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w |wk |[=} Q |=ysD} Qwor= =@ 'CIFER |OQ@ Q=m Q=Ri=sQv |Q}oQ=m x@ |x}=B Q@ Q=DWwv u}=
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"CIFER

xtOkt "1
R}v wwQU |=ysDU}U |=Q@ xr�Ut u}= w xDW=O |Y=N x=o}=H xQ=wty =ysDU}U R=
'Tv=mQi |xRwL QO wwQU |=ysDU}U R= |]N |rOt |x�=Q= "CU= xOw@ KQ]t
w T=}=@ hPL CrwyU Q}_v �� xRwL u}= OQi x@ QYLvt |=y|oS} w x@ xHwD =@
O=H}= '|Ov}=Qi C=W=WDe= w |Q}oxR=Ov= QwUvU |=]N x@ C}U=UL sOa 'CUi=
|xv} Ry w |m}t=v}O |O}rm C=}YwYN x@ |@=}CUO u=mt= =@ l} QDt=Q=B Q}e pOt
Q=OQwNQ@ |QDW}@ C}rw@kt R= u=tR |xRwL |}=U=vW =@ xU}=kt QO �� QDsm |D=@U=Lt
|]N pOt l} G=QNDU= 'Tv=mQi |xRwL |}=U=vW QO syt C=mv R= |m} "CU=
?} QkD u} QDy@ '|]NQ}e Cr=L QO u}=Q@=v@ "CU= |]NQ}e =} |]Nx@W sDU}U R=
xr�Ut u}= "CU=]N |=Q=O ,=trUt xm O};|t CUO x@ |]NQ}e sDU}U R= |]N
R}v 'OvQ=O `=@W= w |kr 'l =m]Y= Q}_v |}=y|]NQ}e xm 'wwQU |=ysDU}U |=Q@

"CU= KQ]t
l =m]Y=|xv}tR QO|]NQ}e|}=U=vW QO xDiQoCQwYC=ar=]t xOtauwvm =D
Qw_vtx@ xOW s=Hv= C=ar=]t QO "OQ=O OwHw |m}v=mt |=ysDU}U QDW}@ QO xm xOw@
xOW xDiQo xQy@ xO=U ?} QkD l} R= '?]k l} uDiQo Q_v QO =@ 'l =m]Y= |}=U=vW
|=ysD} Qwor= R= xO=iDU= =@ u=tR |xRwL QO\NQ@|}=U=vWVwQ R=u}vJty [1]"CU=
h} QaD =@ u}kkLt [2]"CU= xOW xO=iDU= l =m]Y= ?} Q[ |}=U=vW |=Q@ |k}@]D
xO=iDU= |rt=mD |R=Uxv}y@ |=ysD} Qwor= R= '|R=Uxv}y@ |xr�Utl} u=wvax@ xr�Ut
Qw[L QO |} wwQU Q=mwR=U Tv=mQi |xRwL |}=U=vW x@ xm |}xar=]t QO [3]"Ov=xOQm

R}r=v; ltm =@ xOvQB R= |k}kO |m}t=v}O pOt u; |] xm CU= |Ov}=Qi |}=U=vW
,=�=OD@= xm |m}t=v}O pOt "O};|t CUO x@ |rQDvm u}at |=y|OwQw x@ u; |=yMU=B
w CU}v pt=m x=oI}y OwW|t O}rwD |R=Ux}@W j} Q] R= w sUH l} R}i |=v@tQ@
|}=U=vW R= hOy "OQ=Ov =Q |]NQ}e h} Q_ |=yxO}OB R= |NQ@ |} woV}B C}r@=k
j}kO |r}N |=yOv}=Qi pQDvm Qw_vtx@ |R=UpOt CkO V}=Ri= 'wwQU |=ysDU}U
�� |U}]=vet |=yx_i=L |Q}oQ=m x@ =} |O=yxt}v |=yu=tr= |Q=mu}W=t Q}_v ��
C=aq]= x@ |UQDUO sOa wwQU |=ysDU}U |}=U=vW |=yxR}ov= Qo}O R= "CU=
|}xR=U |=yOt =} Q=@ |=y|UQv}= u=tt =} |m} QDmr= QwDwt pOt Q}_v '=ysDU}UQ} R
\UwD xm CU= u; x@ pYDt Q=@ w DC QwDwt l} pt=W |} wwQU Q=mwR=U "CU= u;
Q=}a s=tD |]NQ}e |R=Ux}@W pOt R= '=Hv}= QO w xOW pYDt QwDwt x@ CiW l}
|=yVwQ uwvm =D |Oq}t 50 |xyO R= "CU= xOW xO=iDU= |}=U=vW Ov}=Qi QO u;
V}=Ri= =@ "CU= xOW x�=Q= sDU}U l} |=yQDt=Q=B u}tND w |}=U=vW |=Q@ |awvDt
^=Lrx@ �Tv=mQi |xRwL� '|}=U=vW |=ysD} Qwor= |xaUwD w |D=@U=Lt CQOk
CrwyU x@ xHwD =@ u}vJty "CU= xOW xH=wt |QDW}@ p=@k= =@ Vv=w=Qi |=}=Rt
|]N pOt l} |x}yD '=yv; |=Q@ xOvvmpQDvm |L=Q] w |]N |=ysDU}U p}rLD
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=vWQO R}v |kr |xvt=O 'xO=U l}vmD l} R= xO=iDU= =@ u}vJty "CN=OQB wwQU sDU}U

"CU= xOW xOQw; CUO x@ pw@k p@=k |=]N xR=@ l}
l =m]Y= ?} Q[ |x@U=Lt |=Q@ |O}OH VwQ Q=DWwv u}= QO 'u}= Q@ xwqa
Q[=L |xar=]t QO |}=U=vW Ov}=Qi xm |Qo}O syt |oS} w "CU= xOW x�=Q= |WRer
|}=U=vW |[=} Q |=ysD} Qwor= QO Cw=iD 'Ovm|t R}=tDt [4]C=ar=]t Qo}O R= =Q
*pOt C}=yv QO "CN=OQB s}y=wN u; x@ Q=DWwv u}= R= |}=RHt VN@ QO xm CU=
Qw;O=} "CU= xOW |}=U=vW |kr w l =m]Y= Qw[L QO pt=m |} wwQU Q=mwR=U l}
s=vx@ |at=H Q=Ri=sQv |m}t=v}O |=ysDU}U Tv=mQi |xRwL |}=U=vW QO xm OwW|t
[14]xDiQo Q=Qk xO=iDU= OQwt xOvQB p}=Uw |}=U=vW QO ,=DOta xm OQ=O OwHw CIFER

|wR=@ l} Ovv=t �� |m}v=mt |=ysDU}UQ} R |}=U=vW QO u; R= OwOat |OQ=wt QO w
Ov}=Qi QO Q=Ri=sQv u}= R= Q[=L j}kLD QO [15]"CU= xOW xO=iDU= �� Q}PBh=]av=
xO=iDU= �� =yv; j=@]v= w |Uv=mQi |=yMU=B |UQQ@ |=DU=Q QO xS} wx@ '|}=U=vW

