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x} Qwi p}O@D |i}] R}r=v; |O}rm |xYNWt wO "CU= xOW xO=O u=Wv Q=DWwv u}=

"CU=yxQHvB ?}mQD |R=Uxv}y@ w `} QU xDUUo

`} QU xDUUo x} Qwi p}O@D "1"4
"Ov};|t CUO x@ |Uv=mQi |=yMU=B '|v=tR |=yxO=O x@ x} Qwi p}O@D p=ta= =@
x@ u; p}O@D w |]NQ}e |=yl}t=v}O |}=U=vW s=o u}rw= x} Qwi p}O@D R= xO=iDU=

%OwW|t u=}@ u}vJ xDUUo |x} Qwi p}O@D "CU= |]N xO=U pOt l}

X (fk) = �t
n�1X
n=0

xn exp
��2�j (kn)

N

�
(10)

xDUUo x} Qwi s=v x@ |Qo}O p}O@D "CU= |Uv=mQi \=kv O=OaD Q@=Q@ N u; QO xm
'CU= QDtm x} Qwi p}O@D =@ xU}=kt QO u; |D=@U=Lt |xv} Ry xm OQ=O OwHw `} QU
"OQ}o|t xQy@ QDtm |Uv=mQi \=kv O=OaD w p@k pL=Qt |D=aq]= |xQ}NP R= =Q} R
xDUUo x} Qwi p}O@D |x]@=Q u=ty Ck}kL QO `} QU xDUUo x} Qwi p}O@D |x]@=Q
C=@U=Lt sHL 5u}DWwr@ sD} Qwor= R= xO=iDU= =@ xm Cw=iD u}= =@ 'CU= �10 |x]@=Q�
"OwW|th} QaD 11 |x]@=Q CQwYx@ kn 'x]@=Q u}= QO "O@=}|tVy=m Q} R CQwYx@
x]@=Q u}= QO "O};|t CUO x@ 12 |x]@=Q '11 |x]@=Q QO 10 |x]@=Q |Q=Po}=H =@
Q=Qk x_i=L QO w xOW x@U=Lt Q=@l} (exp

���jk2
N

�
) |}=tv `@=D pw= CQ=@a

|}=tv `@=D swU w swO CQ=@a "OwW|tv x@U=Lt Qo}O C=@U=Lt u=}=B =D w OQ}o|t

"Q=DWwv u}= |Uv=mQi MU=B VwQ x@ sDU}U |}=U=vW CQ=J "5 pmW

X
Z =ZHS + Zwjwjw jwj+ Zqjqjq jqj+ Zw _w + Z _q _q

+ Zuquq + Zvpvp+ Zrprp+ Zuwuw + Z�s�s (3�4)X
K = KHS +K _p _p+KThrust (4�4)X
M =MHS +Mwjwjw jwj+Mqjqjq jqj+M _w _w +Mq _q

+Muquq +Mvpvp+Mrprp+Muwuw +M�s�s

(5�4)X
N =NHS +Nvjvjv jvj+Nrjrjr jrj+N _v _v +Nr _r

+Nurur +Nwpwp+Npqpq +Nuvuv +N�r�r

(6�4)

pL =} uwtR; VwQ x@ O}=@ xm CU= |m}t=v}OwQO}y ?}=Q[ pt=W 4 CqO=at
|L]UQ} R ?}=Q[ [17w16]"OwW x@U=Lt |@ QHDxt}v w |r}rLD |=yVwQ =} w '|OOa
=yv; R= xO=iDU= =@ u=wD|t xH}DvQO w xOt; CUO x@ =yVwQ u}= R= xO=iDU= =@ SUT-2
wQ}v x@ \w@ Qt 4 CqO=at QO HS T}Ov= [18]"OQm |R=Ux}@W =Q |L]UQ} R CmQL
%OwW|t x@U=Lt u}vJ xm CU= xOvQ=OR=@ |=ywQ}v u=ty =} |m}D=DU=wQO}y u=tt w

g(�) =

266666666664

(W �B) s�

� (W �B) c�s�

� (W �B) c�c�

� (yGW � yBB) c�c�+ (zGW � zBB) c�s�

(zGW � zBB) s� + (xGW � xBB) c�c�

(xGW � xBB) c�s�� (yGW � yBB) s�

377777777775
(5)

x@U=Lt u}vJ R}v sO |=yDv= QO xOW ?Yv |xv=wQB u=QwO R= |W=v Vv=QV}B CQ=@a
%OwW|t

� = [�D4KTJ0n2; 0; 0; �D5KQJ0n2; 0; 0]T (6)

