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Abstract

Automatic control is one of the significant necessary aspects in modern life and more
so in case of high automation cases. The efficiency of the automatic control system will
directly affect the quantity, quality, cost, condition and the ease of reaching the expected
goal. Proportional-Integral-Derivative (PID) control method, which is one of the common
application of the conventional control theory, has the advantages of simple structure,
robustness and adaptability. Also, the controlled object has no significant impact on the
tuning method and result of the conventional PID method. These make the PID method
widely used in industrial control system, and could meet the required performance in most
cases. However, for the multi-input multi-output systems, PID control could not achieve
the expected requirements where each mode are satisfied. Thus, the experience in system
identification is needed for the adjustment of the PID parameters to make the new PID
controller efficient for the control object. In this study, to improve the control performance
in industrial applications, a disturbance observer with state-space technology is introduced
to the sensor-less viscometer system and a slow-mode-based control method is proposed
for the multi-point temperature control system.

1.Torque-sensorless viscometer

As an extension of the estimation, the disturbance caused by the viscosity is estimated
using the disturbance observer. Estimation by software makes it possible to estimate
viscosity without using high cost torque sensors. Furthermore, as an extension of the
control, the accuracy of viscosity estimation due to the speed change is improved by the
state disturbance estimation and the state feedback. The effectiveness of the proposed

method is verified by experiments using standard solutions.
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2. Multi-input multi-output temperature controller.

As an extension of the estimation, the output without dead time is estimated using the
Smith method. By making the output of the other mode follow the output of the longest
dead time mode, it is possible to simultaneously control the temperature difference between
multiple points and the transient characteristics. Furthermore, as an extension of the control,
the effect of transient response that causes dead time is improved by Smith compensation.
The effect of each point interference is eliminated by decoupling compensation. The
controllability of the control system is improved by feed-forward compensation. Each
point response is raised at the same time by dead time compensation. The temperature
reference value becomes the same by temperature ratio compensation. The effectiveness
of the proposed method is verified by simulation and experiments for a multi-input multi-

output system including dead time.
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angular sensor M
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a

5

2.1 (Al R R O RIS

ARFFETRG & 9 2[RI ARG G ORI X DD 1= 958 0 T, FICHEEE 2 DD
MG ok LT, Mgz A3 2 “HE ORI HE R 2 A, F i OME % [liL X
VRO V2 & RIEREE ORISR SR E 2 KD 5. JIRE D 1E A FIfE O [l iz A3 w,
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T 77 AB WO ITER I OZEEEIIN D) &7 5.
I 1
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HATFERE 0 L AT MLV Y T OBIGRIER CR) 242 5.
0 1
T—74 " Js 2.8)

ZZTrMEL L2 R O3) o R CR) ZFHL, E—Xx0 70y Z#HEN D3

2R



2.3 E— X EREH[]EE & R EE AR H E] 5 0D 3G

23 E—4REIEK L EERHERORS

E—XHED7ZHZ, €— X OEREEIFE & MK FHE 2 RS SRR BETH S, BE
BE S & CEER A AICK I O kS REFRIEEBEL 2. AlloT > TREE
FIFHLT, TP3 & DSP #E#i LT, E—X%HlHIT 5. AMloNEEHEREZFIHL T, TPS
Ty a—RDNVAEFSEH L, DSPIZANT S, EBREMHEEXIIITRT. ZOV
A7 LTlE, Matlab/Simulink TEF - B9 5 DSP O 5l % BRENEIFKICATIL, E—
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231 YRFLDEAEEER

VAT LRIEDHFHTE, o HEANTH D H/N_FEIZESD ARX €T IVHEE % Fl
Ad % [B1]. EAWZRET VIR, TO/NT A — X HEERBIEEN — X A% iR <
BIZIAET 270, REPTL, UrbMoFEME&EW. R READ K S i v iR
LERZ B ERVWOT, RFNEEMAICHS Z 5720, ARX ETNVICBIT2BFEET NV
i, HBRRTOHNIEZ K OBEDOR L TO ARINITHIZET 5 LW 5 IRROME 2D F

