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QO 'w}UQoQwD= VwQ QO jwi |=yC}OwOLt Q@ uOt; j�=i Qw_vt x@ [28]"Ovvm `iDQt

"OwW|t x�=Q= CQ@r}y C=W=aDQ= |x} RHD |x}=B Q@ O}OH VwQ l} xar=]t u}=
R= |a}Uw h}] |x} RHD Qw_vt x@ 23CQ@r}y C=W=aDQ= |x} RHD VwQ
QO '|}xir-wtOvJ w =DU}==v |W=aDQ= |=yp=vo}U xrtH R= |W=aDQ= |=yp=vo}U
x@ |W=aDQ= p=vo}U l} VwQ u}= QO [29]"OW x�=Q= 24utOri \UwD 2006 p=U
=@ "OwW|t x} RHD 'OvwW|t xO}t=v 25|D=P |=yxir-wt xm |W=aDQ= p=vo}U u}OvJ
'|}xir-wtOvJ w =DU}==v |W=aDQ= |=yp=vo}U |x} RHD QO VwQ u}= |}=v=wD x@ xHwD

"s}DUy |UOvyt hrDNt |=yxRwL QO VwQ u}= uwRi= RwQ OQ@ Q=m Oy=W
w xvwoTr=B G=wt= |}=U=vW Qw_vt x@ =Q VwQ u}= �2012� 26u=Q=mty w nv=wy
|x} RHD VwQ =@ =Q VwQ u}= G}=DvTBU [30]&OvOQ@ Q=m x@ 27u=wJvw xrRrR |q=@ Ot=U@
|}xar=]t QO "OvOQm xU}=kt 'CU= xOW x�=Q= u=Q=mty w nv=wy \UwD xm |D=P Owt
VwQ w CQ@r}y C=W=aDQ= |x} RHD VwQ OQmrta �2011� 28utOri w uw=Q@ 'x@=Wt

[31]"OvOQm |UQQ@ |OOa p=Ft u}OvJ |xr}Uw x@ =Q |D=P Owt |x} RHD
|=yQDt=Q=B G=QNDU= Qw_vt x@ O}OH VwQ l} |x�=Q= 'xar=]t u}= R= hOy
QO "CU= QoUL l} \UwD xOW C@F |=DU}==v =} =DU}= |=yMU=B R= xR=U p=Owt
|x} RHD VwQ R= xO=iDU= =@ xR=U R= xOW C@F |=yMU=B =OD@= QO 'xOW x�=Q= VwQ
xO=iDU= =@ TBU &OwW|t x} RHD |D=P |=yxir-wt R= |}xawtHt x@ 'CQ@r}y C=W=aDQ=
VwQ CkO w OQmrta "O};|t CUO x@ xR=U p=Owt |=yQDt=Q=B w}UQoQwD= VwQ R=
p=Ft l} w |OOa p=Ft wO j} Q] R= xR=U p=Owt |=yQDt=Q=B |}=U=vW QO xOW x�=Q=
|=yQDt=Q=B xOW x�=Q= VwQ R= xO=iDU= =@ u=}=B QO "OwW|t |@=} RQ= |HvUCLY

"O};|t CUO x@ |DvtoU pB l} |xOvQ=Oyov |x}=B p=Owt

VwQ R= xO=iDU= =@ xR=U p=Owt |=yQDt=Q=B |}=U=vW "2
w}UQoQwD=

swra QO u; uwRi= RwQ OQ@ Q=m Oy=W Q}N= |=yxyO QO xm xDUUo |v=tR |=y|QU
xm CU= |OOa |=yxO=O R= |}xr=@vO 's}DUy |UOvyt w O=YDk= xrtH R= hrDNt
R= |m} "OyO|t u=Wv XNWt |v=tR |xR=@ l} QO =Q Q}eDt OvJ =} l} Q}O=kt
xOQm ?rH OwN x@ =Q u=kkLt R= |Q=}U@ Q_v xm xRwL u}= QO ?=PH C=aw[wt
"CU= OwHwt |=yxO=O p}rLD R= xO=iDU= =@ =y|QU u}= |D; Q}O=kt |v}@V}B 'CU=
x@ u=wD|t =yv; u} QDOQ@ Q=mQB R= xm CU= xOW x�=Q= |OOaDt |=yVwQ Qw_vt u}O@

