
!

!"

"

#

!

$%

#

#%"!"

$

!!

%

!&'!!!(!)"%"!"#$%*'?%&*")

#

&

#

'

#

(

#

)

#

*

#

+

#

,

,-./0-/1/-2034356708 905.0//:.05

#

;34<!"#=3<$%#=3><%"!"

!

#%"!"#,-.<1/-2<90505<

*�­®

aý�þ

IJS

�'-ÿ!uv"Ø#�xm

/

#

%

#

õö¡

-

#

/÷½

"

-ý/'

$

÷f

%!+!%%#

3

#

4

#

lmBûÅS

#a_gNL$

&.�hîy

'

noÂ

'

p`)

'

îî-Áûý²$%

!

®`q%-

WQg

ý²×.MÓlrU

ý²

"

KLlmBûÅS

#a_gNL$

�~�.�ç«

WQg

�1-r¢ý²ms

!

_`lmBûÅS-Å(ðr�r¢m+

!

¬

²tu

WQg

vX,MÓr¢ý²

"

®`�v£�L

WQg

vXtu�vz

!

wcÅSvX-îz

!

L

WQg

vXtuV`tx

!

y

��ÙI£-r¢ý²

"

��gM^9���

!

®`�v

WQg

ý²mfý²lmBûÅS

!

ºSMÓ-ú¢£g

'

lzt

'

ý

²I£Ù

(

{$%L|}gvXîz×Ø�n-~�)

!

Q

'

rö)ºÊ�«q%-

WQg

ý²ge±-�vý²

"

"56

#

lmBûÅS

##

�v

WQg##L7M47Xk,.JT4.0^

��

##

�vý²

789:;<

#1L)'!%####

=>?@A

#

A

%"!"

$

'

%

!

ABC ®YJ§&'rªÃ¢

"$"?'!&(?#

ÄÅ

!DEFGH

&

ø

#

k

"!?()!#$

É

$

��`gN

$

OP=>Q

'

=

>RS

&

NOÐ÷h /mkl¯ïE

'

-

�TEFGH

&

iÞ×

$"!?)&!#$

1

$

»¼8íN

$

4P

$

¦À

$

O

PQ5Î

'

=>RS

&

ÊVïE()*:;

(

ysçzÆ<ð�3

'

##

÷h /mk^¬-mkXD\

$

^�ª«S

m�cyÆm)m�cyX=>¨}ÊX

'

�ß

X=>�²_<"E^�mkïEVWX=>

$

÷

hmkX�S^��pxXm�m¤²ÊX

'

�

�ímh*�ScXm¾¡û¦ím².X¾Q

$

}//FGímkQwÆÌj

$

¢£¤¥�÷D¥

»2Xm)vjb%CíkMkuvX:;

'

¬

-÷h /mk`ÒVW^DcØÏa

(

DÝß

(

�ÝVW

)!$%*

$

Ì<QÞr`

$

D�QÞ¹XÌ<ê

¯�89Xº»��8¹XïE|^

$

�Ì<Ý�

a�DÞº»�

$

VWïE|^ÝÝ

$

èâåð

WQg

ïE`<KL»2

)$$+*

'

q§ØÊVïE3£XDÆÚ5^ä�rþ

Ïa`zcXó*��Æ{fïE

(

»JfkÏ

a�

(

yeÌ­JÒ:ïEq/�mkïE()

b

$

�|ÕÞ¥í÷h /mkXCËa¯

$

_^

ÊVïE3£Ø§ØÏþmk»JX<'ye

$

VWa¯ÊDmkÌ<Ý�o>\zJÞa·¼

X��

))$&*

'

JÝ

!?&)

$`®ÑWlm�/'ï

E£mY

f78/2

Þ}yÔ<'<M

$

�3£ÆR1

An×Z

$

��Xi�$�

$

yÔïE

"bTmm6N30*

M:34#

uvÕ:;þJ§&'Æ©�&'Æ+,ï

ENO

)%$+*

'

yÔopæ�ÉôþN¤XJ§q

�c×¯)

