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|}xkvRwP |=yxQB QO QDw pO=at Q=Okt c3 4 w xQB s=o |x} w=R � 'xQB QiY |xrtL

"CU=

|m} QDmr= QwDwt |[=} Q pOt "1"2
R= xO=iDU= =@ w 3 pmW x@ xHwD =@ 'Q}eDt s=o QwDwQO=wm |[=} Q pOt p}tmD |=Q@

&CWwv u=wD|t [17]hyWQ}m uwv=k
v = Ri+ 


KV
(9)
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"""s
=o|

=yQw
DwQO

=wm|
D=}rt

a|
Ot;Q

=mO
w@y@R=wQB |=Q@ |rY= QwDwQ R=}v OQwt CU=QD 'OwW|t xOy=Wt 4 pmW QO xm u=vJ

QwDwQ |v=QwO CaQU R= |irDNt C=@}mQD QO sQo 600 uRw =@ Oy=W |xOvQB |=DU}=
CU=QD Q}}eD CaQU "CU= |@=}CUO p@=k �xrtL |x} w=R� s=o |x} w=R w |rY=
CaQU C=Q}}eD x@ C@Uv Q}}eD CaQU R= QDq=@ Q=}U@ xQB s=o |x} w=R C=Q}}eD |=R=x@
C@Uv Q}eDt s=o QwDwQO=wm Cwk |x]kv u}= O}OQD uwO@ xm CU= |rY= QwDwQ u=QwO
QwDwQ |v=QwO CaQU C=Q}}eD Cr=L |=[i CQwY 15 |xrO=at "CU= C@=F s=o x@
&CU= |rY= QwDwQ |v=QwO CaQU w �xrtL |x} w=R� s=o |x} w=R |=yQ}eDt x@ |rY=
u=QW}B xawtHt l} |=Q@ TqBq |=[i QO 15 p}O@D `@=wD uOQw; CUO x@ =@ =Pr

%xm CU= K[=w 'hrDNt Q=mwR=U wO =@
�T (s)
�v(s)

= 0 2172
s+ 0 536 (16)

�T (s)
��(s)

= 6 742s+ 3 161
s+ 0 536 (17)

Q=Okt |wQ xOvQB QO |v=QwO CaQU 'Q}eDt s=o w C@=F s=o |=yQ=mwR=U |@=} RQ= |=Q@
"CU= xOW xDiQo Q_v QO x}v=F Q@ u=}O=Q 850 OwOL pO=at xk}kO Q@ QwO 8000
MU=B x}rw= \}=QW u}= =@ "CU= � = 70 Q=Okt R}v |rY= QwDwQ s=o |x} w=R u}vJty
"CU= xOW xO=O u=Wv 6 w 5 p=mW= QO 'OL=w xrB CU=QD u=tQi x@ u=QW}B |xv=t=U
|QDq=@ CaQU R= Q}eDt s=o |xv=t=U 'OwW|t xOy=Wt 5 pmW QO xm xvwou=ty
'O@=}|t V}=Ri= xQB s=o |x} w=R Q=Okt xm |t=ovy O=O u=Wv u=wD|t "CU= Q=OQwNQ@
V}=Ri= R= pY=L p}Uv=DB |SQv= x@ w xOW xDU=m |rY= QwDwQ |v=QwO CaQU xR=Ov=

QwDwQO=wm QO|rY= QwDwQ u=QwOCaQU w s=o x}w=R?ULQ@CU=QD C=Q}}eD "4 pmW
"Q}eDt s=o

"CU=QD V}=Ri= OL=w xrB u=tQix@ u=QW}B |xv=t=U MU=B "5 pmW

"CU= xOWh} QaD sDU}U |OwQw u=wvax@ (v; �) wCr=L Q}eDt u=wvax@ 
 u; QO xm
V}=tv Rp =@ QwDwt |m} QDmr= Ctw=kt R= l}miD CyH xQB `=aW OwW|t Qw;O=}
C=Q}}eD x@ =Q |rY= QwDwQ u=QwO CaQU Q}}eD |x]@=Q 15 |xrO=at "CU= xOW xO=O
s=o |=yQwDwQO=wm |m}t=v}O Q=DiQ |xU}=kt u=mt= w xO=O x�=Q= xQB s=o |x} w=R w S=Drw

