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29 Ao AW &S GrAAe % B, FHA S d—gF9
SIYEA (52 HYHA) Aolof] 23t EOF HE YA Eo|u
SMPMSM2] 7% 2B =4 (saliency)o] o2 d&=3 =9

T A
or, ¢, T

ul

-

JNYEIATE o} A vt Ege] dFs FA drh

F
1

A @olER Eds= qF Al wleEstA dv BE vid A5 Ao

o] 21 SMPMSM ¢ HE AR =golHoM s dF 2

E
flr

022 Aojatal, qF AFt HFE/AA Ao7|ZEE ] £9& A3
AA/EE AAE BT

ME Egte]HoM Aloj7l= BHE HA"E S Ay Y (digital

' ST 8]
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signal processing unit, DSP) el|A] F+&o] #Hr} BE A7 Ao H
G 10 ~ 40 kHz 7+ #ME% AZF (sampling time), 91A/E5% Ao

719 A% 1~10 klz $% BEY AQOR AolE £ystr] nE

l

FoHEE-A] Ao £4Z F2 Ao Y Es A RS AorlE A
Agtet, dutA o w A8 AR Zefo]HoA = v -AE—v]& (PID)
o] 1 Ao} ZHke] Aoj77F Al B EAlo] A9 ARl A el A
HAA7MA = 7 Wol ARgH L vk [38]-[41]. 28y, gj&dolv B
g HA] ke oy Foll FHokek whilo] Qlof, ofe] vhE W
Aloi7) = @ol M=ol olok [24], [42]-148]. 11 ZF sz &Efold

= Alo7] [49], [5017F 9lom & dAFdelrM s sefold BE

il

7]
WO & Ao7|E Aow AX/EE Ao)/1E AAse] AE ut

Atk [611-155], [65]-[57] 3@ Aloj7]e] thair= Al 5 oA AA

off

] A e
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(c) A g & AMH =2lo]H (RS Automation jite D8 A X
tetolH)

I 2.1 AE MR AAEY] A 2 (ME B B AR
Tefo]H)
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(a) ¥r=A B AE A1) (SEMES jil)
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Position/ —
Velocity
Command

Position/
Velocity
Feedback

(c) 23% ZTHH (

-

I 2.2 oY7HA ARl A

s

hs

i

st LA k)

Current,
p— Voltage \oltage
osition, command - Torque
+
Velocity Ccoﬁtr:glr}ter Inverter a Motor + Plant
Controller Current
command
Current
feedback Current
Sensor
Position/Velocity Position
Calculation Sensor
) o] B | s
% 2.3 dRbAQl ME AR SRR
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2.2.FRF 53 W3 9 4371A] #3t9 33 54

AE ERES AME EHO A8rbA Fakso] AdEH Q=

Txof mel FX 5ol gE7] died, ¥3 dAE deAe sdd
A7 2 A9 ol Qs HE AAH 5A FekS
9= FRFE o]€8 4 Qlt}. FRF+= FRD (frequency response

data) 211 % HF=2v 23] wWsli= A2l Bode plot (experimental
Bode plot) &% ojg] Fupo| gk f¥ thH] £ His Fgow
o]FojW =4 #oltk. FRF&= ARl A9 (sine sweep)oly HF7]9]
ARQlo]l 419l WE] ARQl (multi-sine) Y&HE A7tste] FA F 5o
7bestth. 29 2.4% FRF 54 @4< Webd J”lolth. 1 24+

(6819 THE& AR AIAE g BHAl uHo] AdEkginh. o714

20 ] 2-1



= FRF F4& 93 948 25 (nput), n, &+ ZWE (plant)
outpute]l EA noise, y, & ZHEANA A2 =7 4% (output),
Vo = QHEOlLE] o] (anti—alias) BHE 343 &9 AzolH, y(k)

v = A dE Az EFYH AT FET#S dAndd. o=

o] g3t ZUWEQ] FRF P(jo )= ofglo} o] Axtsct
ﬁ(ka);_p(k):%, (18)

ANM e = kWA FH FIHFEE gudt. Faz, A4 FRE

SNl E90 o] 2 wol=7t 4TS = 4 Utk FRF 574
WA o 2= oy rix7F Qlo, B =HolE [69]9 WHE VFo=
AWstt}y, 3 252 AE MH A AEA S sine—sweeps E3
FRF =% @7o|th. of7]M, { & ¢ #dHAx, v = FRF g
AFolw y ¢ y, 5 o]&3sto] FRFEZ AAkgth 992 Alo]7]= FRF
g Azel o8 Fstrt AA olEste Ae WASH] St