P (E9), L EI0) 2725,

A(z)=ag+arz” '+ +a,z7? (2.9)

A(z)u(t) = aou(t) + aru(t — 1) + - - - + apu(t — p) (2.10)



2.3 & — XEREEEE & EEAR a8 D EX A

Encoder

2.5 b2y L AREEE O EERZ

Pulse signal Ramp signal Speed signal
—Pp] converter Pos > E LPF __pbgn

A 4

2.6 HERILOT T Y 7K

2l o%ERIFR O, X CI2) 12745,

A(z)=1+az '+ +apz? (2.11)

B(z)=biz7 '+ + b,z (2.12)

ERAWT, ASut) & y(t) OBIRIER OCI3) & 745,

A(2)y(t) = B(z)u(t) + e(t) (2.13)
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2.7 EEERRHERER

R (CI3) T A(z) OFEBE 13 1 ITHBILLTWS. B(z) OEHHEIZ 0 TH B, Th
WIATTOHENRNHIZENSE T, RIK1 ATy TORBMPBETHEL I E2RT. %<
DR S AT JZB VT, AMUERZYTH S, 72 e(t) ERBHEITHY L, FHE
0, D o> DHEBIETH D, ZOLEIVATLANTA—RTH S, ZIHR A(2), B(z)
DR EBH I N AR SHETE 252 5. 2HR A(2), B(z) DRz k&

HT, & (CId) 1274 5.

y(t) = o(t)0 + e(t) (2.14)
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gz[al O T (2.15)
6t) = [~y(t—1) - —ylt—p) u(t-1) - uit-gq)|  (@16)

Thb.

MENARX ETNLVTHY, YATLABIZEISKHVWONEZHFEET VD 1 DTH5.
ZOETINEFMEALT, E—XDHEEZRITS [32].

ATy TIEEE AN UZBOBNEEPHAREBIZRDM<CdIl, ANEEREE
0.1V, BEHIBRHREEZ £3V &Lz, ATy TEEZE—XIZHMUT, A#EZHEL
72, EREREZM IR IORT. AEICBWT, RNZEE (LS) 128 PHIRE LM
AL, ARX EFNVDNT A=K ZEH U7z, ZOBEGFET T IVICEBRL, RO/(5E

BEIIA (1) TH 5.

299

E—RDOFR— FHENZXKPIIZRT. E—XDOYAT LT 1 IRENOHEME RS, FL
T, AUAIZHUET VD EBRE Ol ZTT > 7278, TOMRNDIINIZRT. 7K
MIZETVHEIERTH Y, EREIEREITHS. MPZIA X0, EFVEIZEROH

HIZ— &< ET 5.

2.3.2 MERBRE

TR EOMEIXRENETH B [33]. KMo d WKz HEE S, MEZ h 2Lz 2 K
DSFRENZIE S A, EWEMENEE U TEFIZENT &, BT W5 & B EE

IS T BWRET S, YWREIROBIZRELET 2% F 358, FIRHNEEU LHEE
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2% LA T = NZEDL MV Y L RREHEE S AT A ORISR

% 10°

e[V]

b[)7, _
S5t 4
=37 b

Ita

tv

Inp

Velocity [rad/s]
O W R UNJ0

1
[—

Time [s]

2.8 VAT LRERS

h DU HHIER CIR) £ 75 5.

