}]\@(55 56)'

u
=
i
o
lo,
R
o
O,
i
]
R
o,
8
> d
o
i
Y,
N
N
o
SN
r
ol
N
2
M
2
4z
i
o
=
20
et
i

(67

2 AT ALEERADS 04502 DC REo ulske] 233, FFskrt sbsl
3, 90T ol A A FRat o)

ot
o
o
2
o
O i

TS Table. 2.1 BelA|7F 9 DC EE9 BeAE A AS BLDC 2HE H| s}

9al, Table. 22904+ ACQ YA ®EH9 BLDC ZHE H st}
— 15 —

Collection @ chosun



S| A 2

bl &

Hof

Rotor #x[0fl 2| =8t A &7

(ZdAlol 2/2r B 2610t 42D
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I ME s
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e e |
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(21 TF2F SRR 010] S0 S
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FEA ClE HR

2=
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(FIO1212t 2P A &S

Table. 2.1 Comparison of BLDC motor and DC motor

REAHZ Ol G2k 28320

O||

EEfol

AlZ 2|20t 278

=5 H o33t ‘*'EOF | &5

_" o L
Fet= == M2t 22
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-H3

Table. 2.2 Comparison of BLDC motor and AC induction motor
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2.2.4 BLDC ¥H %

BLDC RHE 75477 gaxs 5427 848 & Jdus G7a4e 29
Hel ngAe] PHd ARE THFORA AHL BANA AN o] Folof @

BLDC EHE 93 AWHE BF ofx ARl 7 /e 293 saawt 45 =
Aoz FEHEh Fig. 210%H Fig. 215% 3425 BLDC 2HO 7% 7
de vEkl Zolth Tkl gl A e] WAAN R e Bldsta At
3Me] AR Aol FAET olw] Zzbe] AL a b, cdold s, 3 EAAE
H1, H2, H3 olgt @b TAA(HL, H2, H)& NFo] #AEE v “1"& &8
o] HEd we 0"& 493t BT Fig 2108 B 6719 294 &
T69] 327 FAste] adeld bdew AR7E gadch olu @i 32 dF
M ake S5 Hi, b N5& = Hd, d7A o] i AA wFeR 6
A8 A drk A4 HIL NZo] 7hzteld] gleme “17 H2i S3o] 7b7kolo] gl
ouF ‘0" H3& NIo] 7pzteld] glewz “1"2 Z#Hdth wpebs] H3, H2, H12 A

S22 101z o] Ha, o] o|XE Axlaez wsshd 57 gk

o

—
—_
~

H3
H2
H1

T LT T R

R L b T R

1
i

.
L

Fig. 2.10 Driving process of 3 phase 2 pole BLDC motor(1/6)
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WA, Fig. 2118 B 6709 2912 & Tig T29] F27F g4sted adelA c
o AF7 FFEh ol Al z2= AFl A ade ST, e N
3]

wA =5 o FRA o] vk AlA wFsko m 120° 3] AStA "rk 414 HIE NFo] 7}
7hole] Qom =z “1” H2+ S=o] 7prtele] glerm=z “0”, H32 S=o] 7rtolo 3o

ol
vl
i<
xS
>
)
I
an
[N}
an
-
o,
¢
fol
PN
e
flo
o
g
0,
A,
M
0,
0,
™
&
il
finad

H3
H2

H1

>

Fig. 2.11 Driving process of 3 phase 2 pole BLDC motor(2/6)

Al HA, Fig. 2128 B 6709 29%] 5 T33% T29 327} F&ste] bAoA ¢
o AR EFHAT. oln e m2i AR JHA bR SF AL NIL
WA Hw, FrAdel A waow 180° s deksl Hrk TAA HIS NZo] 7}

7helo] Qlermz “1” H2k wiz7FA| 2 N=fo] 7hrtele] glom=z “1” H32 S| 7}
Zhole] glom g “O"8 ¥t} wlgla] H3, H2, H19 A3 28L& 011 o] a1, o]
o] W42 AR Hsteld 30 Hr}
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H3