Q17}stt}, Algorithm 12 AlX

darg]Folt

A=z 84

=

g ejskaL

T30 sines U7bskH, FuFE

A L FelM =

energy 9 input signal®] <17}% 32

Eolo]H o9 sine—sweeps 93

# 4 energys
w 7kA] 9] e
Hpre] 91wy wkEste] FREE
A8

A5 kWA Fspel



u, (m) = Asin(2z f,kTm), (19)

number®]|th. A3 Aldl= f, & 8000/4096 (= 1.96) Hz, A = 1

Ampare, T+ 125 ms, N &= 20472 A3 18 267 13

\]
ﬂ
rlo
N
N
N
N
s

247y & A% Fopel WME Egoln Rate A o multi-sines
0] 83t FRF9} sine sweep €185l Algorithm 1& AFE3Ste] d&
FRFE vl Ayolrt. HdukAl 7jd A Aozt gloy, A3t
tefelX 53] Aew=rF FAEI, uF g9 false peak’t
AtEHAl= SAe 7HIH. FRE O HOlHE o] &3dto] AdstAl Ao
depueE AAstaa & Alddls AlRte] thA &2QFHUEE sine—

sweep &g
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np ()

y1(t)
Plant —— % T

u(kTy)
0
v S
2
- s
'-I_'I: <
Vaa(t)
L ouw m, (£)
{ y(kTy)
|_
LL
o
l Y (k)
19 2.4 FRF 4 374
Vk
Position + Velocity Ry Plant Yk
Controller ) Controller
(2%
Velocity
Calculator
A

a3 2.5 AH A A" A 9] sine—sweep =4 &4
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Algorithm 1 Sine-Sweep Input Generation Algorithm

1

B oo~

Input:
A set of input frequencies: @ ={w,, w,,...,®,}
A set of input magnitude of each frequency:
A={A A .. A}
The minimum energy of the input signal E_,
The frequency index of the excitation signal | =1
while 1<m do
t=0,U, =0,Y, =0
Generate sine-sweep input v = A sin gt
Update DFT of the input and output signal,
calculate the magnitude of the input signal E,
If E >E,, foreach period
I=1+1
t=t+1
end
Output: The frequency response function of the
input and output.
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EASHE A9 A WY A F3} DS AR A 299 Ao

ool wpo ke Fui flelo] A AFL FA Br] gre] o

TelolB AlAEIS] FAdojt), WE “glo]H o] AHe V|EHog TE L

ME Zg| (belt pully)7} AZHoz dAHo] glow, WE Zgld
Add HWEC Furt BRAEHo REHI AdLEsS T ou FH=
Adese oA dv. 29 2129 A¢ vwd > $#4gde 100 W
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2.3. YAE A|&HAM S A7) B HE 9| 0|4t} 3

S ME AR Alof7] Bl HEES 2,149 AW Zol

BE yAd AzAY fyleld "AYd AlAgoR FHEY. ey,

{o

Aoz Bl Ay dA W 42 oliAZhel mlsl AL AZkelA

O

A7 wtel olF tAY AlA®lo® Fds7] fEAE olAikg)
(discretization) ¥}do] HQslt}, &8t~ AXkA} (Laplace operator)

s 9 7 M3 (Z—transform) 2 A2z} 79 #AE= the3} 72}

s:_ll_ln(z). (20)

of A% z & FI AFE JHAY] wEel AAE FEE FUF gtk
wEbA], ol & HYE Algl=9] 13}, 232 EAFSE W Eo] o] 2Rl
ojxtslE flal wWo] 2ol WHoRE AW ody W (forward
Euler method) ¢t “4413 W& (bilinear transform)o] Ut} A

edy WY A2 vad g

A eole wael A9 FHEA AZ 57 Aol WS wh=u
GolAXE Fae] /MAAASE 27 W 9 2at AAE @30l
vt web wE G Fog ode wedel Fow Alel/E

ol4tsl ehivl AFERT. A W) AL e g,

523(2_‘1). (22)
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ojxtetE  WAsk= A TARSRAl fEld Hx Fubeld S0

il

ALAIZEA e} ZFol7F YA "ok o]E Fu4 9% (frequency

warping) ]2kl sk ol HAFSY] Sl& FE AAACl= Fa

8& st F34 AR 998 (frequency pre—warping) & 3k
A P8E F FaTE VIEoR AEHARY] HEE AAsk
ojatsteitt. Fukar AR 9 T3 o= ofd o] Alateh
2 T

o :?tan(aa)d), (23)
AN w2 HE FIFOITh MR A|AFCA Ao/ T3 FEL
=4 EH s Fy 72 A9 5% FIHE AN A%
Aol Sel Tk oAt atEol A E W] @l
ARSI 2 el e EE A Aol 4 (22) 3 (23)F ARE-He

bilinear transform)©] AFg% ™ 22 t}h53} 2t}

S:H—a(z_lj (24)

T (z+a)’

471N 0<a<1e AA shetulEolH, o b 19 Aol 4G W E)
2« b 0ol AhESE FHagol wed ol Aas)

oA A At orkst= 919 7 A W
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Adsta YA FoA7IE 54 7HR dEoeth Y 540%
sl A B FDEe nlEie TR FHE e 5o A4
AAlE & F An AA AYE ME EEpolHoME HE
37l 570 Atele] wx HEE AMEE F UEE A Holgith
w2 FHE o7k &7 Qo wo] 2ol %9l bi—quad
oo wx FHE A FF He(s) v A DI Zrh =X
e M= =2 T35 (notch frequency), =3 Q 1&+ (Q—factor),
=% zlo] (depth) 9] 3714 73 IetvlHE 7kl I§ 2.212 o
w2 FE g gid Fag gHolth k3 QAL
Zopd = Fug a2 WHZE Eolun, w3 oyt AASFH
FH5E o A AASY A FEls A9 T3 dH vlEiAs
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WiHoltt [62]-[64]. e 32 2dd

ol
o
~
-~

Al
D)
52
~
2
M
=2
ok
>

AlaEe RS Ares 9ge @ ¢ A [65]. weEbd &g

4%g 92 5+ ok [66]. 19 2228 Q WH ©WE Axd

AYEE vwst Aot} A ME Fslo AFs Waspqlon,

Filter, olak ANF) ] [12], [67] o tiate} 7heks] g, 48
wA AEE 2 F PEos FAHe ik A WAL T 23]