(2.18)

CREIND., ZOHHURE n BHETH S, —RILL TR T 5. HOEEHHNT 3
ZELD, HOVATHAOREEES2 U LEL &, TAWISH 7 X EARFY O O AME

BRIZHHIT S, T205

F ou
T = — =

i 1
s~ "on (2.19)

ERBEEINDG. TnF=a— b rOmEKEZEIIE Wbns., 22T, AFEMHALTWY

% [ RG AL D REE D — R FRR I3 (20) &7 5.
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90 : -
10° 10! 102 103

Frequency [rad/s]

29 E—RODOFR— KX

n = l{:BE (2.20)
w

L7325, ncP| 13K, wlrad/s] (ZARE, dNm] ZHMEEE, kplrad/m] (ZEEEHTH
%. 7z, ¥iE®D SI ¥4 Tl% Pa - s(IcP=1mPa - s) 7217 &, cP OB —flEH X T

W5, MEOHES 57012, X (2D &0 HANTKIERE kg DRIEZATS.

kp = n% 2.21)

FREAF DRI kp ZFTHE T 5720127, FHATIZHIL— 7 TZEKH, KiE 100cP, 1000cP,
4980cP DEARH D bV 7 - EERFE TN S S EREERER 217 5. EE & BIRIFLAIBERTH

5. F7z, E—XOXN D) IZXY, PIVIESFEEE MLV RHBBEGRTL S, Kb
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Acceleration output [m/s/s]

experimental

0 simulation

. . . 3.
0 0.5 1 1.5 2 2.5 3 5 4)<105

Number of samples

2.10 REEEHY AT LFEIERER

DIZPIVIIEREE L HEORFREZRD S, RERTRIJ{BHTTEEZZ/LSE, TOX
IS B REZFIKT D, TDR, RNZTIKEZMHL T, SRIEOBAATD MLV s aEE
CHED 1R E KD, BBOLLEIGZE 5. KRR E O SRERR R 13X 1T
Y. NEZ) IS T, MEOIIRIKEFEDER kg 2K 5.

dw

kp = -
B =130 = do)

(2.22)

ZIZTdy BZEKHFDMVIHERRTH D, TNETNOWAKT 3 BIFEERL T, FiafEz

KD, B EORERBUX kg = 11325 72 5.
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24 HWELATH = NZHEDL MV oY L R HEE L
2
1.8 .
1.6 | .
1.4 F e .
L2 C 0 |
Z,
gﬂ 1 F 4980 e
S 08} ]
0 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Velocity[rps]

2.11 R ARERE

24 HNEATH—NICEDL ML VYL AMERTEE

AETIE, BETHRENLA THF—NIZH DI ML 22 o3 L AR EFH ORIz DWW
TR L., (BN EEEREE XY A AR REL DML IZ R VS RRBRETH L. TDNRD

D, REETESNLA T = NZRHLT, MEEZHIT 2.

2.4.1 Pl #ESEDHKE

HEHIERIZEWTIE, PIfEZHWS. 22T, P, TIdFszEKT 5. PIAH
ETIXRZE e 12032 PIHE TTHOFERIZ L > T, HlEx SR %2HET 2 8FE u 2D

54 % [B4],[BY]. WEFOAY Y FOVOEEGEE B FIF T, BARHIZE S AR ET 5.
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COBERDOHET, KMEHEREN TS, MEFTOIEDGE, BERHEID, A—
N—=va— 25 SR IHAMESPEREFEINTHS. LAIHIETRE, HIHEEDHE
fEIZEO< &, BERMWNS KR DT ETENMLHIECERVRENIRET L. #E, H
IR D TR W R OREBCEFE WAL EL L. 22T, EAoGHEZEATSHI LT,
EHMAZBRSTIENTES. IOTHDHIEZEANT S L, BERHEZERKTE 5D,
F—=nN—=Ya—beg SRITAEEEDNEW. L0 ->T, KREEHIHE T PL % #EE
5.

PI 23R C23) L7 5.

K
Cpi = K, + ?f (2.23)

ZIT, K, 37y« >, Ky 38HT71 0 Ths.

242 Pl#EICHETIWBEESE

FAFEd DREEEHIRTR D@ O /NUEAMDE— X ZRHET S, ZOLETVATLOLTE
I EIRTE S, HIEERE A D ITKBL, TIEVERE 2 BG5S 5 72012, MR E L TRl

DN T A =R e RET S [B6]. PIfilfHlds DI HUEN (24) 72 5.