"CU= xOW
TBU "OW Oy=wN x�=Q= |kr w l =m]Y= 'Q=mwR=U 'QwDwt pOt =OD@= Q=DWwv u}= QO
Qw[L QO xO=U pOt l} |=Q@ |r[=iD |HwQN w |OwQw |}=U=vW VwQ |@=} RQ= x@
l} QLD p=vo}U OQmrta VN@ u}ty QO "CU= xOW xDN=OQB R} wv Qw[L sOa w
|=ysD} Qwor= Cw=iD XwYNQO 'xt=O= QO "CU= xOW |UQQ@ 5|Uv=mQi |wQ=H
x@ C@Uv R}v C}=yv QO w xOW EL@ CIFER Q=Ri=sQv w [4]|}=U=vW |[=} Q

"CU= xOW s=Ok= |O=yvW}B pOt pt=m |@=} RQ= w |}=U=vW

sDU}U wwQU pOt "2
%O};|t CUO x@ 1 |x]@=Q R= xO=iDU= =@ 'DC QwDwt \UwD xOWO}rwD Qw=DWo

Tm = kti (1)

QF= Q@ R}v QJ}tQ; u=} QH "CU= QwDwt Qw=DWo C@=F kt w QJ}tQ; u=} QH i u; QO xm
|r=ta= S=Drw "Ovm|t Qw@a QJ}tQ; Q=Ot R= xm OwW|t O=H}= u; QU wO S=Drw hqDN=
|wQ}v QF= R= |W=v S=Drw w xOW p=ta= R=Ov=x=Q \UwD xm u=tQi S=Drw hqDN= QJ}tQ; x@

%u}=Q@=v@ "CU= xmQLt O[
i = 1

Las+Ra
(Vd � Vb) (2)

La "CU= |DWoR=@ |U}]=vetwQDmr= |wQ}v S=Drw Vb w R=Ov=x=Q |r=ta= S=Drw Vd
Q=Ot R= |R=Ov=x=Q S=Drw "CU= QJ}tQ; Ctw=kt w |}=kr= ?} Q[ ?}DQDx@ R}v Ra w

%O};|t CUO x@ 3 |x]@=Q j@=]t |rQDvm
Vd = kii(kuu� i) (3)

|x]@=Q R= R}v Vb S=Drw "OvDUy |rQDvm ?}=Q[ kii w ku '|rQDvm |OwQw u u; QO xm
%O};|t CUO x@ 4

Vb = kb _�m (4)

QJ}tQ; l}t=v}O "CU= back emf C@=F kb w QwDwt CiW |v=QwO CaQU _�m xm
[16]%R= CU= CQ=@a R}v QwDwt

Jm��m = Tm � Tf �Ks(�m � �s)�Bm _�m (5)

C@Uv |Uv=mQiOvJ |Qv}=@ p=vo}Ul} |Q}oQ=m x@ =@ w xDN=OQB l =m]Y= |]NQ}e
|UQQ@ w |HwQN w |OwQw p[=iD l}vmD R= [4]'xOQm s=Ok= sDU}U l} QLD x@
?} Q[ u}tND C}=yv QO w sDU}U l}t=v}O |}=U=vW QO |r[=iD |=y|OwQw u}=
=@ |WRer l =m]Y= 'Qo}O |WywSB QO "CU= xOW xO=iDU= |m}t=v}O l =m]Y=
��CU= l =m]Y= |=Q@|]NQ}e w j}kO pOt|awv xm �� LuGre pOt R= xO=iDU=
pOt |R=U|]N =@ VywSB u}= QO =t= [5]'CU= xOW |}=U=vW Tv=mQi |xRwL QO
�|kr� "CU= xOW s=Hv= |]N |}=U=vW 'QiY |=yCr=L pwL LuGre |]NQ}e
CLD =Q C}akwt w CaQU pQDvm OQmrta xm CU= |}=y|]NQ}e R= Qo}O |m}
u}tND [6]|kr |}=U=vW Qw_vtx@ xOW s=Hv= C=t=Ok= R= |m} "OyO|t Q=Qk Q}F-=D
VwQ "CU= �� sDU}U l}t=v}O p}O@D `@=D |}=U=vW |=H x@ �� |kr |xvt=O QDt=Q=B
xHwD =@ u; pw= |xrLQt QO xm CU= |}xrLQt wO VwQ l} s=Ok= u}= QO xOWxO=iDU=
u}tND 'xrB |OwQw |=R=x@ |v=tR MU=B |=yxYNWt R= xO=iDU= =@ w |kr l} R}i x@
VwQ R= xO=iDU= =@ swO |xrLQt QO w CU= xOt; CUO x@ |kr |xvt=O R= |}x}rw=
CQwY |}=yv u}tND '|v=tR |=yMU=B j@=]D QO |]NQ}e w |]N C=a@ Qt pk=OL
|]NQ}e |xr�Ut 'Crw} w w CQ@r}y Cq}O@D R= xO=iDU= =@ u}kkLt "CU= xDiQo
sDU}U Tv=mQi |xRwL |}=U=vW x@ w xOQ@ Tv=mQi |xRwL x@ =Q |kr Qw[L QO
u=} QH w wwQUCaQU 'QwDwtC}akwt |Q}oxR=Ov= R= xO=iDU= =@ u}vJty [7]"Ov=xDN=OQB
|=yQDt=Q=B u}tND x@ '=y|]NQ}e xvwou}= |v=tR MU=B Q=DiQ x@ xHwD =@ R}v w '|rQDvm
|=yC}r=ai QO OwHwt |=yC}OwOLt u} QDsyt R= [8]"Ov=xDN=OQB l =m]Y= w |kr
l}t=v}O uOw@ swrat *ZQi x@ u=wD|t '|kr |=yQDt=Q=B u}tND Qw_vtx@ xOWs=Hv=
|Ov}=Qi C=W=WDe= =} R} wv x@ |}=U=vW uOw@ T=UL w u; |=yQDt=Q=B s=tD w sDU}U
QO =yQoC} -wQ R= xO=iDU= OQ@ Q=mQB |=yVwQ R= |m} '|kr u}tND QO "OQm xQ=W=
h} QaD w 1xDi=}xaUwD utr=m QDr}i R= xO=iDU= =@ 'Qo}O |k}kLD QO "CU= u=tR |xRwL
?} QkD R= u; QO w [9]'CU= xOW xOR u}tND l =m]Y= w |kr '2|mtm Cr=L l}
"CU= xOW xO=iDU= ?trm l =m]Y= Q}PB=vjDWt pOt |=Q@ 'Cv=Sv=D `@=D Q}PBjDWt
'xr=kt u=wva hqNQ@ xmCU= u}= QwmPt |xar=]t OQwt QO xOW KQ]t C=t=y@= R= =t=
ZQi =@ u}vJty "CU= xOW |}=U=vW w |iQat �|kr� u=wva CLD 3xOQt |x}L=v
R= Qw@a TBU w |OwQw |wQ |kr l} R= xm |kr |=Q@ Hammerstein pOt l}
|DWoR=@ C=a@ Qt pk=OL VwQ R= xO=iDU= =@ 'CU= xOW p}mWD |]N l}t=v}O l}
u=wD|t QwmPt |xar=]t RQ=@ C=mv R= [10]"CU= xOW |}=U=vW |kr pOt 4�RLS�
u=tRty |}=U=vW R}v w 'u=tR =@ Q}eDt pOt l} CQwYx@ |kr uDiQo Q_v QO x@
,=OOHt [12w11]|Oa@ C=ar=]t QO "OQm xQ=W= |]Nl}t=v}O w |kr swrat=v |=yQDt=Q=B
Q=@ CaQU p[=iD R= |Q}op=QoDv= =@ |kr Q=Okt 'u=tR |xRwL QO |}=U=vW KQ] =@
uwO@ wwQU sDU}U p}O@D `@=D u}vJty "CU= xOt; CUO x@ QwDwt CiW CaQU w
xO=iDU= =@ w [12]xOW |}=U=vW Tv=mQi |xRwL QO xOW KQ]t |=yQDt=Q=B Q@ O}m -=D