CqO=at '?=DW CqtH |R=U=OH =@ 4 CqO=at ?}=Q[ uOW XNWt =@ xm
%R= Ow@ Oy=wN CQ=@aMt T} QD=t xm |Qw]x@ 'OwW|t xDWwv 7 |xrO=at CQwYx@266666666664

_u

_v

_w

_p

_q

_r

377777777775
= [Mt]�1

266666666664

P
XP
YP
ZP
KP
MP
N

377777777775
(7)

Mt =266666666664

m�X _u 0 0 0 mzG 0
0 m�Y _v 0 �mzG 0 �Y _r

0 0 m�Z _w 0 Z _q 0
0 �mzG 0 IX�K _p 0 0

mzG 0 �M _w 0 IY �M _q 0
0 �N _v 0 0 0 Iz�N _r

377777777775
(8)
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xQ=t

W'
32

�3
|xQ

wO-
�13

95
R}}=B

�'h
}QW

l}
v=mt

|U
Ovyt QO uRw `@=wD R= xO=iDU= R= |W=v p=vo}U |SQv= Ci= u=Q@H ?} Q[ u u; QO xm

0 612 'Hanning window `@=D |=Q@ u; Q=Okt xm CU= |Ov@xQHvB l}vmD
xf x]@=Q u}= QO "O};|t CUO x@ 22 |x]@=Q R= xm CU=yxQHvB O=OaD nr w CU=
xO=iDU= OQwt |}=U=vW C}i}m V}=Ri= Qw_vtx@ xm CU=yxQHvB |v=WwBty ?} Q[

"CU= xDiQo Q=Qk

nr = 1 +

�
Trec
Twin

�� 1
1� xf (22)

w O@=}|t Vy=m |}=U=vW QO QF-wt Tv=mQi xv}tm QDnQR@ |xR=Ov= =@ |}xQHvB |=Q@
|iQ] R= "OW Oy=wN pY=L |QDy@|D=aq]= |=wDLt QDu}}=B |=yTv=mQi QO u}=Q@=v@
Vy=m R}v OvwW|t |Q}ou}ov=}t |i}] C=@U=Lt QO xm |}=yxQHvB O=OaD uwJ
|vatx@ QDmJwm |xR=Ov= =@ |xQHvBTmaQ@ "O@=}|tV}=Ri= |iO=YD |=]N 'O@=}|t
=Q |iO=YD |=]N u}= Q@=v@ w xOW |Q}ou}ov=}t xm CU= |QDW}@ |=yxQHvB O=OaD
xDi=} V}=Ri= |@ wNx@ q=@ |=yTv=mQi QO |}=U=vW CkO u}=Q@=v@ "OyO|t Vy=m
?=NDv= "OW Oy=wN QDu}}=B |=yTv=mQi QO |D=aq]= |=wDLt Vy=m x@ QHvt |rw
u=R}t w u}}=B |=yTv=mQi QO xDi=} V}=Ri= |D=aq]= |=wDLt u}@ O}=@ xQHvB O=a@=
O=a@= ?=NDv= u}=Q@=v@ "Ovm Q=QkQ@ pO=aD q=@ |=yTv=mQi QO QDtm |iO=YD |=]N

"OQ=O =]N w |aU x@ R=}v =yxQHvB ?U=vt
R= "CU= |UQQ@ OQwt Ow} QB u} QDW}@ =@ ?U=vDt xQHvB |t=v pw] ?=NDv=
Crax@ pta QO "CU=yxQHvB O=a@= =@ ?U=vDt |}=U=vW p@=k Tv=mQi pk=OL |iQ]
O}=@ |}=U=vW Tv=mQi pk=OL '|rQDvm |xDU=wN=v |=y|OwQw u}vJty w C=W=WDe=
O}it Ow} QB wO smCUO xQHvB Qy QO =Pr "OW=@ xQHvB pw] Twmat Q=Okt Q@=Q@ wO

[19]%Qo}O CQ=@ax@ "ODi= s=O x@ Q_v OQwt p=vo}U R= O}=@
Twin = 2Tmax (23)

"CU= Q@=Q@ xOW |Q=OQ@xO=O u=tR pm |xR=Ov= =@ xQHvB O=a@= |xv}W}@ xm CU= K[=w
O}=@ 'QDy@ |Q}oxH}Dv |=Q@ xQHvB O=a@= |xv}W}@ xm xO=O u=Wv |rta |=yx@ QHD =t=

[19]%Cio u=wD|t |DWov=QU uwv=k l} u=wvax@ "OW=@ QDlJwm Q=Okt u}= R=
Twin � 0 5Trec (24)

