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%R= Ov=CQ=@a Vmt COW w CaQU |=yxir-wt \@=wQ

Rj = Vj
V1 ;

u = V1 �Rj � cos (�j + �)

v = V1 �Rj � sin (�j + �)

(6)

K]U R= xDi=} Vmt p=}U CaQU CQwYx@ w CU= Vmt CaQU Vj u; QO xm
"CU= O=R; u=} QH CaQU R}v V1 w Vmt CaQU MQv Rj "OwW|t h} QaD h=mW

|OOa pL C=t}_vD "2"2
|DUOq=@ swO|x@DQtVwQ "CU= xOWxOR?} QkD OwOLtsHLVwQ =@sm =LCqO=at
|R=UxDUUo |=Q@ |RmQt hqDN= VwQ w |}=Hx@=H |=ysQD |R=UxDUUo |=Q@
"CU= xOW xO=iDU= =v@t Q=Wi VwQ R= u}vJty "CU= xOW xOQ@ Q=m x@VNB |=ysQD
w xOW xO=iDU= 0 26 |@ QHD ?} Q[ =@ SST Q=Po pOt R= jwi |R=Ux}@W |=Q@
pL C=YNWt "OwW|t xDiQo Q_v QO CN=wvm} |R=Ux}@W pw] QO u=} QH CaQU

"CU= xOW xOQw; 1 pwOH QO |OOa
|x}q w Q=Qi |x@r w xrtL |x@r |L=wv QO xm@W `} RwD 'Vmt uwO@ Cr=L QO
Q@ xwqa 'xOW xO=iDU= Vmt xm |t=ovy =t= xOw@ |L=wv Q}=U R= QDsm =QDt |RQt
"CU= |L=wv Q}=U R= QDW}@ R}v xm@W sm =QD 'Vmt |xQiL pLt QO QwmPt |L=wv
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[27]"|@ QHD |=yxO=O =@ xU}=kt w xrtL |x}w=R � ;Q@ ?} Q[ |vLvt "4 pmW

"|@ QHD |=yxO=O =@ xU}=kt w =UB ?} Q[ � ;Q@ ?} Q[ |vLvt "5 pmW

CkO x@ A1 Q=Okt s}_vD =@ u}=Q@=v@ "OyO|t MQ |QDsm xrtL |=}=wR QO u=} QH
[27]"Ci=} CUO u=wD|t u=} QH V}=OH \}=QW QO =yu}tND R= |QDy@

u=} QH '|y=oW}=tR; |=yxO=O =@Vmt uwO@ |R=Ux}@W G}=Dv|HvUCLY QO
SST Q=Po w A1 = 0=31 =@ SST Q=Po w k� !SST |=ypOt =@ p} wiQ}= pwL
xOy=Wt p@=k 5 w 4 |=ypmW QO xm Qw]v=ty w xOW |R=Ux}@W A1 = 0=26 =@
u=} QH V}=OH |Dkw A1 = 0=31 =@ T:SST w k� ! SST |=ypOt 'CU=
|y=oW}=tR; |=yxO=O Q=Okt R= QDsm =Q =UB?} Q[ w QDW}@ =Q ;Q@?} Q[ 'ODi=|t j=iD=
|@ wN j@=]D |Uvqw@ QwD pOt QOA1 = 0=26 QDt=Q=B Q}}eD =@ [27]"Ovvm|t x@U=Lt

"CU= xOW pY=L |@ QHD |=yxO=O =@

|Oa@ wO Cr=L QO G}=Dv "4"2
=@ ?�6 pmW QO u}vJty w Vmt uwO@ p} wiQ}= |=Q@ Q=Wi QwDv=m hr=�6 pmW QO
|x} w=R QO (Rj = 0=155) Vmt xv}W}@ MQv |=R=x@ w QDw OYQO 26 QO Vmt
Q@ Q=Wi Ci=} R=@ Vmt p=ta= =@ OwW|t x_Lqt "CU= xOW xOQw; xHQO 15 xrtL
Vy=m u=} QH V}=OH R= pY=L Q=Wism |L=wv 'xDi=} Ow@y@ p} wiQ}= |v=kwi K]U
QO "CU= xOQm x]=L= =Q p} wiQ}= |}q=@ K]U R= |QDW}@ VN@ Q=WiQB u=} QH w xDi=}
xv}W}@ Vmt =@ w Vmt uwO@ Cr=L wO QO 'p} wiQ}= pwL u=} QH \w]N '7 pmW
CLD |x}L=v Vy=m Qou=}@ \w]N u}= "CU= xOW xO=O u=Wv QDw OYQO 33 5 QO

"CU= Vmt =@ u=} QH V}=OH ?=@L

"xm@W R= G}=Dv pqkDU= w pL CkO |UQQ@ "3 pmW
x@ Owta Vmt |=Q@ 'xv}tR u}= QO xDiQo s=Hv= |=yVywSB G}=Dv x@ xHwD =@
|xQiL ZQa [29]"CU= xDiQo Q=Qk xO=iDU= OQwt xv}y@ Cr=L u=wvax@ xQiL K]U
u=tR=U =@ |D=@U=Lt |xm@W Q=DN=U "CU= xOW xDiQo Q_v QO QDw OYQO 2 5Vmt
p} wiQ}= K]U R= QDw pw] Q@=Q@ 20 CUOu}}=B w CUOq=@ w u}}=B w q=@ |=yRQt w
k� ! SST |W=WDe= pOt R= xO=iDU= =@ xm@W R= G}=Dv pqkDU= "OvQ=O xrY=i
'CU= xQ=w}O `@=D Ok=i k� ! SST |W=WDe= pOt xmu}= x@ xHwD =@ w xOW s=Hv=
xOW s}_vD 1=6� 10�6 pwrU u}rw= `=iDQ= '|RQt |x}q u=} QH |R=Ux}@W |=Q@
\QW xOW ?=NDv= |xm@W QO OwW|t x_Lqt hr= 3 pmW QO xm u=vJ "CU=
R= |m =L 'xm@W R= G}=Dv pqkDU= |xar=]t ? 3 pmW QO w xOw@ Q=QkQ@ y+ < 1
|RQt \QW w |OwQw QO CaQU |RQt \QW "CU= xv}y@ pwrU 140872 O=OaD
xQ=w}O \QW u}vJty w |D=@U=Lt xvt=O |HQ=N |=yRQt |=Q@ |HwQN QO Q=Wi
u=wvax@ Vmt |xQiL K]U w xDiQ Q=m x@ xvt=O |@v=H Kw]U w p} wiQ}= K]U |=Q@