H2

H1

P
L

Fig. 2.12 Driving process of 3 phase 2 pole BLDC motor{(3/6)

vl WA, Fig. 2132 B4 6719 292 & T33% T49] 327} 278te] hAko]A]
does ARrE edddh olm Aol BEs ARl oM b S, ade N=2
HA Hd, FrAA el Wb AA wEFe R 240° B dstAl "rh 44 H1e Sl 7}
7Rolo] Qlom® 07, H2= N=rol 7p7telel glemz “17 H32 S=o] 7}7tolel ¢
ng2 0" e weba] 03, H2, H19 A3 282 010: ©] i1, ©] 01{1?% A
Rz Jebsy 270 "o

4}.7 /izai_
Ii*—::—

a

st

H3

H2

mmme

H1l

Fig. 2.13 Driving process of 3 phase 2 pole BLDC motor{(4/6)
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oAl WA, Fig. 2145 BW 6719 =94 T5@r T4e] 3|27} Z27ske] ol A]
a3 o2 AF7) FHE ol AN B2 ARl A AL S, a¥e NF L
YA A, G o] wE AA ke | dskA @k 44 H1L S5e] 7}
7hololl Qlerm g “07, H2:= N=o] Zh7kele] glom= “17 H3% NF o] 7}7told o
nE 17E 93t weba 03, H2, HI19 A5 282 110. o] =31, o] o5& A
X2 MEsty 6o] "t

ﬂr“

H3
H2

H1

N Py T —

>

Fig. 2.14 Driving process of 3 phase 2 pole BLDC motor(5/6)

vl e B o g oAl WA Fig. 2152 R4 6719 299A F T13 T 3=7)
dog AF7E FFELh olul B ZEE dFol 9slA g

S=, bAe N5& wAl HH, g7 el v AA wako= 360° 3]st @k &4
A H1L S=o] 7h7tolo] glomg “01°, H2%E wl7bx s SZo] 7hzfold] glomz
| lerw ‘1”& &¥Fvh webad H3, H2, H19 A5 x9

2 1002 ©] Ha1, o] o|FWFE WSz Weshd 471 @)
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>
w
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w
r

H3
H2

H1

Fig. 2.15 Driving process of 3 phase 2 pole BLDC motor{(6/6)

Fig. 2162 § 3425 BLDC 2He| dA Afol2e] 7% spdoms waA wao
= BA%d Tel wARs A%, 9714, B2 2 S04 Asd o waE e
9 Aol

g A tes) 2

i gy
@ BLDC RE e At WAA ¢ vy, = Ry +(L,—L,) dtb(ﬂabc (2.1)
@ BLDC 2HE &% HE : P, =e,i,+ e, +ed, (2.2)
P, eyt, T ey, +e.,
@ BLDC RHS EA : T, = = » (2.3)
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BLDC 2E¢ §7apae agae Axel a2 gl 785 Afsh 243
Ao Eae] IS 9ste] Fig. 2169 2ol ZAb Abthel#e] 7148 shet

1 1 1 ] 1 ] ]
X : : ! ! ! :
Mode | HEEN | SN ; BN | BSN ; BEN ;| EON ; [ 1
= & at+ b+ c+ at+
& A b~ e~ a- b-
1; H1
H2 -
= &= A ] >
EMT H3 -
o, | I

1

l
/

/
\

Ta Caia/Om
| l | | >
Th ebib / ©m
I | 1 ] 1 2
Te Ecic/Om
| | | | >
Te
Te(=eala+ ebib+ ecic }/Om
i i i i i } > O
0 602 120° 180° 240° 3002 3602

Fig. 2.16 Principle of operation of 3-phase 2-pole BLDC motor

o}7]4 H1, H2, H32 2ol &4l M HEH= AT, e, ¢, e 4 dolA &
BE= G714, 4, 4, i

A 25 veid,
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2.3 BLDC R g £X% Ao] Al &EdHo]A

o
0,
oo
ofi
o

PSIM &3¢ LIBRARY A A& %+ BLDC RH E23 DLL E&
of BLDC 2H9 &% Ao AlEolAS 38 & = 2t} Fig 2172 % Ao &

How Feste ARV, AT 5, HlH E5 & o]&ste] PIACI7E s,
PSIM Z 2132 Subcircuite ©]-83le] Out-going phase unipolar PWM blocke &
T3} 3 4 Uvt. F3F Subcircuitg ©]-&std PWM, PI Aloj7] 5 EE Alojo] Ab
S5 YA Vee wEd @& 5 @