C(s)=Kp+ —L (2.24)

£/, M ROMRERESIT 1 REN TR (25) 74 5.

K
Gls) = o (2.25)

HilfEaR & MIENRZES U CHALV - T AT L2WET L L, Y AT LORMEAREAR
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® (I28) &7 5.

s+ (ag+ KKp)s+ KK; =0 (2.26)

Wiz, WMLEOHN—TOM%E pl,u2 &35, ZOY AT LORMEAENIEX E22) &

A

(s 4 p1) (s + p2) = 8% + (1 + p2) s + papio (2.27)

X CZA), & C27) THREHEL, Kp, K 23 2R), & C29) ke 5.

+ p2 —a
Kp=H1TH27 % F;; Y (2.28)
K, = “}?2 (2.29)

REBROEERIE S 2T LD 78y 7K % X RS, R(s) ITHERRETH .
Y(s) 3EETH L. PLAERICENT, HLV-TYATLD2 DOz —0.1 95L&,

Kp=01K; =299 %5,

R(s) KpK;s+ 1 k Y}(S)

o—{ T -
- K;s s+p

212 PIffE 7wy 27X
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o
=

‘l’k<

d d
u—»o——»é—» P(s) —»o——»cL— P(s)

Pn(s) _’()

P 1)
QL

b

3

I 3

j)'- B ()Q(s)

B ()Q(s)

2.13 ANELA TH =

2.4.3 HELATH—N

BARDKEIZENT 2E—XDAFL NIV I ZHET 2720, LA TH—NE2EAT S
[37],[38]. AMELA 7TH —NZHWZHIER 2K EI3 I2RT. 22T, P(s) IXFEBEO G
HETHY, Po(s) 13/ IFLVETFALTHS. u FHERRADANT, d& dizsiLe =z
DHEEMETH 5. Q(s) 1X P 1(s)Q(s) % 7 m X — 7 fmEBIE & 3 2 Kigdid 7 1+ VX TH
B. DEEORE I S5 T O BE IR 31\ & MR L IR T, P, (s) QRIS

n ORFIZIE, BEBEHRZ Q(s) IFHK wy D n BN E LA (X30) &7 5.

1
Q= W (2.30)
A OBERIFA (30), X OE3) 7222 5.
T 2.31
y = P(u—d) (2.32)

A (E3T) 28 32 1IARAL, AfREE LRl s % & (E33) &4 5.
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TQ-PRIQT Q-PRIQ =

2 5 ’Ik/u\é'—EFEﬁ:Ej__\)l/d)rb_\

REEZE R EAR X, B OB Z B 1) 2 REBEB ORI E D WIS 2T LDk
- RO S ETH B [BY]. RIEZERIE T OREIZ Y 2T LA DNERIREZ KIS 5 7213
Tk, YAT LAONIRRE L SIMBAM N ZR e OBBEHSMZT S, LT, HEDA

B NEROGEOHMMEEZ R T20ICL0ELTWS [40]. 22T, KiEzx

HeE DFRIGICHRE 2 HIMIS 5720, REEMETILVEEAT S,

251 REERERIR

R A 2 EBT 5720, FTLEREEREAREICLHT 5 [41].

REBZEMKRBLDE T NVIZA (34), X (C39) &745.

#(t) = Ax(t) + Bu(t) (2.34)

y(t) = Ca(t) + Duft) (2.35)

T ZRERT MV, y 2HAORT MV, uw A7 (F72E6HIE) X7 ML, A 2IRE5,
B % AN11%], C Z2H 74551, D %EETH &R,
IREEZEME TNV AERT B7-012, VAT LDEEMEL 5. n BMS HFEA2 AR

(38), X E3D) DESIZEET 5.

Z (s) 1
= 2.36
U(s) s"+aps"+- -+ ass+a (2.36)
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=b,s" "+ +bas+ by

ZZT, REEHERX (3R) &4 5.