[19]%OwW|t xO=iDU= |}=U=vW |=Q@ |r=wDt |=y|OwQw R= xJv=vJ w
Twin � 0 5TF (25)

u}@� OyO VWwB =Q Tv=mQi R= x}v=F Q@ u=}O=Q 10 xR=@ l} O}=@ xQHvB pw] u} QDtm
=Q xQHvB |xR=Ov= xv}tm 'T=U= u}=Q@ "�|}=U=vW QO QF-wt Tv=mQi xv}W}@ w xv}tm

[19]%OQw; CUO x@ 26 |x]@=Q R= xO=iDU= =@ u=wD|t

Twinmin > 20
� 2�
!max

�
(26)

CQwYx@ xv} Ry `@=D Q=}at 'xOt; CUO x@ p}O@D `@=wD |Ot;Q=m u=R}t u}}aD |=Q@
CkO Qou=Wv OW=@ 100 R= QDsm XN=W u}= xJv=vJ &OwW|t h} QaD 27 |xrO=at

[19]"CU= xOW |}=U=vW pOt |q=@

J = 20
n!

!n!X
!1

!�
�
!g
����cTC���� ���T̂ ����2

+ !P
�
\cTC � \T̂�2�

(27)

QO w xOW x@U=Lt Q=@m} Tv=mQi Qy |=Q@ R}v Ov=xOW ?Q[ sy QO p=QoDv= pN=O xm
sHL p}rO u}tyx@ &OwW|tv x@U=Lt Qo}O |Oa@ Tv=mQi =D w OQ}o|t Q=Qk x_i=L

"O@=}|t Vy=m Q=}U@ C=@U=Lt
nk = � (k � n)2

2 + n2

2 + k2

2 (11)

X (fk) = �te

���jk2
N

� n�1X
n=0

xne

���jn2
N

�
e

���j(k�n)2
N

�
(12)

%OQm x@U=Lt =Q |HwQN � |OwQw |i}] `@=wD u=wD|t p}O@D u}= R= xO=iDU= =@
ĜXX (f) = 2

T
jX (f)j2 (13)

ĜY Y (f) = 2
T
jY (f)j2 (14)

ĜXY (f) = 2
T
jX (f) � Y (f)j (15)

%OwW|t h} QaD 16 |xrO=at CQwYx@ |Uv=mQi MU=B `@=D xm
H (f) = ĜXX (f)

ĜXY (f)
(16)

"OQ}o|t CQwY 6|oDU@ty `@=D R= xO=iDU= =@ Tv=mQi |xRwL QO |}=U=vW |@=} RQ=
'OW=@ xDW=Ov |O}OW |v=Uwv Q=DiQ w OW=@ QDnQR@ 0 6 R= `@=D u}= Q=Okt xJv=vJ
[19]%CU= x@U=Lt p@=k 17 |x]@=Q R= xO=iDU= =@ `@=D u}= "Ow@ Oy=wN Q@Dat |}=U=vW


̂2
xy =

���ĜXY (f)
���2���ĜXX (f)

��� ���ĜY Y (f)
��� (17)

=yxQHvB ?}mQD |R=Uxv}y@ "2"4
C}ty= Q=}U@ |i}] `@=wD j}kO u}}aD Tv=mQi |xRwL QO |}=U=vW Ov}=Qi QO
|i}] `@=wD u}tND Q@ CU= umtt Ov=xOwr; V=WDe= x@ =yxO=O ,qta uwJ w 'OQ=O
l}vmD R= xO=iDU= 7|iO=YD |=y=]N hPL |=Q@?U=vt VwQl} "OvW=@ Q=PoQ}F-=D
'hrDNt xR=@ OvJ QO `@=wD |Q}o\UwDt R= xO=iDU= =@ VwQ u}= QO "CU= |Ov@xQHvB

"OwW|t O}rwD |DN=wvm} |i}] |=yu}tND
Twin = Trec

nr
(18)

'xQHvB Qy |xR=Ov= '=yxQHvB O=OaD ?}DQD x@ Trec w Twin 'nr 18 |xrO=at QO
|xJN} Q=D u=wD|t |i}] |=]N Vy=m Qw_vtx@ "CU= |Q=OQ@xO=O u=tR COt w
=yxO=O Q=OuRw |xJN} Q=D w OQm ?Q[ (!(t)) |vRw `@=wD QO =Q xQHvB Qy QO |v=tR
Hanning s=v x@� 19 |xrO=at |i}] `@=D R= Q=DWwv u}= QO xm OQw; CUO x@ =Q

%CU= xOW xO=iDU= �window

! (t) = 1
2 (1� cos! (t)) (19)