"OQm xQ=W= |]NQ}e w |]N uw}UQoQ |=yVwQ
sDU}U l} MU=B u}@ |x]@=Q u; QO xm CU= |Q=t; VwQ l} |]N uw}UQoQ
|UQQ@ 'OwW|t xO}t=v u}@V}B Q}eDt xm pkDUt Q}eDt OvJ =} l} =@ �xDU@=w Q}eDt�
|v=tR |QU Q}O=kt� |v=tR |QU pN=O R= pkDUt |=yQ}eDt xm |DQwY QO "OwW|t
QO "Ow@ Oy=wN w}UQoQwD= ẁv R= xr�Ut pOt 'OvwW ?=NDv= �xDWPo |=yu=tR QO

%OwW|t xO=O u=Wv Q} R CQwY x@ p |x@DQt w}UQoQwD= pOt xH}Dv
Xt = �1Xt�1 + �2Xt�2 + � � �+ �pXt�p + Zt (1)

w}UQoQwD= pOt ?}=Q[ a1; :::; ap &t u=tR QO |v=tR |QU Q=Okt Xt 'u; QO xm
u}tND Qw_vt x@ "CU= �2 C@=F Tv=} Q=w w QiY u}ov=}t =@ O}iU |xiwv Zt w
- pw} '|]N C=a@ Qt u} QDtm xrtH R= |OOaDt |=yVwQ w}UQoQwD= pOt ?}=Q[
VwQ j} Q] R= w}UQoQwD= pOt ?}=Q[ xr=kt u}= QO "CU= xOW x�=Q= nQw@ w 29Qm =w

"O};|t CUO x@ |]N C=a@ Qt u} QDtm

9uwUQOv= w uU@ wm =H 'x@=Wt |}xar=]t QO [10]"OvO=O x�=Q= =Q 8xDi=}=kDQ= |Ot=U@
x@ =Q 10|vLvt =@ ?U=vDt |xDi=}=kDQ= |Ot=U@ |xRwL |x} RHD VwQ �2008�
OwHwt u; QO |@ w=vD xir-wt u}OvJ xm |}=yMU=B R= p=Owt |=yQDt=Q=B G=QNDU= Qw_vt
11s}y=Q@= u=tR |xRwL VwQ �1977� s}y=Q@= 'Qo}O |WqD QO [11]"OvO=O x�=Q= 'OW=@
Vy=m VwQ R= xO=iDU= =@ sDU}U O=R; V=aDQ= |=yMU=B VwQ u}= QO [12]"O=O x�=Q= =Q
G=QNDU= 'OQ=O Q=Qk|iO=YD V=aDQ=CLD xm|}xR=U|m}t=v}O |=yMU=B R=|iO=YD
p=Owt C=YNWt 'xOt;CUO x@ O=R; V=aDQ= |=yMU=B R= xO=iDU= =@TBU "OwW|t
|=yVwQ R= |m} xm 12|iO=YD |=y=[iQ} R |}=U=vW VwQ "O};|t CUO x@ xR=U
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"OvOQw; CUO x@ =Q nQR@ w lJwm |xv=yO =@ pB wO p=Owt C=YNWt 'xOW x�=Q=

'xRwL u}= QO Qo}O |=yVwQ x@ C@Uv w}UQoQwD= VwQ O=} R |=}=Rt OwHw =@
%CU= xOW OwOLt Q} R p}qO x@ Q}N= u=}r=U QO VwQ u}= OQ@ Q=m

"=DU}==v |=yMU=B =@ xyH=wt QO |}=v=wD sOa �hr=
CU= xRwL u}= QO OwHwt |=yVwQ QO lQDWt |=yC}OwOLt R= |m} ẁ[wt u}=
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|=y=[i Q} R |}=U=vW w 20|@ QHD Owt |x} RHD VwQ ?}mQD =@ �2005� 19uQ w w}
[26]"Ovvm G=QNDU= =DU}==v |=yMU=B R= =Q xR=U p=Owt |=yQDt=Q=B OvDUv=wD |iO=YD
w |iO=YD Vy=m VwQ ?}mQD =@ �2011� u=Q=mty w 21|y 'x@=Wt |}xar=]t QO
[27]"OvO=O x�=Q= =DU}==v |=yMU=B =@ xyH=wt |=Q@ O}OH |WwQ |@ QHD Owt |x} RHD

