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[35]%OwW|t u=}@ u}vJ l} QDmr=wR}B |x}q |m}v=mtwQDmr= |Q=DN=U |x]@=Q

De = e31"11 + E233E2 (15)
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QoU
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OQ=

DiQ
p}rL

D

"VywSB u}= QO xOW xDiQo Q_v QO |=yQDt=Q=B Q=Okt "1 pwOH
Q=Okt QDt=Q=B Q=Okt QDt=Q=B
5 hs(�m) 1/328e�8 Es33(Fm�1)

2332 �(kgm�3) �12/54 e31(Cm�2)

5 hp(�m) 7750 �p(kgm�3)

50 b(�m) 0/25e�9 Ap(m2)

1e5 R(ohm) 0/3 CL0
20�60 U1(ms�1) 1/2 Cd

0/25e�9 A(m2) 66e9 Ep(Nm�2)

0�2 I0(�m) 169e9 E(Nm�2)

1/225 �air(kg=m3) 500 D(�m)

hrDNt |=ypw] |=Q@ w p=}U CaQU ?ULQ@ QoULwQm}t |HwQN S=Drw "2 pmW
"Q}D

|HwQN S=Drw 'x}v=F Q@ QDt 54 =D 35 CaQU R= QDtwQm}t 450 pw] x@ Q}D |=Q@
|xOwOLt R= |WN@ QO CU= xOW XNWt 2 pmW QO xm u=vJ "CU=vDa= p@=k
,=@} QkD |x]@=Q u=} QH CaQU x@ C@Uv QoUL |HwQN S=Drw Q=DiQ '=vDa= p@=k
QoULwQm}t OQmrta |xOwOLt u=wva x@ u=wD|t =Q xOwOLt u}= xm CU= |]N
xDiQo Q=Qk |UQQ@ OQwt QDj}kO Qw] x@ xOwOLt u}= 3 pmW QO &CiQo Q_v QO
S=Drw |xOwOLt xm OwW|t xOy=Wt 2 pmW QO 'xOW u=}@ ?r=]t Q@ xwqa "CU=
"CU= Cw=iDt Q}DwQm}t hrDNt |=ypw] |=Q@ S=Drw u}= Q=Okt w ?U=vt |HwQN
pw] Vy=m =@ [37]u}W}B |=yVywSB j@] xm Cio u=wD|t xO}OB u}= Q}UiD QO
|QDnQR@ |wQ}v xm CU=vat u=O@ u}= w O@=}|t V}=Ri= sDU}U |a}@] Tv=mQi Q}D
sDU}U QO =Q S=Drw O}rwD |=Q@ ?U=vt R}N =D CU= sRq xOW O=H}= ?=OQo R= |W=v
Oy=wN MQ xO}OB u}= QDW}@ R}N Q=Okt w p=}U QDq=@ CaQU QO u}=Q@=v@ "Ovm O=H}=

"O=O
s}UQD xv=o =OH CQwY x@ 2 pmW QO xOW xOy=Wt |]N Q=DiQ '3 pmW QO
Qy |]N pOt pmW u}= QO "OQ}o Q=Qk |UQQ@ OQwt |QDW}@ CkO =@ Q=DiQ u}= =D xOW
|]N R= h=QLv= u=R}t =D CU= xOW s}UQD w G=QNDU= u}Jx]kv CQwY x@ Q=Owtv
QoULwQm}t Q=DiQ OwW|t xOy=Wt xm u=vJ "OwW |UQQ@ Kw[w x@ =y|vLvt uOw@
u=wva x@ "OQm ZQi |]N u=wD|t |@ wN Q=}U@ ?} QkD =@ xOW XNWt xR=@ QO =Q

%\@=wQ u}= QO xm
� = �e31bhp (y1 + y2)

2ETEs33

 = � khp
Es33bLR

;
_

f = k
f (23)

CQwY x@ =Q 23 =D 20 CqO=at O}=@ QoULwQm}t |m}t=v}O Q=DiQ G=QNDU= |=Q@
QO uwJ "CU= xOW xO=iDU= =yOwt `tH VwQ R= Qw_vt u}= |=Q@ &OQm pL u=tRty
x�=Q= �98 R= V}@ CkO =@ =Q |m}t=v}O Q=DiQ pw= Owt '=yQ}D |m}t=v}O Q=DiQ |UQQ@
CU= xOW xDiQo xQy@ [37]Q}oQO QUl} Q}D pw= Owt R= \ki VywSB u}= QO 'OyO|t

