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General-purpose servo motors are widely used as drives for industrial machines. In recent years,
resonance phenomenon is happened at a low frequency within the control band due to the decrease
in rigidity of the mechanical coupling and the increase in the speed of positioning operations. Notch
filters are commonly used as a countermeasure against resonance. However, in order to apply the
filter, it is necessary to know the resonance frequency inherent to the mechanical system, and how to
identify the resonance frequency is an issue.

Therefore, we focused on the steady-state oscillation control, which was proposed for the estimation
of the critical temperature ratio in thermoacoustic systems. By using the steady-state oscillation
control, the system continues to oscillate at the oscillation frequency automatically determined by
the control system to keep the target value constant. By applying this steady-state oscillation control
system to a two-inertial system, it is possible to make the system is performed at the natural frequency
(resonance frequency) of torsion of the rotating shaft system.

In this study, we propose a method for estimating the resonance frequency of a two-inertial system
by configuring a steady-state oscillation control system that oscillates the amplitude around the mean
speed of the motor at a constant target value. As a result of the control experiment, it is shown that
the motor oscillates at the set target amplitude by appropriately selecting the PI gain (proportional-
integral gain) in the control system, and that the oscillation frequency at that time almost matches
the measured resonance frequency obtained by frequency response measurement. Furthermore, the
stability condition of the control system was experimentally verified, and it was shown that the bound-
ary of the stability condition in the P gain-I gain plane was given by a straight line depending on the
cutoff frequency of the LPF.

Next, the validity of the stability conditions obtained experimentally is verified by numerical sim-
ulations using the same physical model of the two-inertial system and the same control system as in
the experiment, and the results show that the stability conditions are the same as in the experiment.



When the parallel connected rigid body mode is omitted the stability analysis using a simplified model
without the rigid body mode (integrator), assuming that the average angular velocity of the control
target is constant, showed that there is a time-varying gain that superimposes the Nyquist plot of the
open-loop system at (-1, 0). The numerical simulation also shows that the time-varying gain converges
to that value and the system is performed steady-state oscillation at the resonance frequency of the
control target.

The speed fluctuation of the synchronous rotation when the motor is driven (rotation irregularity)
was suppressed by setting the cutoff frequency of the HPF to correspond to the rotation irregularity
frequency component. Furthermore, the relationship between the cutoff frequency of the HPF and
the difference between the estimated and true resonance frequencies in this method is shown.
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Fig. 2.2: Experimental system(top view)

Table 2.1: Experimental equipments

PC Dell Dimension 2100 / Fedora Core 1(RTLinux 3.2-pre3, Linux kernel 2.4.22)
D/A CONTEC DA12-4(PCI) (12bit, 10ys)

Counter CONTEC CNT24-4(PCDH (24bit, 1MHz)

PIO Contec PI0-32/32T(PCI) (Parallel input output, 32bit 200ns)

A/D CONTEC AD12-16(PCI) (12bit, £5V 10ps)

Servo motor

YASKAWA ELECTRIC CORPORATION SGD7S-1R6A00A, SGM7J-02AFA21
(rated pow. 200 W, rated torque 0.637 Nm(max 2.23 Nm),

rotor inertia moment 0.263 x 10~% kg - m?)

speed /position detector: 24-bit encoder

Shaft spring

¢ 3 mm x L 230 mm (The shaft is 250 mm long.)
material: SUS304

Disk

¢ 60 mm X t 13 mm, ¢ 80 mm X t 20 mm
material: SS400
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Table 3.1: Inertial load parameters

PR £ A SR JE A
ZHET | ¢ 60 mm X t 13 mm, ¢ 80 mm x t 20 mm, material: SS400 26.4Hz
2R 1% ¢ 60 mm x t 13 mm, material: SS400 31.6Hz

Bode Diagram
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Fig. 3.6: Frequency response of feedback system when changing disk
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Table 3.2: Experimental conditions

Y R war 20 rad/s
H s A 5 rad/s
LPF Oy A 7 FEH wy | 1rad/s
Hlr 4> Kp 0.004
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Fig. 3.8: Enlarged view of Fig. 3.7