[13]"CU= xOW OQw;Q@ |kr |xvt=O ,=iQY '|WRer Ot QoC} -wQ R=
|OwQw p=vo}U R= R=e; QO "CU= xOW x�=Q= O}OH Q=m u}OvJ Q[=L Q=DWwv QO
C=ar=]t xJQo = "CU= xOW xO=iDU= |}=U=vW Qw_vtx@ |Uv=mQi |wQ=H l} QLD
R= O}=@ 'pOt QO OwHwt |=y|]NQ}e OwHw x@ xHwD =@ xm Ow@ xO=O u=Wv u}W}B
Q[=L Q=DWwv QO [4]'OwW xO=iDU= OQi |x}=B |=yTv=mQi =@ |iO=YD |Qv}=@ p=vo}U
|]NQ}e |=ypOt |}=U=vW |=Q@ R}v |Uv=mQi |wQ=H p=vo}U xm OyO|t u=Wv
|rY= |oS} w "CU= ?U=vt l =m]Y= |]NQ}e x=Qtyx@ |m} QDmr= QwDwt pOt Q}_v
Q=@ u}rw= |=Q@ xm CU= |kr Qw[L QO Tv=mQi |xRwL |}=U=vW Q[=L |xar=]t
[4]xOWx�=Q= l}vmD ltm =@ u=wD|t xm xOW xO=O u=Wv j}kLD u}= QO "OwW|t x�=Q=
|}=U=vW x@ |kr Qw[L QO '=y|HwQN p[=iD w |=y|OwQw p[=iD R= xO=iDU= =@ w
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Oyt "wQU sDU}U |=yQDt=Q=B "1 pwOH
Q=Okt Ctqa QDt=Q=B

0 1 N.m/A kt Qw=DWo C@=F
0 005 H La QJ}tQ; |}=kr= ?} Q[
5 ohm Ra QJ}tQ; Ctw=kt

0 008 V/rad/s kb xmQLt O[ |wQ}v C@=F
5 kii G=wt= xOvvm C} wkD xQy@
15 ku u=tQi xQy@

0 006 kg.m2 Jm QwDwt |UQv}=
0 2 N.m/rad/s Bm QwDwt |}=Q}t ?} Q[
20 N.m/rad Ks xR=U |DNU ?} Q[

0 06 m/rad/s Bs u=k=D=} w xOvRer |}=Q}t ?} Q[
2 kg m xOvRer sQH

0 1 m L |ov} Q@r@ Q@ wrH s=o
0 05 N.m Fc ?trm l =m]Y=
0 07 N.m Fs |}=DU}= l =m]Y=
0 1 deg D |kr ZQa

"xO=U pOt |=yQDt=Q=B "2 pwOH
Q=Okt Ctqa QDt=Q=B
0 1 Tc |v=tR C@=F
0 5 Fc ?trm l =m]Y=
0 6 Fs |}=DU}= l =m]Y=
0 1 D |kr ZQa

[4]%R= CU= CQ=@a R} wv *u=wD *h}]

PSDnoise = �2

fs
= 5� 10�8 volt2Hz�1 (9)

Q_v QO |HwQN w |OwQw |wQ u=Um} CQwYx@ xO=U pOt QO u=wD h}] |r=oJ u}=
'C}ak=w QO QDptDLt \}=QW uDiQo Q_v QO Qw_vtx@ |ak=w pOt QO "CU= xOW xDiQo

%CU= xOW xDiQo Q_v QO Cw=iDt sy =@ |HwQN w |OwQw u=wD h}] |r=oJ
PSDin = 5� 10�9 volt2Hz�1

PSDout = 5� 10�8 volt2Hz�1 (10)

l =m]Y= Qw[L QO pOt l}miD "3
|]NQ}e |x]@=Ql} �v�|HwQN w �u� |OwQw u}@ �2 pmW� l =m]Y= Qw[L QO
CtUk |}=U=vW |=Q@ "CU= pOt |]N CtUk |OwQw �w� p=vo}U "OQ=O OwHw
w xO=U pOt MU=B "CU= �v� |HwQN w �w� |]N |OwQw x@ R=}v pOt |]N
u=Wv 3 pmW QO u |Uwv}U |OwQw |=R=x@ w w v |=yp=vo}U |v=tR |xJN} Q=D
|]NQ}e Q]=Nx@ u p=vo}U =@w p=vo}U OwW|t xOy=Wt xm u=vJ "CU= xOW xO=O

'CiWC} QviC@=FKs 'QwDwt|HRr?} Q[Bm 'QwDwt|UQv}= u=tt Jm u; QO xm
l =m]Y= Qw=DWo "CU= |m =m]Y= Qw=DWo Tf w 'CiW |xOvOMQJ |x} w=R �s

%OwW|t x@U=Lt 6 |x]@=Q j@=]t R}v
Tf ( _�m) = Tc sgn( _�m)

��� _�m��� > 0
Tf ( _�m = 0) = Tm � Ts � Tm � Ts (6)

"CU= |}=DU}= l =m]Y= ?} Q[ Ts w ?trm l =m]Y= ?} Q[ Tc u; QO xm
%R= CU= CQ=@a CU= Q=@ CiW xOvOMQJ w QwDwt CiW xOvOMQJ u}@ xm |kr pOt8<: _�s = 0 j�m � �sj < D=2
�s = �m � sgn(�m)D=2 j�m � �sj � D=2

(7)

x@=Wt j}kLD u}= QO "CU= Q=@ CiW xOvOMQJ x} w=R �s w |kr |xvt=O D u; QO xm
Q=@ CiW u}=Q@=v@ "CU= xOW xDiQo Q_v QO |WRer |xQUQU R}t l} 'Q=@ '[4]`HQt
R}v Q=@ |DmQL l}t=v}O =t= "OyO|t CmQL L xrY=i QO =Q m sQH =@ sUH l}

%CU= u}vJ
mL2 ��l = Ks(�s � �l)�Bs _�l (8)

QO pOt u}= l}D=tW Q} wYD "CU= Q=@ |HRr ?} Q[ Bs w Q=@ x} w=R �l u; QO xm
'pOt u}= |]NQ}e |R=Ux}@W s=Hv= Qw_vtx@ ,=D}=yv "CU= xOW xO=O u=Wv 1 pmW

"CU= xOW xO=iDU= =yQDt=Q=B |=Q@ 1 pwOH QO xOWx�=Q= Q}O=kt R=
p[=iD |=R=x@ |}=U=vW l}vmD OQmrta |@=} RQ= x@ xm x}rw= |=y|UQQ@ QO
0 1 |v=tR C@=F =@ l} x@DQt p}O@D `@=D l} R= OwW|t xDN=OQB |HwQN w |OwQw
2 pwOH CQwYx@ xO=U pOt u}= |=yQDt=Q=B Cr=L u}= QO "CU= xOW xO=iDU=