"xR=U |xDi=}V=aDQ= |=yOwt O=OaD x@ 'QoUL pk=OL x@ R=}v �?
VwQ |x}=B Q@ xm |}=yVwQ w w}UQoQwD= Ovv=t =yVwQ |NQ@ QO C}OwOLt u}=
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x(ti) = (2� 2�!�t� !2�t2)x(ti�1) + (2�!�t� 1)x(ti�2)
(10)

xOW xO=O u=Wv |O=R; xHQO N =@ sDU}U |=Q@ '|O=R; xHQO l} =@ sDU}U x@=Wt
%O};|t CUO x@ Q} R CQwY x@ O=R; V=aDQ= CqO=at '? 1 pmW QO

M�x(t) + C_x(t) + Kx(t) = 0 (11)

|xrO=at "Ov=xR=U |DNU w |}=Q}t 'sQH |=yT} QD=t ?}DQD x@ K w C 'M u; QO xm
%OwW|t xO=O u=Wv Q} R CQwY x@ Cr=L |=[i QO 11

f _u(t)g2N�1 = [A]2N�2Nfu(t)g2N�1 (12)

%u; QO xm
fu(t)g =

n
x1(t) � � � xN (t) _x1(t) � � � _xN (t)

oT
(13)

[A] =

"
[0]N�N [I]N�N
�[M ]�1 [K] �[M ]�1 [C]

#
(14)

%O};|t CUO x@ Q} R CQwY x@ 12 |xrO=at MU=B
fu(t)g = exp(A:t) fu0g (15)

MU=B w 15 |xrO=at |xDUUo sQi "CU= xR=U |x}rw= Q}O=kt Q=OQ@ [u0] 'u; QO xm
%O};|t CUO x@ Q} R CQwY x@ |O=R; xHQO N =@ sDU}U u}= |}=Hx@=H

fu(ti)g = exp(A:i:�t) fu0g = Di fu0g (16)

fx(ti)gN�1 =
h

[I]N�N [0]
N�N

i
N�2N

fu(ti)g2N�1 (17)

%CW=O s}y=wN 17 |xrO=at QO 16 |xrO=at |Q=Po}=H =@
fx(ti)gN�1 =

h
[I]N�N [0]

N�N
i
N�2N

Di fu0g = PDiu0

(18)

O=R; V=aDQ= Q=DiQ Q@ 'swO x@DQt w}UQoQwD= pOt 'OW C=@F= q=@ QO xm Qw] u=ty
N =@ |}xR=U sDU}U |=Q@ 'u}=Q@=v@ "CU= sm =L |}xR=U w |m}t=v}O |=ysDU}U

%OwW|t pY=L Q} R \@=wQ '|O=R; xHQO(
x(ti�1)
x(ti)

)
=

"
PDi�1u0
PDiu0

#
=

"
PN�2N

PN�2ND2N�2N

#
2N�2N| {z }

L

Di�1u0 (19)

"
P

PD

#�1(
x(ti�1)
x(ti)

)
= Di�1u0 (20)(

x(ti)

x(ti+1)

)
=

"
PDiu0

PDi+1u0

#
=

"
P

PD

#
Diu0 ="

P

PD

#
DDi�1u0 (21)

"QBtO w Qvi 'sQH sDU}U "1 pmW
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|}=Hx@=H x(t) w |}=Q}t ?} Q[ C 'Qvi |DNU K 'sDU}U sQH M 'u; QO xm
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%OwW|t
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"O};|t CUO x@ sDU}U Q@ sm =L �|r[=iD

M( _x(ti+1)� _x(ti)
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M(
x(ti+1)�x(ti)

�t � x(ti)�x(ti�1)
�t

�t
)

+C(x(ti)� x(ti�1)
�t

) +Kx(ti) = 0 (6)

x(ti+1) = (2� C�t
M
� K�t2

M
)x(ti) + (C�t

M
� 1)x(ti�1) (7)

%OQm |U} wvR=@ Q} R pmW x@ u=wD|t =Q 7 |xrO=at
x(ti) = (2� C�t

M
� K�t2

M
)x(ti�1) + (C�t

M
� 1)x(ti�2) (8)
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!1(t)dt +A2(t)ei