(frequency estimator) & ©]&3to] ¥ F345 FG5= HF0|

ANFO F34 4 28 ey 7o) |

K(t) + 280X () + G (DX () = 27 (R)u(t), | (26)

a(t) :—;/(J(é)(t)x(t))z —Jlx(t)%(t)lJ : (27)

AN a0 FA T, o= T 719 WY A ok A
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Al 3 % . FRFE °|3% = AE 24 ¥

=% Y vehueE dAsr] 98 582 FRFO B340 g
Agolm Axge sl wEEd ok o] BHE AT B e
M A2 e ARE Aketth o2 %79 (notation) 2 7F
gol =i AAAN Hg8n

. the number of FRFs.

3

N : the number of frequencies for each FRF.

T : sampling time

o, the kth frequency of FRF.

Q={w, m,,.. 0.} asetof frequencies for measuring FRF.
i(m)=1,: a candidate FRF at frequency o,.
Z(Q)={2(@).2(@,),.2(e)} : a set of candidate FRFs from e,
to .

o, a radius of additive uncertainty of FRF at frequency o,
without delay. i.e.

2, =2, +0,A, Aefa+jbla’+b*<1f.

2(Q)={o0y,0,,...0y}: a set of radiuses of additive uncertainty of

FRF from o, to o, without delay.
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Qs @, - Minimum/maximum delay

7} 1. All poles of plants and control blocks of the s—domain are in

the LHP (left half—plane).

7} 2. When o, <0<a,,, 2(w) satisfies the following constraints:
min(|z,],|z..|) <|2] < max(|z, ]| z..]) (28)
min(£z,, £2,,,) < £z < max(£z,, £2,.,). (29)
7V 3. |£z,, -z ]< 7.

74 29 3& FRFE B58 09 573 Fu4d 17l F83 Fol

o % @, A°19 FRF point7t z, 8 z,,, & W& & Alole)] =A%

mlo

vty 19 3.1 o, o149 FRE pointE YWebdt 72, = 34
Hoz mHHoH, Wk 4L delayZt & A 2, 7F A4 F A=
d9E omErh. Delay7b & Afeles Wik o]l ga™T oA
0a™T 7M. olxd & Utk o, & o, AMOlOIA S HA/HY WHAE
o, o o, & obEje} o] ALkE

min

Oryon =Min(o,,0,.,1), (30)
Oy k41 :max(o-k’o-k+l)' (31)

Ho/# A& A% oy, ok o = okl g} o] AXtd T

gkmllg-l = min (sz ! sz+1)+ 6‘{mina)kﬁ-lT ’ (3 2)
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ekmz)j-l = max(izk’&zkﬁ-l)-i_amaxwkﬁ-l-r . (3 3)

1% 3.2 Nyquist plotellAe] 2, # 2., 7F A + A+ 9= o

Btk w1 £ o, o MAEES AR del g g, Al

& AR Zlolth Algorithm 2% AIbshE % ARE AXtetr] 9
3 =AM E HojEr WA, Axts S8 JHFZ FRE, 7HF 2944 4
delay uncertaintygt 278l #Q3}t} Delay uncertainty gt A~H
ol dutt delay7} AT Aol gk gho = AA vAYE A AF oA
o = foly 5 A}y 9 Aol 4y AN Ao wet Hof 0.5
~ 1 sample?] ¢I&3A] %3l delay7F HAS &= Qo) 2 =7 AF
Ao &= delay uncertainty #< 1 sample® A 3&lo] AFL3tc), /JF=
FRFE= k=194 k=N-17F4 F¥%E A% FH (candidate stability

o

-

2

index) f 7} FRF point 2, ¥ 3, = AAre

o
ki

A

ke

-
- f, f,,

¢

+1

e fy, wolA 7P A2 o Z AR 3WA 9 deEtuEHE A
AFEE7) 98 212 Q]2 Ao g EASH, 4HA] ZolA 69HA =2 —180
o7} Z1EEE ¢ g, T g Atelel EAlEke A Atehe #

ojth. THA FollA IFE AXZ FH= offe] Aoz AAbdT

fo =—max(|2,],|2,..|) - ons +1. (34)

IRAl ZoM FHE AFE FHR= ofe} o] AET
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min

G0 = argmin (cos(efi,

. %
Py = |Zk | e )

a

% 1
Leal€T

Py =

{| Pux +1| ool
fu =

Re plk) max 2

Oy k+1

| Pak +1|_O-l£nz):1
for

- Re(pzk) max 2

O ki1

f, =min(f,, f,).