"CU= xOW xDiQo Q_vQO
p=vo}U R} wv "CU= |Q}oxR=Ov= R} wv '|}=U=vW Ov}=Qi QO syt p�=Ut R= |m}
w 'O};|t OwHw x@ |DQ=QL <=Wvt =@ Q=Ot |xOvvmC} wkD |rN=O R} wv p}rOx@ |OwQw
|HwQN w |OwQw |Q}oxR=Ov= R} wv "CU=ys}U R= p=vo}U Qw@a R= |W=v |HwQN R} wv
|OwQw |wQ sy R} wv u}= "CU= xOW xDiQo Q_v QO QiY u}ov=}t =@ O}iU CQwYx@
*|r=oJ '2 Khz |Q=OQ@xvwtv Tv=mQi x@ xHwD =@ "OQ=O OwHw |HwQN |wQ sy w

"Q=@ w Tm@ Q}o 'QwDwt V}=tv "1 pmW
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"""QO
|}w

wQU
Q=mw

R=U
l}

Tv
=mQi

|xR
wL

|}=U
=vW

l} QLD p=vo}U |L=Q] "4
xO=iDU= pL x=Ql} '?U=vt |Uv=mQi |xR=@ QO sDU}Ul}l}t=v}O |}=U=vW |=Q@
R=}v xm CU= OOaDt |=yQ=@ |=Q@ hrDNt |=yTv=mQi =@ |Uwv}U l} QLD p=vo}U R=
l} R= xO=iDU= 'Q@u=tR x=Q u}= p@=kt QO "OQ=O hrDNt C=aiO x@ sDU}U l} QLD x@
|Qv}=@ p=vo}U l} R= xO=iDU= u}kkLt "CU= xv}y@ pL x=Q |Uv=mQiOvJ p=vo}U
|Uv=mQi h}] T=U=Q@ xvt=O Q}}eD w Ovm|t Q}}eD xvt=O u} QDW}@ w u} QDsm u}@ xm =Q
xOW xQ=W= u}vJty [4]"Ov=xOQm O=yvW}B 'OwW|t s=Hv= |iO=YD CQwYx@ Q_v Ot
u}= p}rO "OwW �F QO pw= O=Oa= ?} Q[ O}=@ |OwQw p=vo}U |=yTv=mQi xm CU=
Ea=@ |OwQw Tv=mQi l} =@ |]NQ}e sDU}U l} l} QLD xm CU= u}= ẁ[wt
|]N sDU}U |HwQN Tv=mQi =t= "OwW|t |HwQN QO Qo}O |=yl}vwtQ=y O}rwD
|HwQN Tv=mQi uOWXNWt =@ u}=Q@=v@ "Ow@ Oy=wN |OwQw Tv=mQi u=ty ,=k}kO
u}=Q@=v@ "CU= |OwQw Tv=mQi s=Om R= |@} Q[ Tv=mQi u}= xm OQm XNWt u=wD|tv
CQwY u}= QO "OW=@ pw= O=Oa= R= |@} Q[ '|OwQw p=vo}U Tv=mQi xm xOW O=yvW}B
Ovy=wNv u=Um} sy x@ C@Uv |OwQw Tv=mQi ?}=Q[ R= l} I}y K}LY ?}=Q[

%R= CU= CQ=@a wwQU sDU}U l} QO ?wr]t |Uv=mQi xR=@ [4] "Ow@
0 1fc < f < 1 5fc (15)

%R= CU= CQ=@a ?wr]t |Uv=mQi xR=@ 0 1 |v=tR C@=F =@ pw= |x@DQt pOt |=Q@
1 < f < 15 (Hz) (16)

[4]%Ov=xOW ?=NDv= ?}DQD u}O@ x}=B |=yTv=mQi xawtHt u}=Q@=v@
fPRBS = [3; 5; 7; 11; 13; 17; 19; 23; 29]��F (17)

xOW xDiQo Q_v QO 0 49 w CU= |Q=OQ@xvwtv R= |W=v |Uv=mQi uWwrwRQ �F

xm |Uv=mQi |wQ=H l} QLD p=vo}U OQmrta CU= xOW |aU Q=DWwv u}= QO "CU=
OQwt xOvQB p}=Uw R= |Q=}U@ |}=U=vW QO w CU= |Uv=mQi |xDUw}B h}] |=Q=O
CU= CQ=@a |Uv=mQi |wQ=H l} QLD p=vo}U "OwW |@=} RQ= 'xDiQo Q=Qk xO=iDU=

[17]%R=
�(t) = 2�(fmin + c2(fmax � fmin)Trec

c1
(ec1t=Trec � 1))

u(t) = sin(�(t))

c2 = 0 0187 c1 = 4 (18)

%OwW|t ?=NDv= 19 |x]@=Q T=U=Q@ w CU= |Q=OQ@xvwtv u=tR Trec u; QO xm
Trec = 4=fmin = 4 sec (19)

?=NDv= 15 |x]@=Q T=U=Q@ |Uv=mQi |wQ=H p=vo}U u} QDW}@ w u} QDsm Tv=mQi
"OwW|t

|}=U=vW |[=} Q |=ysD} Qwor= "5
u; |xU}=kt w 'j}kLD u}= QO xOW |}=U=vW |[=} Q |=ysD} Qwor= x@ VN@ u}= QO
p}O@D `@=D |}=U=vW |=Q@ [4]C=ar=]t R= |NQ@ QO "s} R=OQB|t [4]OwHwt sD} Qwor= =@
|]N |=ysDU}U |xOvvmOQw;Q@ u=wva =@ Tv=mQi |xRwL |}=U=vW sD} Qwor= R=

"l =m]Y= Qw[L QO wwQU |mwr@ Q=Owtv "2 pmW

"|Uwv}U l} QLD |OwQw =@ l =m]Y= Qw[L QO pOt |v=tR MU=B "3 pmW

l =m]Y= p}rOx@ w p=vo}U QO xOW O=H}= |=yVyH "CU= Cw=iDt l =m]Y=
wO =@ |tDU}U Qo = xm CU= xOW xO=O u=Wv [4]u}W}B C=ar=]t QO "CU= |}=DU}=
w2�w1 p=vo}U x=ov; 'OwW l} QLD OvQ=O Cw=iDt xvt=O \ki xm u2 w u1 |OwQw
Crax@ w2 �w1 p=vo}U QO xm Cw=iD u}= =@ Ow@ Oy=wN u2 � u1 p=vo}U x}@W
R}v =yVyH u}= u |xvt=O V}=Ri= =@ xm OQ=O OwHw |}=yVyH |}=DU}= l =m]Y=
p[=iD Ck}kL QO '|rY= |=y|OwQw p[=iD uDW=O =@ u}=Q@=v@ "OvwW|t hPL
R}v v w w p[=iD u}@ |x]@=Q |iQ] R= "s} Q=O R}v =Q |]N CtUk |=y|OwQw

%Ow@ Oy=wN |]N
w1 ! v1
w2 ! v2

)
) w1 � w2 ! v1 � v2 (11)

|=y|OwQw p[=iD R= xO=iDU= =@ u}=Q@=v@ "CU=|]N |x]@=Ql} Qou=Wv!Ctqa
l =m]Y= ?} Q[ TBU w '|}=U=vW =Q pOt |]N l}t=v}O u=wD|t =y|HwQN w
QO "OwW|t xO=O sDU}U x@ xrB |OwQw l} Qw_vt u}= |=Q@ "OQm u}}aD R}v =Q |WRer

%CU= Q=QkQ@ |]N |HwQN w |OwQw u}@ 12 |x]@=Q Q=oOv=t Cr=L
vdc = wdc:kdc (12)

R= "CU= xOW u}}aD p@k |xrLQt QO xm CU= Q=oOv=t Cr=L |xQy@ kdc u; QO xm
l =m]Y=\ki w OwW|t hPL|}=DU}= l =m]Y=?} Q[ Q=oOv=tCr=L QO|iQ]