"CU= xOQm O=H}= =Q Qo}Om} =@ C@=F s=o w Q}eDt

u}}=B ROrwv} Q QO xQB |m}t=v}OwQ}; ?}=Q[ "3
xH}DvQO w CU= u}}=B ROrwv} Q OOa Q=Okt 'lJwm O=a@= p}rOx@ QwDwQO=wm l} QO
xO}OB u}= 'Qo}O CQ=@ax@ "OwW|t |Y=N l}t=v}OwQ}; C=t=Rr= x@ QHvt s=Q; u=} QH

"OW Oy=wN [18]=yQwDwQO=wm QO |m}t=v}OwQ}; ?}=Q[ |x@U=Lt |oO}J}B Ea=@
1 pwOH |vi C=YNWt =@ =Q |QwDwQO=wm '\@=wQ |R=UxO=}B |=Q@ j}kLD u}= QO
OwOL =DU}= R=wQB R=i QO |rY= QwDwQ xQB |wQ ROrwv} Q OOa xv}W}@ "s} Q}o|t Q_v QO
?}=Q[ XFOIL Q=Ri=sQv R= xO=iDU= =@ 'ROrwv} Q u}}=B OOa x@ xHwD =@ "CU= 105

x�=Q= 2 pwOH QO w x@U=Lt �NACA 0009 p} wiQ}=� xQB u=tr= |m}t=v}OwQ};
xOW K} QWD xO=iDU= OQwt |m} QDmr= QwDwt C=YNWt R}v 3 pwOH QO "CU= xOW

"CU=

C@=F s=o w Q}eDt s=o |=yQ=mwR=U |R=Ux}@W "4
s=o QwDwQO=wm QO |rY= QwDwQ |v=QwO CaQU w xQB s=o ?ULQ@ CU=QD |wQ}v C=Q}}eD
?}=Q[ |Q=PoQ=@ =@ Q}eDt s=o QwDwQO=wm OQmrta "CU= xOW x�=Q= 4 pmW QO Q}eDt

"CU= xOt; CUO x@ 8 w 7 CqO=at QO 2 pwOH
[12]"Q}eDt s=o QwDwQO=wm C=YNWt "1 pwOH

Q=Okt O=L; Q}eDt
0 6 kg (W ) CU=NQ@ uRw xv}W}@

AXI-2208 |m} QDmr= QwDwt
0 013 kg.m2 Iz |UQv}= u=tt
0 0075 kg.m2 Ix |UQv}= u=tt
0 0075 kg.m2 Iy |UQv}= u=tt

17 cm (L) u=QW}B |wR=@ pw]
NACA 0009 xQB p} wiQ}=

2 5 cm xQB QDw
11 cm xQB `=aW

0 0007 kg.m2 (I) u=QW}B |xv=t=U |xOvOQo C=a]k |UQv}= u=tt

"105 ROrwv} Q w 0 1 M=t QO 0009 =m =v p}wiQ}= |m}t=v}OwQ}; ?}=Q[ "2 pwOH
CL� CL0 CD0 CDi = CD2
2 87 0 0 0123 0 021

"[12]"AXI-2208 QwDwt C=YNWt "3 pwOH
KV Kq R i0
1100 100 0 26 0 35
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1|
xQ=t

W'
34

�3
|xQ

wO'
�13

97
Q=y@

�h
}QW

l}
v=mt

|U
Ovyt

Ov};Q@ xr}Uwx@ u; QO u=mt w C}akwt xm u=QW}B QwLt Q=yJ =@ QwDwQO=wm "7 pmW
"OwW|t u}t-=D Qw=DWo w CU=QD

Ci w CU= xOvQB |rY= |=yQwDwQ R= s=OmQy QO CU=QD |wQ}v Q=OQ@ Q}O=kt Ti
|rY= |=yQwDwQ CU=QD Q=OQ@ Cq[=iD x@ xOvQB |r=ta= |=yQw=DWo ?U=vD ?} Q[
xO=iDU= =@ R}v |UQv}= C=YDNt QO xOvQB u=mt |xrO=at "CU= hrDNt |=y=DU=Q QO

%R= CU= CQ=@a |vO@ C=YDNt QO xOvQB |]N CaQU w Qr} w= |=}=wR R=2664 _x

_y

_z

3775 = R'� �1

2664 uv
w

3775 (22)

x; y; z w OQ@|t |UQv}= x@ |vO@ C=YDNt R= =Q CaQU R�1
'� p=kDv= T} QD=t

|xrO=at 22 =D 18 CqO=at T=U= Q@ "CU= |UQv}= C=YDNt QO xOvQB u=mt R}v
%R= CU= CQ=@a xOvQB Cr=L '=[i

xT = (z; '; �;  ; _z; _'; _�; _ )

