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Frequency estimator

Dalay
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fon
b _ad

e

Frequency estimation method

Discrete-Time.
Intagrator

*  Frequency estimation equation codes for conventional method

function v = fen(input, x, x_d, x_dd, theta fe)

theta d=gamma_fe*x*(2*zeta fe*x d-theta fe*theta fe*input):

y = theta d;

*  Frequency estimation equation codes for proposed method
function y = fen(input, x, x_d. x_dd. theta_fe)

theta d=-gamma_fe*(abs(theta_fe*x)-sqrt(abs(x*x_dd))):

y = theta_d:
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Aokt vb 9t} Gupta et al. [18] & Y] 229]+= digital integration
71¥ 9 digital differentiator =& interpolating 3}®] wideband
recursive digital integrator & AAISFY T Xin et al. [19] &
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4.2.2. Al—Alaoui [33]¢] #

Al—Alaoui

A 87][33]= Euler method ¢} bilinear transform
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4.2.3. Yoon et al. [31]13} Kim et al. [32] ¢ ®H

Bilinear transform °lA WA= FE5HY MF TAE d42sH7]
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@, ==C0S eI . (36)

o] Wl A=2a,, B=a,’+1, C=Re(0,.)'T*/(4(a+1)?)0li, ot RA4E

gpgrolt), 18] olgld WHES ALstoy, 18 4.3 (o), (d)9}

N

Zdol A GE A HFe] @ex7F Folgles wAZE Stk ol I
4.2 o4 Yoon et al. [31] ¥ Kim et al. [32] & o] AdjHo=w

e Fu5 ggelA 20log,((1+e,)/2) dB 9 A7] exE 7HA N

A

W7 WEolvt. XE A= o 7F HAagsE st A7) 9 94
e AN i ddel 98] Nyquist F3¢ FZoA] 53]
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o|\

okt

7

st

t} o] A= Kim et al. [32] 9 wW¥o] Al—Alaoui [33]19

Mok R R GARESE LRAEFE 2A] gl
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43. 7RXE o)Atsl W

Yoon et al. [31]8] ®WHollA A A7 a5 AASY vayh 2o

—~

s—to—z "3 WS AT S

l+ap

s=H,(z)= { Z_lj. (37)

T Z+a,

o] W « = A7 vtetulEolrh 4.2.3 dellA Yoon et al. [31]2] WS
A os v Fug gideA (1+e,)/2 2719 AZ 2271 Qi)

olel 2 () EWE AFAF 2/T 2 (14, )/T 2 dASHE 2 (37)2)

i
il

Be 5 glon, 7] AZeAZ AAT & Yok A4 el
0,5 a, % FAEI, 0<a, <10]T FHe] x7)eA e FA%
Wsto] ola) wAles WL AL 52 AL o, 7}

ZolAw I% 4.3(e) 9k #o] HTol m=A sty a¥ 4-2 g
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2ol A7) A7} FASE Al A= SUFSHAl "tk w2
(1D)< a,=(1-a)/(1+a) & F™ Al-Alaoui [33]9] W2 (31)<}

Z=27F Ak 29 4.2 oA Al—Alaoui [33]19 HHlA a=0.2 ¢

oo
o

3-5-eF A WM o =067 A7t A SHES Hole A

a,’t (1-a)/(1+a)=2/3°] 71%7] d&e]th

llo

¥ 4.2 oA Hol wpel ol ARbE s—to—z Wi W
Nyquist F3b5 2ol M A7) exp7h o ® 2t =y o 3ds]

zZk2 7127 Foll 0.1 | bilinear transform ©f H]&] Adjd oz &

e e o] pAET

Sd=(—§d+ 1_4,[12]—)0)(1, (38)
z, =exp(s,T)

= exp(—gda)dT)-{cos(afl—g“d2 -a)dT)+ jsin(,\ll—gd2 -a)dT)} (39)

=Re(z,)+jIm(zy),

S :Hp(zd):l+ap( Zd_lJ’ (40)