Algdolder 7dd BLDC EHO 34 A7 R HEAold dd &34 9
2 Fig. 2.199F & Oz AL 5 v

i

Speed Current T
Controller Controller i L
+ . . —
wr, T | i 1 i T, 1 W,
ﬂ_ " Gle) il e Sl e @ B
Ks;
G,(s) =K, +—~
open loop transfer function of the speed control system
K 1 K
0 = SI . . T
G"'C (s) (KS’[) Jr S ) T(V(Vs Jr 1 t],”/s

open loop transfer function can be simplified as following:

«  Gl)=1 Gls)=K

sp

Fig. 2.17 Speed control algorithm design
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Fig. 2.19 Simulation results for speed control
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24 58 24Wd °¥ BLDC 2E 9| 34

o

2.4.1 AAA A\ A 2

VXH=J (2.4)
B =, (H+ M) (2.5)
B=V XA (2.6)

AN pe Ao A Y FERE(Permeability), A& A7) WE Feldo|th H|AE
A

ol §le W AstEe AskE x 2,

= EAHAT A4 G ok MAY B 2 wjhe] P A9 A5y

M 2 A el M7 AL digh @est Aos RHEEA V] wfifo] vA[FE
AT of b AutAo g A3E M 9% AAY golAw AlgA = A4
(Reversible Component @ xH)3 259 2A7}F §lojAd = AbgpA A ¢gar Apdzts &

d& zhE v 7F & (Irreversible Component @ M)2 &% 2oz vepd 4 9t}
M =yH+M (2.8)
21(2.8)% 2)(25)0 A7,
H=vB—M (2.9)

[e]

ob & AE Atk A7 v=1/p, p=pop, p=1+xeIth o13E H24)9%
A (299 AARFH,

1
&
S
o
o
ojo
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VX(WVXA)=J+V XM (2.10)

fel o3 Wy AN 25 AcAmRE AQI0F 2L AN

—(V e uV)A=J+V XM (2.11)

f WAV « WA+ J+V X8HdQ =0 (2.12)

Q
Green ¢ BAXHOZHH,

f (—oV WV XA+ WJ—VWXM)dQ =0 (2.13)
Q

= ?:qx_iq_%‘?)'

= T

2.4.2 Maxwell stress tensor2 o]-&3 == A4k

AR W fe ARUE J AEUE o odke] the o] mAHL.

f=JxB (2.14)

f:(vxmxB:Mi(va)xB (2.15)
0

7V Bk geba] AAH Vel EAl F&ste F AR

1
fzfvfdv:/vﬂ_o(v X B) X Bdv (2.16)

i)
flo

2 "t ady A2.16)& surface stress Poll 9s] EA47F 89 9= 999 %
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Wl i dAre s A RdT 4+ A WE 5

1

(VXB)XB=(B » V)—EVB2 (2.17)
& ol g,
f—ﬂio[fv(]g . v)de—/S%VBQnds} (2.18)

(B« V)B=(B+ V)Ba+(B+ V)By+(B+ V)B.z (2.19)

ojtt. =

V « (B,B)=(B+ V)B,+B,(V + B) (2.20)

f= /Su%[(B < 0B vl as (221)
7F "k A (221)e
F= /SPds (2.22)
B & AL, o7]elA
P= Mio [(B e n)B— %VBQﬁ} (2.23)

ol Maxwell stress tensor® H-&
2249 FAE sz do A 7] fete] mAlY 845 v F 84

o] WA sut &ta, 1 7k Q4o Fe Fogt s,
F= P (2.24)

o171, 471H me B s9 AFE axel Folth @ asdAel 7 P
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Fe= f Pds=PAS=PACI (2.25)
AS

o)a1, 714 ACE EW S7h 8k B A2t dololi, 12 2% W] dololth

Fi= 5 (B~ B)n. =2n,B,B,] (2.26)
Fy= ACZ[(B‘Z B))n, =2n,B,B,] (2.27)
2419
olty. 7| A EAZE TS A(2.23) =,
T=7rxF (2.28)