$

ØåÒ"þ�ßghØÏaVW

'

yÔïEzØÏþæï��X»J<'ye

))*

$

¯âµáØÏa·¼X��

$

�`z��XÌ<

Ý�æ�8³Xrsa

)+*

$

_yÔðãX3rÆ

yÔtB$&<X`z�»Ø`¥ê

$

�8/X

�¸a

'

x0XyÔïE'�DÞX'ÞÓÝ

$

'�»$G

)$$&*

'

4©Þ}D\rþyÔJÒ:

WQg

yeX÷h

 /mkÒ$ïEVW

'

gyeØ|Þ�ÒÆ²

³�ÒþòXuÝo�uÝÝ�>EÐyÔïE

¢3kXÐ�Ìß

$

��yÔã3

$

�

WQg

Ì<�Ë

�ÏJÒ:`Q

$

«�

LA1_Aa

b�ïEVW�Ë

YZ²ê

'

YZr^ch

$

gïEVW�:à

(

a

`ß9

(

rsa³

$

j�òaháfþHW

WQg

ïE

Æx0XyÔïE

'



!"

ÿ!uv"Ø&n�'

÷h /mkæ�Û±m/]±

$

Ç±fmj

A

'

Þ�Æ��Xsr^ØÏaX

'

·¸

$

�Çt

ÆYZ

a_gNL

ïEVW�

$

ÐG�YZyeX�

-

$

E<¶Xå�

&

ë÷v�×Ù�ì

$

p[-BÐ

R]

$

Þ�m/

(

��-BÇÈw�ì

%

Þ�xy|

:

(

�÷�,Æmzfgq��

%

-¤zNÆ

(

zÎ

M/Æ-¯Qw

'

a_gNL

XmVP�R,

)$*

]

;

]

<

]











A

'

* " "

" * "

" "











*

1

;

1

<

1











A

)

8

8&

/ (. " "

" / (. "

" "











/ (.

1

;

1

<

1











A

)

C

;

C

<

C











A

'

sb

]

;

$]

<

$]

A

Ðmkë÷v�X÷mV

%1

;

$1

<

$1

A

Ð

mkë÷v�X÷m/

%C

;

$C

<

$C

A

Ðmkë÷v�

X÷fmjA

%*$/$.

Ðë÷v�X÷m�

$

÷J

rÆ÷òsr

%

a_gNL

Xm-�ÛR,

N

CP

'E

!

"C

;

1

;

)C

<

1

<

)C

A

1

A

#>

/

P

'

sb /

P

mkÐkTèÒ$

$E

!

Ðó�<

%N

C

Ðm

-�Û

)+*

'

mkXCjR,

N

C

(N

/

(@

/

' "̀8

/

>8&#

sb

N

C

Ðm-�Û

$N

/

Ðîa�Û

$@

Ð�mV<

$

`

Ð�j{ß

$

/ÐmkkTèÒ$

'

#"

�þ$%zxm+,èJ

÷h /mkyÔ

WQg

ïEVWrsuàu

!

?�

'

wÑÎ]}mk²³�Ò

!

Æ|Þ�Ò

!

+

XuÝ

C

ÆuÝÝ�>

C

A

$

§�ØßÁyÔ�

$

yÔ

��X

0

Æ

05

�yÔïEðã¢3

$

@yÔ�%

C

%

O

(%

1

Æ

%

B

'

�ïE�,b

$

�Ï²���åð

WQg

ïEcXÌ<

$

{��åðX

WQg

ïEc`z

÷h /mk�Ò

'

de/dt

n

k k

n

E

E

BLDCM+

TG

k

PID

PID

u

!#a_gNL

yÔ

WQg

ïEVWrsu

yÔJÒ:

WQg

ïEVWX�Î_Và¶

&

ï

EcXÐ�Ýßè²³�ÒÆ|Þ�ÒXÓ

C

ÆÓ

ÝXÝ�>

C

A

$

Ð}Ýßè¥�`Q�X

WQg

Ì<

%

O

(%

1

(%

B

'

£OÐ

) B&$&*$

yÔq�Ýßçf

'

c

&=a$=L$=,$f@$W,$WL$Wa'