_x =

266666666666666664

x5
x6
x7
x8

(cos � cos'u4 �mg)=m
bu1
Ix

+ (Iz�Iy)x5x6
Ix

+ Izrot :!zrot :x5
Ix

bu2
Iy

+ (Ix�Iz)x4x6
Iy

� Izrot :!zrot :x4
Iy

u3
Iz

+ (Iy�Ix)x4x5
Iz

+ Izrot _!zrot
Iz

377777777777777775
(23)

=DU}= Qwv=t QO pQDvm sDU}U |@=} RQ= w |R=UxO=}B xm u}= x@ xHwD =@ j}kLD u}= QO
CqO=at '|rN=OD |=ysQD R= Q_v hQY w =DU}= R=wQB uDiQo Q_v QO =@ 'xDiQ}PB CQwY

%OwW|t xH}Dv xOvQB CmQL

A =

266666666666666664

0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

377777777777777775

"CU=QD V}=Ri= u=tQix@ |rY= QwDwQ |v=QwO CaQU "6 pmW

|SQv= R= |WN@ CiQo xH}Dv u=wD|t T=U= u}= Q@ "OwW|t p}O@D xOvQB `=iDQ=
"�6 pmW� OwW|t ;Q@ Q=Okt V}=Ri= Ea=@ xQB QO xOW xQ}NP |W@vH

Q}eDt s=o QwDwQO=wm |m}t=v}O pOt "5
'xvO@ pt=W Q}eDt s=o QwDwQO=wm |O=R; xHQO VW |m}t=v}O CqO=at VN@ u}= QO
CmQL CqO=at h} QaD j@] [19]"OwW|t G=QNDU= |m} QDmr= QwDwt '|rY= QwDwQ

%R= Ov=CQ=@a |v=QwO2664 _p

_q

_r

3775 =

26664
bu1
Ix

+ (Iz�Iy)qr
Ix

+ Izrot :!zrot :q
Ix

bu2
Iy

+ (Ix�Iz)pr
Iy

� Izrot :!zrot :p
Iy

u3
Iz

+ (Iy�Ix)pq
Iz

+ Izrot _!zrot
Iz

37775 (18)

%=@ CU= Q@=Q@ pkF RmQt |]N CmQL CqO=at u}vJty
_u = (vr � qw � g sin �)

_v = (wp� ru� g sin' cos �)

_w = (qu� pv � 1
m
u4 + g cos' cos �) (19)

|vO@ C=YDNt QO |]N |=yCaQU (u; v; w) '|v=QwO |=yCaQU (p; q; r)

|=}=wR ('; �;  ) ut[ QO "CU= xOvQB |=yQwDwQ |v=QwO CaQU Ov};Q@ !zrot w
|v=UQRwQx@ x_LrQy QO 20 |x]@=Q R= xm CU= `HQt C=YDNt QO QwDwQO=wm Qr} w=

&OwW|t2664 _'
_�
_ 

3775 =

2664 1 sin' tan � cos' tan �

0 cos' � sin'

0 sin'= cos � cos'= cos �

3775
2664 pq
r

3775 (20)

w CU=QD Q=Okt C=Q}}eD R= xm OvDUy xOvQB |rQDvm |=yu=tQi (u1; u2; u3; u4)
%�7 pmW� Ov};|t CUO x@ u=QW}B xawtHt Q=yJ Qw=DWo

u1 = C1(T4 � T2)

u2 = C2(T1 � T3)

u3 = �2 + �4 � �1 � �1 � C3 � (�T1 + T2 � T3 + T4)

u4 =
4X

(i=1)