%s} Q=O |WRer
wdc = udc � Fc (13)

%R= CU= CQ=@a |WRer l =m]Y= 'u}=Q@=v@
Fc = udc � vdc

kdc
(14)
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xO=R
=v@u

}Wi
=w

`tq
uN

Uwm
}v|

Oyt |=yTv=mQi !n! w !1 '|Uv=mQi \=kv O=OaD n! "CU= |QDt=Q=B p}O@D `@=D R=
%R= Ov=CQ=@a R}v =yuRw "CU= Q_v OQwt xR=@ |xtD=N w ẁQW

W
(!) =
h
1 58

�
1� e�
2

xy
�i2

Wg = 1 0 Wp = 0 01745 (25)

|]N |}=U=vW CkO |=Q@ |wk |Q=}at xm CU= 9|oDU@ty `@=D 
2
xy u; QO xm

%OwW|t h} QaD 26 |x]@=Q CQwYx@ w CU= sDU}U l}


2
xy =

���Ĝxy(f)
���2���Ĝxx(f)

��� ���Ĝyy(f)
��� (26)

%R= CU= CQ=@a QDt=Q=B u}= |=Q@ ?U=vt Q=Okt

2
xy > 0 6 (27)

QO xOWxO=iDU= |}=U=vW sD} Qwor= QO |yHwD p@=k Cw=iD OwW|t xOy=Wt xm u=vJ
"OQ=O OwHw [4]u}W}B xOW|iQat |=ysD} Qwor= w VywSB u}=

l =m]Y= Qw[L QO pw= |x@DQt pOt |}=U=vW "6
w |OwQw p[=iD |=R=x@ |}=U=vW VwQ |UQQ@ Qw_vtx@ |@=} RQ= Cr=L u}rw= QO
u}rw= QO "OwW|t |UQQ@ l =m]Y= Qw[L QO pw= x@DQt |xO=U pOt '|HwQN
|=Q@ (ku) =y|OwQw |xvt=O ?} Q[ "OwW|t |UQQ@ R} wv uwO@ pOt |}=U=vW s=o
4 1 Q=Okt |HwQN w |OwQw p[=iD O=H}= Qw_vtx@ |Q}oxR=Ov= |xawtHt wO O}rwD
R} wv QDr}i 'OQ=Ov OwHw R} wv pOt QO xm u}= x@ xHwD =@ "CU= xOW xDiQo Q_v QO 4 w
|Ov@xQHvB l}vmD s=Hv= Qw_vtx@ Twin ?=NDv= "OwW|tv xDiQo Q_v QO Q=Ri=sQv QO

[16]%O};|t CUO x@ 18 |x]@=Q T=U=Q@
Twin = 2=fmin = 2 sec (28)

[16]%CU= Q=QkQ@ 19 |x]@=Q T=U=Q@ Twin |=Q@ Qo}O \QW
Twin � Trec=2 (29)

4s |Q=OQ@xvwtv u=tR |=Q@ wwQU sDU}U |HwQN w |OwQw p[=iD xvwtv CQwYx@
|Uv=mQiOvJ |Qv}=@ p=vo}U l} QLD |OwQw w |Uv=mQi |wQ=H |OwQw |=R=x@ w
sDU}U |ak=w |Uv=mQi MU=B 5 pmW QO "CU= xOW xOQw; 4 pmW QO 10�PRBS�
xOW xO=O u=Wv |Uv=mQi |wQ=H w PRBS R= xOt; CUO x@ |Uv=mQi |=yMU=B w
"CU= xOW xOQw; |OwQw wO |=R=x@ u}tND |=]N w |oDU@ty 6 pmW QO "CU=
|Uv=mQi |wQ=H |OwQw =@ xOW|}=U=vW pOt |oDU@ty OwW|t xOy=Wt xm u=vJ
x@ |Uv=mQi MU=B |=Q@ p}O@D `@=D xt=O= QO "CU= PRBS |OwQw =@ Cr=L R= QDy@
|=Q@ QiY xHQO =@ |r}O@D `@=D uDiQo Q_v QO =@ "s}vm|t G=QNDU= =Q xOt; CUO
p}O@D `@=D |x}rw= TOL w NAVFIT Q=R@= ltm =@ 'GQNt |=Q@ 1 xHQO w CQwY
3 pwOH QO w xOW |}=U=vW |OwQw wO Qy |=Q@ p}O@D `@=D '30 |x]@=Q CQwYx@

%CU= xOW x�=Q=
TFinitial = 5

0 5s+ 5 (30)

T=U=Q@ sD} Qwor= u}= "CU= xOW xO=iDU= �� [18]Ow@ xOW x�=Q= QDV}B xm �� 6�EliS�
%p}O@D `@=D ZQi =@ VwQ u}= QO "Ovm|t pta Cy=@W u} QDW}@

vk = N(
k; P )
D(
k; P )

:uk = H(
k; P ):uk


k = sk = j!k k = 1; :::; F
P = [a0; a1; :::ad; b0; b1; :::; bn; Td] (20)

%|Q}oxR=Ov= pOt ZQi w
vmk = H(
k; P )(umk � nuk) + nvk (21)

%O};|t CUO x@ �P � p}O@D `@=D |=yQDt=Q=B '22 |xv} Ry `@=D uOQmxv}tm =@
J(P ) = 1

2�
FX
k=1

��e�
kTdN(
k; P )umk �D(
k; P )vmk
��2

�2
vk jD(
k; P )j2 + �2

uk jN(
k; P )j2 � 2realfCNDkg
CNDk = cuvke�
kTdN(
k; P )D(
k; P )

cuvk = 0 5covfnuk; nvkg (22)

xOy=Wt xm u=vJ "CU= (Td) |v=tR Q}N-=D w GQNt w CQwY ?}=Q[ pt=W xm
G=QNDU= |=Q@ xm CU= |y}O@ "CU= p}O@D `@=D xR=Ov= Q@ |vD@t xv} Ry `@=D 'OwW|t
C=mv R= "OQm xO=iDU= x} Qwi p}O@D R= O}=@ u=tR |xRwL |=yxO=O R= vmk; umk
sD} Qwor= u}= [18]&CU= R} wv |=yxYNWt u}}aD CQwQ[ ELiS sD} Qwor= QO syt

"OyO|t |rw@k p@=k ?=wH R}v lJwm |=ySNR |=Q@
u}= QO w OQ=O OwHw |}=U=vW |=Q@ CIFER Q=Ri=sQv QO xm |tD} Qwor= =t=
=QH= |Y=N |=yxt=vQ@ Q} R \UwD w xrLQt wO QO 'CU= xOW xDiQo Q=m x@ R}v j}kLD
sD} Qwor= R= xO=iDU= =@ FRESPID |xt=vQ@ Q} R \UwD pw= |xrLQt QO "OwW|t
x@ |Uv=mQi MU=B CU= FFT sD} Qwor= R= QDxv} Rysm w QD`} QU |r}N xm 7 CZT

|Uv=mQi MU=B l} �8 |Ov@xQHvB l}vmD R= xO=iDU= =@ xrLQt u}= QO "O};|t CUO
R= xO=iDU= =@ "OwW|t G=QNDU= |HwQN w |OwQw |i}] |r=oJ T=U=Q@ CN=wvm}
|HwQN w |OwQw |=yR} wv '|Uv=mQi MU=B |=yxYNWt u}tND |=Q@ |i}] |r=oJ
|x]@=Q R= |Uv=mQi MU=B |xv}y@ u}tND |=Q@ Ck}kL QO [16]"OW Ovy=wN hPL

%OwW|t xO=iDU= 23

Ĥ = 0 5( Ĝxy(f)
Ĝxx(f)

+ Ĝyy(f)
Ĝxy(f)

) (23)

|HwQN '|OwQw |i}] |r=oJ ?}DQDx@ Ĝxy(f); Ĝyy(f); Ĝxx(f) u; QO xm
swO |xrLQt QO "CU= |Q}oxR=Ov= R= xOt; CUO x@ |=yxO=O R= |v}tND `]=kDt w
*|Uv=mQi MU=B =@ j=@]v= |=Q@ ?U=vt p}O@D `@=D NAVFIT xt=vQ@ Q} R \UwD w
u}= QO xOWh} QaD |xv} Ry `@=D "O};|t CUO x@ p@k |xrLQt QO xOt; CUO x@

%R= CU= CQ=@a xt=vQ@ Q} R

J = 20
n!