3.3 2] (34), (38),
3.39] (= 4

FRF

EAE Ha IJEV P E

o] (= 4 (38)<F (39)¢] ARA

H 3.39 (0 4

A=t
(34) 9

).cos(afs )

e}
AR E

EA 9ol y=0(x<0) AE EAZE

7]

ke

(38) ¢} (399 W

47

= At

X
o

|p1k +1| > Oy

,otherwise

|p2k +1| > Oy

,otherwise

’

g% el

‘gelm

(35)

(36)

(37)

(38)

(39)

(40)

39)= Avstr] S /id ol

A e
, ek Jom

371 918 Ag€nh 19 3.3
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/II — Zk = ,bk)
2% 3.1 7 B4 8 A A B30l 9L 3 FRF
EIIE,
Re -

EAT 5 Y B,

Zk+1
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max

—max (|2 }[2cal) -ovii+1  Re

(a)
Re(p)—/oria —Im
! Re

(pe)+1

(b)

Re

\N/

-1+ )0

max
| P — Ok

(c)

19 3.3 A (34), (38), and (39)

49

& 43 98 )

q4s

Mgy

1

I

U



Algorithm 2 Process of calculating the proposed stability index.
f, (Z(Q),E(Q),amin,am)

1: Input:
Aset of FRFs : Z(Q)={2(@),2(@),.2(a )}

A minimum and maximum delay «,,, and «,,,

2: For k =1to N-1do

3: Calculate oy, o0 , o'V, , and 6",

4 Calculate &[Ty, =mod (&Y, 27)

5: Calculate o, =/t +60% .

6: if (o, <7 and o >7)or (o, <37z and o, >37)
7 f, 1s calculated using (34).

8: else

9: f, 1s calculated using the equations from (35) to (40).
10: end

11: end

12: Output: f =min(f,f,,.., f,,)
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Al 4 &, Cascade control structure®lA PSO 9
FRFE A& =X 2 32|y HF3 3
A

4.1. Particle swarm optimization (PSO)

Particle swarm optimization (4=} 5 43} PSO)+= vlg A4 €
oy stE o] gste] MR Ao F1 3 (candidate solution) & F2
e RS olsAA  HASEH = FetrEE dUlolEske
vkl 0 2 AXF A5 (computational intelligence) @] Zhe|alg] o] £3h=
Aol HAs oy, PSOE IA FUHA QAR FAE Stk
ARA = JAF (particle) o], FHAE= T (swarm)olth, JAf+=
HA3 A dogu = & (solution)d FHEEZ oJustty, gla
THLS A5 RS ujdttl. PSSO WHEH oz JA9 A=

P

THAMEY HARE AFESte] AXtE = SEE Sd JUolE AFl=
W}AS wrEsle] HANES AA HArk k+1 WA HEE (iteration) 2 i
HA o] % v, & v 2ol AAten

X ) +C,h (X — X ) (41)

V ghest

kil = WV + Clr (Xpbest

AZNA x = k A WA WA gk A, X, vk BA
g e HAG, X, © AWATE k ®A whE
TR ANAM Y HAZOIT X O X = W REETITE QIE]O]ERT
7 ¢, = 7F5AS (acceleration constant), r 8 = 014 1AFo] 9]
Ao Foln, w = ¥ A (inertia constant) olth. k+1 WA
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Wl e Al A A (D)9
A AL T
Xy =X Vi, .

A
&

4D 42)9

AT
~1

UAF 21 2
ET

APt 1 o, Hd

]{]‘_

HAgow AAHn HAH3 Aol Edrh PSO9 B4 vE

darelgel mlsiA, 1ejal AAE

(genetic algorithm) [73], [74]3 & & L&

ArE g JH Ol E 4]

52

kol AAlA ]

%5 4% olgatel ofggl ol
(42)
Qo= A ukE 574

F v gl e, @Ol
SEE
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4.2. Cascade control structure® X8 FRFE A}
€3t =2 gy wgv|E HF3 A

(multiplicative) =440l S Aol tist EANE] ALFo|tt
Fauz, slE (overline) E7IM O WA =gl st vHAF

x4

o
ol

b= ol ARREY. S, o =R (2)e & dvIEH WlF =
(inner loop) & 7HF3 (open—loop) & #HFX (closed—loop) H& &
L(z) & T(2)> H= ok

L (2)=G,(z)P,(2)(1+5A)H(z2), (43)

G, (z)P (z)(1+o-l )
Ti(2)= 1+G,(2)P, (2)(1+ 5,0 H (2) (44)

FILZ, G(z)E W T2 Aoplsh $evh AAgeee =X BE

5 X3t 25 £ (outer loop) o] MFEZ He ¢ L (2) & °F

o
o
g
o)
-z
—t
[l
1o
r&
o,
bt
i
v
=
ot
ol
rlr
Y
o
)
1>
i~
&
1o
=
-z

9]

rO
!
rO
o
kT
D)
Fkl
X
r)v
ok
ok
o
offt
=
hial
X
me
e
o
N
=

7o YR A

St 4 (45)9 AR FO YRR A BHAY Fo| Rue



M
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By
-
2
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2
N
¥0
2
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av
ot
JZ
Hi

= A= o F29 =244 boundE A o7t

BzAL 1. od HFZ A|AHoO0] MAF T ZWHE HEA S

Yot . peds
TP L pelf e

L=GPH.