@yÔXR1C

;L�1

$

ñÑ|PM1

'

tB$&<C;ëè±&<ÇÈ

'

�

%

O

(%

1

(%

B

Çz�ËQÞ

$

ëFXyÔïEðãàc

!$%$$

?�

'

)

!"#

$

+567@89)

=a =L =, f" W, WL Wa

=a Wa Wa WL W, W, f@ f@

=L Wa Wa WL W, W, f@ =,

=, WL WL WL W, f@ =, =,

f@ WL WL W, f@ =, =L =L

W, W, W, f@ =, =, =L =L

WL =, f@ =, =L =L =L =a

Wa f@ f@ =L =L =L =a =a

)

#"#

%

+567@89)

=a =L =, f" W, WL Wa

=a =a =a =L =L =, f@ f@

=L =a =a =L =L =, f@ f@

=, =a =L =L =, f@ W, W,

f@ =L =L =, f@ W, WL WL

W, =L =, f@ W, W, WL Wa

WL f@ f@ W, W, WL Wa Wa

Wa f@ f@ W, WL WL Wa Wa

'%?'$%

# ø

#

k

$

q

&

rþyÔ

WQg

yeX÷h /mk�ÒïE

#



)

$"#

&

+567@89)

=a =L =, f" W, WL Wa

=a W, =, =a =a =a =L W,

=L W, =, =a =L =L =, =,

=, f@ =, =L =L =, =, f@

f@ f@ =, =, =, =, =, f@

W, f@ f@ f@ f@ f@ f@ f@

WL Wa =, W, W, WL W, Wa

Wa Wa WL WL WL WL W, Wa

àð÷h /mk�ÒXïEò*

$

ñ+}

#

O

(#

1

Æ

#

B

XyÔïEðã

$

¥�yÔ¢3¢5}

���XyÔ�V

$

àðyÔ�VÆÐ�Ýß

0(

05

X°i¢3"5%CÐ}

#

O

(#

1

Æ

#

B

Xq�Ý

ß

$

§�¥�@yÔ�jEØ���Ð}Ëks¯

âmDX»J�Ò0

'

yÔ¢3C;

NZQ"

"5¢3

#

X

L70870.

¢3

R1bX

J7FBJ.0

"51

$

ñ¢3�

$

àðyÔc

öX�V

$

çfyÔ]�

J.0

Æ

J7F$

çf

.

ó/*

ó9

/

C]EÐ"5C]

$

2}yÔÐ}0

))*

'

@

yÔC;Ñ|PM1

'

Ðí²Ê²�ïE

$

KLV

WïEXàÒa»2

$

4©C;¯ÏÎ]±s

$

ñ

qyÔïEðã¯Ï��ÐïE�5c

$

Ø¢3�

,G�Ð�cC]

$

���ceRüÕ²ÊyÔï

EcX²�ïE

$

Þ¥VWX�:Ò$

'

$"

PQTr

�

L7M47Xk,.JT4.0^

uyP*ö�-VWYZ

éê

$

VWÌ<Ð

&

yÞ;>Ð

$ ^U%

yÞmVÐ

%%" ;%

yÞm/Ð

!$<&+ A%

yÞ�ÛÐ

%% =1J%

yÞ�ÒÐ

! +&" :kJ.0%

�j{ßÐ

"<)' ^51J

%

%

e÷m�Ð

"<%!

+

%

e÷mrÐ

"<%! J̀ '

YZï

Eàu

%

?�

'

��<öR1

(

C;<öÌ<�Î

XyÔ

WQg

ïE�Ì<~jÆ��Ð�°i¶�Ë

YZéê

$

Ü�*HWX

WQg

ïE�ÜqÌ<¶X

YZéê�Ëq8

'

YZgÏàu

$(

u

+(

u

)

?�

'

Derivative
du/dt

Gain
K-+-

Step
Fuzzy Logic
Controller

Subsystem1
Gain1Transfer FcnScope

1 -K-
2s2+4s+1 Out1

In1
k
k
k

u

%#

yÔ

WQg

ïEVWYZtu

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

200

400

600

800

1 000

1 200

1 400

1 600

t/s

n/
(ra

d
m

in
-1
)

u

$#

åð

WQg

ïEc�ÒYZgÏ

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

200

400

600

800

1 000

1 200

1 400

1 600

t/s

n/
(ra

d
m

in
-1
)

u

+#

yÔïEc�ÒYZgÏ

)

%"

:;7@i+BC*#)

ë\ïEc a`ß )

kq

`z�ò

&

Z

kK

åð

WQg

ïEc

?<() "<"%?

yÔïEc

+<+) "<"%$

yÔ

WQg

ïEc

" "<"!!