!n!X
!1

W
(Wg(
���Ĥ���� jHj)2 +Wp(\Ĥ � \H)2) (24)

|Uv=mQi p}rLD R= xOt; CUO x@ |Uv=mQi MU=B |=yxYNWt \Ĥ w jĤj u; QO xm
xOt; CUO x@ |Uv=mQi MU=B |=yxYNWt \H w jHj w 'xOW|Q}oxR=Ov= |=yxO=O
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"""QO
|}w

wQU
Q=mw

R=U
l}

Tv
=mQi

|xR
wL

|}=U
=vW"R}wv Qw[L uwO@ hrDNt |=y|OwQw =@ u}tND |xU}=kt "3 pwOH

Fc Dc gain Constant Pole Case

0 5 1 10 �10 Ideal

0 47 0 992 10 57 �10 48 Frequency Sweep

0 53 1 008 10 33 �10 24 Pseudo-Random Binary

"|OwQw wO Qy |=R=x@ xO=U pOt |R}wv |v=tR MU=B "7 pmW
"R}wv Qw[L QO hrDNt |=y|OwQw =@ u}tND |xU}=kt "4 pwOH

Fc Dc gain Constant Pole Case

0 5 1 10 �10 Ideal

0 46 0 989 10 24 �10 36 Frequency Sweep

0 41 0 976 10 56 �10 82 Pseudo-Random Binary

ffilter = 5fmax = 70 Hz

fsampling = 5ffilter = 350 Hz (31)

wO Qy |=Q@ p}O@D `@=D '30 |x]@=Q CQwYx@ p}O@D `@=D |x}rw= TOL =@ u}=Q@=v@
"CU= xOW x�=Q= 4 pwOH QO w '|}=U=vW |OwQw

|wQ=H |OwQw =@ |=yu}tND CkO R} wv Qw[L QO 'OwW|t xOy=Wt xm u=vJ
MU=B |rm Cr=L QO u}=Q@=v@ "CU= |Qv}=@ |iO=YDx@W |OwQw R= QDy@ |Uv=mQi
"CU= PRBS |OwQw R= QDy@ |Uv=mQi |wQ=H |OwQw |=Q@ xOW|}=U=vW |Uv=mQi
l} QLD p=vo}U O}=@ xm u}= Q@ |v@t [1]u}kkLt xOW x�=Q= pqODU= hqNQ@ u}=Q@=v@
'OW=@ pw= O=Oa= ?}=Q[ pt=W |]NQ}e |=ysDU}U |}=U=vW Qw_vtx@ PRBS

|k}kL O=Oa= |=yTv=mQi pt=W xm|Uv=mQi |wQ=Hl} QLD |=yp=vo}U R= xO=iDU=
|=y|OwQw O=H}= 'DC |=yQwDwt QO uwJ xD@r= "OyO|t x�=Q= |QDy@ |=yu}tNDCU=
�11�PWM�Tr=B |=vyB |R=U xrwOt�l}vmD R= xO=iDU= =@ wCU= pmWt x=wNrO
"CU= QDxO=U |tm PRBS |OwQw |R=UxO=}B 'OwW|t O}rwD x=wNrO |=y|OwQw

|kr Qw[L QO |}=U=vW "7
xm CU= xOW xO=O u=Wv 8 pmW QO |kr Qw[L QO pt=m |wwQU sDU}U pOt
|v=tR |xJN} Q=D w xO=U pOt MU=B "CU= pOt |]N CtUk |HwQN z u; QO
"CU= xOW xO=O u=Wv 9 pmW QO u |Uwv}U |OwQw |=R=x@ z w v |=yp=vo}U

"hrDNt|=y|OwQw =@l =m]Y= Qw[L QO =y|HwQN w|=y|OwQwp[=iD "4pmW

"(u = 4� 4 1) R}wv uwO@ Cr=L QO |Uv=mQi MU=B "5 pmW

"(u = 4�4 1) R}wv uwO@Cr=L QO|Uv=mQi MU=B |=]N w|oDU@ty "6 pmW

"CU= u=Um} ,=@} QkDl} QLD |OwQw ẁv wO =@ u}tNDCkO 'OwW|t xOy=Wt xm u=vJ
p[=iD |v=tR |xJN} Q=D "s} R=OQB|t R} wv Qw[L QO pOt |}=U=vW x@ xt=O= QO
xm =Hv; R= "CU= xOW xO=O u=Wv 7 pmW QO |OwQw wO Qy |=R=x@ |HwQN w |OwQw
Tv=mQi w 70Hz R} wv hPL QDr}i Tv=mQi 'CU= 14Hz ?wr]t Tv=mQi xv}W}@

[16]%CU= xOW ?=NDv= 31 \@=wQ T=U=Q@ 350Hz |}=U=vWVR=OQB
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xO=R
=v@u

}Wi
=w

`tq
uN

Uwm
}v|

Oyt

"(u = 1 1� 1) |kr Qw[L QO =y|HwQN p[=iD "10 pmW

"|Uv=mQi |wQ=H |OwQw =@ |kr Qw[L QO =y|HwQN p[=iD "11 pmW

"|kr u}}aD |=Q@ v |HwQN w ẑ |OwQw =@ |Uv=mQi MU=B "12 pmW

"hrDNt |OwQw |=yxvt=O |=R=x@ |kr Qw[L QO p}O@D `@=D |}=U=vW "5 pwOH
dc xQy@ |v=tR C@=F ?]k OQwt

1 10 �10
1 19 10 89 �9 15 1 1� 1
1 06 10 56 �9 78 2 1� 2
1 02 10 41 �10 16 3 1� 3
1 01 10 34 �10 23 4 1� 4
1 00 10 30 �10 26 5 1� 5

"pt=m |wwQU |mwr@ Q=Owtv "8 pmW

"|Uwv}U l} QLD |OwQw =@ |kr Qw[L QO pOt |v=tR MU=B "9 pmW

|kr uOw@ |]NQ}e p}rOx@ v p=vo}U =@ z p=vo}U OwW|t xOy=Wt xm u=vJ
|kr Qw[L QO pOt |]N CtUk |}=U=vW QO OwHwt pmWt "Ow@ Oy=wN Cw=iDt
|}=U=vW QO xOW xDiQo Q=m x@ l}vmD Ovv=ty =t= "CU= z |Q}oxR=Ov= uOw@ umtt=v
p[=iD =@ v1 � v2 p[=iD xm s}yO u=Wv s}v=wD@ Qo = 'l =m]Y= Qw[L QO pOt
u=wD|t Q=@ u}= 8 pmW j@] =Q} R 'OW Oy=wN pL pmWt CU= |m} z1 � z2
w uOw@|]N ZQi =@ |va} "CiQo Q_v QO =y|HwQN p[=iD u}@ |]N |}x]@=Q

s} Q=O z x@
w1 ! z1
w2 ! z2

)
) w1 � w2 ! z1 � z2 (32)