"CU= xOW ?=NDv= |OwQw

|OOa pL |HvUQ=@Da= "3"2
%OwW|th} QaD 7 |x]@=Q CQwYx@|}x@=OQo|m}D=tv}U |wQv=Qo SST Q=Po pOt QO
�T = A1 k

max(A1! ; SF2)

F2 = tanh
�h

max( 2pk
��!y ;

500�
!y2 )

i2� (7)

pw] QO |@ QHD C@=F u}= "CU= |@ QHD C@=F A1 w |@}mQD `@=D F2 x]@=Q u}= QO
Vy=m =@ "Ow@ Oy=wN Q=Ri=sQv QO u; ZQi V}B Q=Okt xD@r= xm xOw@ Q}eDt |R=Ux}@W
w xDi=} Vy=m swDvtwt p=kDv= u}vJty w p} wiQ}= pwL |@=OQo |wQv=Qo 'A1 Q=Okt
V}=OH |DQ=@a x@ &OwW|t sm Twmat Q=Wi u=}O=Qo p@=kt QO |RQt |x}q Ctw=kt
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33 5 Vmt =@ w Vmt uwO@ Cr=L QO |m}t=v}OwQ�; ?}=Q[ |vLvt "8 pmW
"QDw OYQO

;Q@ |wQ}v ?} Q[ u}ov=}t "OyO|tv MQ |oOv=t=w xO}OB xHQO 20 xrtL |x} w=R =D
QO "O@=}|t V}=Ri= 'Vmt COW uOW xOwRi= =@ xHQO 20 =D �5 xrtL |=}=wR QO
CU= umtt u}}=B xrtL |=}=wR QO Vmt |Q}oQ=m x@ OvJ Qy Cio u=wD|t ẁtHt
QO Q}N-=D |va} xOta C} Rt 2 |=Q=O =t= OyO Vy=m =Q Ci}r |wQ}v ?} Q[ |mOv=

"OwW|t xrtL |=}=wR h}] QO =Q@ ?} Q[ u}ov=}t Ow@y@ w p=DU=
|x} w=R R= p@k w sm Vmt |=yMQv |=R=x@ =UB ?} Q[ 'Vmt |=Q=O |L=wv QO
V}=Ri= w xDiQ}PB |ivt Q}F-=D u=} QH QopQDvm u}= R= xrtL |=}=wR |NQ@ QO '|oOv=t=w
Q=Okt 'Vmt |=yMQv |t=tD |=R=x@ '|oOv=t=w R= Oa@ xm CU= |r=L QO u}= "O@=}|t
|=Q@ xm CU= u}= C}ty= R�=L |xDmv "O@=}|t |yHwD p@=k Vy=m ?} Q[ u}=
'xHQO 20 xrtL |x} w=R =D QDw pw] R= OYQO 33 5 w 26 |=ypLt QO Vmt

"OwW|t xOy=Wt ?} Q[ u}= Q=Okt QO |}x_Lqt p@=k Vy=m
Vmt R}v w Vmt uwO@ Cr=L wO |=Q@ =UB ?} Q[ |vLvt ? 8 pmW QO
"CU= xOW xO=O u=Wv hrDNt |=yMQv |=R=x@ w QDw pw] OYQO 33 5 QO `k=w
|=R=x@ \ki w xOQm pta Cw=iDt CQwYx@ QDw pw] R= OYQO 50 QO `k=w Vmt
0 022 |=yMQv QO w O@=}|t Vy=m xHQO 20 |x} w=R =D =UB ?} Q[ 'xv}W}@ MQv
xHQO 17 5 xrtL |x} w=R R= 0 11 MQv QO w xHQO 15 xrtL |x} w=R R= 0 045 w

"O@=}|t V}=Ri= xQ=@m} x@ ?} Q[ u}= Oa@ x@
'sm |=yMQv QO QDw |OYQO 33 5 w 26 C}akwt QO Vmt u}ov=}t Qw] x@
=Q =UB ?} Q[ \UwDt QDW}@ |=yMQv QO w xO=O V}=Ri= =Q =UB ?} Q[ u}ov=}t

"p}wiQ}= h=Q]= QO Q=Wi QwDv=m "6 pmW

xv}W}@ Vmt =@ w Vmt uwO@ xHQO 15 xrtL |x}w=R QO u=} QH \w]N "7 pmW
"QDw OYQO 33 5 QO

QDw pw] OYQO 33 5 QO `k=wVmt |=Q@ =Q ;Q@?} Q[ |vLvthr= 8 pmW QO
"OyO|t u=Wv 'OQ=Ov OwHw Vmt xm |Dr=L =@ T=}k QO hrDNt |=yMQv |=R=x@ w
xHQO 10 OwOL xm |oOv=t=w |x} w=R R= p@k 'xOW p=ta= Vmt xm |rLt xU Qy QO
QHvt |DL sm CaQU MQv QO w xDW=Ov ;Q@ ?} Q[ |wQ |@U=vt Q}F-=D Vmt 'CU=
CaQU MQv Q=yJ Qy |oOv=t=w |x} w=R R= Oa@ =t= "OwW|t ?} Q[ u}= Vy=m x@
CUO x@ |xH}Dv x@=Wt "OwW|t ;Q@ |wQ}v ?} Q[ V}=Ri= ?@U 'xDiQ Q=m x@ Vmt
;Q@ |wQ}v ?} Q[ Ow@y@ =Hv; QO "CU= xOW VQ=Ro R}v [6]u=kkLt C=ar=]t QO xOt;