@, =|s,| (41)
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(42)

aujojvy ¥

LR

(Re(zd)—l)2 +1Im(z, )2

1+0:p

ol

o

Jﬁmo

o] el

RS

3l

aolo

g

ol

(38—-42)

= X]
A= -

4.5

o=

X2

B A

Hhel o

},]‘

W)

ﬂmv_uo
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s-plane z-plane The proposed s-plane
Im(s) Im(z) z-to-s mapping Im(s)
Exact discretization: st 2-1
z=exp(sT)
Sy /
; d Re(s) Re(s)
=G40y (0] -1 -
R=(1+a,)/2
Unit circle
19 4.5 Albe W] Faka gl ghaH] o3 B
of mAHe o 3y ma ofe RoplH $8rbsTh Fol
F3k w9 2AE ¢l dE o 3 ot o] yebdrt
P p
Sp:(_§p+ 1_§p2J)wp’ (43)
s, +la, +1)/(a. T
Z4 Hpil(sp)__ap : ( : ) : )’ (44)
s, —(a, +1)/T
5, == In(|z,])+ j tan 1 Im(z)
‘T ‘ Re(z,)
2 3 2
1|n {—gpa)p+(ap+1)/(apT)} +( 1-¢, .a)p)
=—In| |a
T P 2 (45)
{—gpa)p—(ap+1)/T} +( 1_§p2 o,
ﬂ/l— ‘o Jl— )
+j=| tan™ % —tan™ S0 @ ,
—g”pa)p+(ap+1)/(apT) —g“pa)p—(ap+1)/T
@ =lsa]. (46)
63
1 'q.l.'\-' =1




Folxl ALTE G,(s) ol WEl HF wA4® ALRE G (s) B

4
il
oy
g[j
X
i
dlo
_V:I
N
o

AFa A71E 947 s A3 gain A

ojo]A s—to—z "3 WRIQL 2 (37 = otdet 2 FH x7IA

wAlel AEe Wl A4 kgl el =4kl

Y (t)=AY (t)+g(t), (49)

Y(0)=Y,, (50)

Y, (t)=AY, (t)+g(t), (51)

Y. (0)=Y, +¢, (52)
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b HE, Z, ()% e 2ol golunh

Z,(t)=(Y,(t)-Y(t)/&. (53)

(54)
z,(0)=1, (55)
Z,(t)=exp(At). (56)

WeF 49 AFRTF §50lE, Z,(1)E towed W 0 O 23dto

Asel A%t gl HHRH. 4 @D GH= o= o

o] xkg}H
lva _ _
+T“p (Z,[K]-Z, [k -1]) = A(Z, [K]+ &, Z, [k-1]) . (57)
_ (1+a,)/T-a,2_
Z,[K]= Z.[k=1]
(1+a,)/T-4 (58)

=CZ,[k-1].

@re,)iT —ap/1|
(L+a,)/T-2 ‘ (59)
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ol=

{(1+a,)/T -, Re(2)} - ja, Im(4)]
‘ {(1+a,)/T-Re(4)} - jIm(2) ‘

<1,

Re 719 1ol thall a7k Aok
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44. ANF ¢ o]Ats}t 334

HoAdoHe= 4.3 HolA AUiEE o)Azt WS o] &3] ANF =

b o7 - ) o

o(t)=ay + [ &(r)dr . (62)

of W o, = FAFIHF F7|AoIth AL ¥ A (60)= A
(B7) & ol &3 tha3t Zol o]itshe .