R
!2(t)dt (27)
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Z
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�
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=
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sD} Qwor= |xt=O= |=Q@ L T} QD=t Oa@ 19 |xrO=at x@ xHwD =@ "OwW|t xOQ@ Q=m x@
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R= p=Owt |=yQDt=Q=B G=QNDU= x@ QO=k xOW x�=Q= VwQ w CU= xOW hQ]Q@ ,qt=m

"CU=DU}==v |=yMU=B
|=yMU=B R= p=Owt |=yQDt=Q=B G=QNDU= Qw_vt x@ Q} R sD} Qwor= 'xar=]t u}= QO

%OwW|t x�=Q= xR=U R= xOW C@F |=DU}==v w =DU}=
%OwW l} QLD =DU}==v =} =DU}= l}vwtQ=y |=ywQ}v |xr}Uw x@ xR=U Qo = �hr=

"OwW|t C@F GvU?=DW QoUL l} \UwD xR=U MU=B (i

x@ xR=U R= xOW C@F MU=B 'CQ@r}y C=v=Uwv |x} RHD VwQ R= xO=iDU= =@ (ii

"OwW|t x} RHD |D=P |=yxir-wt R= |=xawtHt
pw= xwQo �hr= "OvW=@|t xwQo wO pt=W xOt; CUO x@ |D=P |=yxir-wt (iii

�? "�|twta ?=wH� Ov=xR=U x@ xDU@=w xm OvDUy |D=P |=yxir-wt R= |}xawtHt
OvDUy xR=U Q@ OQ=w |=ywQ}v x@ xDU@=w xm Ov=|D=P |=yxir-wt R= |}xawtHt swO xwQo
w}UQoQwD= VwQ R= xO=iDU= =@ �hr= xwQo|D=P |=yxir-wt R=l} Qy "�|YwYN ?=wH�

"O};|t CUO x@ xR=U p=Owt |=yQDt=Q=B w OwW|t p}rLD
%�2 pmW� OwWl} QLD O}iU |xiwv |xYNWt =@|}=ywQ}v |xr}Uw x@ xR=U Qo = �?

"OwW|t C@F GvU?=DW QoUL l} \UwD xR=U MU=B (i
[32]"O};|tCUO x@ xR=U O=R; V=aDQ=MU=B '30|a}@]l} QLD VwQ R= xO=iDU= =@ (ii

"CQ@r}y C=W=aDQ= |x} RHD |x}=B Q@ w}UQoQwD= VwQ |=tvOvwQ "2 pmW

23



"""|
}=U=

vWQ
Ow}

UQo
QwD=

Vw
QOQ

mrt
aO

w@y@

"sDU}U MU=B w |OwQw |wQ}v p=vo}U "5 pmW

"sDU}U ?=DW MU=B |D=P |=yxir-wt "6 pmW
xOQ=w |wQ}v x@ xDU@=w pw= |D=P |xir-wt 'OwW|t xO}O 6 pmW QO xm Qw] u=ty
?=wH� CU= sDU}U x@ xDU@=w swO |D=P |xir-wt w �|YwYN ?=wH� xR=U Q@
|D=P |xir-wt R= sDU}U p=Owt C=YNWt w}UQoQwD= VwQ R= xO=iDU= =@ "�|twta
|=yQDt=Q=B "OwW|t G=QNDU= �? 6 pmW QO xOW xO=O u=Wv O=R; V=aDQ=� swO
CQ@r}y C=W=aDQ= |x} RHD |x}=B Q@ w}UQoQwD= VwQ j} Q] R= xOt; CUO x@ p=Owt

"CU= xOW xO=O u=Wv 2 pwOHQO
G}=Dv '=DU}==v |=yMU=B =@ xyH=wt QO xOW x�=Q= VwQ OQmrta |UQQ@ Qw_vt x@

"GD} Qy u=tDN=U p=Owt |=yQDt=Q=B "1 pwOH
Ot=U@ xQ=tW VwQ
!(Hz) Owt
1/27 pw= Owt |x}=B Q@ w}UQoQwD= VwQ
4/1 swO Owt |]}Lt C=W=aDQ= |x} RHD

1/27 |WJ}B Owt u}rw= `HQt
4/2 swO Owt [34]