CUO x@ 21 w 20 |x]@=Q T=U=Q@ |HwQN � |OwQw |i}] `@=D sQv w |}=yv u}tND
%Ot; Oy=wN

ĜXX (f) = 1
u � nr

nX
k=1

~Gxx (f) (20)

ĜY Y (f) = 1
u � nr

nX
k=1

~GY Y (f) (21)
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"""C
mQL

QO|
L]U

Q}R
|xr

}Uw
l}

|m
}t=v}

O|
}=U=

vW

"|Uv=mQi |wQ=H |OwQw "7 pmW

R= u}=Q@=v@ w Ovm|t Q}}eD |oDUy;x@ w CU= XNWt |OwQw u}= Tv=mQi xv}W}@ w
"CU= C}ty= R�=L Qwv=t QO |vt}= ^=Lr

'(!max) sDU}U |Q=m Tv=mQi u} QDW}@ u}@ sDU}U |}=U=vW u}v=wk T=U=Q@
[19]"OW=@ Q=QkQ@ 29|x]@=Q O}=@ (!s) |Q=OQ@xO=OTv=mQi w (!f )nv} QDr}iTv=mQi
!s � 5!f � 5!max (29)

Q@ u=}O=Q 30 =D 0 6 u}@ sDU}Ul} QLD |Uv=mQi xR=@ xm u}= x@ xHwD =@ j}kLD u}= QO
�t = 0 001 s}_vD =@ 'OQ}o|t CQwY Q=Ri=sQv j} Q] R= |Q=OQ@xO=O w CU= x}v=F
QmP |=yQ=}at xm CU= xOW RDQy 1000 =} x}v=F Q@ u=}O=Q 6283 |Q=OQ@xO=O MQv
=D 30 CqO=at R= u=wD|t |Uv=mQi |wQ=H O}rwD |=Q@ "CU= xOQm C}=aQ =Q xOW

%OQ@ xQy@ 33
�sweep = A sin (� (t)) (30)

� (t) =

TrecordZ
0

! (t) dt (31)

! (t) = !min +K (!max � !min) (32)

K = 0 0187
�
exp

� 4t
Trec

�
� 1
�

(33)

\UwD l} QLD u=tR COt pw] Trecord w |OwQw p=vo}U |xvt=O A =yu; QO xm
xOW xDiQo Q_v QO x}v=F 180 xOW xDio \@=wQ x@ xHwD =@ xm CU= |Uv=mQi |wQ=H
uQ=kDt 8w=} |x} w=R MU=B O@=} V}=Ri= |v=yo =v Qw]x@ A Q=Okt xm |DQwY QO "CU=
|]N CQwYx@ 60 |x}v=F =D xvt=O w Ovm|t u=Uwv |Qo}O |x]kv pwL w CU}v
7 pmW QO "CU= �xHQO 5� u=}O=Q 0 087 Q=Okt |}=yv |xvt=O "O@=}|t V}=Ri=
|OwQw p=ta= R= pY=L G}=Dv u}vJty "CU= xOW xO=O u=Wv xOWO}rwD |OwQw
QO x}v=F Q@ u=}O=Q 30 =D 0 2 |Uv=mQi xR=@ QO u=mU |OwQw |=Q@ |Uv=mQi |wQ=H

"CU= xOW xO=O u=Wv 12 =D 8 |=ypmW

Tv=mQi MU=B p}rLD R= pY=L K}=Dv "6
QO Qi}=U Q=Ri=sQv QO |i}] R}r=v; R= xO=iDU= w =yxO=O G=QNDU= R= pY=L G}=Dv
x@ =yMU=B xty OwW|t xOy=Wt xm u=vJ "CU= xOW xO=O u=Wv 17 =D 13 |=ypmW
CaQU MU=B Q=_Dv= j@=]t "OvQ=OQwNQ@ |rw@k p@=k |oDU@ty Q=Okt R= u MU=B RH
1�4 |xrO=at QO u=mU |x} w=R C=Q}}eD Q}F-=D uDiQov Q_v QO p}rOx@ �16 pmW� u

"OQ=O |v}}=B |oDU@ty Q=Okt 'GQU CmQL |=Q@

sDU}U |}=U=vW |mwr@ Q=Owtv =@ \=@DQ= QO Qi}=U Q=Ri=sQv hrDNt |=RH= "6 pmW
"xar=]t u}= QO

=@ |}=yxO=O Q@ xm CU= |oDU@ty `@=D x@ xDU@=w |yOuRw `@=D '!� x]@=Q u}= QO
%R= CU= CQ=@a w Ovm|t O}m -=D q=@ C}r@=k