~2¢ @K1, [K] - f,[k]+2¢, @K1 ulK]

X[k]= 2
(1+a) +24,p1+0! T[k]+a)7[k]2 (63)

— —
T T
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1+ap

f,[k] = —a, X[k ~1] - X[k —1], (64)

f,[k]=-2a X[k —1] - X[k — 2]
(65)

1va. Y ;
+[ = pj (—2i[k—1]+i[k—2])

oW, ¢, = = EAgE ZHvolth xk] o xk] = e 2o

AArE T}

_ _ 1+«

KK ==, KTk~ 1]+ —2 (R[]~ X[k ~1])

) (66)
= £ [K]+ 2 RK].
T

= = 273, 1+ap ’ — —

X[K]=—2a X[k —1] - a,"X[k — 2] + = (—2X[k —1]+ X[k — 2])

, (67)
l+a _
:fz[k]+[ = "J XK]

I 4.6 & FAFIE7F 2,500 Hz &4 wjo] ojxkstyl A2 Fx17]9]
T SES BHoFoh Aljbe WS oS W3 % bilinear transform
o) HlE] Agid oz 2 7] W 94 eAE Bt o= Aot
W ol  Fukgel Aule]  wAstE ffers @y o B3]

=
ot Fake FAHA A (61 E olAARE doelA ot 3ol

5[k]:_y(4/(5[k]y[k])z - /Y[k]i(_'[k]U. (68)

4 (62 4GB A68)E ol gd T o] veh,
6 8



(69)
+1+Tap {—y[ (B[K]x[K]) - |x[k]x‘-[k]|j+ap5[k_1]}'

A (692 Had Zo

(70)

Cim 1+a,( cos(dT)+ jsin(a,T)-1
- T | cos(&,T)+ jsin(é,T)+e,

(71)
l+a, (a, +1)sin(&,T)
T 2a,c08(0,T)+a,” +1’
1| 2K +\/(4ap2Kl (@, +1)K,)o’ +1
@y ==C0S —— _ (72)
T 20,°K,0° +1

dA Fukpolr, K ¢k K= v 2k
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K=o , (73)
(1+a,)
(1+a,”)T?
Kz = 2 (74)
(1+ ap)
Bode Diagram
: aB T
0 L
)
Z
2 20
2
c — Exact discretization
% a0 Bilinear transform+ freq. pre-warping
s Al-Alaoui (a=0.2)
— Yoon etal. and Kim etal. (ay = 0.67)
— P d method =0.67
60 roposed method (e, ) 230
45 deg
.0 0F
53
S 457 -45
[
8 -90 -90
a
135 t -135 ¢
-180 - = 1180 ! : : : :
102 103 2000 2200 2400 2600 2800 3000
Frequency (Hz) Hz
7 4.6 olatshd A w7Ie Tk ow
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45. Al Ed o)A

4.2, 4.3 HolM v olitst e s Brkey] Sl 449

™

o

olxkst WS AL ANF o Fi FAHFE MATLAB el

ok
ol

T3, Al EdHo| = Al-Alaoui [33]19] W, Yoon et al
[31]13} Kim et al. [32]129] 9, 4.3 AofAq 27ie wWo] vy ot

ANF

rlr

A7) ol HPelA AFE FAEE Festnz, AA

AEY Fot Fo5 A% mAEY e duge Age 9 4 otk

2. (T
@y Z?tan 1(56%} . (75)

Al=Alaoui [33]2] WA= 2 (34)S ol &&l AA Fu+E 45
Q). Yoon et al. [31] 3 Kim et al. [32]2] Wil = 2 Eq. (36) ©]

AFEE T 4.3 Aol WHo = Al (72)7F AFE-E L)

dEs RAAM F 6 7N Aol wall ANF o] Fi 34
AlE ol S Ayskivt. A teat 2ok
u, [k]= Acos(a, KT )+v[k]+ p,[K]. (76)

of W m & AolA WzolH, v WALFola, p, = otdiel Zo

<

k=1°] WAst= AAE verdl Zlojn
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P k=1,
pm[k]={ " (77)

0 otherwise.