Ti (21)
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"""s
=o|

=yQw
DwQO

=wm|
D=}rt

a|
Ot;Q

=mO
w@y@

"|]NwO p=kDv= "8 pmW
"H1 |R=Uxv}y@ OvwQ "4 pwOH


 Hx x1 Hy y1 �xy p=f

4 8 7 2 0 043 30 4 8 0 5253 p

2 768 7 1 0 043 30 5 3 11 802 f

3 796 7 2 0 043 30 5 0 879 p

3 282 7 2 0 043 30 5 1 1 2147 p

3 539 7 2 0 043 30 5 11 025 f

3 668 7 2 0 043 30 5 0 9481 p

3 603 7 2 0 043 30 5 0 9858 p

|=Q@ "CU= |HwQN uRw `@=wD u}}aD |=Q@ |v} Ro}=H |]NwO p=kDv= |=yQDt=Q=B
(P1 = 0 5; P2 = 30) CQwYx@ p=kDv= u}= |=yQDt=Q=B 'xOvvmpQDvm |L=Q]

"CU= xOW ?=NDv=

H1 |R=Uxv}y@ VwQ =@ xOvvmpQDvm "7
H1 w xOW xDiQo Q_v QO 1 |vRw `@=wD '`=iDQ= p}O@D `@=D |]NwO p=kDv= R= TB
|=Q@ |}x}rw= Q=Okt xm CU= CQwY u}O@ R}v |R=Uxv}y@ OvwQ "OwW|t |R=Uxv}y@
xOt; CUO x@ (x1; y1) xS} w Q}O=kt u; ZQi =@ TBU &OwW|t xDiQo Q_v QO 


 Q=Okt 'OQm jOY Qw@ Rt \QW Qo = "OwW|t |UQQ@ �(x1; y1) < 
2 \QW w
4 pwOH QO |R=Uxv}y@ u}= OvwQ "OwW x@U=LtH1 |xv}y@ Q=Okt =D O@=}|t Vy=m

"CU= xOW x�=Q=
TB "CU= Oa@ |xrLQt |=Q@ 
 Q=Okt Vy=m w \QW |Q=QkQ@ |xv=Wv P QDt=Q=B

%O};|t CUO x@ Q} R CQwYx@ xOvvmpQDvm `@=D '|R=Uxv}y@ R=

KH1 bilin h = 3 062s2 + 2 735s+ 0 602
s2 + 4 633s+ 1 937

|=yxOvvmpQDvm p}O@D `@=wDH1 |R=Uxv}y@ w |]NwO p=kDv= R= xO=iDU= =@ u}vJty
"OwW|t |R=UxO=}B sDU}U |wQ w xOt; CUO x@ R}v (�; ') |=}=wR

KH1 bilin ' = 1 047s2 + 1 03s+ 0 2546
s2 + 10 33s+ 5 042

KH1 bilin � = 1 047s2 + 1 03s+ 0 2546
s2 + 10 33s+ 5 042

QO Q}eDt s=o QwDwQO=wm |R=Ux}@W 'MATLAB Q=Ri=sQv Simulink R= xO=iDU= =@

B =

266666666666666664

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1

m
b
ix

0 0 0
0 b

iy
0 0

0 0 1
iz

0

377777777777777775
C =

2666664
1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0

3777775
D = 0 (24)

xQB s=o Q}}eD x@ C@Uv =DU}= R=wQB R=i QO (�) xOvQB I}B |x} w=R p}O@D `@=D xH}DvQO
&=@ CU= Q@=Q@ (��) |rY= QwDwQ

�(s)
��(s)

= �(s)
�l(s)

� �l(s)
��(s)

= 2b
s2Iy

� 6 742s+ 3 161
s+ 0 536 (25)

w 1 xQ=tW |=yQwDwt QO ;Q@ hqDN=� ;Q@ |wQ}v x@ xOvQB I}B |x} w=R p}O@D `@=D �=�l
xrtL |x} w=R Q}}eD C@Uv x@ u=QW}B sDU}U QO |O}rwD |;Q@ p}O@D `@=D �l=� w �3
|xOvQB I}B |x} w=R p}O@D `@=D 'p}O@D `@=D wO u}= ?}mQD "CU= �xQB Q}eDt s=o � xQB
w xOvQB pkF RmQt R= u=QW}B |;Q@ |wQ}v |wR=@ pw] R}v b "OyO|t x�=Q= =Q Q}eDt s=o
u}ty x@ R}v xOvQB |O=R; C=HQO Qo}O "CU= y QwLt pwL xOvQB |UQv}= u=tt Iy

%O};|t CUO x@ ?}DQD
'(s)
��(s)

= 2b
s2Ix

� 6 742s+ 3 161
s+ 0 536

 (s)
��(s)

= 0 045
s2Iz

� 6 742s+ 3 161
s+ 0 536

z(s)
��(s)