T1=2,L0 =25, ,Lp=2"""1
Z DFER,
. o . e . _.n—1 __
T1 =2 =T2,T2 =2 =3, " ,Tpn-1 =% =Tn
Bp=2" = —a12 — a9t — - —apz" ' +u
= —a1T] — A%y — +++ — ApTy +u = Az + Bu

7z, HOAREAR, X4, X C22) &ins.

Y (s) = (bys™ ' 4 - 4 bys + b1)Z(s)

y(t) = bp2" 1 (t) + -+ boi(t) + br2(t)

=bpxy, +- -+ byxro+ bz =Cx

PAEX D, REZEEETVE, L (23), A (Z4) La5.

(i)l [0 1 o] [z] T[o
1 0 0 1 .- 0 1
= + U
0 1 0
| T, | | —a1  —aq —Qp | |Tn ] 1]

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)
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1

)

y=[br by o o b | (2.44)

Tn

LR ENRDOET IV EMAEL, AERICTHHAT ZREBERET LV EZEL TS, £—

2 OEH HEAFN (E4) 74 5.

) dw

Z 2T k[Nm/A] 13 RV 288, J[kem?] 13MEEE — 2 > b, P[Ns/m] I&H5HEEH T H
5. ZhED, REEK = [w] £ T RREABRR, HhARRER @6, R CED) L

A,

ol = |-+ [ %) (2.46)
w = [1] ] + 0] 2.47)

IREZEE O T, ATEHIMEIC DWW THRET 5. X (Z26) & (Z4D) & v, REZEFOD
AHIENE, TR L 2. BB T AL E X BRWGESE, TV 711 TYAT AR

A, TERTH 5.

252 KET74 -y IDFEDE

AR OIRFE HRERIZFE DO IRFET + — RN w ZH#ilfHl (state feedback: SFB) D & TlEAML

FIZW U CTERRADPEL S [B2]. EWmAZ GRS TDICEERAMEZEALT, K
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BT 4 — PNy Z il 2 B BLEE & U Cakar 217 5 [43], [44]. AR T, REZ 1« —
RNy 7 OFES RIS AT LA OFKEFHI DWW THT 5.

DT4ZRd £ 512, HEADICEE AR BHRT D720 By A7 LDR
Boxpel, GENROUNIZ p MOEFKGINWHModaEEL. TORSHROHI T A
V& kikyor ky £T 5. Fiz, HHANROREER 2 HS5DT A — RN IT A VR

MV f(X5)

u=—fr+kiz1+kozo+---+kpzp (2.48)

ZHIMATIE UT, BNV—T VAT LZ2HKT 5.

IR R ORE SR () 2705,

T A 0 0| |z b
4 0 0 1 - 0|z 0
= o oo e+ || u (2.49)
0 1
| %p | -C 0 0] [4»] 10
—of T Rk o5 o] e

2.14 BAOBURET « — K ANv 27070y 7K
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27

ZOESIZRCTZY) 2 n=n+ pIRITDVATLTRTILENTES., ZOVATLE

A (E50) TR Y 5.

T = AZ + Bu (2.50)
ZHZH LT EARD) O 7 ¢ — RNy Z il 2 W3 5.
w=—fz (2.51)

ZORET 4 — RNy 2K, A— BF OBAEEEME pn, po, -,y WHT S F %

kbpl, RO Lub.

[fy_kla_k%"' 7_kp] = [f7_k] = _f (252)
ZOEGFTHEICE D, V=TV AT L DEFERAMESRDOLERBUILA (33) &7 5.

kst et kos +
= —

G, (s) (2.53)

KO 2k By, HL—T VAT AAMELEDRITIE, k £0 2%, Gi(s) & 1
TH5.