21
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DHEETHERMEUTU RO I eAbhr o7z, BEEA TS & 0B Y AT L OHMRERBA E T X
HPF %% ET 5 Z & THIRFAKRBOMENTTREL 05, UL, VAT LAOHRFEBEAD AL L F s
BV X HPF Tlig 2 ol cE vz, HIREAEREZHEET 2B TERV,

Gain

® M(rad/ s),Estimated amplitude

'190 20 30 40 50 6(')0'1

Time (s)
Fig. 3.9: Time response after changing settings
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BAE  HERORE N

ARETIE, B3 ETHSNIERFIREIMRDLESRMOZ Y2 HRNITREES 5. 2, —HEKE
ROYIEETIVIE, HRVBRUNTIZHEEE UG SHIRE—R2GLTEL, ERIETRINZ IR
REETIWICHE DS LEFRMNZDEEHRDNLONE I DIFHS P TIFR VI LIZERI N,

5.1 iz C IEMEOYILE TOVHAHIAE— N (B2 H) & IRFET VOB TRING Z L %2R,
EHRIBIZE o 72 ZEMRIOEYEEBA LT, T OREIRIMITTIIHE £ 0 ITEL 5720, REID2
TP 2 AL C IR E T VR HWTHSNICER TS Z e EZASNS. £ I THHAE—
REREL COIRBIE TIUWTEB L7 @0 OYMET VA EHRL, 7O EHEROVHEET L EE
DETHEDDOMEEZRET S, 52HIZBVWTERTH=2DETIVEHNT, TOZTNHL—T R
DFAFANRIEZREEST D LT, VAT LADPEERIRT LT 1 VOERERIES 5. 5.3 filC
BOTHHEY I 2L —va VT, &ELZ AEEROYIE TV EER L FARRICERE IR 2 5,
TUIREIE TV CEM U ZET NV OIGE D IHERDOM R I HET 22 HET 5.

4.1 YEBEFIOEH & BHESRTE

AEiClEET EMEROYILE TUDMIKE— N (B54) & “IRBIE T VORTHEY LD Z & 2%
T, TO%, LEMMNE ZUIREE T VICED E/SGIICIT S 2 ORKE— N2 &L, —HEER%
CUHREIE T OSERIL @Y DETIVEEET S.

Fig. 41 2RI EBMRETNE2E2 L. —EEROEH HERNIRRTEZ SN 5.

Jywypy =Ty —Ts (4.1)
Ts = Kg6, + CS(WM — wL) (4.2)
Jrwrp =11 +Tg (43)
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Fig. 4.1: Model of two-inertia system

REU, T REIORL D bV, 0, RFHEMEOM A oA UIA), Jy ZERBIHIENEE — 2 >~
N, Jp ZREBIEEE— 2 v N, Kg ot 0 IZRIES, Os I3MORSRKTS 5.
72 Ty 75 wyy DIEEBIH P(s) RIKRTHA SN 3.

Jrs? +Cgs + Kg

P(s) = 77 (4.4)
Jur+J ML 24 Cgs+ K.
s(Jar + L)(JM-i-JLS + Cgs + s>
ZZT, wn ¢ rEZTNZTNILIRARARE, Wk, B E 325 2 IRADVKD LD,
1 (1+7)s* + 2{wps + w?
P(s) = . n 4.
() (Jar+Jr)s $2 + 2Cwp s + w2 (4.5)
Jr - JmdrL Cs 9 S
= —, — , 2 n = —= , = —
"= T Tt J Xen= g wn =g

(45) A& b, ZEMEROYHET VIERIAE—F (B &L RIREET VORE» oKD, ThEh
MEFIES:INTWD Z bbb,

F7-HiR U7z & 8 0 RERHFZE [6, 7, 9, 10] 12 T YRIREIE FIUIC 8 \F 2 521 Fe AR IR 00 22 e VLR 1%
BEZAT D05, ARIZBWTHEFREBTOIREICEL T, FHEHEED D TREBVPELTWD
728, ZIRENE TV EHWCLENMBN 2 ANERT 22 e TEILEALNS. £2T, —
RIRENE TV 5D S e Ve 2 33 T 5 72012 (4.5) R SHIAE — R 2B L 7ZEF I P(s)
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- (1+7)s? + 2¢wps + w2

P(s) := 4.6
() s2 + 2Cwps + w2 (46)