14 oA
1+GPH +GPHgG A

= =T.0oT,oT,oT, oT. 6A’
1+GPH +GPHGA 1+L+Lza ° ° % 2 +(3:4)

w77k of ek,

ofeel 1

0

9

(l+3A0) D -5, (44)9] o F=

o
rE

X,
e

(46)

(47)

(48)

(49)

(50)

1714 T, (z)=Lz, T,(z)=(1+L)+z, T,(z)=Yz, T,(z)=—(1+L)(L) 2z, L%

I T(z)=L"+zolH. Z} T,T,,r-, T,+ linear fractional transformation

3 o]

o] 202 #HFZ7F /bgstthal 7Hgegy] wiEel nAEn. 19 4.2
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= T, T, 2EAL T vl s ga o RHAEE TE e A
A gol vl E RS dEbdnh dideAe Hol A-le= 4 GDE
o]g-3skof ofefjo} ol AAtw

IL|&? . L+L|5;, (52)
L+l -5 el -|Lf &2
whebA 2 (47)& WA €k
|

A UnelE 2R FEHoR prLl] U520 Utk ol uF =
o MEE YEl= go®, sid ghol Aobd F5 BR gho] 714

Bo2xo] ok LT %7} B3 (conservative) ©

— Gi(Z)Po(Z)
Ti,appmx(Z)_1+Gi(Z)PO(Z)H(Z)(1+UiA)f (53)
o L& . L+L|G, ’ (54)

"L L & L —|Lf &Y
LO,BPPFOX (Z) = Go (Z)Ti,approx (Z) . (5 5)

Altats =X e depeE A3 HgS AZHA stepe® A

. LEXE



Step 1. o8] #a}2] 9x|eA] o]z /o] ZAMES] FRF R(k), P (k),

AN S Altets Rolth. 7kt B8449S FRES Fratat 7 A
27t W 3kS AFESHAl ® k. Step 1~3°A k X7 z=e* & FEFS)
at7] 18l AFgstitt. 5 P(k)=P(e) oItk WA ElA o, Q, 1
B e A A w2 FH O =2 Foe, QA a8 ol
guEth Hy (2) © i A =2 FE Y A Froln, A (DS W
o FuE, =4 Y g AA sevlEelth w4 FHE Eol
AbgetE= 2 HE g2buE Q] search space’t HolAw, A A3 ut

el g 907] f)a) o we AR Ace] Besth A BElY A5

. ek



wA A 3 AEE AARE e & 5 glou Axge] met

w2 HE7E 47) mm= 507 B Al AEE =A%t} Algorithm 32
AE2 e 2 VIS FREY 7Rt B84 2 ofdiel o] At
At
ﬁi(k)=Gi(k)ﬁ’(k)Hi(k), (58)
Oik :|Gi (K)o H; (k)| ’ (59)
G = |Pug (K] (60)
« GP
L (k)=G, (k (K 1
(=6, () 7 5 (), 61)
5 L 5§k 1L+ L|&pk 62)

e el e,

Oy =5y |5 (K. (63)
PSOZ o] &3to] Huslelel= A% 3+ (fitness function) = o}#f

gk gol FolE

57 A 21



ffitness = fs(l:i'o-i’amin'amax)_i_ﬂ’fs (I:o’ao'amin’amax) ’ (64)

oA71A 2>0S U Fxol ojF Fxo] kg re] AFgw TR Bk

o] A

=
(e} O - |

o

]_

rlr

5 stebulgelH, 4 (649

il
ol
=3
X,
o
rlo

penalty
function®® ZH&gtt. {4 derly 2= APAel= 0.01 ~ 0.1 Ak
o]9] ko Z AFE3FR O outer—loop stabilityE FHo)3}st= Flo] &
Fol7)e] & gtow HdAsty A AHe] whep Adst sy Ao

dastt 6.3%4 73 FEtelE el Wid F7 A s A

o8 ' ”H k'_' 1--'H ) ]
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9 4.1 ¥ =% 1% cascade control system? EEXAE

oA center; 0+ jO radius.  |&,
@ T(z)=1Lz center: 0+ j0O radius.  |L&|
@ T(z)=(1+L)+z center: 1+L radius: |La |
@ 17 (-]:l center: %(—Re(l+£)+ jIm(1+ L)) radius: L&“
Ty ClLfe -+ L : © L -
: 1+L 1+L 1 , 1+ Lo
e z)=| - z .= — s(—Re(1+ L)+ jIm(1+ L ius: -
D T(z) [ I ] center: Lo 7“+”( ( )+ jIm( )) radius: L+ i
1 1 1+ 1 ) 1+ L L&
® T(z)== - (-Re(l+ L)+ jIm(1+ L ius: B
® I(z) 7+2 center: 7~ o —1+1] (—Re(1+1) (1+ L)) radius: L N+l
LT S N
L Lo I+

a9 4.2 1,7, 283 T wsgel o8 Al WAES T 29

F45 WAFo] WA I

1+GPH

+ G(z) —>P(z)(1+0'lA) >
. [> — P (1ven)

H(z) ¢
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Algorithm 3 Proposed optimization process to identify notch-filter

parameters using PSO.