(%?'

&

#

'

#

(

#

)

#

*

#

+

#

,

!"

"



0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

200

400

600

800

1 000

1 200

1 400

1 600

t/s

n/
(ra

d
m

in
-1
)

u

)#

yÔ

WQg

ïEc�ÒYZgÏ

ÝYZgÏoc

+

3rXë\ïEca¯w=

<ð_<há"}

&

W;yÔJÒ:

WQg

ïEX÷

h /mk�Ò�:à

(

÷a`

%

�

&H"<"+ K

�

$

V

WîaAÝ�XÒ$�:gÏ]j89

$

+OÒ°

CyÞ�Ò

$

`z�ò�+Z��¯)³

$

cÊ}

�¹Xj�òa

$

//Þ¥í÷h /mk`ÒV

WXrsa

'

%"

pq:�

² ê C ;

1Q

0 : X < / T Â � 3

1L$%"_b%(!%

Ð�ïEc�÷h /mk�Ë²

ê

$

�eyVWïErsuàu

&

?�

'

BLDCM

PC

u

&#

ïEVW²êrstu

##

Q/cC;ë÷Ùï�

$

ñÝcyTç;

&

c

ë�

LR)"h%S,+"

X¾Ì�Úó:62

QRa1

y

T

'

²ê�

$

ñÝyTÐ� /mV

!$" ;'

��

²êÊB�é

$

C;yÔ

WQg

ïEc�mkX²�

�ÒgÏr4*£!Î]kYZgÏDè

$

Ý¨ê

.4©Þ}XyÔ

WQg

ïEc¯âe¹Õ]Ea

`

(

îa�jÆ�Ò]j

$

æ�e³XrsaÆj

��:¯)

$

8¹ÕïEmk�Ò

'

&"

TU

4©�ÎíD\rþyÔ

WQg

ïEcX÷h 

/mkÚ§5`ÒVW

$

m/5C;

WQg

ïEc

$

�

Ò5C;yÔ

WQg

ïE

'

rþÐ�Ì<XÝ�

$

C

;yÔã3�

WQg

Ì<�Ë�ÏJ`Q

$

���m

k�ëjÆCËbAÑîaX°i

$

�

LA1_Aa

ö

$

�Ëí²êYZ

'

YZr^ch

$

4©Þ}X

yÔ

WQg

ïERï¯âÞ¥÷h /mk`ÒVW

X�:Ò$

$

]Ea`

$

Þ¥ïE»$

$

ú³VWX

rsaÆj

(

ø�a¯

$

�ïEa¯MfþåðX

WQg

ïEÆx0XyÔïE

'

*

#

3

#

"

#

4

!#

�

#

¡

$

�¬�

O

yÔ

WQg

]1�÷h /mkïEVWbX:

;

O

Smk

$%""&%"%#&!+!!)

%#

i

#

ü

$

¼

#

�

$

�_h

$

q

O

yÔ

WQg

ïEcX�Îo�YZ

O

Î

]kYZ

$%""?%%&"!%#&!$"!!$%

$#

�

#

�

$

�Á®

O

rþyÔ

WQ

ïEX÷h /mk`ÒVWY

Z

O

Î]kYZ

$%""?%%&"!"#&!(&!!(?

+#

�¹a

$

�(0

$

!��

O

÷h /mk`ÒVW|¥8�JÒ

:âyÝrsïE

O

SÎ]kTU

$%"!""%#&&(!'"