ZEHTD. LhL, BRIZLIHTRT L5112 (4.6) RE2HVCTEERRFFROBMHES I 2L —vay
EEMUIE IS, BIRWECKRP o, ZORKEZFES 57012, HHAENEZ EE U2 ke —
RDZRWVETIV CEEHEDR 0 D P(s)P(s) D Jp — oo DR E UTHRZETIV) 2EHETH. ZOET

VI, (4.5) ROUFIHESE S NHKE — R 2 BT 2BEITHNST 5. T4bb (4.5) Xk

1 rs?
Pls) = (Jar +J1)s ' (1 + 52 4+ 2Cwps + w%) (4.7)
1 T S
_ . 4
(Jp + JL)s * Ium+JL 82+ 2Cwns + w? (4.8)
CRUIZELEDE I
P(s): L ® (4.9)

T T+ L S+ 20wns + w2
Thos!.

ZDETIV (4.9) NIRERMIEDOZEMMT CTHOYONT WA ET IV (ZIRIEEIR) &, RS T
@53J%7;%mwna%%@zteﬁew%?»amé.amngMtiﬁ@,:@Eﬁvxmﬁ
fEaMOMHEEREEDS. ZITIRED G THRREZIH N TWS Z 2GS o <0 E
T5. LEDOZ L 2MHMEIZT 272012, AR TITER L2 =8 D O TIVIZD\WTER FIRHIER %
W U2 EL, TNTHOHEITEWT 42 #iTH A F A MUFIZ X 2 & FIRH R 0L E
VEfRAT, 43FICRBUEY S 2L —Y a v ToMRE2RT. 2L, ZIEBETILVAEMULE P, P
OHMERIZE L T, SEEERE LD OIREOAZ T 572012 Fig. 4.2 D X5 1T E L. —EME
AOHIER (Fig. 2.3) £ D#EWIXE— X AEE %R w7 129 5 PLAERSS L OlEEA 7 REMO HPF %
BWRLIZZETHS.

Case 1. JuDME (FEBREF—) : (4.5) RD P(s) (29 % Fig. 2.3 OEHFEHRHIHR.
Case 2. [EIIEH S NHHAT — K2 EMEU 2R : (4.6) KD P(s) IZxd 3 Fig. 4.2 OHIHZR.
Case 3. Mi¥[HfE S Nz MIARE — N2 EIE L 72[E @ (4.9) XD P(s) (2xd 2 Fig. 4.2 OHilfHzR.

_ 1 s
T Jum 824 20wns + w2

YR ZRE limy, 0o P(s) T 5.
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4.2 TAFAMNHZRW-ZEMENT

PERAFFETIZ (3.1) RDOEKM 272 TH, HIERIELZELRD, PIMEHROEIERES 1L LT
BUHANL—TRDF A XA MDY (-1, 0) ICERKRD. TOBEO Y AT LDIEE % HENRE T e KR
U, PIflifERR KT LPF ORI G T 2 Pl mU RS 5 Z E D EEIH E T 5 [10].

ARESCT OB T, PRI L X820 ((3.1) RD KSR PIT 1 Vi CIZHT 2 RERM%
RITDOTIEFRL) L —=TRDF A XA N (-1, 0) ICERIET A > OFETHIERIRKIRT %
PEEs 5.

A 4.1 TR U7z Casel 725 Case3 IZD2WTH A F A MhE% Fig. 4.3 225 Fig. 4.512R7. HFEA
EHUEET VDS A XA NREF P(s), P(s), P(s), HRAKET 1Y Ga2FLZHEL—TRDF A
FAMRITHS.

Fig. 4.3 X D EBRY[FA—DE T P(s)(Casel) TiX, BERTRT T F A MRBFXE 2 20 2 A
FEL, RET A VORI (BDEK) 2T U7-F 1 F X MDY (-1, 0)IZ&EARS. ULHLU Fig. 4.4
R EIBE E N RHIKE — R 28 L7 P(s)(Case2) T, BB SAEREEMESbLT, F
A F A MEFAY (-1, 0) ZEETHRFLET 1 UAFIEL RV, T U T Fig. 4.5 (2R3 51 #H6 X
N7-MIARE — N2 BB L 72 P(s)(Case3) TlE, Casel &FBRIZ, HARIEME DD M5, F1F
2 MUY (-1, 0) ZiEE T BREZE 1 L OUHIEAEIE T 5.