1:

R Qoo OO0 A~ W

Qe

Parameters:
N. : the maximum number of iterations

iter

N, : the number of notch filters
Hyperparameters of PSO (the number of particles, ¢, c,, w)

For each iteration | of PSO do
For each particle x={@,,Q, Ky @ Quu i, | O

Calculate H, (k)=]Hy (k)

Calculate L (k) and o, in(58)and (59)
Calculate L, (k) and o, (k) in(61) and (62)
Calculate f, . in(64)

PSO velocity and position update in (41) and (42)
end
Update x!. and x!

pbest gbest

end
Output: x,, whichis x},
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A 5 & . DSMC with DDCE Aoj7]12 AlL3l=
N2 X e Agtets =2 g ing A
A By e

2 FoA= 7 =EolA Ajbsks A Y Iebvy A 74 9
A4 072 discrete—time sliding mode control with decoupled
disturbance compensator (¢]3} DSMC with DDC) & A}&3= A H A
A AL RS tET R, B FoAel Aoyl shel
Ard olm, cascade HH (P) / vl#H A& (PD Ao = vl#H—7]
T (PD) 9 o= #5715 AHEsks AIA"AME Ajlsts =2 HE

stebul A4 el A8" 5 vk

61 Al = 1_i| ?



5.1. DSMC with DDC %

¥ &< DSMC with DDC x5 A7 dth AAeh A2 [51]=

ATy

o
>

Atk o)Ak A7k A miH® @)%t (matched disturbance) &
7FA AR Al A" O] AbE] & 7F ¥4 (state—space representation) <
o2

X, = Ax, +Bu, +Bf, , (65)

A7 [ e e e WEL e e 1 A a- e

S~

1228 BE, B=[(cT?)/2 o7 & UF AL, c=k/) & T2 v,

l

k© RHS EA A, 05 2EO B4 (moment of inertia), u, & Al
o] gJgoz, e Q7lEE AF W o] ®rh DSMC with DDCelA]
Zolold = W gy = A9A 3¢ (switching function) & o}
o} 2ot

s, =Ge,, (66)

AN, e =[a-a" a-a] & olE ME, g [ar o] = e
2 WE GeR* i sliding manifoldE A7g3st= WE o]t & f o
tjsto] ofegel 22 7Hgol =ik AA A st 7 st

7H 40 7 f 9 WEEE o' ¢ m E SHFEH Stk ol=
|f—ful<mE SulsiH, gJgto] Fi3] 3] W3 (slowly—varying)

o,

o
bl
ok
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DSMC with DDC9] #|o] 212 o}zl 2t}

u, =—f, +(GB) {Gxﬁl GAX, +0s, —nsat(%ﬂ , (67)

A71M, q & €Ttold EE "oy A serlE, 5 = wdE54<
Aol g Fio AR, g YA E£Ekold = (quasi sliding mode)
=9 7], g& DDCE Aoty 7Hd 1 Y 0<p/p<q<l, 0<g<l , L
2L p>(GB)(m/g) & WHok= Aol utebmlElel] thelo] LA HEA
(asymptotic stability)©] sttt DSMC with DDC+ robustness 2}t
separation principle® <Ig AJo]7] A E] Fold o Qs & A
HOAAEL Al S fla] wWol AREHo] gttt HZols dsyH A
Aol ds& flste] #lol 48 xsbel digk o-g W (5513 Aol

g ¥3} Al e Fd Wy [57], [76] So] /s wp

63 A 2l



5.2. =X ¥ %} DSMC with DDC7} AHE-2 A1
A&Re 72

DSMC with DDC+ 2 (67) ¥ (68)¢ saturation T<rF= <l3j

so<g D WMol AF Ao YRR 5 >¢ 0 MG Alo] I RO

2 A9

Aq Ao] 9d8 & A E7 BAE wlE= small gain theoremel 9
gl vy Alo] o FEE BAgd FUF vk webA 2 el
T A Ao g FiEo =T aHFATE s <o d BT A (67)

(GB) l[GxL‘f1 —GAX, +0s, —nsat (s, /¢)]
fk+<es>le<xf:l—Axrf) (GB) ' G(A-(a-n/é)1)e,
(GB) 1G<XLEI1 _AXLef) [Kel ez]ek 3 (69)
«+(GB

ref ref
G (Xk+1 - AXk )_ a® Kezez

=—f, +u,"~ +u,
A7IA [K, K,]=(GB)'G(A-(q-n/¢)1) , | & =71 29 identity
matrix, 123 e =[e e, —[ - azk—a{ef]T olth. 2 (69)°lA =

T %ol Aol AHS AV Fow A AMA T -f 0=

A (68)e Ball AT 5 drh FHA G T =(GB) G(x,-AX")

o, o]t @M AUA g WElY Fpolh, FuE, B =RoAE 9
AelE shs AdE AT Cr(2)=Un(2)/0" (2) = FHA 29 A
GATR Ul (z) & 0%(2) © A7 u' 3 67 9] z—transformo]th. Al



A T2 uP=-Ke-Ke, ©l®, Azl HEzw  Folr},

Ce(2)=Ugm(2)/E(z) = A &9 A olm, U,(z) SHE(2) &

Ae Aol delEe fAGHA FAL Ay fa B wA 2
E7F destth 13 5.1 x4 ZEe DSMC with DDCE AF&-3h+=

__ 9
Q)= (70)
2J(z-1) 71

o714 AEE o 5 AAFSL7] Y@l bilinear transformo] A& i},

32

DDCe} o&k #5719 Aol e AlF e [64]s Fgd <

1r

ok Ul F2%E =X ¥E, DDC, 18l FHER P 9k 9

T DSMCS W FE2 T4 ek X FeE o] FA9

o

FAO] QPP Sy stolof Sttt b T S A4 FeE o= Al
Qb AR A|A"EL 78 419 cascade control structure2} #Zow