5 68
FE 5 gn®,

rl

2.4.3 Maxwell 3424 2 AAxA

VXE=0, PE.+di=0
¢ (2.30)
oel A5tE golel AARE GA AFAL o B e 0ol

555- dl=0 (2.31)

oz 273 #dE Maxwell WA S Aelstd ths AQ32)2 ved F

_28_

Collection @ chosun



Vv xH=7], jgﬁ cfl:fJ- ds=1
1

| (2:32)
A7 W b2 (Gauss) WHAA A& e G4 AL Iysn H s}
22 FH e At XA Fe
b= ng ds=0 (2.33)
$5-ds-@ (230
[ (v« Dyav= [ pav (235)
vV . D=p (2.36)
A4 (232 ve-Atz WA vl vadRE TET F QU] gEd 2
Al glo] E7bEslA Y the A(237)F wdHh
— Id7>< -
e (237)
4R
e uh Biot-Savarte] HH e ARee APH 0w FYo| spsih
—  pHiXay
H= : (2.38)
ﬁz AT R*
b o} (Ampere)d] F2 WA HAR glol A A% WE Ho 9§ AHBe HAw
Ure o AR50 279 2ok
o] WAL we-AnlE WHo 2R §% sEEh
§I§ZH- dl=1 (2.39)
HG=7b x-yRHel B =S W, 28T dREEe ta 424002 YE
H gl

75?1 . dl

, oH, oH,
Lim =—Yr -7 (2.40)
dx,dy—0 dldy ox 8y
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A
o,
o
N
)
«t
N
i,
g
=
i,
ot
ob
L
i
28,
o
2
b
o
o%
o
2
=il
112}
k1
rir
0,
o

224ADE e

He dl
Lim = of. _ oH, =J, (2.41)
dy,dz—0 dde [«)y 9z T

H7G27F z-xB el FAsHA =Ae o, vy ARrdEs v 4Q242)% vE
9 4 s
H-. dl
Lim P L OH. °H. (2.42)

dz,dz—0 dzdx = ox Yy

SEA(Stokes) A ol §ote] thAl Aelahd, o (2432 vheblth

— ->

H dl—f(VXH) . ds
1 s

fﬁ-cﬁ:I: 3-d§—f(Ja+Ja+Ja)-d§ (2.43)
1 s
V X H= J=J,a,+ J,a,+ J.a,

A7) Aol A o] AAZAL Fig. 2209 2.

Fig. 2.20 Boundary condition of electric field(e)
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AARA Y AExHS AYstr] sty o] dhE 02 v=s 53 lim S 4
dh—0
FauA FAMY 2 BAALE A e HQ4ADFH 2o Az Hd
=3
jgf-cﬁ:o Deds=0
Eyydw— Eyydw =0 D,ds — D, ,ds = pds (2.44)
Etl - Et? Dnl = Dn?

A7) el o) HAZAL Fig. 2213 2t

Fig. 2.21 Boundary condition of magnetic field(u)

Fo] dhE 0% ¥=s =3 lim S
dh—0

il
Agaan 0949 9 Bagels 4499 o

& 22459 o] AAxe] AHEH
q_(69N70)'
jgf-cﬁzf Beds=0
Eydw— Eydw = Kdw B, ds — B,,ds =0 (2.45)
Htl :HtQ :K Bnl :BnQ
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A3 gAY 2 A

3.1 BLDC % ¥H

3.1.1 BLDC 2H¢ 243

¥ =RolAE BLDC REE o4l Adel® Fuel 9714835 314 979
webd] g @A AEEse] Wa) MgAN onE Jus mdyon 425
/\
o]

A71A Aade] S 7hE ol

2 3} Fig. 3.1 BLDC =EHe9 3

Fig. 3.1 Three-phase armature winding equivalent circuit
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Btgio] d9¥lsol ¥yl gl A A spgEhE b Ao self
o Mo® Jepd F gtk

L,=L,=L =1L

a O (& S

(35)
L(Lb = Lbc = Lc =M
21(35)Z A @Bl astd,
Vy ROO ia. Ls MM d ia. €q
v|=[0RO||%|+ | ML, M p iy |+ | e (3.6)
v.] LOORI | [MML, io] e
21(3.6)3 &t 3% YA A7) lA,
i, +i,+i.=0 (3.7)
oz,
M(L + Mb = Mc (38)
olth § 4L ol gake] 4(36) WA Helhu,
Uy ROO i, Li—M 0 0 iy €q
v|= 0RO iy +] 0 Li=M 0 |—iy|+ e (3.9)
v,| L00Rl; 0 0o LM Y[i| e,
21(3.9) ¢ Zrt.
21(3.9)°l
L=L,—M (3.10)
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’

_34_

Collection @ chosun



(311)