"CU= z1� z2 R= |@ wN |r}N ?} QkD v1� v2 p[=iD xm s}yO|t u=Wv xt=O= QO
xOW x�=Q= 10 pmW QO 1 w 1 1 |=yxvt=O hqDN= |=R=x@ p[=iD wO u}= p=Ft |=Q@
'xOvOMQJ CWoR=@ CmQL x@ \w@ Qt |L=wv RH OwW|t xOy=Wt xm u=vJ "CU=
|=Q@ u=wD|t |DL=Qx@ u}=Q@=v@ "Ow@ Oy=wN u=Um} z1 � z2 w v1 � v2 p[=iD
|OwQw |xvt=O V}=Ri= w '|HwQN w |OwQw p[=iD l}vmD R= R}v |kr |}=U=vW
xOW |}=U=vW x@ s=Ok= p=xO}= p}O@D `@=D =@ R}v xr�Ut u}= |=Q@ "OQm xO=iDU= l} QLD
|OwQw |v=tR |xJN} Q=D xm CU= |Uv=mQi |wQ=H p=vo}U 'l} QLD |OwQw "CU=
C@Uv |=R=x@ p}O@D `@=D |}=U=vW G}=Dv "CU= xOW x�=Q= 11 pmW QO u; |HwQN w

"CU= xOW x�=Q= 5 pwOH QO hrDNt |=yxvt=O
CkO '|OwQw |xvt=O C@Uv V}=Ri= =@ '5 pwOH QO xOW x�=Q= G}=Dv j@]
Cr=L |xQy@ j}kO u}tND |xOvyOx�=Q= 5 1� 5 C@Uv ,=@} QkD w xOW QDy@ u}tND
|wQ=H |OwQw 'sDU}U |]N l}t=v}O p}O@D `@=D |}=U=vW =@ p=L "CU= Q=oOv=t
u=wvax@ =Q |HwQN p=vo}U w xO=O Qw@a xOW|}=U=vW p}O@D `@=D R= =Q |Uv=mQi
u=vJ "s} Q}o|t Q_v QO |HwQN u=wvax@ =Q xOW|Q}oxR=Ov= v p=vo}U w '�z� |OwQw
"CU= R=i Q}N-=D l} \ki xOW|}=U=vW pOt 'OwW|t xOy=Wt 12 pmW QO xm
x@U=Lt 33 |x]@=Q R= xO=iDU= =@ =Q |kr ?} Q[ u=wD|t R=i Q}N-=D |x@U=Lt =@
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=vWxOW ?=NDv= 40 |x]@=Q j@=]t R}v xQHvB pw] 'xOW x�=Q= C=L}[wD x@ xHwD =@

%CU=

Twin = 4 s (40)

p@k |=y|OwQw p[=iD 'R} wv Qw[L QO w =y|]NQ}e s=tD =@ |ak=w pOt |=QH= =@
|v=tR MU=B G}=Dv '|kr R= Oa@ w p@k |=y|HwQN p[=iD w l =m]Y= R= Oa@ w
w |=y|OwQw p[=iD |=R=x@ |Uv=mQi MU=B "CU= xOW xO=O u=Wv 13 pmW QO
xOy=Wt xm u=vJ "CU= xOW s}UQD 14 pmW QO Trec = 8 s |=Q@ =y|HwQN
|xOvyOu=Wv xm CU= |Di= |=Q=O |oDU@ty `@=D 12rad/s Tv=mQi QO OwW|t
u; QO R=i w xvt=O C=Q}}eD w CU= |Uv=mQi |x}L=v u}= QO sm |Uv=mQi uWwrwRQ
QO u}= [16]'O@=} V}=Ri= Twin O}=@ Tv=mQi uWwrwRQ V}=Ri= |=Q@ "CU= OwyWt
0 5Trec R= QDnQR@ =Q Twin u=wD|tv R} wvVy=m C=_Lqt ^=Lrx@ xmCU= |r=L
|=Q@ "CU= |Q=OQ@xvwtv u=tR V}=Ri= Twin V}=Ri= x=Q =yvD u}=Q@=v@ "OQm ?=NDv=
"O@=} V}=Ri= |Uv=mQi uWwrwRQ =D s}yO|t V}=Ri= =Q |Q=OQ@xvwtv u=tR Qw_vt u}=
'OwW|t xOy=Wt xm u=vJ "CU= xOW xO=O u=Wv 14 pmW QO |}=U=vW |xH}Dv
x@ |Uv=mQi MU=B R= |QDCN=wvm} |vLvt w xDi=} Ow@y@ |@ wNx@ |oDU@ty `@=D
u} QDW}@ R= =OD@= QO |]N l}t=v}O p}O@D `@=D |}=U=vW |=Q@ =t= "CU= xOt; CUO
=yxW} Q |UOvy u=mt p}rLD =@ TBU w xOQm xO=iDU= GQNt w CQwY |=Q@ xHQO
p}O@D `@=D NAVFIT Q=R@= R= xO=iDU= =@ "s}=xOQm p}O@D `@=D x@DQt Vy=m QO |aU

"(u = 15� 17) xvt=O =@ |ak=w pOt |r[=iD MU=B "13 pmW

"hrDNt |=y|Q=OQ@xvwtv pw] =@ |ak=w pOt |Uv=mQi MU=B "14 pmW

"R}wv =@ Cr=L QO |kr Qw[L QO |}=U=vW "6 pwOH
D dcxQy@ |v=tR C@=F ?]k OQwt

0 12 1 06 9 96 �9 37 5 1� 5

%OQm
D̂ = 2A(!) sin(�(!)) (33)

xm 'CU= �z� |OwQw p=vo}U |xvt=O A(!) w R=i Q}N-=D u=R}t �(!) u; QO xm
%OwW|t x@U=Lt 34 |x]@=Q T=U=Q@

A(!) = Ku � 10(jĤjdb)+jĤ1jdb=20 (34)

=@ p}O@D `@=D |xvt=O jĤ1jdb w xOW|}=U=vW |]N `@=D |xvt=O jĤjdb u; QO xm
QO xOt; OwHw x@ R=i Q}N-=D 'Q_v OQwt |xr�Ut |=Q@ "CU= v |HwQN w z |OwQw

%=@ CU= Q@=Q@ 35 |x]@=Q j@] 87 rad/s Tv=mQi
� = 6 deg ;

���Ĥ���
db

= �18 6 db ;
���Ĥ1
���
db

= �0 4 db
) D̂ = 0 117 (35)

�17 OL QO u}tND |=]N '�2 pwOH� |kr |xvt=O |ak=w Q=Okt x@ xHwD =@ xm
Qw[L QO "OwW|t u}}aD |kr |xvt=O |@ wN CkO =@ l}vmD u}= =@ u}=Q@=v@ "CU=