"CU= xOW hw]at V}=OH |L=wv |@Uv Vy=m x@ |oOv=t=w R= Oa@ |=}=wR QO
|=ypLt QO `k=w Vmt |=Q@ w xOQm OWQ xrtL |x} w=R V}=Ri= =@ ;Q@ ?} Q[
"OyO|tv MQ u; Q=Okt QO Vy=m xHQO 20 x} w=R =D 'QDw pw] R= OYQO 33 5 w 26
MQ xHQO 20 xrtL |x} w=R OwOL =D |oOv=t=w xm O}UQ xH}Dv u}= x@ u=wD|t u}=Q@=v@
50 pLt QO `k=w Vmt |=Q@ xm CU= |r=L QO u}= "OwW|t xH=wt Q}N-=D =@ w xO=Ov
x@ xHQO 10 R= |oOv=t=w |x} w=R 0 045 w 0 022 CaQU MQv QO w QDw pw] R=
xv}W}@ MQv |=R=x@ w xO}UQ xHQO 17 5 x@ 0 11 Vmt CaQU MQv QO w xHQO 15
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t"Vmt =@ OQmrta V}=Ri= u}ov=}t OYQO "2 pwOH
QDw �50 QDw �33 5 QDw �26 Vmt MQv
39 8 17 2 75 0 022
87 8 52 3 23 3 0 045
320 180 91 1 0 11
611 341 174 4 0 155

xOw@ QDW}@ xOW =OH |RQt |x}q R= |SQv= sm w Q=Wi sm p=}U C=QP GwQN 'OW=@
Oy=wN |m}t=v}OwQ}; u=tOv=Q w u=} QH |=yxYNWt Ow@y@ |wQ Q@ |QDy@ Q}F-=D w

"CW=O
'QDw pw] R= OYQO 50 QO `k=w Vmt |=Q@ 'OW u=}@ xm Qw]u=ty |iQ] R=
xm CU= |}=yCr=L R= QDsm 'u}}=B Vmt |=yMQv |=R=x@ |oOv=t=w |xO}OB QO Q}N-=D
?=@L p}mWD ẁ[wt u}= Cra "CU= p} wiQ}= xrtL |x@r |m}ORv QO Vmt pLt
`k=w QO "CU= q=@ xrtL |=}=wR QO xS} wx@ Qorta R= QDwrH |=yC}akwt QO V}=OH
|QDsm CQOk 33 5 w 26 pLt wO x@ C@Uv QDw pw] OYQO 50 QO `k=w Vmt
x@ C@Uv '|oOv=t=w QO Q}N-=D QwDm =i QO u}=Q@=v@ w OQ=O V}=OH ?=@L =@ xyH=wt QO

"Ovm|t pta QDh}a[ Qo}O |O=yvW}B C}akwt wO
|m}t=v}OwQ}; OQmrta Ow@y@ |xv}W}@ =QJ xm u}= x@ MU=B QO OwHw u}= =@
|=Q@ xm OQm \=@vDU= xvwou}= u=wD|t 'CU= QDw OYQO 50 QO Vmt x@ \w@ Qt
ha[ x@ xHwD =@ 'Vmt |=yMQv |t=tD |=R=x@ w xHQO 15 OwOL =D xrtL |=}=wR
Ov=wD|t Vmt Qorta OwHw 'V}=OH ?=@L |m}ORv QO pLt u}= p}mWD w V}=OH
hOy ,=k=iD= xm xHQO 15 R= QDq=@ xrtL |=}=wR |=Q@ =t= "OwW@ |QDW}@ Ow@y@ ?@U
x@ C@Uv OYQO 50 Qorta 'CU= |L=wv u}= QO Ow@y@ u=} QH pQDvm QO |rY=
QO XwYNx@ "Ovm|t Q=DiQ QDh}a[ OYQO 33 5 w 26 QO `k=w |=yQorta
C}akwt |WN@ QF= xHQO 15 =} 10 |q=@ xrtL |=}=wR |=Q@ w QDh}a[ |=yVmt
QO xm CU= |r=L QO u}= "CU= QDsm Qo}O C}akwt wO x@ C@Uv OYQO 50
|QDW}@ Vkv QDw OYQO 50 QO Vmt Qorta C}akwt u}ov=}t Qw] x@ w ẁtHt
QO xHQO =D 15 =D �5 xrtL |=}=wR xR=@ xm =QJ xDW=O =UB x@ =Q@ C@Uv Ow@y@ QO
90 =D 0 xm x} w=R pm h}] QO "OQ=O |Q@=Q@ 3 uRw xHQO 20 =D 15 =@ T=}k
Oy=wN OYQO 33 5 C}akwt x@ jraDt |@Uv |QDQ@ Qo}O xm Ci=} QO u=wD|t CU=

"Ow@

u=} QH pQDvm =@ O=@ u}@ QwD OQmrta "3
sm =L CqO=at "1"3

|v=wD u=R}t Qou=}@ w xOw@ QwDwQ QO O=@ u=} QH \}=QW R= |a@=D u}@ QwD u=wD ?} Q[
u=wD ?} Q[ Qou=}@ 8 |x]@=Q "Ovvm G=QNDU= O=@ R= Ovv=wD|t QwDwQ |=yxQB xm CU=
\UwD xOW ?wQ=H CL=Ut AT u; QO xm CU= xv=QW}B |wQ}v ?} Q[ w QwDwQ
|wQ}v TT w u}@ QwD \UwD xOW O}rwD u=wD PT 'O=@ CaQU VW '|O=@ u}@ QwD QwDwQ

%CU= xv=QW}B
Cp = 2PT

�AT V 3
W

CT = 2TT
�AT V 2

W

(8)

`]kt K]U Q}}eD =@ u}@ QwD |OQmrta |=yQDt=Q=B xm Ci=} QO u=wD|t 8 |x]@=Q R=
|=yQDt=Q=B u}= u=}@ u}=Q@=v@ "Ovm|t Q}}eD 'QwDwQ QO O=@ \}=QW Q}}eD u}vJty w QF-wt

QO Vmt =@ w Vmt uwO@ Cr=L QO |m}t=v}OwQ}; OQmrta |=y|vLvt "9 pmW
"QDw OYQO 33 5

|t=tD |=R=x@ QDw OYQO 50 QO `k=w Vmt xm CU= |r=L QO u}= "OyO|t Vy=m
V}=Ri= Q}N= C}akwt u}= QO "OyO|t Vy=m =Q =UB ?} Q[ u}ov=}t Qw] x@ =yMQv
XwYNQO u=kkLt "OwW|t =UB ?} Q[ \UwDt QDW}@ Vy=m x@ QHvt Vmt MQv
Cr=L QO w [7]Ov=xOQm xO=iDU= V}=OH Q=}at R= =UB ?} Q[ Q@ Vmt Qorta Q}F-=D
u=wD|t T=U= u}= Q@ "Ov=xOQm VQ=Ro =Q |Wmt Qorta |=Q@ =UB ?} Q[ Vy=m |rm
x�=Q= |Wmt Qorta OQ@ Q=m R= |QDj}kO Q} wYD Ov=wD|t |Q=H j}kLD G}=Dv Cio
=UB V}=Ri= 'COW w C}akwt 'xrtL |x} w=R |xv=oxU |=y?}mQD R= |}xQ=B QO "OyO