AE1D o] HeldEt

2
)
-
0
W
&
>
2)
(@2}
o
LS

V -

[ ——

D)
&
LS
2
&)
s

T .
<
mu

O
No
&
L|>|_|
-l—————&—-ﬂ

Fig. 3.2 BLDC motor equivalent circuit
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3.1.2 BLDC 29 H7 2 A%

B =R E BLDC EEHe AAE 3D Ry A4 T2 a3 CATIA VHE Ab
£3le] RdEsg o Fig. 332 CATIA Vb T2ad o BLDC FHeE FddL
Assembly 3t AFejo] a1 Fig. 3.4+ Fig. 33 Rdgo F QR ZE2 )23l 7o)t}

UDper cover housing
Stator Medium cover housing

lel%-Il

Rotor Assay

Medium housmg Low cover hous:ng

Fig. 3.3 BLDC motor 3D modeling

© —=

(a) Upper cover housing (b) Rotor Assay (¢c) Medium housing

(d) Medium cover housing  (e) Low cover housing

Fig. 3.4 Major parts of BLDC motor
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Fig. 35 CATIA Vb Zzadlog welasdl Stator®t Rotors HoOJFi o
Fig. 3.6 Stator®} Rotor®] ¥ %wo]lal, Table. 3.13 Zo] F=4 0.7/mm= 35S
Table. 32914 BLDC EH | AFYE vehdlar Stk

Fig. 3.5 Stator and Rotor of BLDC Motor

Stator

Rotor

Fig. 3.6 Assembly diagram of stator and rotor
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Components Parameters Values (mm)
Outer Diameter 170
Stator
Stack Length 150
Outer Diameter 96.6
Rotor Stack Length 150
Air gap 0.7
Table. 3.1 Specification of Sator and Rotor
Motor Type PWM Inner Rotor Contents
Input Voltage(VDC) 310
Max. Power(KW) &0
Performance Max. Torque(Nm) 153
Cont. Power(KW) 50
Cont. Torque(Nm) 955
Stator O.D(mm) #170
Dimension
Rotor O.D(mm) #96.6
Cooling Water cooling
Method
Speed Sensor Hall Sensor

Table. 3.2 BLDC motor specification
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ot Fig. 372 AZE 60KW BLDC FHE HoFal gt}

Fig. 3.7 BLDC motor assembly
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3.1.3 BLDC ®H¢| tho]ux

o
AsAad

/tdE BLDC REHE Hd=" Hs54S HSst7] $1ste] Table. 333 #o]
Magtrol Ltd.¢] A&7 FEA AG4dx 2WBI115+EK+2PB1152 A1 &2 A A6t
tolubE Azgle Aoyl JEAGT AR 2gm Ay FH BE 7 e A9,
AF, B4, IJAF & 4T F Arh AEe ZEV HUSEY o Fobe] &
Mgy B FEde Polda AQEEe AT Uk Bolur A5AEL 5
A Ao 718 Ass Flstr] sty AWM BA AR ¥ 9E, 28 59 @7 Al
s sslopdetel 4 A dolEst o] Hu, ABsle] Reprsd £r 5L
A7) R 2 E 2el4e dolHE 474 Asw WaHA 45Ad 1A
Ao fEel "Erh Ed 2242 HolHg A71AQl HelHE 3 % AAME F
A A7 He Fde T F UH: ARFAIE 74 Holdo

. . . Maximum
Nominal Nominal speed Nominal
. . . speed of
Type braking torque of rotation braking power .
rotation
(Nm) (rpm) (KW)
(rpm)
2WB115 WB
100 2,365 30 18,000
Eddy Current
2PB115 PB
200 480 10 3,000
Powder

Table. 3.3 2WB115 + EK + 2PB115 Dynamometer Motor Test Equipment

Table. 34 DC A &3 A9 Abckelal, Fig. 388 EHUO|UE Alxge]
dom RHe Aol AREE toluR A= AE tlolE o] 5ol Jbed BH
e B4 AR EHY S8 HEska #9s & o vk ¥ Fig. 39 7IEE
Alzdl EHolsl Fig. 3102 =WE nfgoz Jidd ZEE Aagoz yFo =
Module Encorder ETC, PLC So] A%t}
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Ripple & Noise

Wattage 60KW
DC Output Voltage (C.V) 5VT120V
Current (C.C) 0A™500A
Voltage (p—p) Less then 5%