= 4
s2m �

6 742s+ 3 161
s+ 0 536 (26)

xOvvmpQDvm |L=Q] "6
OwHw u}vJty |m}t=v}OwQ}; |R=UpOt QO =]N OwHw p}rOx@ Q}eDt s=o QwDwQO=wm
"CU= C}a]k sOa |=Q=O |rY= |=yQwDwQ |B wmUwQ} S C=QF= Q}_v |rqDN= |=ysQD
swUQt |=yVwQ =@ CQwY u}= QO xm OW=@ nQR@ O=a@= |=Q=O xOvQB Qo = xS} wx@
CU= sRq |Q=O}=B u}t[D |=Q@ u}=Q@=v@ [20]"CU}v Q}PBu=mt= xOvvmpQDvm |L=Q]
V}=tv x@ =Q |@U=vt Q=DiQ =yC}a]k sOa Qw[L QO xm OwW |L=Q] |}xOvvmpQDvm
'|Q=O}=B pt=W |rY= |=yCrYN 'syt u}= s=Hv= =@ sw=kt |xOvvmpQDvm "OQ=Po@
=@ VN@ u}= QO "Ovm|t u}t[D |i}m w |tm CQwYx@ =Q V=WDe= hPL w |@=}OQ
u}t[D =y|v}at=v Qw[L QO xOvQB |Q=O}=B [21] H1 |R=Uxv}y@ VwQ R= xO=iDU=
s=y@= =@ =Q H1 |R=Uxv}y@ VwQ R= xO=iDU= =@ xOvvmpQDvm |L=Q] xJv; "OwW|t
pmWt u}= pL |=Q@ "CU= 26 w 25 CqO=at -=O@t QO ?]k OwHw Ovm|t xH=wt
R= TB "OwW|t hPL -=O@t ?]k TqBq |=[i QO [23w22] 2|]NwO p=kDv= =@
|rY= |xOvvmpQDvm p}O@D `@=D '|]NwO p}O@D uOQm Twmat R= 'xOvvmpQDvm |L=Q]

"�8 pmW� O};|t CUO x@
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1|
xQ=t

W'
34

�3
|xQ

wO'
�13

97
Q=y@

�h
}QW

l}
v=mt

|U
Ovyt OYQO 30 |=]N =@ C}a]k sOa |x@U=Lt |=Q@ xm xOvQB |=yxYNWt "5 pwOH

"Ov=xOw@ Q}eDt
��� Tv=QwrD |t=v Q=Okt O=L; Q}eDt
�30 1 22 kg/m3 =wy |r=oJ
�30 2 87 xQB |;Q@ ?} Q[
�30 0 1143 m xQB `=aW
�30 0 022 m xQB QDw
�30 0 12 CD0
�30 2 03 E� 05 bL
�30 0 021 CD2
�30 116 rad/s.vol KV
�30 0 35 Ohm R

�30 0 35 Amp i0
�30 100 Amp/Nm Kq
�30 6000 RPM QwDwQ u=QwO CaQU
�30 0 000697 kg.m2 (Ib) xQB nv}Bri |UQv}= u=tt
�30 0 35 m wR=@ pw]
�30 0 0075 kg.m2 (Iz) |UQv}= u=tt
�30 0 013 kg.m2 (Ix) |UQv}= u=tt
�30 0 13 kg.m2 (Iy) |UQv}= u=tt
�30 0 6 kg xOvQB sQH

|xOvvmpQDvm =@hrDNt|=yC}a]k sOa Qw[LQO QwDwQO=wm|xOvQBMU=B "11pmW
"xOW|L=Q]

"C}akwt |v=Uwv |OwQw x@ Q}eDt s=o QwDwQO=wm |R=Ux}@W "12 pmW

|OwQw u}vJty w 9 pmW QO `=iDQ= Q=Okt |=Q@ |Uwv}U |OwQw x@ sDU}U MU=B
"CU= xOW x�=Q= 10 pmW QO xHQO 5 Q=Okt x@ '; |=}=wR C@=F xrB

30 C}a]k sOa 'xOW |L=Q] |xOvvmpQDvm |Q=O}=B u}t[D V}=tv |=Q@
u}vJty "OwW|t |R=UxO=}B xOvQB |m}t=v}OwQ}; w |m} R}i C=YNWt QO |OYQO
5 pwOH j@=]t u; |=yQ}eDt s=tD w O}rwD Q=Ri=sQv QO Q}eDt s=o Qorta |QDt=Q=B pOt