FEOMEREMMAL T, LR REEFRE T VIER (E34) L7405,

LRI -

X OC3E) L v, FALV—TolERONIE, YATLDT 4 —RKNw 71y fPRET

-2 0
0

5.
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2.5.3 MHIEH7=HDIBEE

A TH - NOETIE, MIREEEEHLT, Y AT AOMIES X CEHIREO A5
Bl &S ®ET B [45). BT, MEEBOZIHACOVTHIT S, BALHIZBVT,
Ty - ViEERET S, SRONEAH ARV & Be R™IZHLT, (4,B) A

AfETH B LT 5. 7z, HNORMUHZIHA %

Ger (8) = 8"+ dp_18""" + -+ das® + dis + dy (2.55)

L. ZDEE, EYBITH F e RV BMIEEL T, 1751 A — BF OREA MR

Aoy (s) =0 DRIZ—HT 5. TOXIRTH F I, UTOLS 525605,

F=lo o ... 0 1} Ut (A" 4 dp 1 A" o+ dg A% + dy A+ do)  (2.56)

Uc=|B AB A*B ... A"'B (2.57)
WRET + — KNy 7 D% [-133  —1000] &, K & [-0.0014+0.0097 1] TH5.

2.5.4 REFTH—/\DEE

REEE A2 ) TV R A LMIHERE T 57212 1d 4 73—\ (State observer) 2365 & 72 %
[E6]. 2ot TH—NOHRE HiEkz2RR 5,

EAT A
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= Az + Bu
(2.58)
y=Cx+ Du
F T =N
¢ = Ai + B
S (2.59)
y=Cz%+ Du

BUAT LT T —NTEZENRTA—RIZFEUED, 20DV AT LADIREZEK L HH

FERZD.
ZIT, ife=r—ax2ER5L, A[XAN) L7425,

=1 —a
(2.60)

AR IZ&oT, APLERS, YATLARPHRT S, U ADPLLERLAR, ¥

AT LIENE LW, DF D, PURTAENE D NE VAT LITHEKEFET 5.
FIT, 20DV ATLADREZMMRCELLEITA IR B-0DHETEICDONVTRT.

ATH =N EII LS ITHEL, EROHD A T -—NOHDEE, 7N

DIRFEEZ 1274 —KNNw T 5L

&= Aé — Bu—K(j—v)
— Ai 4 Bu — K(C#Du — y) (2.61)

=(A— KC)z+ Bu— KDu+ Ky

ZDrE, WDODT2ODVATLDMAEREET B L,
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e=2T—x
= Az — Bu— KDu+ L(Cx + Du) — (Ax + Bu) (2.62)
=(A-KC)(z—2)=(A—-KC)e
AN
A (R £V, ke DIMKROAAIE, 1741 A TR, (A-KC)IZ&->THkE 5.
£oT, K OEAMEZBEYNCIRET I LI2& D, VAT AFLENICEFRRL, EVR
TLEA T NN DOHEDOFAEZNRKEEL I ENTES.

EEL, ZOYATLERMET S0, (C,A) ZTENTH5BEL1D 5.

255 SREENEL TH—/DHE

MEIZEDELD PV IO REZEERT 5720, REIGLA 7Y — N2 B AT
% [@I]. PIVIAELEMA IR AT LADBEETENE, TNEHZRVATLLE
UTRKRDA T = NDOEGHEICEDVW TG ZTS e TES. R L ZDRE

T
T = [:EOT wT] T RTHEE T BAIREAELA 7 — N E R (R3) I2H DWW T T 5.

=

=

X
s B —O— | C

A

2,15 AT7H¥—=—n"o7oy 7K
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& = AoZ 4+ Bou + K (z¢ — Coit) (2.63)

I8 [DRFEEANELA T — "D T oy 7 E2 RS, & IRREBOHEME T, Ay, Bo, Co
BENTNIERARD Y AT LfT74], AJA75I, 54, 2 UT K BATH—NT AT

b5, HLAGE—ROEHHERIR CHE) &7 5.