"OyO|t MQ
OYQO 33 5 QO `k=w Vmt |=Q@ |m}t=v}OwQ}; OQmrta |vLvt 9 pmW QO
'OQ=Ov OwHw Vmt xm |Dr=L =@ T=}k QO hrDNt |=yMQv |=R=x@ w QDw pw] R=
w ;Q@ ?} Q[ Vy=m x@ xHwD =@ |oOv=t=w |x} w=R R= p@k "CU= xOW xO=O u=Wv
R}v |m}t=v}OwQ}; OQmrta CU= |y}O@ 'u}}=B Vmt |=yMQv QO =UB ?} Q[ V}=Ri=
|x} w=R R= Oa@ xm CU= |r=L QO u}= "OwW Vy=m Q=JO xrtL |=}=wR R= |NQ@ QO
|yHwD p@=k u=R}t =D p} wiQ}= OQmrta Ow@y@ x@ QHvt Vmt MQv Q=yJ Qy |oOv=t=w
'OQ=O p@k pLt wO x@ C@Uv QDw pw] OYQO 50 QO Vmt xm |Dw=iD "OW Oy=wN
QO |oOv=t=w O=ONQ |x} w=R xm |wLvx@ CU= u}}=B Vmt MQv QO QDsm C}U=UL
u}= R= xm CU= xHQO 20 R= QDsm 'Qorta C}akwt u}= |=Q@ 'u}}=B Vmt |=yMQv
p=DU= |x} w=R 'Vmt MQv V}=Ri= =@ R}v C}akwt u}ty QO xD@r= "CU}v ?wr]t Q_vt
G}=Dv "OwW|t xOwRi= ẁtHt QO w u}ov=}t Qw] x@ p} wiQ}= |m}t=v}OwQ}; u=tOv=Q w
CQOk |=R=x@ w sm xrtL |=}=wR QO OvJQy OyO|t u=Wv |OOa pL R= pY=L
|=UB Vy=m w ;Q@ V}=Ri= =t= xDi=} Vy=m `]kt |m}t=v}OwQ}; OQmrta 'u}}=B Vmt
u}= u}ov=}t CQwYx@ xm OwW|t QU}t |QOk x@ q=@ xrtL |=}=wR QO u; R= pY=L

"OyO|t V}=Ri= |yHwD p@=k u=R}t x@ =Q p} wiQ}= OQmrta VwQ
|m}t=v}OwQ}; OQmrta u=wvax@ =UB x@ =Q@C@Uv |=kDQ= u=R}t\UwDt '2 pwOH QO
Vmt |=yMQv |=R=x@ w xOW ?=NDv= pLt xU QO Vmt |Q}oQ=mx@ =@ 'p} wiQ}=
Vy=m w ;Q@ ?} Q[ u=t-=wD V}=Ri= x@ xHwD =@ "CU= xOW xO=O u=Wv Cw=iDt
QO xS} w x@ QopQDvm Vkv '�CU= x_Lqt p@=k R}v =yu; Q}O=kt xm � =UB ?} Q[
50 QO `k=w Vmt "Ow@ Oy=wN x_Lqt p@=k Q=}U@ xHQO 10 R= QDq=@ xrtL |=}=wR
p} wiQ}= |xrtL |x@r x@ QD l}ORv xm Qo}O C}akwt wO x@ C@Uv QDw pw] OYQO
|W=v Ov=wD|t u=mt u}= |@Uv C} Rt "CU= xO=O V}=Ri= QDW}@ =Q u=tOv=Q 'OvDUy
V}=OH |x}L=v x@ QDl}ORv 'u=} QH Vmt |xQiL xJQy xm OW=@ ẁ[wt u}= R=
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"|v}@ QwD xQB QO `]=kt ?}mQD "10 pmW

[28]"|@ QHD |=yxO=O =@ uwo =vwo O=@ CaQU QO u=wD xU}=kt "11 pmW
pQDvm sDU}U p=ta= p}rOx@ TBU w O}UQ Oy=wN OwN Q=Okt u} QDW}@ x@ w xOW

"OwW|t OwOLt OwN |t=v Q=Okt x@ s=o x} w=R

u}@ QwD OQmrta w |R=Ux}@W G}=Dv "4"3
xO=O u=Wv xQB lwv CaQU C@Uv ?ULQ@ u=wD ?} Q[ |vLvt 'hr= 12 pmW QO
\w@ Qt |L=wv QO xQB lwv QO CaQU C@Uv |Dkw xm OwW|t xOy=Wt &CU= xOW

"O@=}|t Vy=m |O}rwD u=wD 'CU= O=} R w sm O=@ VRw CaQU x@
|=Q=O p} wiQ}= Q@ xOW p=ta= |xrtL |x} w=R C=Q}}eD |vLvt '? 12 pmW QO
13 pmW QO xm u=vJ "CU= xOW xO=O u=Wv xQB lwv CaQU C@Uv ?ULQ@ Vmt
OQmrta xm �12 pmW x@ xHwD =@� |oOv=t=w x@ \w@ Qt |L=wv QO 'OwW|t xOy=Wt
x@ QHvt Vmt Q=mwR=U '|ivt xrtL |=}=wR QO u}vJty w O@=}|t Vy=m u}@ QwD
Q}F-=D p}rO x@ u}}=B MQv =@ Vmt xm CU= QmP x@ sRq "OwW|t u=wD ?} Q[ Ow@y@
R}v =Q u}@ QwD u=wD 'CW=O p} wiQ}= OQmrta Q@ xrtL |=}=wR R= |NQ@ QO xm |ivt
QO XwYN x@ w q=@ Vmt MQv |=R=x@ xm CU= |r=L QO u}= "CU= xO=O Vy=m

T=}k l} 'O=@ CaQU w QwDwQ VNQJ CaQU u=}t C@Uv ?ULQ@ |OQmrta
C@Uv� =Q O=@CaQU w QwDwQVNQJCaQU u=}tC@Uv "OR=U|t umtt =Q|k]vt
QDt=Q=B 'u; QO xm Ovvm|t h} QaD 9 |x]@=Q j@=]t w Ovt=v|t �xQB lwv QO CaQU
|v=QwO CaQU N '|}x} w=R CaQU 
 'xQB `=aW R 'QwDwQ xQB lwv QO CaQU VR