AlgE el Aol AMgE JEhuEE 4.1, 4.2 o e 9k 1~3 9
Aol 2ol 800 Hz, 2,500 Hz, 3,000 Hz 9 & 3 7§ Fyt5=el s
AlEdold HATh 4~6 W Aol o= 1~3 W Aloj Ao FrtE &
Ax7F 7HEAY. AlEH ol el FEFure] 27]X= 3,000
Hz o]¥, 23t 9} skt 7h2F 3,500 Hz £ 100 Hz & 243kt

i 4.20= YA eaF AdE eI
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4.1 Al EHoIAY FE5x4

sl &
T: AE" F7] 125ps
A Ap1ste] A% 10
WA 50 EEHEARY 0.5
y: FREAL 600
a: Al—Alaoui [33] ®He A7 dehv|H 0.2
o, Yoon et al. [31] e AA zetr]y 0.67
a,: Asrd W AA e E 0.67

Fl

4.2 AEAOIAY AYAE shebuE W A 2k

=g ~ AAEH 23 (D)
T, 37_] Bilinear Yoon et al.
m 0] , transform | Al—Alaoui [31] "
) P, st 33] | &Kimetal | 1¥E ¥H
FHA [32]
1 800 0 0.0 -0.3 12.8 0.4
212,500 0 0.0 -6.4 1.3 —-2.2
313,000 0 0.1 -11.5 —-5.4 -0.1
41 800 | 1,000 Al ) -0.3 12.8 0.4
512,500 | 1,000 0.0 —-6.4 1.3 2.2
6 3,000 | 1,000 0.1 —-11.5 —5.4 -0.1
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a9 4.7 ~ 19 4.9 o yERE vk 2ol Alo] A~ 1~3 HE 30 ms
AAAH o] =239t} Bilinear transform ©] 0.1% w|%ke] 7b4 z-&

PPFE oS BTk v A PHES JUHOR 2 P

R

A5 BAlth Al-Alaouil7]9] W2 Aol 1~3 HelA 242} 0.3%,
6.4% and 11.5%°]131tF Yoon et al. [31]1% Kim et al. [32]¢]
WA= Aol 1~3 ®lollA Z47F 12.8%, 1.3%, —5.4%°] At Al-
Alaoui [7]19] W3} Yoon et al. [31]13 Kim et al. [32] %] WA=
AR FoE DT IFR FAE e o]aksl wpgellA] 2o
mdE Ao v s—Ew A Fo AAnng AXA f) o2
Ad A Foel AHKFIF 2k zpolrh Tk A7) AP
FukE S5 Al AtEor 2 77 W YA 0atE HAA Hie
Aoty Atk7F Yoon et al. [3113 Kim et al. [32]9 WH2

(1O) oA A=Al 21T o o8 A= 7] 2xbel & Fa
T A7t F7vetAl k. 4.3 HelA AljkE W Alo] A 1~3 oA

g 227 0.4%, 2.2%, 0.1% 0.2 A4 os

4~6 W Ao A 29 4.10~ 29 4.12 o YeERgITh 4 ¥
Alo] ~e A= bilinear transform ¢ A¢ EAFINA JHAS ]
FuEs Fgske d AdEd. 5, 6 W Ao~ bilinear
transform & 7 ZA|7to] & W =ol vlsl 2+2} 50 ms, 40 ms Atk

Wt o2 WE ¥ bilinear transform WHEOAE 15 ms  QFel
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o]

il o] <

9]

Wlel] ]

(6]

o bilinear transform ©|A+= Tt

AR =

=
T

9]

il = o]ojd

<9 A

S
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Ao] Ao A bilinear transform & &2H4

Apalt,

o
Ei

b 1~3 % Alol~2 Al
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Bilinear transform + freq. pre-warping
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w 1500
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Yoon etal. and Kim etal. (o =0.67)
500 [ Proposed method (o = 0.67)
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9 4.9 39 Aolxo Fuk F=HAy
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Frequency (Hz)

4000

3500 Bilinear transform + freq. pre-warping

Al-Alaoui (a=0.2)
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46. A% QW Az

46.1. A3 A

AlbE WHE PCB AAbel &8¥=, 19 4.13 9] verify—and-—
rework station (VRS) Zv|E &8&3] A3slith o] Avl= Aso=w