"|O=R; xHQO l} =@ sDU}U p=Owt |=yQDt=Q=B "2 pwOH
p=Owt |=yQDt=Q=B VwQ |=yQDt=Q=B

�(�) !(Rad=s) p=Owt
3 3 xOW ZQi
3 2/99 |x}=B Q@ w}UQoQwD= VwQ

|]}Lt C=W=aDQ= |x} RHD
� � |x} RHD VwQ xOt; CUO x@|iO=YD |=y=[iQ} R
� 49/98 |x} RHD VwQ

|Ot=U@ |x}L=v

xOt; CUO x@ |D=P |=yxir-wt xrLQt u}= QO "�G w ? 4 pmW� OwW|t x} RHD |D=P
CUO x@ xR=U |a}@] |=yOt=U@ w OwW|t p}rLD w}UQoQwD= VwQ R= xO=iDU= =@
'xU}=kt Qw_vt x@ "CU= xOW xO=O u=Wv 1 pwOH QO xOt; CUO x@ G}=Dv "O};|t
xOW x�=Q= 1 pwOH swU Q]U QO [34]u=Q=mty w QJvw \UwD xOt; CUO x@ G}=Dv
CUO x@ G}=Dv u}@ |@ wN j@=]D 'OwW|t xO}O pwOH u}= QO xm Qw] u=ty "CU=
OQ=O OwHw u=Q=mty w QJvw \UwD xOW x�=Q= G}=Dv w xOW x�=Q= VwQ j} Q] R= xOt;

"OyO|t u=Wv =Q xOWx�=Q= VwQ |q=@ CkO w u=v}t]= C}r@=k xm

|OQ@ Q=m |=yp=Ft "6
|OOa |=yp=Ft "1"6

|=yOt=U@� p=Owt |=yQDt=Q=B G=QNDU= QO xOW x�=Q= VwQ |}=v=wD 'VN@ u}= QO
j} Q] R= xR=U R= xOW C@F |=DU}==v =} =DU}= |=yMU=B R= �|}=Q}t ?}=Q[ w |a}@]
x@ xm |O=R; xHQO l} =@ sDU}U l} pw= p=Ft QO "OwW|t |UQQ@ |OOa p=Ft wO
C=YNWt swO p=Ft QO w OW Oy=wN |UQQ@ 'OwW|t l} QLD =DU}==v |wQ}v xr}Uw
O}iU |xiwv |xYNWt =@ |} wQ}v xr}Uw x@ xm |O=R; xHQO wO =@ xR=U l} p=Owt

"O};|t CUO x@ 'CU= xOW l} QLD
pw= p=Ft "1"1"6

R= p=Owt |=yQDt=Q=B G=QNDU= QO xOW x�=Q= VwQ |}=v=wD |UQQ@ p=Ft u}= R= hOy
l} =@ sDU}U l} 'Qw_vt u}= |=Q@ "CU= xR=U R= xOW C@F ?=DW |=DU}==v MU=B
QO 2 pwOH QO xOW xO=O u=Wv p=Owt C=YNWt =@ �hr= 1 pmW� |O=R; xHQO
5 pmW "OwW|t l} QLD =DU}==v |wQ}v l} |xr}Uw x@ sDU}U "OwW|t xDiQo Q_v
=@ "OyO|t u=Wv =Q sDU}U MU=B w |OwQw |wQ}v |}x_Lr Ot=U@ '|OwQw |wQ}v
|D=P |xir-wt wO x@ sDU}U ?=DW MU=B CQ@r}y C=W=aDQ= |x} RHD VwQ R= xO=iDU=

"�6 pmW� OwW|t x} RHD

24



2/
1|

xQ=t
W'

37
�2

|xQ
wO'