(from 20 Hz to 20MHz)

Current (p—p) Less then 5%
Voltage Less then +2%
Load & Ineregulation
Current Less then +2%
Voltage Less then +2%
Accuracy & Stability
Current Less then +2%
Voltage 1v
Control & display
resolution
Current 1A

Output start slope time

min lsec max 60sec

Dimension

W5H50xH1350xD960mm

Table. 3.4 DC power supply system
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Eddy-Current Brake Powder Brake
Dynamometer{\WB) Dynamometer(PE)
O ] | T u]
[ o090 | Clutch(E) goo |
TSC4m TSC 401
Torque-Speed Torgue-Speed
Conditioner Conditioner
pee Speed
[ £ 0
Torque Torgque
DES 31x Power DES 31x Power
Supply Supply
Excitation O O O O O O O O Excitation
Al | = Y PC
: : | | s | '-ﬂu,‘ -~ “--._‘
_-\'_'-J?l | '.rlux'- r:.' f%'_*“ PR [ j (‘ M'TEST
a Y= = = (o E - | 40
06§ o) G G\t |l 7
gt i 5 et
’ 5 L S lsu II-.-I
DSPe001
DYNAMOMETER CONTROLLER | |

Fig. 3.8 2WB115 + EK + 2PB115 Dynamo System
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Fig. 3.9 Control system Drawing

Fig. 3.10 Control system
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3.2 BLDC =¥ =#g}o]n

3.2.1 BLDC 2 H¢ =golny A

1O
of 9%t BT E 93] Braking =7} F7t=o] ¢
BLDC REEE 52 fa8 29 KAEE] 749l 3o, BLDC 5H
= AE2 317 98] Resolver, Encoder, Hall sensor® 22 3Az2 991 A58 AA
7 BEHo| F-ZEo] o] Z & Aojst= Alojr|dd IAAe] YAFRE ddsta A
31 H2Le] A E HEste] 29AEEY] A E AsE ZEHA EHE Alofsith
dRtx o g BLDC EHO FdfF, AfFAlel 22lal §1A/E£% A& Sste] A
HE] AFAME o F MAEE AFEStaL, AlA F5 Fo]7] fste] DC-linkdel A
FAAME & R AA A AR R Fhok BE Ao 7]e] Q1 Fig. 3113 o
vfolAR FEEFHE H Eo] AAFF F WEZY JAH5 Ve dERE e
FT AFEo] Hol MEHA 83 W glom Aol AT AEEHE A

Zb, BETE, A Rore] Alei7] 7] sl el ARgE AL gl TIARS] TMS320F2808

=
A5

o] DSP+ 32bit XA NFTH dite] 7hsdt ZEAAMZ AHEE5E7F Hd 100MIPS
olt}. DSP& theFeh AlFekele 7HAaL lov o] HEED = o9 C24x, C281x9
A F A9 Capture, PWMS] =8 A7t dagH o] g4 5o thekst 7]
TES AYAAA Event Manageri}—c Lo A

TMS320F2808<2- ©l#1dt 7|5 371¢ =¥ EE<¢ ePWM, eCAP, eQEP=E Z}7}9]
LS AREstal Hoo| Wt e REEd w7 8teke FEHE A Hol AFEY
AT NSRS =)

H%H Pipeline ®219] 16219 314 12bit ADCE 7FX]a1 lofx] FHd) 125MSPSe]
£E2 dolH _%ﬂ% 3 ¢ glow thekd A E dAE7bs stEE CAN, SPI
UART% 9 AR EES HASIATH
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wEo] NHE R PR me Ty

a4 109 IGBT £2& 3718 T-pack @e] 7
e = oA ARSI s vk

e 4 ¢
Fig. 312+ 71&9] IPM< A5 t3 b5 ¢te] IGBT 4AH9] AlolE 52 95ty
Ao FFo] rhEsta 42g3)

| Bagloy Aol A 271 e

A 7L SPMol JiEw o] @ol o] g% il it
BLDCs 7% EH &2 #8AM #Heolxd=e SPM Z&(FSBSCH60B)S AHE

shalew, SPM Z&e deiet i 742 Fig. 3133 Fig. 3.149F &t}

Fig. 3.12 Phase voltage inverter

Top View Bottom View

Fig. 3.13 SPM module (FSB5CH60B)
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Fig. 3.14 Internal circuit diagram of FSB5CH60B
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322 BLDC 2H9| Aoj3s} 753

