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T=U= Q@ 'OwW|t OQ=w xQPx@ p=}U R= xm |Qw=DWo w wQ}v \}=QW u}= QO "OQm p}O@D
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"CU= xU QO xU |v=ty T} QD=t I3 R=Qw_vt u; QO xm
'OW=@|t uwo|[}@ |B wmUwOv; |=ypwUBm |UOvy pmW xm |}=Hv; R=

[17]%OwW|t x@U=Lt Q} R CQwYx@ =yv; QO M�d w Mfd |=yT} QD=t

Mfd = ���d
2664 kx̂x̂ 0 0

0 kŷŷ 0
0 0 kẑẑ

3775
kx̂x̂ = kŷŷ =

16 ��2 � 1�h
(2�2 � 3) ln(� +

p
�2 � 1)

i
+ �

kẑẑ =
8 ��2 � 1�h

(2�2 � 1) ln(� +
p
�2 � 1)

i� � (5)

M�d = ���d3

2664 Tx̂x̂ 0 0
0 Tŷŷ 0
0 0 Tẑẑ

3775
Tx̂x̂ = Tŷŷ =

2� ��2 + 1�
3 (�0 + �20)

;Tẑẑ = 2�
3�0

�0 = �2

�2 � 1 + �
2(�2 � 1)1 5 ln(

� �p�2 � 1
� +

p
�2 � 1 )

0 = � 2
�2 � 1 �

�
(�2 � 1)1 5 ln(

� �p�2 � 1
� +

p
�2 � 1 ) (6)
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'xH}Dv QO "OvW=@|t sQo 8 =D 4 u}@ |vRw |=Q=O 'OW=@ xDiQ Q=m x@ =yv; pN=O
u=wD|t =Q |B wmUwOv; Ov}=Qi u}L QO xOat pN=O |B wmUwOv; |=ypwUBm CmQL
|w=L hQ_ l} QO uwo|[}@ |U}]=vet sUH l} CmQL =@ '|@ wN ?} QkD =@
pwUBm xm |v=tR xm CW=O Q_v QO O}=@ xD@r= "OQm |R=UpOt 'V=WDe= Q=JO p=}U
QO 'p}rO u}ty x@ "O@=}|t Vy=m pOt u}= Q=@Da= 'OwW|t l}ORv xOat xQ=w}O x@
p=}U \}Lt QO uwo|[}@ |U}]=vet xQP l} CmQL |R=UpOt x@ CtUk u}=
xO=iDU= pQDvm w |@=}C}akwt |=Q@ Oa@ |=yCtUk QO 'pOt u}= R= w OwW|t xDN=OQB

"OW Oy=wN
ZQi 'xOat QO |B wmUwOv; |=ypwUBm CmQL u}}=B Q=}U@ CaQU Cra x@
\}=QW p}rO x@ 'Qo}O CQ=@a x@ "CU= QiY ,=@} QkD pwUBm CmQL ?=DW xm OwW|t
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QO "OW=@|t <qN |U}]=vet |yOQPo ?} Q[ �0 = 4� � 10�7 u; QO xm
pwUBm C}a[w w C}akwt R= |a@=D OvyO|t u=Wv =yQoUL xm |Q}O=kt 'xH}Dv

"OW=@|t T}]=vet
u}= |Q}oxR=Ov= w CmQL CqO=at xm CiQo xH}Dv u=wD|t q=@ |=yEL@ R=

%OQm |U} wvR=@ Q} R CQwYx@ u=wD|t =Q sDU}U
_~X = f

�
~X; I

�
~z = h

�
~X; I

� (11)

11 xrO=at "Ov};|t CUOx@ 10 w 9 \@=wQ R= ?}DQD x@ h w f `@=wD u; QO xm
'\}Lt QO pwUBm CmQL QO 'QDxv=v}@`k=w x=ov =@ |rw 'OW=@|t p;xO}= Cr=L QO
QO O}iU R} wv l} CQwYx@ =Q C=W=WDe= u; u=wD|t xm OQ=O OwHw |D=W=WDe=
'OQ=O OwHw R} wv =yQoUL QO xQ=wty xm |}=Hv; R= '|iQ] R= "OQw; xQP CmQL xrO=at
CqO=at =D OQm xi=[= R} wv l} R}v |Q}oxR=Ov= x@ \w@ Qt xrO=at QO CU}=@|t =Pr
QO Q} R CQwYx@ 11 xrO=at xOW KqY= sQi xH}Dv QO "OwW QDl}ORv C}ak=w x@