"OwW|t xO=O Q}}eD |iO=YD CQwYx@ Q_v OQwt |xOwOLt QO
Qw[L QO OL=w xrB |OwQw u=tQi QO QwDwQO=wm I}B |x} w=R Q=DiQ 11 pmW QO
|x} w=R R= '|HQ=N |xkrL l} QO R}v xOvQB C}akwt pQDvm |=Q@ "CU=yC}a]k sOa
|=DU=Q xU QO |Uwv}U CmQL QwDUO x@ sDU}U MU=B "OwW|t xO=iDU= ('; �)

u=QW}B |=yxawtHt R= s=OmQy CU=QD Q=Okt w 12 pmW QO `=iDQ= w |[Qa '|rw]
"CU= xOW xO=O V}=tv 13 pmW QO Qwv=t |]

[24]� RDvU |xOvvmpQDvm =@ Twmat R=wQB "1"7
|xOvvmpQDvm "CU= Twmat R=wQB uOQm xOQw;Q@ QO Q}eDts=o |xOvQB |=yC} Rt R=|m}
R= |Q=O}=B u}t[D w q=@ |Q=mx_i=Lt p}rOx@ H1 |R=Uxv}y@ VwQ =@ xOW|L=Q]
"OwW|t pmWt Q=JO Twmat R=wQB Qwv=t |=Q@ w CU= Q=OQwNQ@ |v}}=B |Q}PB Qwv=t
|R=Uxv}y@ w =yC}a]k sOa uOw@ |Q=DN=U ^=Lr =@ � RDvU VwQ 'p@=kt QO
sOa Qw[L QO =yvD VwQ u}= "Ovm|t |L=Q] =Q xOvvmpQDvm |Q=DN=U u}mD Q=Okt
^iL R}v =Q sDU}U |m q=J u=tRsy w xO}WN@ Ow@y@ =Q |Q=mx_i=Lt =yC}a]k

"Ovm|t
lq=J xD@r= w sw=kt |xOvvmpQDvm l} � RDvU R= xO=iDU= =@ VN@ u}= QO
=Q |t=v Cr=L p}O@D `@=D =OD@= '=yC}a]k sOa |R=UpOt |=Q@ "OwW|t |L=Q]

"`=iDQ= |Uwv}U |OwQw x@ Q}eDt s=o QwDwQO=wm Q=DiQ "9 pmW

"C@=F xrB |OwQw x@ Q}eDt s=o QwDwQO=wm Q=DiQ "10 pmW
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"� RDvU QO |vRw `@=wD w pQDvm sDU}U Q=DN=U "15 pmW
"D-K Iteration VwQ =@ � RDvU Q}O=kt "6 pwOH