BLDC ®H ZgolH= AA Aoy, 55 1gi dd FF5F =2 oty 7
ES 9% Hojr= H}O]iigi/ﬂ]/ﬂ °]51, Fig. 3.15% BLDCe %4l BE 32
HoFa 9o 1o wE AFAA 2 AR A 98 FFEE Fig. 3.16
% Fig. 3.17% 2t} U}o]iigiﬂl/ﬂ@r Gate Drivex™ PCBZE A Asle] A Zbslg) o
™, Fig. 3.18%-H Fig. 3217 Zr}

3.
scI Fscrrzs
RBD |y !
. 1 5
2 3o riour HE— Ty

10420127 14 11 SCITYB
T35 104,2012 mour - TIN
L4 RS232 . 8 - 9 .
S 3 paN  ReOUT ¥
—ne  TRESET [ BESET - w—nour  1an FA
; 3 | NC NC 55
4| 160 NC s 18V
PS D 5 |1EN IFBNC " " L' r{
il e m 1ot 55 JL 29 1042012
e L0 5 cl4 CI5== CI6
S8 |NC ZRESET 7 T - 04,2012| 1042012 34 104,2012
S NC og— DOUF 25V
o2 NC X 2
11 gﬁ“ 2@%% Y N aw €36 1042012 Ve o
|EPE ik o] MAK3Z32
w13 Ne NC C35 =| SD0IC{D) package
e talNe 2 15 NS T BP 1042012 |
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L tps767d318 100uF 25v B
S0 28pin

Fig. 3.15 BLDC communication module circuit diagram
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Fig. 3.16 Input
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Fig. 3.17 Input circuit diagram of current sensor
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Fig. 3.19 Control board PCB(Bottom)
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Fig. 3.21 Control board PCB(Bottom)
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Fig. 3.22 DC voltage detection circuit diagram
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Fig. 3.23 Control power circuit diagram
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Fig. 3.26 Censored circuit diagram
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Fig. 3.27 Power hoard PCB(Top)

3 =

Fig. 3.28 Power board PCB(Bottom)
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Fig. 3.29 Power board PCB

Fig. 3.30 Control device of BLDC motor
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Fig. 3.32 Simulation results for speed control
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3.3.2 BLDC % H ¢ |4 A3
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Fig. 3.33 Master of boundaries of BLDC motor
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Fig. 3.34 Slave of boundaries of BLDC motor
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Fig. 3.35 Vector Potential of boundaries of BLDC motor
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Fig. 3.36 Mesh of BLDC motor
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Fig. 3.37 Magnetic distributions of BLDC motor
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Fig. 3.38 Magnetic flux density distributions
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Fig. 3.39 Magnetic field power distributions
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Fig. 3.40 Analysis results of motor design
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Fig. 4.1 Motor dynamics test equipment(ZWB115+EK+2PB115)
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Fig. 4.2 Efficiency measurement result
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Sensor Torque Speed Voltage Watts Efficiency
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5° 102.933 5,560 308.1 60.02 942
10° 104.985 5,471 308.5 60.08 935
15° 109.421 5,242 308.7 60.1 92.8

Table. 4.2 BLDC motor performance measurement result
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Fig. 4.3 Performance test of BLDC motor(5°)
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Fig. 4.4 Performance test of BLDC motor(10°)

_68_

Collection @ chosun



100 8000

90 7200

80 6400

~
=

5600

@
2

4800

50 4000

Efficiency (%)
Speed (rpm)

40 3200

30 2400

20 1600

10 800

80000

72000

64000

56000

48000

0000

Woyt (W)

32000

24000

16000

8000

150

400 400 30000
e T S, A S I T e o B e
135 360 360 72000
120 320 320 64000
105 | | ! ! 280 280 56000
w0 200 240 18000
= £ s
275 200 2 200 2 10000
g ERNE
s R
=
60 160 160 32000
45 120 120 24000
30 80 80 16000
15 40 40 3000
0 0 0 0
300 302 303 305 306 308 309 3n 32 314 315

Time {sec)

Win-S (W)

Fig. 4.5 Performance test of BLDC motor(15°)
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Fig. 4.6 Torque measurement result
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Fig. 4.8 Voltage measurement result
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Fig. 4.10 Efficiency measurement result
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