%O};|t
_~X = f

�
~X; I

�
+ g

�
~X
�
~w

~z = h
�
~X; I

�
+ ~v
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=@ xm OvDUy XNWt Tv=} Q=wm |=yT} QD=t =@ |O}iU |=yR} wv ~v w ~w u; QO xm
Cr=L Q=OQ@ R= |a@=D g( ~X) `@=D u}vJty w OvwW|t u}}aD CmQL \}=QW x@ xHwD

"OOQo u}}aD Ov=wD|t 'V=WDe= ẁv x@ xHwD =@ xm OW=@|t
Q=OQ@ u}tND x@ 'xDi=} xaUwD utr=m QDr}i x@ \w@ Qt \@=wQ R= xO=iDU= =@ p=L
C}akwt xm OwW|t ?=NDv= |}xvwo x@ x}rw= u}tND "OwW|t xDN=OQB sDU}U Cr=L
xO OvJ =}=wR QO w OW=@ xDW=O Cw=iD |rY= C}akwt =@ QDt}Dv=U OvJ sQH RmQt
|}xvwo x@ w V=WDe= 'u}vJty "OW=@ Cw=iDt pwUBm |ak=w x}rw= C}a[w =@ xHQO
'x@=Wt Qw]x@ "OW=@ f( ~X) u=R}t sQ=Ry l} OwOL QO u; |oQR@ xm OwW|t ?=NDv=

"OwW|t xDiQo Q_v QO h( ~X) sQ=Ry l} ~v |oQR@

"uwo|[}@ |rY= |=yQwLt "1 pmW

"Qr} w= VNQJ |=}=wR h} QaD xwLv "2 pmW

|U}]=vet xQP |@=}C}akwt "3
QDt=Q=B VW xr}Uw x@ =[i QO uwo|[}@ |U}]=vet xQP l} C}a[w w C}akwt
sQH RmQtC}akwt xOvvmXNWt 'pw= QDt=Q=B xU "OwW|t u}}aD (x; y; z;  ; �; ')

"Ovvm|t XNWt =Q xQP |Q}oCyH Qr} w= x} w=R 'swO QDt=Q=B xU w xOw@ =[i QO xQP
VNQJ ' x} w=R w Y1 QwLt pwL VNQJ � x} w=R 'z QwLt pwL VNQJ  x} w=R

"Ov=xOW xO=O u=Wv 2 pmW QO =}=wR u}= "OW=@|t Z2 QwLt pwL
%OwW|t h} QaD Q} R CQwYx@ =Q Cr=L Q=OQ@ 'p=L

~X = [ x y z  � ' ]T (7)

u}@ x]@=Q 'OwW xO=iDU= 2 pmW QO xOW XNWt Qr} w= |=}=wR R= xm |Dr=L QO
%Ow@ Oy=wN Q} R x]@=Q CQwYx@ CmQL |a}@] Tv=mQi w =}=wR jDWt

~! = _ ~K + _� ~J1 + _' ~K2

K = K1; J1 = J2;K2 = K3 ) ~! = _ ~K1 + _� ~J2 + _' ~K3

K1 = K2 cos � � J2 sin �

J2 = I3 sin'+ J3 cos'

I2 = I3 cos'� J3 sin'

9>>=>>;)~!=

2664� sin � cos' sin' 0
sin � sin' cos' 0

cos' 0 1

3775
2664 _ 

_�

_'

3775)
2664 _ 

_�

_'

3775 =

2664 � cos'
sin �

sin'
sin � 0

sin' cos' 0
cos' cot � � sin' cot � 1

3775| {z }
W

~!

(8)
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~e = ( ~X � ~Xdes) (17)

%CW=O s}y=wN xH}Dv QO
_~e+K~e = 0 (18)

u}at C@Ft R}v K T} QD=t 'OvDUy u}at C@Ft |=yT} QD=t � w � xm |}=Hv; R=
=Pr w OQm Oy=wN p}t QiY CtU x@ =]N Q=OQ@ '18 x]@=Q x@ xHwD =@ w Ow@ Oy=wN
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