%R= CU= CQ=@a Owt pmW u}= "(_w
�
_x;

_
t
�

= �1
�
_x
�
�1
�
_
t
�

)

�1
�
_x
�

= cos
�
�1_x

�� cosh
�
�1_x

��
cos (�1) + cosh (�1)
sin (�1) + sinh (�1)

�
sin
�
�1_x

�� sinh
�
�1_x

��
�1 = 1 8751 (24)

CqO=at CQwY x@ sm =L CqO=at 'Q}oQO QUl} Q}D pw= Owt pmW R= |Q}oxQy@ =@
%Ot; Oy=wNQO u=tR `@=D =yvD w 27 =D 25�

_
k
s

1 +
_
k
p

1 + 1
��Z 1

0
�(iv)

1 �1dx
�
�

_v
�Z 1

0
�1
�
�0
�
_x
�� �0 �_x � 1

��
dx
�

+

d2�1

d
_
t

2

�Z 1

0
�21
�
M�

�
_x � 1

�
+ 1
�
dx
�

+

_c d�1
d
_
t

�Z 1

0
�21dx

�
=

_
F viv

�Z 1

0
�1� (x� 1)dx

�
(25)

�d�1
d
_
t

�Z 1

0
�
00
1 dx

�
� d_v

d
_
t

= _v (26)

�q � "_
f
�
q2 � 1

�
_q +

_



2
fq =

A0L
D

d2�1

d
_
t

2 �1 (1) (27)

CaQU QO QoULwQm}t Q=DiQ ?rDt Q=Ri=sQv ltm x@ Ovtu=tR CqO=at u}= pL =@
|=yQDt=Q=B |=Q@ xOW xDiQo Q_v QO Q=Okt "OwW|t G=QNDU= hrDNt |=yu=} QH

"CU= xOW x�=Q= 1 pwOH QO Q=DWwv u}= QO OwHwt

EL@ w G}=Dv "3
25 CqO=at |OOa pL w 1 pwOH QO xOW h} QaD |=yQDt=Q=B R= |Q}oxQy@ =@
VN@ u}= QO xm 'xOW G=QNDU= p=}U u=} QH QoULwQm}t |m}t=v}O Q=DiQ '27 =D
QoULwQm}t |HwQN S=Drw 2 pmW QO "CU= xOW xDN=OQB =yv; p}rLD w x�=Q= x@
QO �=wy� |UQQ@ OQwt p=}U Q=DWwv u}= QO� p=}U hrDNt |=yCaQU ?ULQ@
pw] |=Q@ QDtwQm}t 550 w 500 '450 pw] xU |=Q@ w �CU= xOW xDiQo Q_v
QO \ki QoULwQm}t u}= 'OwW|t xOy=Wt pmW QO xm u=vJ "CU= xOW x�=Q= Q}D
S=Drw =yCaQU Qo}O |=Q@ w OQ=O pw@k p@=k |HwQN S=Drw |YNWt |=yCaQU
'p=Ft u=wva x@ "�OwW|t xDio lock-in xO}OB u}= x@� Ow@ Oy=wN R}J=v u; |HwQN
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hrDNt Q}O=kt |=Q@ 'p=}UCaQU?ULQ@ QoULwQm}t|HwQN|]N S=Drw "6 pmW
"|}=yDv= QOvr}U sQH

u}ty x@ w Ovm|t |v}@V}B l}Uqm |x} Q_v R= QDW}@ =Q sDU}U |DNU xOW
Q=DiQ xR=@ wQ u}= R= "OyO|t x�=Q= sDU}U |=Q@ |QDq=@ |a}@] Tv=mQi p}rO
CU= |QDnQR@ xR=@ xOW KqY= VvD pB wm |x} Q_v T=U= Q@ sDU}U |]N
|O}rwD S=Drw Vy=m ?@U sDU}U QDW}@ |DNU xm x}rw= |v}@V}B hqNQ@ w
T=U= Q@ 'p=}U |=yCaQU |[a@ QO OyO|t u=Wv G}=Dv 'OW Oy=wN QoUL
"OwW|t G=QNDU= R}v |QDW}@ |HwQN S=Drw xOW KqY= VvD pB wm |x} Q_v
p}rLD QO l}Uqm Q}e |x} Q_v uDiQov Q_v QO xm OQ=O|t u=}@ =yxDi=} u}=
QO q=@ Q=}U@ |=]N =@ |v}@V}B Ea=@ Ov=wD|t |m}v=mtwQDmr=wQm}t |=ysDU}U
OW=@ Crw|r}t 0/55 sDU}U |HwQN S=Drw Qo = p=Ft u=wva x@ "OwW =yxR=U u}=
=Q CaQU xOW KqY= VvD pB wm |x} Q_v w 30 =Q CaQU l}Uqm |x} Q_v
Oy=wN OwHw x@ G}=Dv QO =Q �9 |=]N xm OvR|t u}tND x}v=F Q@ QDt 32/7