!� =
h
1 58

�
1� e�
2

xy
�i2

(28)

j@] w OvDUy R=i w xvt=O |=]N QwPHt |=Q@ |@Uv |=yuRw !p w !g u}vJty
|Uv=mQi \=kv O=OaD n! "CU= 0 01745 w 1 Q@=Q@ ?}DQDx@ =yv; Q=Okt [19]'O=OQ=Qk

"OwW|t ?=NDv= 20 Q@=Q@ ,qwtat w CU=
Q=Ri=sQv R= Tv=mQi |xRwL QO |}=U=vW Ov}=Qi s=Hv= Qw_vtx@ j}kLD u}= QO
|=DU=Q QO xt=vQ@ Q} R OvJ R=?mQt Qi}=U Q=Ri=sQv "CU= xOW xO=iDU= Qi}=U OvtCQOk
`@=D pOt |}=U=vW '=yxQHvB ?}mQD 'x} Qwi |=yp}O@D s=Hv= '?U=vt |=yxO=O O}rwD

"CU= |}=U=vW pOt |@=} RQ= ,=D}=yv w Cr=L |=[i pOt |}=U=vW 'p}O@D
=Q |HwQN lD � |OwQw lD |Uv=mQi |=yMU=B FRESPID |xt=vQ@ Q} R
'x@U=Lt `} QU xDUUo x} Qwi p}O@D R= xO=iDU= =@ |i}] |=yxQHvB R= |}xOwOLt |=Q@
x@|v=tR |xJN} Q=D 'VwQ u}= =@ "Ovm|t xQ}NP|Uv=mQi |=yMU=B x=o}=B QO =Q =yv; w
xO=iDU= =@ TBU "OwW|t p}O@D sDU}U |Uv=mQi MU=B x@ |R=Ux}@W R= xOt; CUO
s=Hv= xv=oOvJ |=yxQHvB |=Q@ =Q |R=Uxv}y@ Ov}=Qi COMPOSITE |xt=vQ@ Q} R R=
O}rwD lJwm |iO=YD |=]N w q=@ CkO =@ |}=yv |Uv=mQi |=yMU=B =D s}yO|t

"OwW
?]k CQwYx@ p}O@D `@=D pOt 'NAVFIT |xt=vQ@ Q} R R= xO=iDU= =@ TBU
|HwQN lD � |OwQw lD |Uv=mQi MU=B =@ |@ wNx@ xm xOW |}=U=vW QiY w
Q_=vDt |=ylwr@ =@ Qi}=U Q=Ri=sQv hrDNt |=RH= \=@DQ= 6 pmW QO "OQ=O |v=wNty
'xDiQo Q=Qk xO=iDU= OQwt Q=DWwv u}= QO xm sDU}U |}=U=vW |mwr@ Q=Owtv QO OwN

"CU= xOW xO=O u=Wv

|Q=OQ@xO=O w ?U=vt |OwQw |L=Q] "5
u; |m}t=v}O C=}YwYN w pOt Q=DN=U R= |y=o ; OvtR=}v xv}y@ |OwQw |L=Q]
u=tR u} QDsm QO =Q C=aq]= u} QDW}@ xm CU= |OwQw xv}y@ |OwQw R= Qw_vt "CU=
Q}e w u}WvQU uwO@ p}=Uw QO |}=y|OwQw u}vJ |L=Q] "Ovm O=H}= sDU}U R=
sDU}U |}=U=vW QO xv}y@ |=y|OwQw u} QDy@ R= |m} "CU= Q=wWO Q=}U@ pw=ODt
|r=oJ `@=D =@ xv}y@ |OwQw l} Ck}kLQO |Uv=mQi |wQ=H "CU= |Uv=mQi |wQ=H
xv}tm "OwW|t R}v uQ=kDt |v=tR |=yMU=B x@ QHvt xm CU= CN=wvm} CQOk h}]
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v=mt

|U
Ovyt

"CtU |x}w=R |Uv=mQi MU=B "13 pmW

"CtU |x} w=R MQv |Uv=mQi MU=B "14 pmW

"CtU |x}w=R jDWt |Uv=mQi MU=B "15 pmW

"ji= xLiY CmQL QO u=tR x@ C@Uv CtU x} w=R C=Q}}eD "8 pmW

"ji= xLiY CmQL QO u=tR x@ C@Uv CtU x}w=R jDWt C=Q}}eD "9 pmW

"ji= xLiY CmQL QO u=tR x@ C@Uv CtU x}w=R MQv C=Q}}eD "10 pmW

"ji= xLiY CmQL QO u=tR x@ C@Uv |rw] CaQU C=Q}}eD "11 pmW

"ji= xLiY CmQL QO u=tR x@ C@Uv |[Qa CaQU C=Q}}eD "12 pmW
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QO|
L]U