PCB €] eFE AR fd AHEEY, AddE FE5,

=AZzow ztz o]EA 7= AME AAE 2 =S xIETL o]
A E FHFS FEshe AE AIAHEO] AREEHITE AR
A|2~EE RS Automation(GFE}A], k)¢ CSD7 800 W Ax

calolB gl 800 W AME RHE AFgstgth. MR A AES PID
AN71E ARgsth, A AJARL AlRL dEvHE AR AIAE

goaZe 248k 2 9t Aol A<l setuEl= PID Aol Ui

A FoeE AAsok k. AJAEL AQlo] 50 Hz ~ 200Hz o wi=
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100000 08e
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462 AIA3

A28

Al

Hz ¢} 800 Hz

i

=

z 5

-z
ry
2
B
1o
ok
>
12
2
oX,
ojr
s
Rl
i

=
o,
i
i
N
i

A

FelA el a3l

(2]
N

Alaoui [7]9]

ejeke] F&Fo] T3] A HA ot HE

A 95+t Yoon et al.

F30A7} vl

A28l AQl mhebnl 7} 220 Hz & AAE £

2,600 Hz F9

wAEE 2 7R

1o
ki
Mo
N
N

W3 4389 e A8

Wb bilinear transform WH 3 Yoon et al.

= A F S

sk ANF

zyz} 807 Hz,

(3117} Kim et al. [32]9] WHer= F

AX ERA el At

z/zH /\1 I3 oﬂ }\1

F710]
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=

a9 419 ~ I%" 4.22 o 7 ANF
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ANF tho] & Adex BT AyHozz FHAAAE T35t o]
W2 A g o wE WSt o3 oIS TS| MEA FHAAD &
3, Nyquist 35 F-ZoA Addoz & 77 4 94 ex+&
ZHA| B R o]AitstE ANF 7} 4oz FXAAE 3T F U=
=g
X 4.4 7} o]Aiks} WS A3k ANF 59 3319443
S AZ 37}
22 HAF AT
34! P
Aol A B Bilinear Yoon et al.
HE — Alaoui
(H) traisfoim Al—Alaoui .[31] Ak u
+Fa [33] &Kim et al.
) R [32]
) 300 Al 5] T A Al 5 T2 A
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5 9 600 A Al 3| Al 3| X A
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3500 (H2)

— Estimated frequency

3000 —— ANF on/off (on: 1000, off: 0)

2500 |

2000 f
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1000

500 |
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(a) #7453k 31 ANF o 2435} o

_40 1 1 1 1 1 1 1 ] (rT]S)
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(b) A7FEd

19 4.15 Bilinear transform % S5 R AMHS AFESH

ANF ©] 800 Hz ¥ &% A4}
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3500 (H2)

— Estimated frequency

3000 F —— ANF on/off (on: 1000, off: 0)

2500 |
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3500 (H2)

— Estimated frequency
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Hz 2 24 223
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Abstract

This paper presents an adaptive notch filter (ANF) for industrial
servo systems that detects vibrations and suppresses resonances
automatically. Servo systems are widely utilized in industrial robots.
Generally, when the user of the servo system increases the
controller gain to achieve high performance of a servo system, a
resonance may occur due to the resonance poles of the plant.
However, tuning the control parameters of the previous servo
systems are highly complicated, and thus, it takes tremendous time
and cost to set up industrial robots that composed of multiple axes of
servo systems. The ANF proposed in this paper becomes enabled
when it detects vibration. The ANF estimates the frequency of the
vibration and searches for the proper notch depth to suppress the
resonance by tuning the notch filter parameters. When the resonance
is suppressed, the ANF sets the notch frequency and the notch depth
to the fixed—parameter notch filter and become disabled. The
proposed method automatically suppresses the resonance, and thus,

this method can save time and the cost for the initial setting of the
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industrial robots. Moreover, a new discretization method is developed
to improve the resonance suppression performance of the proposed
system near the Nyquist frequency. In this paper, the developed ANF
1s implemented on industrial servo systems to show the resonance
suppression performance, and the proposed method successfully

suppresses the mechanical resonances.

Keywords: adaptive notch filter, resonance suppression, Servo
system, frequency estimation
Student number: 2016—30206
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