%CU= xQB lwv QO CaQU C@Uv � syt w Oa@|@ C}tm "CU= QwDwQ

� = VR
VW

= R

VW

= 2�RN
60VW (9)

O}r@w}m Om =@ pL C=t}_vD "2"3
NREL |D=w=ot 5 |ki=QwLt |O=@ u}@ QwD 'VywSB u}= QO xar=]t OQwt u}@ QwD
w CU= p} wiQ}= ẁv 8 pt=W 'u}@ QwD u}= xQB "CU= s=o |x} w=R pQDvm sDU}U =@
"CU= 2 w 1 p} wi QqwmQ}U s=v =@ xQ}=O x@ l}ORv |xUOvy wO 'xQB xW} Q `]=kt
x@ =yu; |=UB ?} Q[ w xOw@ QiY l}ORv |wQ}=O `]=kt u}= |wOQy |;Q@ ?} Q[
|t=v |=yxYNWt "CU= 0 35 Q@=Q@ 2 p} wi |=Q@ w 0 5 Q@=Q@ 1 p} wi |=Q@ ?}DQD

[28]"CU= TQDUO QO u}@ QwD u}= |OQmQ=m w
O}r@ w}m Q=Ri= sQv x@ p} wiQ}= |OOa |R=Ux}@W R= pY=L G}=Dv xrLQt u}= QO
pQDvm |=Q=O `]kt |=yxO=O uOwRi= w =yxQB |UOvy |R=UpOt R= TB w xOW OQ=w
"CU= xOW xar=]t 'Vmt Qorta Q}F-=D VHvU hOy =@ u}@ QwD OQmrta 'u=} QH
'x} Q_v u}= QO "CU= xQB u=tr= swDvtwt |x} Q_v T=U= Q@ |Q=HD Om u}= |Ov@pwtQi
xOW x@U=Lt |DWoR=@ pm}U l} CQwYx@ xQB `]kt Qy QO |}=kr= |=yCaQU
|=yQwDm =i |}=Qoty =@ C}=yv QO ;Q@ |wQ}v w =UB |wQ}v ?}=Q[ w xrtL |x} w=R w
w |Owta w |U=tt |=ywQ}v T=U= u}=Q@ "O};|t CUO x@ '|U=tt w |QwLt |=kr=
u=wD w |rm u=QW}B |wQ}v xH}Dv QO w u=tr= Qy QO xOW O}rwD u=wD w u=QW}B |wQ}v

"OW Oy=wN pY=L |HwQN
xO=iDU= =@ CU= |Oa@ wO VwQ l} ,=U=U= xm xQB u=tr= swDvtwt |x} Q_v QO
u}= QO "Ov=xOW ^=Lr |OL =D |Oa@xU C=QF= CQwqo w pDv=QB K}LYD ?}=Q[ R=
VR} Q |=yx@=OQo u}vJty w |Oa@xU C=QF= |=Q@ |@ QHDxt}v C=LqY= 'VywSB
|m}t=v}OwQ}; pOt w xOW p=ta= Q=Ri=sQv \}Lt QO 'OvwW|t C=iqD= Ca=@ xm xDi=}
?rY CQwYx@ u}@ QwD |=yxQB w swrat |UOvy |=yxO=O 'Q}PB=vsm =QD u=} QH '=}=B
|m}t=v}OwQ}; ?}=Q[ x@ \w@ Qt |=yQ=Owtv 'u}@ QwD |R=Ux}@W |=Q@ "Ov=xOW ZQi
|=Q@ 'xHQO 20 =D �5 xOwOLt QO p} wi Tm}= Q=Ri=sQv \UwD `]kt Qy =@ Q_=vDt
xOW O}rwD DU21�A17 u=} QH pQDvm |=Q=O `]kt |=vFDU= x@ `]=kt |t=tD
?}=Q[ xm CU= |a]kt u=ty 'xOW |vFDUt xOa=k u}= R= xm jwi p} wiQ}= "CU=
|=R=x@ Vmt =@ x=Qty w Vmt uwO@ Cr=L wO QO |OOa pL R= u; |m}t=v}OwQ};
OQ=w xHQO 20 =D �5 xrtL |x} w=R |xOwOLt QO w xOW G=QNDU= hrDNt |=yMQv
w p} wiQ}= `]=kt GQO =@ u}@ QwD xQB xU R= |m} 10 pmW QO "OwW|t Q=Ri=sQv

"CU= xOW xO=O u=Wv u; |=yC}akwt

O}r@w}m pL |HvUCLY "3"3
Q=Ri=sQv R= xO=iDU= =@ O=@ VRw |=yCaQU h}] QO u=wD Q=Owtv '11 pmW QO
uwtvyQ w xOW sUQ NREL u}@ QwD `HQt QO OwHwt |=yxO=O u}vJty w O}r@ w}m
Owtv w xOw@ |rw@k p@=k CkO |=Q=O O}r@ w}m \UwD xOW s=Hv= C=@U=Lt xm OwW|t
QDW}@ O=@ CaQU V}=Ri= =@ u}@ QwD |O}rwD u=wD xm CU= ẁ[wt u}= R= |Q=mW;
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QDw pw] OYQO 33 5 Vmt =@ u; |@Uv Q}}eD w u=QW}B |wQ}v |vLvt "14 pmW
"p}wiQ}=

Vmt x@ xHwD =@ CU= u}@ QwD u}= |Q=m |xOwOLt xm xQB lwv CaQU C@Uv
hrDNt |=yMQv |=R=x@ xD@r= w DU21�A17 p} wiQ}= R= pLt xU QO |r=ta=
Qy QO `k=w Vmt |=Q@ u=wD ?} Q[ u}ov=}t Qw] x@ "CU= xOW x�=Q= Vmt
p} wiQ}= QDw pw] 33 5 Vmt w xOQm OWQ ,=twta 'Vmt MQv V}=Ri= =@ pLt
xOW xv}W}@ MQv QO OYQO 4 1 u=R}t x@ u=wD ?} Q[ u}ov=}t V}=Ri= x@ QHvt