�14
00

u=DU
@=D�

h}
QW

u=Qt
a|

UOv
yt

25

"xR=U O=R; V=aDQ= p=vo}U |D=P |=yxir-wt "9 pmW

""u; |wQ Q@ QoUL |Q}oQ=Qk pLt w |DvtoU pB x}=B "10 pmW
"O};|t CUO x@ p=Owt |=[i QO xR=U O=R; V=aDQ= |=yMU=B VwQ u}= =@
CUO x@ p=Owt |=yMU=B R= xR=U p=Owt C=YNWt w}UQoQwD= VwQ R= xO=iDU= =@
p=Owt C=YNWt 3 pwOH QN; uwDU wO "OwW|t G=QNDU= p@k |xrLQt R= xOt;
u=Wv =Q CQ@r}y C=W=aDQ= |x} RHD |x}=B Q@ w}UQoQwD= VwQ j} Q] R= xOt; CUO x@
CkO =@ xOW x�=Q= VwQ 'CU= xOW xO=O u=Wv 3 pwOH QO xm Qw] u=ty "OyO|t
CU= |O=R; xHQO OvJ =@ xR=U p=Owt |=yQDt=Q=B |}=U=vW x@ QO=k |r=a Q=}U@

"OW=@ xOW C@F QoUL l} R= xO=iDU= =@ \ki u; |=yMU=B xm |t=ovy

|]}Lt V=aDQ= V}=tR; "2"6
pB l} |xOvQ=Oyov |=yx}=B R= |m} 'VN@ u}= QO xOW xDiQo Q_v QO |xR=U
u=Wv hr= 10 pmW QO xR=U u}= Q} wYD "CU= u=yiY= QyW QO `k=w '|DvtoU
CU= uQ=kDt `]kt K]U l} |=Q=O w QDt 10 xR=U u}= `=iDQ= "CU= xOW xO=O
V}=Ri= =@ TBU w C@=F |QDt 7 5 `=iDQ= =D `]kt K]U CL=Ut "�? 10 pmW�

"O@=}|t V}=Ri= '`=iDQ=
x�=Q= VwQ j} Q] R= QwmPt |xR=U p=Owt C=YNWt uOQw; CUO x@ Qw_vt x@
GvU?=DW l} R= xO=iDU= =@ "CiQo s=Hv= xR=U |wQ Q@ p=Owt V}=tR; l} 'xOW

"|O=R; xHQO wO =@ xR=U p=Owt |=yQDt=Q=B "3 pwOH
p=Owt |=yQDt=Q=B p=Owt |=yQDt=Q=B |xQ=tW
xOt; CUO x@ xOt; CUO x@ =yOwt

�(�) !n(Hz) �(�) !n(Hz)

1 3 3 1 3 3 pw= Owt
1 7 11 47 1 6 11 9 swO Owt

"Q=@ p=ta= pLt x=Qty x@ |O=R; xHQO wO =@ sDU}U "7 pmW

"xR=U ?=DW p=vo}U "8 pmW

|}=U=vW |=yVwQ j} Q] R= xOt; CUO x@ p=Owt |=yQDt=Q=B =@ xOt; CUO x@
QO xm Qw] u=ty "OwW|t xU}=kt |Ot=U@ |x}L=v |x} RHD w |iO=YD |=y=[iQ} R
QO=k |r=a Q=}U@ CkO =@ |r=L QO xOW x�=Q= VwQ 'CU= xOW xO=O u=Wv 2 pwOH
|=y=[iQ} R VwQ wO xm CU=DU}==v |=yMU=B R= xR=U p=Owt |=yQDt=Q=B G=QNDU= x@
"OvDU}v xR=U p=Owt |=yQDt=Q=B|}=U=vW x@ QO=k |Ot=U@ |x}L=v |x} RHD w|iO=YD

swO p=Ft "2"1"6
pwOH QO xOW xO=O u=Wv p=Owt |=yQDt=Q=B =@ |O=R; xHQO wO =@ xR=Ul} 'p=Ft u}= QO
w �7 pmW� OwW|t l} QLD =DU}= |wQ}v l} |xr}Uw x@ xR=U "OwW|t |UQQ@ 3
xR=U ?=DW MU=B hr= 8 pmW "O};|t CUO x@ |O=R; xHQO u}twO QO xR=U MU=B
MU=B '|@ QHD l} QLD VwQ R= xO=iDU= =@ "OyO|t u=Wv =Q |O=R; xHQO u}twO QO
\UwD xR=U O=R; V=aDQ= MU=B "�? 8 pmW� OwW|t x@U=Lt xR=U O=R; V=aDQ=
"OwW|t x} RHD |D=P |=yxir-wt R= |}xawtHt x@ CQ@r}y C=W=aDQ= |x} RHD VwQ