. dw
kii — Pw—d = JE (2.64)

Z 2T k[Nm/A] 1Z bV 7 EH, J[kgm?] I¥1EME— A >, P[Ns/m] IZk5HEESTT
H5H. kb, REEK = [w,dT, dNm] IHLI VI THB. KRHRDE—RIZH

T HREHEATIEN (0I), X (6A) &4 5.

w P k| |y ke
d o o ld| |o
w=[1 o [w + (0] [4] (2.66)
d

REEZE ] o Al HEM:, BRI OWTHET T 5. X (E6I) 12k - T, AlEEES >~
71, ERMEES Y7 2 THY, VAT LEARAGHIE, 2agilezn, AEL Lo

FICE R WHEEILRETH 5.

256 FATH—/I\DIEBEE

B BNFATH A € RV & C e RVIZH LT, (A,C) BaBllchs T, %

7z, HORMZIEAZ
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u y
K |«
X X
" By f " Co
Ay ¢ 1
[0 1]
d+

2.16 REESNELA 7T — T a Yy ZHRIK

Ger (8) = 8"+ dp_18""" + -+ das® + dis + dy (2.67)

L. ZorE, WYL K e R BEELT, 175 A— KC OEAMIRME R

R oy (s) =0 DRIZ BT 5. TOXIRTH F I, UTOLS 525605,

K=lo o ... 0 1] U (A" 4 dy 1 A" 4o+ dg A% + dy A+ doI)  (2.68)

Uc=|C AC A%C ... A"IC (2.69)

REET + — RNy JEABUIZOWT, REA T — "M% [-1000 — 1000] #E.3 &,
L 1% [2000 + 15.15  71.6i]7 TH 3. REHEEA TH — NIz DNWT, REA T — "D

% [-1000 —1000] &Y, LIE [2000+15.1i 25.6i]T TH 5.



2.6 KhEEHERE & S HIE > A T L DR

2.6 MEHMEELFEEFET AT LDIEK

EERO Y 2T LR & K T2 2R s, B DT i3 AFERDOER Y 27 L ORI T b
5. AWK TIE4 20670, NV a2y, DSP, BEREEE—XIZpToNns. £
3, /XY 3T Matlab/simulink IZ X D& 707 IS LTC, TEREFTTITAIVE
DSP 2B AT 5. 2, DSP 2SR EZBBEKICEALT, E—X 28T, #EL
YYDV AESHERENE A E > T, DSPICED, HMEESICLHEI NG, DSP A
E52FALT, BRHELLEE, 71— NNy o35, ARCHEREL2ETT L. B4
iz, DSP TitdkL7-5—% % PC 2T, 7 5.

PI HIfH13% & ANELA 75 — NI D R EHEEE D 70y 7 #RIKNIEK IR 1I2/;RS. 20
MV Yy Y L ZRERE Y AT L3 3 DM TR I NS, ETIHEHRETCTH .
O PLAESRZEALT, ®ELZBEMEIGERIES. RITEREEA 7Y — T
Hb. ZOWHIMNLA T —NEZRHLT, HMERICERT S MV 2AELEZH#ET .

REICKEHERTH D, ZOHDIIHE UMM e -2 E2 AL T, MEZ

i DSP-based controller

{ Encoder
| \1211'11
PC * A/D - Servo
Servo
i Amp. motor
1 ? i with “‘ connect
current to
:: D/A :> control spindle
PCI-Bu b
Current
""""""""""""""""" reference

217 FEBRVAT LM
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——————————————————

d = Dlw
wtef ! T |~ 1 )
1 b 4 1 . k
i A C(S) E t ]S + Da
iSpeed Control : 1 - I
"""""""" ken F> F>C i
o ]7’1‘5 + Dan i
Viscous fri;ct\'on:Dla) d_ Jus + Dgp o

S/gob +1
Viscous frictior] observer

i 1. Viscosity estimation
Viscosity:n

X 2.18 bty L AREFHOHTHIHEIZIED L Ty 7K

W5, AT, YIab—yaryeERTVATLEMME2RGET 5.