WERMIZE 6, 8] TIE, BEE Y AT MBI L2EHEITES U THIEN RO A G SHOMMHEEZ
ZIECHLIETARE T 2 08 D 5. —EMROGATTEMEIC X 53 ARIESHOMMHEERIEAZET
HBID, REBIEENEESNDEICHBERD/ST A =R 2HFHET S I & 73  HIZFE— O HFERE
R CHIRA R R ETE 5.
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4.3 HEVIalL—v3av

4.1 fiT/R U7z Casel 75 Cased IZ2WT MATLAB/Simulink Z W2 HES I 2L —Y a3 v &{7o
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1 (1+7)s* + 20wns + w?

P(s) = .
(=) (Jum +JL)(s +¢€) 52 + 2Cwns + w?

(4.10)

BEZOEMEY I 2L —Y 3 ViR % Fig. 4.7 1R, HKE— FOREEIL =01 £&E L7, Fig.
4.7(a) DA, T4 v G(ERR) DADFFIZIEMT 5 Z LT, 1wy (FRFR) BFRIREBH L, t=50s
TIZRERBEEZELTWS. D% wy DIRIES & CIRIBOHEE A, () 13 FERIE Y*=5 124 5
EOHEENTE D, FHRKIZTA Y GH—EETPERLTWS. ZDBEDOT 1~ G OIHREIX-7.30 T
Hotz. £7zFig. 4.70) CARLERBEOHMEY I 2V —Y 3 VEREZRT. EBRIFE FRIZ Kp (23t
UT K RREWVEES, IRIEIXEBMER D TRAGHREI L, BV —TREALEIRD I enbhrd.
DA 3 TR UZEBHREEE LTV 5.

Case2 DFUEY I 2L — 3 VEER%Z Fig. 4.8 1R T, ML 74> GHEADHRIZEML TH wyy
BFRIRLZ2WZ &b h s, TR 4.2 D Fig. 4.4 TE2, YATLADREEFRIRT 271 > G W E
ELRWZ LIBT3,

B IZ Case3 DEUEY I 2L — 3 VR % Fig. 4.9 127”87, Case3 DEGAILHIT 4.2 TR LS
2V AT ADVEHRIRT BHE 1 U HMEIEL, Fig. 4.9(a) 2R TH wy BEO A, 13 HEHRIE Y* 12
BBEOMHEINTVEZ DN D. ZORDT A v G OPNHEIX-7.18 TH - 7-. Fig. 4.9(b) 1T/
3L 51T, Casel LFEBRIZ PI T A V2 & D HIHROLEMNZT 2HERE SN 5.

FRAUZBMEY I 2L —y 3 UHAHEE D IZEEL CW A MGEEE1T S . BARIIZIE, i I 2L —
YaviOBRETA Y GONEELE, BV — 7 ROREBINE & B ITHIE U721 F 2 M, (-1,
0) ICHRBEDT AV GEALL, 71 Y G OMMEZ IR U, HiHEOHMEY IaL—Ya v kD
Bl 1Y GIRY AT LD 2 BB L TWAD, BEDORE L7 1 GIRIERIRRE 2 5 8
LW, #EH % Table 4.1 12739, £& D, Casel, Cased &2l DIEAERMIZIFIF—EL T
Wb I e bhd. £oT, HMERMEEZZERLUZBIEY I 2L —YaitBnTh, Y AT ALITHR

WEIELTWwWa &b b,

I HFIREIH AT 2 72 Casel B LU Case3 IZDWTHEBREFAKIZ Kp, K BEXOLPF DAY b
AT wp B EZ, BHEY I 2V —Y 3 VETWHIBROZESRMEIZDOWTEEMIZHHE L7z, Casel
DR % Fig. 4.10, Case3 DfER % Fig. 4.11 1289, ZE¥HNZOVWTIE, BE I 2L —2arD

290 #0125 300 T BT B Ly /WL ERKSD, Ly /IVLD 0.6 Kifi& 7o 72356 % 2% (ML), b4t
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EARLE (NVHE) & UTRHEL, BRE K =w Kp DEfRZERL TS, Casel, Cased3 £ 51T (3.1)
RCRULESREOEFRERZLTEY, K =wKp ODESRE D FMUDFR THIERLNLE & 74525
Zebnrd, £, EBREFEKIZPIZ A VB X LPF Oy N A 7 EBEEICIGU T, ZE/ANLED
BARDPEALTED, TNEFEREBETIMATHLLVWAS.