)#

�®ñ

O

l¯ïEo�

LA1_Aa

²Ê

O

8¤

&

m�+9}¨©

$

%"")%)&%)%!%&"

&#

%�@

$

!kø

$

%@�

O

yÔJÒ:

WQg

ïEX=>o:;Y

Z

O

Î]kYZ

$%""?%%&"?#&!$%!!$)

!

<=>

'?$$

?

"

?%?'$%

# ø

#

k

$

q

&

rþyÔ

WQg

yeX÷h /mk�ÒïE

#



J3-A*38*?R+,A.TI(A2-R*,(AM=-*?7(382AL(?;32)2Q.

ỲA=Rf2/05*6T$ NA@S70*V/05

!

$ PQ=S305

!

"a/.i.05Z764/0K_M8O$ a/.i.05!"""($$WOZON2.07%N2.07N=@@NZ/K/7:-2 N/0M/:$a/.i.05!"""%'$WOZON2.07#

)@,8-A+?-*#12/G:.0-.G4/$ V7X:.-7M.30$ 708 -27:7-M/:.m7M.30 3V703>/4[7>/V:30MKG4.MM.05.0M:.0K.-b7X:6BW/:3M

V.X/:M/JG/:7MT:/K/0K3:70/G:/K/0M/8O12/K/0K3:.KJ78/X6KG4.-.057K/-M.30 3VVTK/8 K.4.-7MTX.05M3M2/M.G 3V

7K.054/BJ38/V.X/:O12/-3JG4/M/8 K/0K3:27KM2/K7J/8.7J/M/:7KM2/V.X/:708 M2/K/0K3:4/05M2 .K4/KKM270

"<) JJO

)B(. :2A68*

..............................................

#V.X/:K/0K3:K##b7X:6*W/:3M##KG4.-/

!

\]>

'%%?

?

"

_A18;)(88S5K2-2A7=((6523-A2)7.8-(9_+8(623R1\\. IJS523-A2)

\YU/.$ hYa7.*87

-

$ \Ya73*5T3

"P.705070 Y0.>/:K.M6$UTF.%!+!%%$WOZON2.07#

)@,8-A+?-*#a:TK24/KKgNJ3M3:KG//8 -30M:34K6KM/J.K7JT4M.>7:.7M/$ KM:305-3TG4.05$ 0304.0/7:$ M.J/*>7:6.05

-3JG4/FK6KM/J$ XTM783GM.05M:78.M.3074WQg-30M:34J/M238 M3-7::63TM-30M:34.K8.VV.-T4MM37-2./>/5338 -30M:34

/VV/-MOA^.08 3VWQg-30M:344/:[.M2 VTmm67453:.M2JK/MM.0530*4.0/WQgG7:7J/M/:K7TM3J7M.-7446[7K8/K.50/8 708

7GG4./8 .0 X:TK24/KKgNJ3M3:KG//8 -30M:34K6KM/J$TK.05M2/>34M75/$KG//8 708 M3:sT//sT7M.30 3VX:TK24/KKgN

J3M3:$7--3:8.05M3M2/G7:7J/M/:K3VM2/J3M3:$ M2/-30M:34/:783GMKVTmm6M2/3:6M378iTKMM2/WQgG7:7J/M/:K$ .0

3:8/:M33XM7.0 2.52*G:/-.K.30 KG//8 -30M:34OZ/KT4MK3VK.JT47M.30 /FG/:.J/0MK23[M27MM2/VTmm6WQg-30M:34J/M2*

38 -3JG7:/8 [.M2 03:J74WQg-30M:34708 GT:/VTmm6-30M:34.K[.M2 X/MM/:-30M:34G/:V3:J70-/$030 3>/:K233M$sT.-̂

>/43-.M6:/KG30K/$2.52/:-30M:34G:/-.K.30 708 5338 :TXTKM0/KK$[2.-2 .K.0K/0K.M.>/M3M2/G7:7J/M/:-27MM/:.05708

J7068.KMT:X70-/KO

)B(. :2A68*#X:TK24/KKgNJ3M3:#VTmm6WQg-30M:34#L7M47Xk,.JT4.0^ K.JT47M.30#VTmm6-30M:34

$$?'$%

# �ä�

$

q

&

ÿ�1È�

*

�ã7NHrc()

#