Q}R
|xr

}Uw
l}

|m
}t=v}

O|
}=U=

vW

 
�r

MU=B "1"6
j@] xm CU= 34 |x]@=Q pmWx@ MU=B u}= x@ \w@ Qt xOt; CUO x@ p}O@D `@=D

"OQ=O 0 3764 =@ Q@=Q@ |}xv} Ry `@=D 27 Q=}at
 
�r

= �0 7345s� 0 3341
s3 + 1 304s2 + 0 7533s (34)

w -=O@t |wQ =y?]k R= |m} xmCU= Q=O}=B QiYl} w?]k xU |=Q=O p}O@D `@=D u}=
�0 652�0 5729i w �0 652+0 5729i \=kv QO u; Q=O}=B GwORt ?]k

"CU= �0 4549 |x]kv QO p}O@D `@=D u}= QiY =yvD w OQ=O Q=Qk
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MU=B "2"6
j@] xm CU= 35 |x]@=Q pmW x@ MU=B u}= x@ \w@ Qt xOt; CUO x@ p}O@D `@=D

"CU= 1 1186 Q@=Q@ |}xv} Ry `@=D 27 Q=}at
r (s)
�r (s)

= �0 7404s� 0 1289
s2 + 1 092s+ 0 365 (35)

\=kv QO ?]k wO xm CU= Q=O}=B QiY l} w ?]k wO |=Q=O p}O@D `@=D u}=
`@=D u}= QiY =yvD w OQ=O Q=Qk �0 546� 0 2586i w �0 546 + 0 2586i

"CU= �0 1741 x]kv p}O@D

_ 
�r

MU=B "3"6
j@] xm CU= 36 |x]@=Q pmW x@ MU=B u}= x@ \w@ Qt xOt; CUO x@ p}O@D `@=D

"CU= 1 1634 Q@=Q@ |}xv} Ry `@=D 27 Q=}at
_ 
�r

= �0 7397s� 0 1357
s2 + 1 096s+ 0 374 (36)

\=kv QO u; ?]k wO xm CU= Q=O}=B QiY l} w ?]k wO |=Q=O p}O@D `@=D u}=
`@=D u}= QiY =yvD w OQ=O Q=Qk �0 548� 0 2715i w �0 548 + 0 2715i
w 35 p}O@D `@=wD |xrB |OwQw MU=B 18 pmW QO "CU= �0 1835 |x]kv p}O@D
xOW xO=O u=Wv p}O@D `@=D wO u}= |=QPo MU=B |=yxYNWt R}v 4 pwOH QO w '36
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r
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p}O@D `@=D |=y?]k w QiY =@ =Q _ 
�r

p}O@D `@=D |=y?]k w QiY xJv=vJ
CU= l}ORv sy x@ Q=}U@ p}O@D `@=D wO u}= ?}=Q[ xm s} wW|t xHwDt s}vm xU}=kt
G=QNDU= QO |]NQ}e |R=Ux}@W R= xO=iDU= x@ xHwD =@ =yv; u=}t |�RH hqDN= w
wO u}= MU=B OwW|t xOy=Wt 18 pmW QO xm u=vJ "CU= pw@k p@=k '`@=wD u}=

"CU= Q@=Q@ ,=@} QkD w 'l}ORv Qo}Om} x@ Q=}U@ p}O@D `@=D

"xrB |OwQw x@ MU=B "18 pmW

"|rw] CaQU |Uv=mQi MU=B "16 pmW

"|[Qa CaQU |Uv=mQi MU=B "17 pmW

'x}v=F 30 w 20 '15 |v=tR |=yxQHvB R= xO=iDU= =@ w Q} R |=yp}rLD x@ xHwD =@
|=yxQHvB |=Q@ xrY=L G}=Dv &CU= xOW r w _ ' MU=B xU |}=U=vW x@ s=Ok=

%R= CU= CQ=@a x}v=F 15 |v=tR

Twinmin > 20
� 2�
!max

�
) Twinmin > 4 18

Twinmax = 2
fmin

= 4�
!min

= 62 83) Twinmax < 62 83
Trec > 4 � Tmax ! 180 > 125 66

QO =y=]N hPL w 'FRISPID |xt=vQ@ Q} R QO =yMU=B u}= uOQw; CUO x@ R= TB
MU=B `@=wD NAVFIT |xt=vQ@ Q} R R= xO=iDU= =@ 'COMPOSITE |xt=vQ@ Q} R
l}t=v}O CU=O}B |Uv=mQi |=yMU=B R= xm u=vJ "Ot; CUO x@ Q_v OQwt |Uv=mQi
|oDU@ty `@=D =@ |]N |Q=DiQ 30 =D 0 2 |Uv=mQi |xOwOLt QO |L]UQ} R u}=
xOW xO=iDU= xOwOLt u}= R= p}O@D `@=wD uOQw; CUO x@ |=Q@ xm OQ=O 0 6 |q=@
CUO x@ |H}=Dv w `@=wD NAVFIT |xt=vQ@ Q} R x@ \w@ Qt Ov}=Qi s=Hv= R= TB "CU=