"CU=
lwv CaQU C@Uv ?ULQ@ u=QW}B |wQ}v ?} Q[ |vLvt hr= �14 pmW QO
|wQ}v ?} Q[ C=Q}}eD OYQO |vLvt ?�14 pmW QO u}vJty w 'Vmt uwO@ xQB
pw] OYQO 33 5 QO `k=w Vmt =@ x=Qty 'xQB lwv CaQU C@Uv ?ULQ@ u=QW}B
|L=wv QO Vmt p=ta= "CU= xOW xO=O u=Wv hrDNt |=yMQv |=R=x@ w p} wiQ}= QDw

"xQB lwv CaQU =@ u}@ QwD OQmrta |vLvt "12 pmW

QO `k=w Vmt =@ xQB lwv CaQU C@Uv ?ULQ@ u=wD ?} Q[ C=Q}}eD "13 pmW
"QDw pw] OYQO 33 5

V}=Ri= '�u}@ QwD |Q=m xOwOLt QO� xQB lwv CaQU C@Uv xR=@ |=yDv= w =OD@= |L=wv
"OwW|t xOy=Wt u}@ QwD u=wD QO |yHwD p@=k

Vy=m w xr@=kt |}=v=wD p}rOx@ u}}=B ROrwv} Q O=Oa= QO |Wmt Qorta |Q}oQ=mx@
xS} wx@ Vmt xm xOW xO=O u=Wv w xOW O}m -=D |}x}q u=} QH QO V}=OH ?=@L C=QF=
OQ@ Q=m QO xm CiQo xH}Dv u=wD|t Q_vt u}= R= "CU= QDQF-wt CaQUsm |=yu=} QH QO
OUQ|t Q_vx@ '=t}B=wy p=@ C@Uv x@ u=} QH u}}=B CaQU x@ xHwD =@ |O=@ u}@ QwD
u}@ QwD x@ `]kt QOVmt C=QF= s}taD "OW=@ xDW=O =Q |@ wr]t u=tOv=Q |Wmt Qorta

"CU= OQm} wQ u}ty R= xDiQoQ@ 'CU= |Q=H j}kLD |Qw;wv xm |O=@
R= 15 =D 3 5 xOwOLt QO u=wD ?} Q[ C=Q}}eD u}ov=}t '3 pwOH QO
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OQmrta Ow@y@ hOy =@ |O=@ u}@ QwD xQB p} wiQ}= |wQ Q@ Vmt VywSB u}= QO
Ow@y@ u}vJty |oOv=t=w xO}OB w u=} QH V}=OH QO Q}N-=D j} Q] R= |m}t=v}OwQ};
Q=mwR=U u}= Qw[L QO p} wiQ}= |m}t=v}OwQ}; ?}=Q[ w xOW p=ta= =UB x@ =Q@ C@Uv
QO `k=w Vmt "CU= xOW G=QNDU= |OOa pL =@ u; uwO@ Cr=L QO u}vJty w
|QDy@ OQmrta u}ov=}t Qw] x@ w ẁtHt QO Qo}O pLt wO x@ C@Uv QDw pw] 33 5
xm pqODU= u}ty =@ [15w14]xOW s=Hv= C=ar=]t QO ẁ[wt u}= "OyO|t CUO x@
OR=U|t QDy@ =Q u=} QH pQDvm |WN@ QF= V}=OH ?=@L =@ Vmt |xQiL CQw=Ht

"CU= xOW VQ=Ro R}v
|OwQw |=yxO=O |x}yD =@ '|OOa pL R= pY=L G}=Dv G=QNDU= R= TB
'O}r@ w}m Om QO CaQU w =}=wR pt=m h}] |=Q@ l}t=v}OwQ}; ?}=Q[ pt=W
u}@ QwD OQmrta w OW xO=O s}taD u}@ QwD |=yxQB x@ Q=mwR=U u}= R= |W=v C=QF=
Vmt |=Q@ "CiQo Q=Qk xar=]t OQwt ẁvDt xQB lwv CaQU C@Uv ?ULQ@
MQv |=Q@ u=wD ?} Q[ u}ov=}t p} wiQ}= QDw pw] R= OYQO 33 5 QO `k=w
x@ u=wD ?} Q[ V}=Ri= "CU= xDi=} V}=Ri= OYQO 4 OwOL 'xv}W}@ Vmt
xOw@ u=QW}B |wQ}v ?} Q[ V}=Ri= =@ x=Qty OQ=wt |NQ@ QO u=} QH pQDvm p}rO
p@=k |@v=H C=QF= u}= u=wD ?} Q[ w wQ}v ?} Q[ |@Uv C=Q}}eD x@ xHwD =@ xm
G}=Dv Q@ xwqa Q[=L |xar=]t "Ow@ Oy=wN u}@ QwD xR=U |=Q@ pQDvm w VQ}PB
u=} QH pQDvm C=QF= s}taD |=Q@ |@} QkD |}xw}W '|OQwt |xar=]t R= xDiQoQ@ |:tm
|iQat =Q |O=@ u}@ QwD |Oa@xU OQmrta Cr=L x@ |Oa@ wO |xar=]t R= pY=L

"Ovm|t

s�qa CUQyi
|U}rov= s�qa �

&(m2) QwDwQ \UwD xOW ?wQ=H CL=Ut %AT
&u=wD ?} Q[ %Cp

&u=QW}B |wQ}v ?} Q[ %CT
&p=kDv= CqO=at QO x=J sQD %E


&(m2=S2) |HRr |=ywQ}v |W@vH |SQv= %Gk
&(1=S) C=W=WDe= p}rO x@ ! O}rwD %G!