"OyO|t u=Wv =Q xR=U O=R; V=aDQ= R= xOW G=QNDU= |D=P |=yxir-wt 9 pmW



"""|
}=U=

vWQ
Ow}

UQo
QwD=

Vw
QOQ

mrt
aO

w@y@

|=yVwQ Qo}O =@ xOW x�=Q= VwQ G}=Dv O}=@ 'xR=U R= xOW C@F MU=B |}=DU}= Cra
G}=Dv 'xOW x�=Q= VwQ OQmrta |UQQ@ Qw_vt x@ "OW=@ u=Um} xRwL u}= QO OwHwt
|}=U=vW |=yVwQ j} Q] R= xOt; CUO x@ p=Owt |=yQDt=Q=B =@ xOt; CUO x@
"�4 pwOH� OwW|t xU}=kt |Ot=U@ |x}L=v |x} RHD w |iO=YD |=y=[iQ} R
G}=Dv 'xR=U R= xOW C@F MU=B |}=DU}= Cra x@ OwQ|t Q=_Dv= xm Qw] u=ty
,=@} QkD xar=]t u}= QO xOW x�=Q= VwQ =@ xOW xQ=W= |=yVwQ R= xOt; CUO x@
|wQ Q@ xm |]}Lt V=aDQ= uwtR; l} s=Hv= j} Q] R= p=Ft u}= QO "CU= u=Um}
QO Qo}O |=yVwQ =@ G}=Dv |xU}=kt =@ w CiQo s=Hv= |DvtoU pB |x}=B l}
u=Wv �OvW=@ xDW=O |v=Um} G}=Dv O}=@ =yMU=B |}=DU}= Cra x@ xm � xRwL u}=
xOW `iQ pt=m Qw] x@ w}UQoQwD= VwQ QO QoUL pk=OL C}OwOLt xm OW xO=O

"CU=

|Q}o xH}Dv "7
w =y Ot=U@� =yxR=U p=Owt |=yQDt=Q=B G=QNDU= |=Q@ O}OH VwQ l} 'xar=]t u}= QO
"OW x�=Q= 'QoULl}\UwD xOWC@F |m}t=v}O |=yMU=B T=U= Q@ �|}=Q}t?}=Q[
OQmrta 'OW |Q=Pos=v CQ@r}y C=W=aDQ= |x} RHD |x}=B Q@ w}UQoQwD= xm 'VwQ u}= QO
�hr= %Ci=}Ow@y@ CQwY wO x@ xR=U p=Owt |=yQDt=Q=B |}=U=vW QO w}UQoQwD= VwQ
QO "CU= R=}v QoUL m x@ xv}tm 'xR=U R= Owt m |}=U=vW |=Q@ w}UQoQwD= VwQ QO
=@\ki wCU= xDi=} Ow@y@|rm Qw] x@Xkv u}= 'xOW x�=Q= VwQ R= xO=iDU= =@ xm|r=L
=Q �|}=Q}t ?}=Q[ w =yOt=U@� xR=U p=Owt |=yQDt=Q=B u=wD|t QoUL l} R= xO=iDU=
Qo}O Ovv=ty 'p=Owt |=yQDt=Q=B G=QNDU= QO w}UQoQwD= VwQ OQ@ Q=m �? "OQm |}=U=vW
xOW x�=Q=VwQ QO xm|r=L QO "CU= OwOLt =DU}= |=yp=vo}U x@ xRwLu}= QO =yVwQ
|=yQDt=Q=B G=QNDU= x@ QO=k xOW x�=Q= VwQ w CU= xOW hQ]Q@ ,qt=m C}OwOLt u}=
wO j} Q] R= xOW x�=Q= VwQ OQmrta w |}=Q=m "CUy R}v =DU}==v |=yMU=B R= p=Owt
"OW |@=} RQ= 'CU= u=tDN=U l} pt=W xm |HvUCLY p=Ft l} w |OOa p=Ft
QDy@?D=Qt x@ =DU}==v |=yMU=B =@ xyH=wt QO xOW x�=Q= VwQ OQmrta xm O=O u=WvG}=Dv
|x}=B Q@ w}UQoQwD= VwQ R= xO=iDU= =@ 'u=}=B QO "CU= xRwL u}= QO G}=Q |=yVwQ R=
pB l} |xOvQ=Oyov |x}=B |}=Q}t ?}=Q[ w =yOt=U@ 'CQ@r}y C=W=aDQ= |x} RHD
Q@ w}UQoQwD= VwQ 'xar=]t u}= R= xOt;CUO x@ G}=Dv T=U= Q@ "Ot;CUO x@|DvtoU
|=yMU=B R= xR=U p=Owt |=yQDt=Q=B G=QNDU= |=Q@ 'CQ@r}y C=W=aDQ= |x} RHD |x}=B
"CU= O=tDa=p@=k Q=}U@ 'Ov=xOWC@F QoULl}\UwD\ki xm xR=U|=DU}==v w =DU}=