"OwW|t K} QWD xt=O= QO xm Ot;
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Ovyt QDt 0 5594 Q=Okt |L]UQ} R u}= |=Q@ u0 CaQU 600 rpm QwDwt QwO s}_vD =@

d w b 'a T} QD=t Q}O=kt 'q=@ \@=wQ QO u; |Q=Po =H =@ xm O};|t CUO x@ x}v=F Q@
w AT} QD=t Q}O=kt xH}DvQO "�5 pwOH� O};|t CUO x@ SUT-2 |L]UQ} R QO

%R= Ow@ Oy=wN CQ=@a B

A =

2664 �0 4729 �0 1931 0
1 4055 �0 877 0

0 1 0

3775 ; B =

2664 0 784
�2 336

0

3775
u}vJ =Q D w C |=yT} QD=t O}=@ '  (s)

�r(s) w r(s)
�r(s) p}O@D `@=wD x@ |@=}CUO |=Q@

%OQm h} QaD

C =

" 0 1 0
0 0 1

#
; D =

" 0
0
#

OQwt |HwQN �43 |x]@=Q� Cr=L |=[i CqO=at swO CQ=@a x@ xHwD =@ `k=w QO
"OwW|t h} QaD D w C T} QD=t j} Q] R= Q_v

[y] = [C] [x] + [D] [u] (43)

`@=wD ?rDt Q=Ri=sQv C=QwDUO w D 'C 'B 'A |=yT} QD=t R= xO=iDU= =@ ?}DQDu}O@
%Ov};|t CUO x@ 45 w 44 \@=wQ CQwYx@ ?wr]t p}O@D

) r (s)
�r (s)

= �0 7311s� 0 0000848
s2 + 0 8734s+ 0 2874 (44)

)  (s)
�r (s)

= �0 7311s� 0 0000848
s3 + 0 8734s2 + 0 2874s (45)

G}=Dv |xU}=kt "8
R= pY=L pOt w Qi}=U pOt R= xOt; CUO x@ `@=wD |xU}=kt |=Q@ 'xt=O= QO
|R=Ux}@W pOt w `@=wD u}= x@ 19 pmW j@=]t n =Rn} R |OwQw l} '|R=U|]N

"CU= xOW xO=O u=Wv 20 pmW QO u; G}=Dv xm xOW p=ta= |rY=
"d w b 'aT} QD=t |=Q@ xOW x@U=Lt ?}=Q[ "5 pwOH

�17 88 b12 70 95 a11
10 33 b21 4 77 a12
�4 12 b22 �4 77 a21
44 47 d11 5 74 a22
�17 17 d21 26 84 b11

"u=mU x@ |r=ta= n =Rn} R |OwQw "19 pmW

"xrB |OwQw x@ MU=B QO 36 w 35 p}O@D `@=wD |=yQDt=Q=B |xU}=kt "4 pwOH
_ 
�r

MU=B r
�r

MU=B =yQDt=Q=B
0 523 0 504 (s) VR}N u=tR
�0 61 �0 608 xvt=O QFm =OL
68 1 72 1 VQB QFm =OL OYQO
2 35 2 36 (s) xvt=O QFm =OL u=tR
9 54 9 81 (s) CUWv u=tR

|Uv=mQi |xOwOLt QO Cio u=wD|t 36 w 35 p}O@D `@=D wO G}=Dv |xU}=kt =@
"CU= Q=QkQ@ 36 |xOW xO=U |x]@=Q j}kLD u}= QO xOW QmP

r = _ (37)

CqO=at |R=U|]N R= xOt; CUO x@ _ 
�r

w r
�r
`@=wD "7
CmQL

|]NQ}e C=Q=@a hPL R=TB 'OvDUy ji= |xLiY QOCmQL Qou=}@ xm 4 CqO=at
39 w 38 |xOW xO=U \@=wQ x@ I}B w pwQ '|wU 'w}y |=yCaQU R= Q_vhQY w

"OvwW|t p}O@D
m ( _v + ur + xG _r) =Y _r _r + Y _v _v + Yrur + Yvuv + Y�ru2�r

(38)