&(m2=S2) |W=WDe= |W@vH |SQv= %k
&p=kDv= CqO=at QO xtWJ sQD %P
1

&p=kDv= CqO=at QO x=J sQD %P
2
&(W) u}@ QwD \UwD xOW O}rwD u=wD %PT

&(kg=s) Vmt |xQiL |tQH u=} QH MQv %Qi
&swDvtwt Ct=N[ Q=Po ROrwv} Q OOa %fRe�t

&Vmt CaQU MQv %Rj
&(s) u=} QH u=O}t C@=F x]kv |v=tR QUm %t

&(N) u=QW}B |wQ}v %TT
&(m=s) Vmt CaQU %Vj

&(m=s) O=@ VRw CaQU %VW
&(m=s) QwDwQ xQB lwv QO CaQU %VR

"Vmt =@ u=QW}B ?} Q[ C=Q}}eD u}ov=}t OYQO "4 pwOH
QDw �50 QDw �33 5 QDw �26 Vmt MQv
�0 2 �1 03 �1 44 0 022
0 2 �0 55 �1 04 0 045
1 23 0 37 �0 13 0 11
1 51 0 83 0 36 0 155

u=QW}B |wQ}v ?} Q[ 'u=wD ?} Q[ xHwD p@=k V}=Ri= x@ xHwD =@ '|oOv=t=w x@ \w@ Qt
QDsm |xrtL |=}=wR QO "CU= u=wD Ow@y@ |xv} Ry Qt= u}= xm OyO|t V}=Ri= R}v =Q
|ivt |DL u=QW}B |wQ}v C=Q}}eD OvDUy QDW}@ xQB lwv CaQU C@Uv =@ Q_=vDt xm
hr= 14 pmW QO u=QW}B ?} Q[ |rY= Q=Okt x@ xaH=Qt =@ ẁ[wt u}= xm CU=
QO "CU= Vmt u=} QH pQDvm |Q}oQ=mx@ QO Qo}O |@Uv C} Rt l} |xOvyO u=Wv
u=QW}B |wQ}v p}OaD ?@U |DL Vmt Qorta 'u=QW}B |wQ}v O=}OR= |L=wv QO `k=w

"OwW|t
|=ypLt QO u=QW}B |wQ}v ?} Q[ C=Q}}eD u}ov=}t |xOvyOu=Wv '4 pwOH
u}@ QwD |Q=m |xOwOLt QO Vmt hrDNt |=yMQv |=R=x@ w xDiQ Q=m x@ Vmt
xOW p=ta= |=yMQv |=R=x@ w pLt Qy QO Vmt O=H}= =@ ?} Q[ u}= "CU=
V}=Ri= u; Q=Okt QO QDW}@ |=yMQv QO =t= 'OQ=O Vy=m x}=B Cr=L x@ C@Uv ,=twta
|k]vt u=wD ?} Q[ V}=Ri= u=R}t =@ xU}=kt QO V}=Ri= u}= "OwW|t xOy=Wt
QO "Ow@ Oy=wN u=QW}B |wQ}v lOv= C=Q}}eD u}= ptLD x@ QO=k u}@ QwD xR=U w xOw@
u}@ QwD xR=U w GQ@ x@ xm OW=@ u=QW}B V}=Ri= Ov=wD|t u=wD Ow@y@ |xv} Ry `k=w
u=wD w OQmrta Ow@y@ hOy =@ =Q wQ}v V}=Ri= u}= u=wD|t =Pr w OwW|t p=ta=

"CiQ}PB
u; QwDwQ xQB R= |}xOwOLt x@ xm Vmt Qw[L QO u}@ QwD |R=Ux}@W G}=Dv
?} Q[ QDsm V}=Ri= x@ QHvt u}}=B Vmt |=yMQv xm OyO|t u=Wv 'xOW p=ta=
QO "CU=m Oy=wN u=QW}B |wQ}v COW R= Vmt 'Cq=L u}= QO =t= CU= xOW u=wD
xDU=m u=wD ?} Q[ R= 'p} wiQ}= QDw pw] OYQO 26 QO `k=w Vmt |=Q@ 0 022 MQv
=Q u=QW}B |wQ}v ?} Q[ Cr=L u}= QO |r=ta= Vmt xm CU= |r=L QO u}= =t= xOW
?} Q[ V}=Ri= |xv}W}@ u}ov=}t Qw]x@ "CU= xO=O Vy=m OYQO 1 44 u=R}t x@
x@ w xOw@ xv}W}@ MQv |=R=x@ w p} wiQ}= QDw OYQO 33 5 QO `k=w Vmt |=Q@ u=wD

"CU= OYQO 4 1 u=R}t
OQmrta |=kDQ= xv}W}@ 'OW xQ=W= |Oa@ wO pL G}=Dv VN@ QO xm u=vJ
xv}W}@ COW =} MQv |=R=x@ w QDw pw] OYQO 50 QO `k=w Vmt |=Q@ p} wiQ}=
|m}t=v}O C=QF= w xrtL |=}=wR ẁvD p}rOx@ |O=@ u}@ QwD OQwt QO =t= 'OW pY=L
Qw] x@ QDw OYQO 33 5 C}akwt QO w xv}W}@ Vmt MQv QO C}@ wr]t u}=
u=} QH QopQDvm CLD xm xQB R= |}xOwOLt `k=wQO "CU= xOW pY=L u}ov=}t
Ow@y@ xm OQ}o|t Q=Qk |}xrtL |=}=wR ZQat QO u}ov=}t Qw] x@ 'OQ=O Q=Qk
QDw OYQO 33 5 QO `k=w Vmt |=Q@ =}=wR u; QO p} wiQ}= |m}t=v}OwQ}; OQmrta
xv}tR u}= QO OvJ Qy "CU= QDw OYQO 50 QO `k=w Vmt R= QDy@ w QDW}@
[26w23]xOW s=Hv= C=ar=]t QO =t= xOWv VQ=Ro |r@k C}r=ai s}kDUt Qw] x@
|O=@ u}@ QwD OQmrta Ow@y@ QO u=} QH pQDvm Qo}O |=yxw}W |Q}oQ=mx@ G}=Dv x@
OvwQ 'xQB `]=kt QO u=} QH pQDvm |=yxw}W u; |}=Q=m =@ ?U=vDt w xOW xQ=W=
xOW VQ=Ro w xOy=Wt R}v u}@ QwD OQmrta QO u=wD ?} Q[ Ow@y@ R= |y@=Wt

"CU=
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&(kg=m:s) p=}U |m}t=v}O |wQv=Qo %�
&(m2=s) p=}U |m}D=tv}U |wQv=Qo %�

&(kg=m3) =wy |r=oJ %�
&(N=m2) |WQ@ VvD %�

&(1=s) C=W=WDe= Tv=mQi %!
"(Rev=min) QwDwQ VNQJ |}x} w=R CaQU %


=yT}wvQ} R �
"xQB lwv CaQU C@Uv %TSR

&(m=s) O=R; u=} QH CaQU %V1
&(kg=m:s2) Q}PBsm =QD C=W=WDe= |v=Uwv \=U@v= %YM

"(1=S) C=W=WDe= p}rO x@ ! hqD= %Y!
|v=vw} s�qa �

&(kg=m:s) |W=WDe= |W@vH |SQv= QF-wt VNB %�k
&(kg=m:s) hqD= xS} w MQv QF-wt VNB %�!