"CU= 6 pwOH CQwYx@ |}=U=vW G}=Dv R}v R} wv
|@ wN CkO =@ R}v R} wv Qw[L QO |kr |xvt=O u}tND OwW|t xOy=Wt xm u=vJ
|=Q@ Q=DWwv u}= QO xOWx�=Q= l}vmD xm OyO|t u=Wv u}= w CU= xOt; CUO x@
?=wH |@ wNx@ R}v R} wv Qw[L QO xm CU= sw=kt l}vmD l} |kr |xvt=O u}tND
=t= OQ=O OwHw u=tR |xRwL QO |kr |xvt=O u}tND |=Q@ |Qo}O |=yVwQ "OyO|t
x�=Q= VwQ |rY= Cw=iD OwN u}= w OvDUy ha[ |=Q=O |Q}oxR=Ov= R} wv Qw[L QO

"CU=yVwQ u}= =@ Q=DWwv u}= QO xOW

j}kO w pt=m |ak=w pOt "8
Ot |wwQU sDU}U `]k Tv=mQi "CU= x}rw= CQwQ[ ?wr]t |Uv=mQi xR=@ u}}aD

%O};|t CUO x@ 36 |x]@=Q R= |@} QkD CQwYx@ Q_v
fc = Bm

mL2 + Jm
(36)

uDW=O =@ w 'CU= QwDwt |UQv}= u=tt R= QDW}@ Q=@ |UQv}= u=tt xm u}= x@ xHwD =@
%s} Q=O x@=Wt |=yQwDwt T=U=Q@ Bm |@} QkD Q=Okt

fc � Bm
mL2 = 10 Hz (37)

V}=Ri= Qw_vtx@ Tv=mQi |xv}tm Q=Okt uOQm hYv |DL w '15 |x]@=Q j@] u}=Q@=v@
%s} Q=O =yCkO

0 5 < f < 15 Hz (38)

%s} Q=O 19 |x]@=Q j@] u}vJty
Trec = 8 s (39)
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xO=R
=v@u

}Wi
=w

`tq
uN

Uwm
}v|

Oyt

"F̂e = 1 3 w F̂e = 1 Cr=L wO |=Q@ Cr@=O |=R=x@ MU=B |@=} RQ= "17 pmW

QO u; |xH}Dv xm CU= xOt; CUO x@ C=a@ Qt u}ov=}t |xW} Q |=]N \UwDt
%CU= xOW x�=Q= 44 |x]@=Q QO =]N Q=Okt w 17 pmW

MSEF̂c=1 3 = 0 0114 (44)

C=a@ Qt u}ov=}t xW} Q |=]N |R=Uxv}y@ =@ F̂c xm OwW|t O=yvW}B Q=DWwv u}= QO
1 Q=Okt '|v=}O=Qo |R=Uxv}y@ VwQ T=U=Q@ F̂c QDt=Q=B |R=Uxv}y@ =@ "O}; CUO x@

%R= CU= CQ=@a =]N Q=Okt w CU= xOt; CUO x@
MSEF̂c=1 = 0 0095 (45)

u=Wv 17 pmW QO R}v xOW |}=U=vW *pOt |HwQN w xOWQDr}i *|HwQN |vLvt
"CU= xOW xO=O

|Q}oxH}Dv "9
pt=m CQwYx@ xvwtv |wwQU sDU}U l} |]N l}t=v}O |}=U=vW xar=]t u}= QO
l}vmD "CU= xOW s=Hv= Tv=mQi |xRwL QO |kr w l =m]Y= u=tRty Qw[L QO w
|=y|HwQN w |OwQw R= xO=iDU= =@ |]NQ}e C=QF= hPL |}=U=vW u}= QO |rY=
R=i Q}N-=D R= xO=iDU= 'xr�Ut |]N l}t=v}O |}=U=vW R= Oa@ "CU= xOw@ |r[=iD
xQ}eDtl} *|OOa |R=Uxv}y@ R= xO=iDU= =@ w |kr u=R}t '|}=U=vW QO xOWO=H}=
Q=Ri=sQv R= xO=iDU= =@ xOWs=Hv= |}=U=vW "CU= xOW |}=U=vW l =m]Y= ?} Q[
G}=Dv "CU= xOW s=Hv= |Uv=mQi |wQ=H l} QLD |OwQw =@ w CIFER |OQ@ Q=m
|}=U=vW |}=v=wD |@ wN Q=}U@CkO =@ 'xOWx�=Q= VwQ xmCU= u; R= |m =L =y|@=} RQ=
=@ |kr u=R}t u}vJty "CW=O Oy=wN R} wv Qw[L QO =Q wwQU sDU}U |]N l}t=v}O
|=ysDU}U|t=tD x@ p=ta= p@=k VwQ u}= "OwW|t|}=U=vW R}v �17 R= QDsm |=]N

"Ow@ Oy=wN l =m]Y= w |kr |=y|]NQ}e |=Q=O

"4 |x@DQt p}O@D `@=D ?]k w QiY "15 pmW

"3 |x@DQt p}O@D `@=D ?]k w QiY "16 pmW

%CU= xOW |}=U=vW 0 6 |xv} Ry `@=D =@ 41

Gmotor;load = 7 5s3 + 24 4s2 + 7599s+ 341
s4 + 33 9s3 + 4384 2s2 + 39495 1s+ 4068 0

(41)

xOy=Wt xm u=vJ "Ov=xOW xO=O u=Wv 15 pmW QO p}O@D `@=D u}= |=y?]k w QiY
OvQ=O Q=Qk QiY |m}ORv QO sy x@ l}ORv ?]k w QiY l} p}O@D `@=D u}= 'OwW|t
|}=yv p}O@D `@=D GQNt w CQwY |x@DQt Vy=m =@ u}=Q@=v@ "CU= hPL p@=k xm

%CU= xOt; CUO x@ 0 7 |xv} Ry `@=D Q=Okt =@ w '42 |x]@=Q j@=]t

Gmotor;load = 7 5s2 + 23 5s+ 7697
s3 + 34 9s2 + 4380 3s+ 39883 1 (42)

Ov}=Qi |=QH= =@ "CU= xOW xO=O u=Wv 16 pmW QO p}O@D `@=D u}= |=y?]k w QiY
%R= Ov=CQ=@a xOt; CUO x@ Q}O=kt '|kr w l =m]Y= ?} Q[ u}tND

F̂c = 1 3; D̂ = 0 116 deg (43)

14 |x]@=Q R= xO=iDU= =@ xm CU= l}t=v}O QO pO=at |WRer l =m]Y= ?} Q[ F̂c
pOt pN=O QOC}ak=w QO |WRer l =m]Y= |wQ}v xm u}= x@ xHwD =@ "O};|tCUO x@
CUO x@ l =m]Y= ?} Q[ 2 pmW x@=Wt xOW|}=U=vW pOt QO w OwW|t p=ta=
`@=D |}=U=vW =@ "CU= pO=at ?} Q[ l} xOW|}=U=vW l =m]Y= ?} Q[ 'O};|t
=@ xOW |}=U=vW pOt '|kr |xvt=O w |WRer l =m]Y= pOt w |]N CtUk p}O@D
|=yxO=O uOw@ |R} wv x@ xHwD =@ "OwW|t |@=} RQ= u=tR |xRwL QO Cr@=O |OwQw l}
C}=yv QO w xOQm Qw@a 31 |x]@=Q `]k Tv=mQi =@ QDr}i l} R= |HwQN '|Q}oxR=Ov=
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1. extended Kalman Filter
2. augmented
3. dead zone
4. recursive least square (RLS)
5. Frequency sweep
6. estimator for linear systems (EliS)
7. Chirp Z-transform
8. windowing
9. coherence
10. pseudo random binary signal (PRBS)
11. pulse width modulation (PWM)
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