Iteration Summary

4 3 2 1 Iteration

14 14 10 4 Controller Order

10 10 6 0 Total D-Scale Order

1 207 1 17 1 15 2 63 Gamma Achieved

1 207 1 17 1 15 2 63 Peak mu-Value

"Ovm|t pmWt Q=JO =Q u; |R=UxO=}B xm CU= Q=OQwNQ@ |}q=@ |x@DQt R=

K =

1 385� 104s9 + 1 127� 107s8 + 3 896� 107s7

+3 313� 108s6 + 1 017� 109s5

+1 359� 109s4 + 8 116� 108s3

+1 804� 108s2 + 4 353� 106s+ 27860
s10 + 1374s9 + 2 461� 105s8 + 1 512� 107s7

+4 418� 108s6 + 3 262� 109s5

+6 036� 109s4 +  156� 109s3

+9 634� 108s2 + 1 292� 107s+ 11960

[25]x@DQt Vy=m "2"7
xr�Ut u}= "OvQ=OQwNQ@ |}q=@ x@DQt R= OvwW|t |L=Q] sw=kt VwQx@ xm |}=ypQDvm
|=yVwQ "OW Oy=wN |Q=Oxov CqmWt w |R=UxO=}B Ov}=Qi uOWxO}J}B Ea=@
'xv}y@ OQmrta R= |Q=OQwNQ@ ut[ xm OyO|t x�=Q= =Q |O}OH `@=D x@DQt Vy=m
p}rkD sDU}U 'x@DQt Vy=m |=yVwQ QO "CU= Q=OQwNQ@ R}v |QDu}}=B |oO}J}B R=
Vy=m Qo}OCQ=@ax@ "OvQw;|t CUO x@ =]N sQv xv}tm =@ =Q Gr(s) xDi=} x@DQt
pmvy sQv |R=Uxv}y@ "jjG(s)�Gr(s)jj Q=Okt uOQmxv}tm R= CU= CQ=@a x@DQt
`@=D sQv hqDN= �pmvy sQv� s=vx@ |}xYNWt h} QaD =@ xm CU=yVwQ u}= R= |m}
|xOvvmpQDvm 'VwQ u}= R= xO=iDU= =@ "Ovm|t xv}tm =Q |rY= `@=D =@ xDi=} x@DQt Vy=m
xO=O x@DQt Vy=m 4 xHQO `@=D l} x@ � RDvU R= xO=iDU= =@ xOW|L=Q] 10 |x@DQt

%OwW|t

K= 2 543� 104s3 + 3 363� 105s2 + 5 675� 105s+ 4357
s4 + 978 2s3 + 2 761� 105s2 + 3 512� 106s+ 365

'|v=Uwv C}akwt u=tQi ?}kaD |=Q@ =yQwDwQ R= l} Qy CU=QD Q=Okt "13 pmW
QD=Qi uDw}v 2 5 R= R=wQB |] w xOw@ R=Ht |xOwOLt QO |O}rwD CU=QD Q=Okt xv}W}@

"OwQ|tv

"u; Q@ VwB |vLvt w =yC}a]k sOa |xR=Ov= w R=i Q=Owtv "14 pmW

%OwW|t ?}mQD u; =@ 27 |xrO=at j@=]t =yC}a]k sOa TBU w xDWwv

�mi (z) = Pi (z)� Pnom (z)
Pnom (z)

(27)

"CU= p}O@D `@=D |t=v Q=Okt Pnom w =yC}a]k sOa p=ta= =@ |ak=w p}O@D `@=D Pi
x�=Q= =yC}a]k sOa VwB `@=D w C}a]k sOa |xR=Ov= w R=i Q=Owtv 14 pmW QO

"CU= xOW
sOa pOt =Pr 'CU=yC}a]k sOa Q@ VwB `@=D u=ty =} �M (z) 'QB wD \N

%R= Ow@ Oy=wN CQ=@a C}a]k

� = 3s2 + 18s+ 110
s2 + 6s+ 100 (28)

'OwW|t xOy=Wt xm u=vJ "CU= 15 pmW j@] � RDvU QO pQDvm sDU}U Q=DN=U
|HwQN uRw `@=D "OwW |yOuRw sDU}U O}=@ ?U=vt |xOvvmpQDvm |L=Q] |=Q@

%CU= xOW xDiQo Q_v QO u}vJ

wp = 0 9s+ 10
(s+ 0 001)

(29)

Iteration R= xO=iDU= =@ =yC}a]k sOa |R=UpOt w |HwQN |yOuRw R= TB
"�6 pwOH� OwW|t x@U=Lt � RDvU |xOvvmpQDvm D-K

xOvvmpQDvmu}= '=t= Ot;CUO x@ ?wr]t|xOvvmpQDvm '|R=Uxv}y@ Q=@ Q=yJ R=TB
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1|
xQ=t

W'
34

�3
|xQ

wO'
�13

97
Q=y@

�h
}QW

l}
v=mt

|U
Ovyt ?}=Q[ QO C}a]k sOa OYQO 30 OwHw =@ xm O=O u=Wv xOt;CUOx@ |:tm G}=Dv

Q=O}=B Twmat R=wQB x@ R}v w CU= RQLt =DU}= R=wQB QO xOvQB |Q=O}=B 'l}t=v}OwQ};
RDvU sw=kt pQDvm K}LY p=ta= =@ Q}eDt s=o QwDwQO=wm QO O}OH C}r@=k l} u=wvax@