&Q=Po QwDm =i %

&(deg) Vmt x} w=R %�j

�References� `@=vt
1. Vestergaard J et al. (2017) \A brief history of the

wind turbine industries in denmark and the united
states, academy of international business (Southeast
USA Chapter) ", Conference Proceedings, pp.322-327
(November 2004).

2. Hau, E., Wind Turbines Fundamentals, Technologies,
Application, Economics. 2nd edition. Springer (2006).

3. Owens, D.B. and Perkins, J.N., Improved Performance
on Highly Swept Wings by Suction Boundary-Layer Con-
trol, AIAA paper No. pp. 1996-0431 (1996).

4. Fournier, G. and et al. \Control by suction of an in-
compressible 
ow past a circular cylinder: comparison
between experimental and LES results", In: AIAA Flow
Control Conference, Portland, OR, 28 June-1 July, paper
no pp. 2004-2119 (2004).

5. Carnarius, A. and et al. Numerical Study of The Opti-
mization of Separation Control, 45th AIAA Aerospace
Sciences Meeting and Exhibit, Reno-Nevada, 8-11 Jan-
uary, Paper No. (2007).

6. Wahidi, R.A. and Bridges, D.H. \E�ects of distributed
suction on airfoil at low Reynolds number", AIAA Jour-
nal, 3, pp. 523-539 (2012).

7. Goodarzi, M. and et al. \Investigation of 
ow control
over a NACA0012 airfoil by suction e�ect on aerody-
namic characteristics", Canad. J.Mech. Sci. Eng, 3, pp.
102-109 (2012).

8. Redha, W. and David, B. \Suction e�ects on the tran-
sition and reattachment of a transitional bubble", In:
51st AIAA Aerospace Sciences Meeting, Grapevine (Dal-
las/Ft. Worth Region), TX, pp. 7-10 (2013).

9. Azim, R. and et al. \Numerical investigation on the de-
lay of boundary layer separation by suction for NACA
4412", Procedia Engineering, 105, pp. 329-334 (2015).

10. Zhang, W. and et al.\Main characteristics of suction con-
trol of 
ow separation of an airfoil at low Reynolds num-
bers", European Journal of Mechanics-B/Fluids, 65, pp.
88-97 (2017).

11. Arunraj, R. and et al. \Experimental investigation of lift
enhancement by suction assisted delayed separation of
the boundary layer on NACA 0012 airfoil", Int. Journal
of Ambient Energy, 40(3), pp.243-247 (2017).

12. Shehata, A.S. and et al. \Passive 
ow control for aero-
dynamic performance enhancement of airfoil with its ap-
plication in Wells turbine - under oscillating 
ow condi-
tion", Alexander 2017 Ocean Eng, 136, pp. 31-53 (2017).

13. Shehata, A.S. and et al. \Enhancement of performance
of wave turbine during stall using passive 
ow control:
�rst and second law analysis", Renewable Energy, 113,
pp. 369-392 (2017).

14. Ma, D. and et al. \Research of the suction 
ow control
on wings at low reynolds numbers", Proceedings of the
Institution of Mechanical Engineers, Part G: Journal of
Aerospace Engineering, 232(8), pp. 1515-1528 (2018).

15. Lei, J. and et al. \Suction control of laminar separa-
tion bubble over an airfoil at low reynolds number", Pro-
ceedings of the Institution of Mechanical Engineers, Part
G: Journal of Aerospace Engineering, 233(1), pp. 81-90
(2019).

16. Rankine WJM. \On the mechanical principles of the ac-
tion of propellers", Transt Inst Naval Archit, 6, pp. 13-39
(1856).

17. Froude RE. \On the part played in propulsion by dif-
ferene in pressure", Transt Inst Naval Archit, 30, pp.
390-423 (1889).

18. Glauert, H. \Airplane propellers. In: Durand WF", edi-
tor, Aerodynamic theory, 4, Dover (1943).

19. Habali, S.M. and Saleh, I.A. \Local design, testing and
manufacturing of small mixed airfoil wind turbine blades
of glass �ber reinforced", Energy Conversion and Man-
agement, 41, pp. 249-280 (2000).

20. Duquette, M. \The e�ect of solidity and blade num-
ber on the aerodynamic performance of small horizontal
axis wind turbines", Master's thesis, Clarkson Univer-
sity, Potsdam (2002).

21. Jureczko, M. and et al. \Optimisation of wind tur-
bine blades", Journal of Materials Processing Technol-
ogy, 167, pp. 463-471 (2005).

88



1|
xQ=t

W'
37

�3
|xQ

wO'
�14

00
Q=y@

�h
}QW

l}
v=mt

|U
Ovyt 22. Tahir, A. and et al. \Optimization of small wind tur-

bine blades using improved blade element momentum
theory", Wind Eng, 43(3), pp. 299-310 (2018).

23. Kavari, G. and et al. \Wind shear e�ect on aerodynamic
performance and energy production of horizontal axis
wind turbines with developing blade element momentum
theory", Journal of Cleaner Production, 219, pp. 368-
376 (2019).

24. Menter, F.R. and et al. \Transition modelling for general
purpose CFD codes", Flow, Turbulence and Combustion,
77(1-4), pp. 277-303 (2006).

25. Vostruha, K., Pelant. and J. \Perturbation Analysis of
\k�!" and \k�"" Turbulent Models", Wall Functions.

EPJ Web of Conferences, 45, EDP Sciences (2013).

26. Karim, M.A. and Acharya, M. \Suppression of dynamic
stall vortices over pitching airfoils by leading-edge suc-
tion", AIAA J, 32, pp. 1647-1655 (1994).

27. Zanon, A. and et al. \Wind energy harnessing of the
NREL 5MW reference wind turbine in icing conditions
under di�erent operational strategies", Renewable En-
ergy, 115, pp. 760-772 (2018).

28. Jonkman, J. and et al. \De�nition of a 5MW refer-
ence wind turbine for o�shore system development",
(No. NREL/TP-500-38060). National Renewable Energy
Lab.(NREL), Golden,CO(US) (2009).

89