TIEMERDYIEEE TV Casel & “IKIRENE T IVANEBIL 72 Case3 DBUEY I 2 b — ¥ a3 VSR % iR
L7zl 2, 74 Y GOINFMEIZE L Tid Casel DB KEWNWI £ATable 4.1 KD bh b, ZOFHA
& LT Casel IZB ) BEEELATHREMD HPF A% oh s, iy I 2L —> 3 v THW:Z HPF ©
A— R % Fig. 4121259, ZOME Y HPFDZ 1 ik 1 %2 FaloTWb Z bbb, 20O HPF
ZE BT A ORDNE G THIV, BIV—TROF A F A NEE (-1, 0) ICERS. L7zh > THPF
DEMIZELD, WHEDETFTMZEVWTENPEL. 72720, Case3 IZBWTH HPF 2FET X 1~
G Offil% Casel L BERMNIZ—HTELEZLND. o TEFIREBTOFYIHE £ D IZE L BIRIFIC
DWW, MHFDISEIXIZIEA L ERX 5. TOI L SHREKMZE (6, 8] TAEHA X 117z Case3 DLESA:
ZFH U T Casel DHIIRZHEKL TSI LN TES.
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Table 4.1: Comparison of G

Biivial—vay | #HE
Casel 7.30 7.29
Case2 X X
Case3 7.18 7.19

Bode Diagram

Magnitude (dB)

Phase (deg)

10*
Frequency (Hz)

Fig. 4.12: Bode plot in HPF
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TREOELA» S - T (1,00 LEHR -7, TORORKREER2HEL L Z5, Y AT A
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N5 LR, AETIEVAT LD — 7RO FEBRE ZHWT, HESINDEBEENEL 2D

IR DFHEZ1TS .

5.1 HEY DZHIREBENSE < 722 RE DFZH

ZOFEREFET B0, L —TROY AT LADRFBUGE 2 IS U 7=, FEEBUGE DR % Fig.
5.112R9. HBEBUGCE DKM %Z Fig. 5.1(a) 12, HIREBEMEDIEAX % Fig. 5.1(b) &9 5. X
D#HFRIZ HPE O 77y b A& 7 JJEEE 0.3Hz I3 E L kR 2R L, HfEHy b4 7 &M% 3Hz &
UfRTH D, ZORERIEL4ZOBEY I 2L —Yary THOWAEETLVER—DEDTH 5. Fig.
5.1(a) &0, HPF Oh vy A 7B Z G RET DI L TRIED T 1 VIMER L, MiHPEATWS
Zedbirs. Fig. 5.1(b) I CTHMRBEBPBULE DMK % 725 &, FRERIZIRFESENAAIZS 7
FLTW3., ZNEFNOHIRA (MAEFRX D 0deg 122 5 1) DJEHE % G A S & Rkfjlk 26.0Hz,
HARDY26.1Hz TH o7z, ZORERHPF O Ay b A 7 @I E < BET 2126V, VAT LOAHIE
AT, 2T & D IR E R DD HEBE BV HAAICHB LTV ZenEZ6ND. Ko T
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R (B2, HIHROFYEER O PT#iESRS X O HPF 2 2 hEFBRELEES) KDV TUTOD
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BTA VIFEET, B I 2L —Ya v THEERIRL ARV (I VIdRIRT 2). WMl
FIRE — R &2 B0 L7254 (Cased) X, F 1 %2 MNUEiZ (-1, 0) (CEQDIET A U AMELE L, FIE
KOIIRFAWHTHRIET 5. &> T Casel & Case3 DEIFNE L, Case3(FEKMLEL [H—) 1T T 2%
M2 FIH U T Casel DFIHRZEKRTE 5.
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Y7 hE B, KoT, HERA T OB P EVIREE T THPE Of7y b A 7 S E & < RES
BT, AFETHE I N HIRMEBE BEOEPKELRD IR bro Tz,

SHBROBEL U T, HPF PMHEEREICE A DA IO WTHEEL, HPF Oy b AP O EH
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