Iz _r +mxG _v +mxGur =N _r _r +N _v _v +Nrur +Nvuv

+N�ru2�r (39)

|xrO=at CQwYx@ u=wD|t U0 |rw] C@=F CaQU ZQi =@ =Q 39 w 38 CqO=at
%CWwv 402664 a11 a12 0

a21 a22 0
0 0 1

3775
2664 _v

_r
_ 

3775=

2664 b11 b12 0
b21 b22 0
0 0 1

3775
2664 vr
 

3775+

2664 Y�N�
0

3775 �r
(40)

%CWwv 41 |xrO=at Cr=L |=[i pmW x@ u=wD|t R}v =Q 40 |xrO=at
[a][ _x] =[b][x] + d[u]) [a]�1[a][ _x] = [a]�1[b][x] + [a]�1[d][u]

) [ _x] = [A][x] + [B][u] (41)

%O};|t CUO x@ 42 \@=wQ R= R}v bii w aii ?}=Q[
a11 = m� Y _v (1�42)

a12 = mxG � Y _r (2�42)

a21 = mxG �N _v (3�42)

a22 = Iz �N _v (4�42)

b11 = Yvu0 (5�42)

b12 = (Yr �m)u0 (6�42)

b21 = Nvu0 (7�42)

b22 = Nru0 �mxGu0 (8�42)
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C=Q=@a hPL u; p}rO xm OQ=O OwHw hqDN= CqO=at |R=U|]N R= xOt; CUO

"CU= xOW xO=O u=Wv 21 pmW QO ẁ[wt u}= C=@F= "CU= |]NQ}e
'xOW xO=O u=Wv |]NQ}e C=Q=@a\UwD xOW O=H}=CtU |x} w=R pmW u}= QO
|]NQ}e |R=Ux}@W Q=Okt R= xOW |R=U|]N MU=B hqDN= Q=Okt Q@=Q@ ,=@} QkD xm
20 pmW u}Jx]kv \N Q=Owtv =@ =Q 21 pmW Q=Owtv Qo = Qo}O CQ=@ax@ "CU=
V}=Ri= =@ =]N Q=Okt u}= &O};|t CUO x@ 20 pmW ODtt \N ,=@} QkD 's}vm `tH
CqO=at QO xm r w v |=yCaQU |]NQ}e Q}O=kt xm =QJ OwW|t QDW}@ u=tR
Ov=xOW hPL |]N pOt QO 'Ov@=}|t V}=Ri= u=tR QwQt =@ w OvQ=O wO u=wD CmQL
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xR=@ OwHw VwQ u}= R= xO=iDU= syt |xDmv "CU= xOw@ SUT-2 |L]UQ} R
u}= QO &OW=@ 0 6 R= QDW}@ |oDU@ty Q=Okt u; QO xm CU= pw@k p@=k |Uv=mQi
CUO x@ Q@ xwqa Q=DWwv u}= QO "CU= xOW u}}aD 25 =D 0 2 u}@ xR=@ u}= j}kLD
xOt; CUO x@p}O@D `@=wD R= xm OW xO=O u=Wv '|ki= xLiY CmQL p}O@D `@=wD uOQw;
|QDq=@ CkO R= |R=U|]N VwQ R= xOt; CUO x@ p}O@D `@=wD x@ C@Uv VwQ u}= R=
R= xO=iDU= xOW QmP |Uv=mQi xR=@ QO xm OW xO=O u=Wv u}vJty "CU= Q=OQwNQ@

"CU= Q}PBu=mt= 37 |xrO=at

"xOt; CUO x@ G}=Dv |xU}=kt "20 pmW

"|]NQ}e pt=wa QF= QO xOW O=H}= w=} |x} w=R "21 pmW

CqO=at R= xm CU= |}x} w=R ODtt \N OwW|t xOy=Wt 20 pmW QO xm u=vJ
\N "CU= xOt; CUO x@ R=Ux}@W x@ n =Rn} R |OwQw p=ta= R= w CmQL |rY=
R= pY=L p}O@D `@=D x@ n =Rn} R |OwQw p=ta= R= pY=L G}=Dv Qou=Wv u}Jx]kv
p=ta= R= pY=L G}=Dv Qou=Wv R}v `]kvt \N "CU= CmQL CqO=at |R=U|]N
u=R}t u}= "CU= Qi}=U Q=Ri=sQv R= xOt; CUO x@ p}O@D `@=D x@ n =Rn} R |OwQw
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1. Autonomous underwater vehicles (AUV)
2. Matlab
3. Chirp-z
4. Bode
5. Bluestein's algorithm
6. Coherence
7. Random errors
8. Yaw
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