"OQw;
5 pmW QO QoULwQm}t |m}t=v}O Q=DiQ Q@ sDU}U Oa@|@ |}=Q}t QF= |UQQ@
Oa@|@ |}=Q}t ?} Q[ V}=Ri= Ow@ sy |v}@V}B p@=k xm u=vJ "CU= xOW s=Hv=
p@=k xm |OQwt =t= OyO|t Vy=m =Q |HwQN S=Drw u; `@D x@ w sDU}U R}N
"OQ=Ov QoULwQm}t |]N OQmrta xR=@ Q@ |Q}F-=D |}=Q}t xm u}= Ow@v |v}@V}B
V}=Ri= QF= QO |R=U|]N |=]N |@} QkD V}=Ri= pmW u}= QO xHwD p@=k |xDmv
'1/7 ?}DQD x@ =]N 0/2 w 0/1 x@ 0 R= |}=Q}t V}=Ri= =@� CU= sDU}U |}=Q}t

|=ypw] |=Q@ w p=}U CaQU ?ULQ@ QoULwQm}t |HwQN |]N S=Drw "3 pmW
"Q}D hrDNt

|x} Q_v T=U= Q@ p=}U CaQU ?ULQ@ QoULwQm}t |HwQN |]N S=Drw "4 pmW
"xOW KqY= VvD pBwm w l}Uqm

OyO|t MQ |Q}oxR=Ov= xR=@ |=OD@= QO xm CaQU |Q}oxR=Ov= |=]N u} QDW}@ p=Ft
450 pw] |=Q@ �QoULwQm}t Q=DiQ uOQm ZQi |]N |=]N OYQO u} QDW}@�
550 pw] |=Q@ w �3/3 Q@=Q@ QDtwQm}t 500 pw] |=Q@ '�2/5 Q@=Q@ QDtwQm}t
Q=DiQ u=wD|t |rw@k p@=k |=]N OYQO =@ u}=Q@=v@ "CU= �2/1 Q@=Q@ QDtwQm}t
xJQy OyO|t u=Wv xrY=L G}=Dv "OQm ZQi |]N xR=@ u}= QO =Q QoULwQm}t
QDnQR@ sDU}U |a}@] Tv=mQi xJQy '|DQ=@a x@ w OwW QDlJwm Q}DwQm}t pw]
Q=Qk xO=iDU= OQwt QDq=@ |=yCaQU VHvU |=Q@ Ov=wD|t QoULwQm}t u}= OwW
u=wva x@ Ov=wD|t xDi=} u}= "Ovm |Q}oxR=Ov= R}v =Q CaQU R= |QDW}@ xR=@ w OQ}o
Q=Qk xO=iDU= OQwt hrDNt |=ysDU}UU |=Q@ =yQoUL u}= |L=Q] QO |O=yvW}B

"OQ}o
xm OyO|t u=Wv |y=oW}=tR; G}=Dv OW u=}@ xtOkt CtUk QO xm u=vJ
|Q=DiQ 'l}Uqm |x} Q_v |v}@V}B x@ C@Uv 'QDtwQm}t O=a@= QO |=ysDU}U
|=Q@ '=yQoULwQm}t u}= |QDtwQm}t O=a@= x@ xHwD =@ 'wQ u}= R= "OvQ=O QDCNU
Q_v QO =yv; |=Q@ =Q O=a@= u}= x@ \w@ Qt |=yx} Q_v O}=@ =yv; Q=DiQ |v}@V}B
G}=Dv =@ |m}ORv Q=}U@ |}=Qoty xOW KqY= VvD pB wm |x} Q_v uwJ "CiQo
x} Q_v u}= T=U= Q@ G}=Dv VywSB u}= QO 'OyO|t u=Wv OwN R= |y=oW}=tR;
QO 'QoULwQm}t |m}t=v}O Q=DiQ Q@ x} Q_v u}= uDiQo Q_v QO QF= w xOW G=QNDU=
KqY= VvD pB wm |x} Q_v OwW|t xOy=Wt xm u=vJ "CU= xOW x�=Q= 4 pmW
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