"=yxawtHtQ} R R= l} Qy C=a@ Qt u}ov=}t "11 pmW

"u; |D=P |=yxir-wt w MU=B p=vo}U "12 pmW
?=DW '�? 10 pmW� CU= xDiQo Q=Qk xR=U `]kt K]U RmQt QO xm xQwLtlD
xvwtv MQv w xk}kO 7 OwOL QO CW=OQ@ u=tR COt "CU= xOW C@F xR=U |@v=H
|xr}Uw x@ ?=DW MU=B |}=DU}= "CU= RDQy 100 `]k Ot=U@ =@ RDQy 200 |Q=OQ@
40 x@ xOW C@F ?=DW MU=B 'Qw_vt u}= x@ "OwW|t |UQQ@ [35]xNQJ uwtR;
x@U=Lt xawtHtQ} R Qy C=a@ Qt u}ov=}t Q=Okt w CU= xOW s}UkD xawtHtQ} R
C=@F= p=vo}U |}=DU}= |xNQJ uwtR; R= xO=iDU= =@ TBU "�11 pmW� OwW|t

"OwW|t
OwW|t x@U=Lt sDU}U O=R; V=aDQ= MU=B '|@ QHD l} QLD VwQ R= xO=iDU= =@
CQ@r}y C=W=aDQ= |x} RHD VwQ \UwD sDU}U O=R; V=aDQ= MU=B "�hr= 12 pmW�
xO=iDU= =@ "�G w ? 12 pmW� OwW|t x} RHD |D=P |=yxir-wt R= |}xawtHt x@
R= xOt; CUO x@ |D=P |=yxir-wt R= xR=U p=Owt C=YNWt w}UQoQwD= VwQ R=
xOt; CUO x@ p=Owt C=YNWt 4 pwOH swO Q]U "OwW|t G=QNDU= p@k |xrLQt
x@ "OyO|t u=Wv =Q CQ@r}y C=W=aDQ= |x} RHD |x}=B Q@ w}UQoQwD= VwQ j} Q] R=

26

"|DvtoU pB |xOvQ=Oyov |x}=B p=Owt |=yQDt=Q=B "4 pwOH
p=Owt |=yQDt=Q=B |xQ=tW VwQ

�(�) !(Rad=s) Owt
1 86 1 58 pw= Owt |x}=B Q@ w}UQoQwD= VwQ
0 9 11 38 swO Owt |]}Lt C=W=aDQ= |x} RHD
1 89 1 58 pw= Owt Q} R |x} RHD VwQ
1 17 11 4 swO Owt |iO=YD |=y=[i

� 1 56 pw= Owt |x} RHD VwQ
� � swO Owt |Ot=U@ |x}L=v



2/
1|

xQ=t
W'

37
�2

|xQ
wO'

�14
00

u=DU
@=D�

h}
QW

u=Qt
a|

UOv
yt

=yCWwv=B
1. Amezquita-Sanchez and Adeli
2. Bendat and Piersol
3. Peak Picking (PP)
4. Felber
5. second narrows bridge
6. Brincker et al
7. frequency domain decomposition (FDD)
8. enhanced frequency domain decomposition (EFDD)
9. Jacobsen and Andersen
10. curve-�tted enhanced frequency domain decomposition

(CFDD)
11. Ibrahim time Domain (ITD)
12. stochastic subspace identi�cation (SSI)
13. Van Overschee and de Moor
14. Peeters and de Roeck
15. Kadakal and Yuzugullu
16. Kosorus et al
17. Park et al
18. Burg
19. Yu and Ren
20. empirical mode decomposition
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