"CU= |@=}CUO p@=k �

C=Q=YDN= w s�qa
&(kgm�1s�2) Q=Wi %P

&xQB QDw %c
&u=tr= |]N CaQU %V

&ROrwv} Q OOa %Re

&;Q@ |vLvt ?}W %CL�
&|=UB |wQ}v ?} Q[ %CD

&u=tr= |m}t=v}OwQ}; Qw=DWo %dQ
&u=tr= |m}t=v}OwQ}; CU=QD %dT

&xQB `=aW %RP
&(rad/s/vol) QwDwt C@=F %KV

&(AMP/N.m) QwDwt Qw=DWo C@=F %Kq

&QwDwt |rN=O Ctw=kt %R
&|vO@ C=YDNt QO xOvQB |v=QwO |=yCaQU %p; q; r
&|vO@ C=YDNt QO xOvQB |]N |=yCaQU %u; v; w

&xOvQB |rQDvm |=yu=tQi %u1; u2; u3; u4
&QwDwt VNQJ |=Q@ R=}vOQwt Qw=DWo %QL

&QwDwt |O}rwD Qw=DWo %QM
"|UQv}= u=tt %I

|v=vw} s�qa
&`HQt C=YDNt QO QwDwQO=wm Qr} w= |=}=wR % ;'; �

&(kgm�3) |r=oJ %�
&xOvQB |=yQwDwQ |v=QwO CaQU Ov};Q@ %!zrot

"|rY= QwDwQ |v=QwO CaQU %


=yT}wvQ} R
&Qw=DWo %M

";Q@ %L

"QwDwQO=wm Twmat R=wQB |=Q@ |R=Ux}@W MU=B "16 pmW

� RDvU =@ xOW|L=Q] |xOvvmpQDvm |R=Ux}@W "3"7
w Q=O}=B VwQ l} u=wvax@ � RDvU |rQDvm VwQ |Ovtu=wD uO=O u=Wv |=Q@
Twmat R=wQB Qwv=t xDi=} x@DQt Vy=m xOvvmpQDvm R= xO=iDU= =@ 'l q=J u}vJty
QwLt pwL xOvQB u=QwO CQwY QO 20 |xrO=at j@] xD@r= "OwW|t |R=UxO=}B
QwLt 'xDiQoCQwY |R=UpOt x@ xHwD =@ =Pr "OwW|t |ov}mD Q=JO CqO=at y
"OwW|t |R=UxO=}B Twmat R=wQB Qwv=t pwQ Owt QO w ?=NDv= u=QwO |=Q@ pwQ
90 |q=@ pwQ Q=Okt x@ QwDwQO=wm u=QwO R= TB xQB s=o |x} w=R Qwv=t u}= |] QO
xOW|L=Q] pQDvm sDU}U "OwW |ivt O}=@ x}v=F 1 5 OwOL u=tR QO w xHQO
|Q}owrH `=iDQ= Vy=m R= xQB s=o |x} w=R Q}}eD ut[ s=Rr= u}= X}NWD =@

"Ovm|t
xDi=} x@DQt Vy=m |xOvvmpQDvm MATLAB Q=Ri=sQv Simulink R= xO=iDU= =@
QO Twmat R=wQB Qwv=t u; R= xO=iDU= =@ w xDiQoQ=Qk ' |x} w=R |rN=O |xkrL QO
 |x} w=R CU= QmP x@ sRq "�16 pmW� OwW|t V}=tR; |O=R; xHQO 6 R=Ux}@W
^iL |=Q@ R}v w xOW xDW=O xov C@=F H1 sw=kt |xOvvmpQDvm R= xO=iDU= =@ � w

"OwW|t xO=iDU= Lead |xO=U |xOvvmpQDvm l} R= `=iDQ=

|Q}oxH}Dv "8
CQwYx@ =yQwDwQO=wm pQDvm w |Q=O}=B 'Q}eDt s=o Q=mwR=U R= xO=iDU= =@ Q=DWwv u}= QO
O=H}= u}vJty w xOvQB |R=wQB Cm =B |xaUwD Ea=@ VwQ u}= "OW xO=O xaUwD sw=kt
u=mt= xH}DvQO &OW Oy=wN =yQwDwQO=wm QO |vwDU}B |=yQwDwt R= |Q=OQ@xQy@ |xv}tR
pQDvm VwQ wO j}kLD u}= |xt=O= QO "OW Oy=wN sy=Qi =yQwDwQO=wm |Ovtv=wD V}=Ri=
"OW |R=UxO=}B xOvQB |Q=O}=B Ow@y@ |=Q@ � RDvU w H1 |R=Uxv}y@ pt=W sw=kt

=yCWwv=B
qwr pwL QwDwQ |=yxQB u}}=B w q=@ CmQL :Flapping "1

2. biline transform
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