42 otehs) ek,

65 A L) ¢



-1

G (2)=(1-Qz*) N(2). (72)
H,(2)=RQ(2). (7%

N Hy (2)P(2)P,(2)
T(2) Pn(z)+(HNFS(z)P(z)—Pn(z)z‘l)Q(z)’ (74

G, (2)=Crs(2), (75)
Ho(z)zl’ (76)

7NN, Hy(2) S B49) e BEe A8 §42 2 (1) A 2

E]7} cascade® o] AH&® Fxolth

. B e



Outer loop
(DVSC + Inner loop)

Inner loop
(Plant + Filter + DDC) f,

Hue (2)f P(z2)

v Notch filters

A 4

v
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6.1. 4% &4 2 4% 2%
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rlr
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[40
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o
2
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ofo
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7} ZAEo] Q= 400 W AME RE (RS Automation ijit), AZH,
mover, §3F, 1831 mover?t EEHE AZAst= WE =glo]H (belt—
drive) 2 T4 Hqlth AR Aoj7]|2= CSD7 400 W A X =gtolH

(RS Automation jil) 7} AR T BE A7) 9 JE &

X

B =efo]

B o] DSPell 7aA T AEW A2 0.125 ms (& T3¢

= 8 kHz), B3 A< k= 0.3298 N m/A, RE #A2 2.7x107°

rir

kg - m?o]th, F-3te] $de RE A 602 ATk E 6-1

-

Agel AHES DSMC with DDC dfepu|gojty, 2 2] 6.1 = 7
T AR Ge2 Aol A d3E AAEkL vaded s tE
Aol thdt A9 A3 AAEH

FRFE= 1.96 (= 8000/4096) HzeollA 4000 Hz 7HA1 9] #&2 1A%

flo

= AR 2047709 FH5eA A5Gt WE Selolu AAw
MEC Y (elasticity) o] -3k X ol whet DebAy) wpie] -3
o] f1Alel wet v 1 54 7Y 19 6.19] position 14
position 3 Ate]e] A= 0.8 molw, EHO 3 JV|FoRE 37.7

radian®]t}. AwWH4 © 2 position 1914 position 37}4] 0]%"6}%:_;! e 1
F
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2 delA don, 33 54 mel wA 2y vehvEE fA e w

B A%HoR WHES MY AS oWk we], BE 4 1
2olA YRS WFFHE St wA BE setrlE e setd 7w

Re Aol ¥ wpEAsin. OF 6.2 ofe] XA EWES FRF
=7 A3} 4 nominal EWE Q] analytic FRFo|t}. ZWEQ (8L &
Ho Q7le= AFE @8+ A (Ampere)olth. SHES 82 dF
HEFH SA45He 912 g=doln] @)= radianolth. 7 $1A]oA 3
WA F 9719 FRFE E53kelth. 19 6.29] (a)¥ nominal THE
o] analytic FRF, & 2] (7T1)& w2 ZHE 299 FRFo|t). 1
6.2°] (b), (c), 283 (d)+ 27t position 1, 2, 12131 3¢ thg FRF
S=o°lth. Position 1A= AlA®le] 54 Hz H-<ol ®bgxl (anti—
resonance) & 7FAaL gleow, =k 250, 430, 2121l 2152 Hzoll o
3 peaks 7HAH. 1Al @2 fjAlM SAT FRFRE oFHY v
magnitude®} phase %95 7Fth Position 2914+ HEE Ho] 54
Hzol A 46 Hz® olgstglon, 31 Fab gk oF 216, 458, 2270

Hz=Z o]% 3 t) Position 3 oA = A|AEo] vk 7 Ho] 40 Hz, 3%

60 HzAbol 9] Wk, 1831 200-250 Hz, 400—600 Hz, 2100—2300
Hz olejel %5 7jo] $)xe wel wah 248 /AL Yk w3, 2
o 9AelM ZAF FREClgE 234 OB 53%L b oldw
Agreld, ofd FEo] of@A X HEE B o AHolof shA L

stebrl B A sHs Al met FRAL BAY 5 gk webA, of



23 olelee Ada] dans wA BE s 44 98 A

ueba, F 97he] dEbuE 7 Atd WHS Fa AAET. PSO9
population sizex= 1,000, Htjl iteration 100, ¢ + 1.7, ¢, + 2.0,

a, 28131 w = 0.9 4 0.47hA iterationel] wel AP A ow FojE

5= A3t g x a5 AXEr] $% A4 (64) 9 9 vEhv]
B 2+ 0012 AAHA}. 19 6.4 7} iteratione] W3l A x &+

SO Aujgks vehdach Hd3 A4S 280 GH Y Fas

©
P
N

(clock frequency) = 714 i5-8400 CPUZ o] €39S o] 68 2
295 B 6-2& HA3 AAE Tl €2 =A Y IEbvy
ol ¥ 6.5 X 62014 53 A FE IeprlEE e -
2 FE 9 Fu Sdolth 1¥ 645 2w, Agd =X FEH det

vy A4 daelge] AfE gk 0.209 HE wE MRS A4

t}. Nyquist plot . ZHE frequency—domain #H O 2 & uf AJAHES
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Coupling

400W servo motor

Belt-drive and a load

9 6.1 AMlE WME =dfolB AjA
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Frequency (Hz)
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iE 6-1.

Hol A AL§a

DSMC with DDC2] Ao} s}}m] g

Parameter Value
G [186.3, 1]
q 0.980
7 0.030
& 10
g 0.023

ke

6—2. 53t w2 HE dg}v]E

Notch Notch Q— Notch depth
frequency factor
NOtChl filter 1 1 g5 95 11, 0.75 0.99
NOtC};fﬂter 43253 Hz 0.35 0.67
NOthfﬂter 9402.47 Hz 0.35 0.98
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¥ 6-3. Case #1914 AF&3F DSMC with DDC2] Ao u}z}wu] g,

Parameter Value
G [62.6, 1]
q 0.995
n 0.030
@ 10
g 0.007

¥ 6—4. Case #2914 A3 DSMC with DDC2] Ao }&}n]g.

Parameter Value
G [12.6, 1]
q 0.999
n 0.030
@ 10
g 0.002
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¥ 6-5. Case #1 o4 53 =% ZH

EERE

Notch Notch Q= Notch depth
frequency factor
Notch1 filter 192 .46 Hz 0.35 0.99
Notch2f11ter 43321 Hz 0.61 0.99
Notchgfllter 9120.92 Hz 1.41 0.99

¥ 6-6. Case #2 oA E53t w4 HE Igbr]E.

Notch frequency

Notch Q—factor

Notch depth

Notch filter 1 188.04 Hz 0.95 0.99
Notch filter 2 291.56 Hz 0.35 0.99
Notch filter 3 2437.42 Hz 0.35 0.85
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6.3. =< AJAY AEFHA FHE=
uncertainty bound W7 2 o2 F3}
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6-7. ME tgfo]n Falofo] v Ay detv|E 24 AE

Y W | #agn) 44 NF

(kgm/s) | N | Ga42)/ QA =X Zo))

NF1: 292/1.41/0.63
NF2: 522/1.41/0.73
3.5e-06 90 NF3:1111/1.41/1.00
NF4: 1583/1.41/0.89
NF5: 3101/1.41/1.00

NF1:425/1.41/1.00
NF2: 644/1.41/1.00
2.7e-05 22.6 NF3: 644/0.98/0.38
NF4: 1607/1.41/0.90
NF5: 3500/1.27/0.00

NF1: 269/1.41/0.68
NF2: 477/1.41/0.56
2.7e=05 12.3 NF3: 1668/1.41/0.75
NF4: 3179/1.41/1.00
NF5: 3324/0.707/1.00
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_
o
o,

A7 NF (1=0.01)
G (Hz)/ QA =221 e])

AA NF (A4=0.1)

(F3h=(Hz)/ QA =221 0])

NF1:292/1.41/0.63
NF2: 522/1.41/0.73
NF3: 1111/1.41/1.00
NF4: 1583/1.41/0.89
NF5: 3101/1.41/1.00

NF1: 358/1.41/0.75
NF2: 713/1.41/0.70
NF3: 1455/1.41/1.00
NF4: 2684/0.71/1.00
NF5: 3153/0.71/0.77

NF1:425/1.41/1.00
NF2: 644/1.41/1.00
NF3: 644/0.98/0.38
NF4: 1607/1.41/0.90
NF5: 3500/1.27/0.00

NF1:429/1.41/0.96
NF2: 695/0.71/0.50
NF3: 695/1.41/1.00
NF4: 695/1.36/0.00
NF5: 1584/1.41/0.90

ME 3

NF1: 269/1.41/0.68

NF2: 477/1.41/0.56

NF3: 1668/1.41/0.75
NF4: 3179/1.41/1.00
NF5: 3324/0.707/1.00

NF1: 264/1.41/0.66
NF2: 462/1.41/0.58
NF3: 1899/0.71/1.00
NF4: 1899/1.41/1.00
NF5: 3500/1.41/0.00
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Abstract

Multiple Notch—Filter Parameter
Identification Using Particle
Swarm Optimization With a New
Stability Index for Industrial
Servo Systems

Taeho Oh
Dept. of Electrical and Computer Engineering
Graduate School

Seoul National University

Industrial servo and robotic system are composed of the motor
connected to various types of mechanical components, and the
control performance is often limited by resonances. Notch filters are
effective in suppressing these resonances, and multiple notch filters
are required in various systems. It is hard to set multiple notch—filter
parameters. Also, it can be subjective to manually identify these
parameters. Frequency response functions (FRFs) can be utilized to
identify notch—filter parameters, however, FRFs is vulnerable to the
position—dependent resonant characteristics or the nonlinear effects
due to measurement noise and delay. So, the method to consider
these characteristics are required. This paper proposes the particle—
swarm—optimization based method to identify multiple notch—filter
parameters. A new stability index is defined to address uncertainty

due to the FRF measurement errors and this index is applied to
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identify notch—filter parameters. The experiments are performed in
an industrial load—carrying system. The results show that multiple
notch—filter parameters are identified using the proposed method and

the high performance can be achieved.

Keywords : Frequency response function, industrial servo system,
resonance suppression, particle swarm optimization.
Student Number : 2017—-23517
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