Wz, HIE e HEEIORESHRERTEA LD 7025 4% DSPI2EET 5. BT LY
2FLD7ay Z7MNEMIIIIZRT. ZO V722 S L AREREY AT A3 D
DD THERSES. TTIREEHEETHS. O IHO/RIRET + — RNy 7 %
BALT, #EZBEMICEBEIEBRIE S, RISHEEBEEA 7YV —N"Thsb. ZOH
SHPRBAELA 7T —NZRIH LT, MMEEEICER T 2 MV IAELHEE S 5. BRI
EHERTH D, ZOMIIFHE L MM ERE E—2HEEZFHLT, MEZHET 2.

PLETIEY I alb—ya v eFERIZEODV AT LD ZMEET 5.

27 BT D NIV AMEHEERDIEMH

AEIZY I a2 b= a v EHEEROW 5T 2 DORIEEZ KT 5.



2.7 RET DMV UY U RMEHEE RO M 35

! d = Dlﬁ)
erf E kc i T |~ 1 )
e bso >k,
s _ Js+D,
__________ K *—’E
1
BD = 1 Co —
S
D A, <
1 | f (ii
ES eed Control | :
ISR, | [0 1] <
Viscous friction:Duw d | scoys friction obyerver

LS $_"Pﬁ¥9§ﬁkﬁ§ﬁ@?ﬁbn
Viscosity:n

X219 "2 rH L ZREFHOBAEIEIZE O Tay 78K

271 ML IEVHLAMEHEDY I 2L —Y 3 VER

KiEMEA 225 (0.01cP), 100cP DAz &L LTy Ialb—varl, fEE%E2 MAT-
LAB Tf#Etrd 5. D&, Mg FHMEEZ LKL T, ¥ Iab—YaryToOiHliz T,
ARy Ialb—vavTRYATLADE—XRETNVEMBHATS. NI AL, 232Hi0E
THDEDEMANS. MATLAB THlf#RZMEELT, ¥Ialb—Yaryi&f75. ¥Ia
LV—yva vz k IR

Pl Bl & ANELA T — N TR I NS VAT LA EZYIal—Yarvd 5, 00IcPoe &

#£23 vIial—varv&

pryicy 4rps
Fh AR 11,325
WET L& 1 X 10rad/s

FTHF =74 0& 11k 10rad/s
ki 0cP, 100cP
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4 x10
E]
4 2
& 8
- 52
= =
27 3
S 3
0 (a) Angular velocity 0 (b) Viscous friction
0 5 10 0 5 10
Time [s] Time [s]
-7 -3
0.03 10 20 210
2 3
A 0.02 £
g 2 10
& &
= 0.01 =
&4 &)
0 (c) Viscosity coefficient 0 (d) Viscosity
0 5 10 0 5 10
Time [s] Time [s]

220 PI¥3al—3 3 iR (0.01cP)

DOREE, Lo, HES KRV EERROE % X RS, BRRIZSEHIE, AR SR
FMETH S, KIZT 100cP O & EDREE, ML o, HES K ORI EBRHR DM 2 X 220 12
AT ERHIENME, RIRZERETH 5. 2N &Y, HEEORRERH (g
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LR Ly 2R DB Py(s) 13X (BR) TIN5,

Py(s) = Pypele* (3.8)

Co 374 =KXy 7E#H{THS. Smith MEEICESERF 7+ — KNy 28K
Py(s) — Py(s)e~Les QU ZRIMHEEZ 2 BAT 5 L, V25 LAOEEEIZR B), &

BI0) L7 5.

Ys _ e Ls (3.9)

= = C ( (3.10)

Smith compensator

""""""""""""" &

3.12 EBWE— K Smith flifEsn 710 v 7 HjX
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Z 2T, Smith fifEROH N yy 2 VE—-FOIRAEE TS, ZOESF ya IHROL
ZREDOENEZELZLWVIRERE S TH S, HNE— FBEKIZ, DEKEMHELRD D

=, Smith §ifEHAT 5. D Pro(s) HHEWE— R QLR % R 72K, L

B Z R,

353 74—R747—REEDEA

HENHIE S 27 LADRFHIBE VT, MELkREE & $12, HEMBERS RAIR &R B855I
i, 2 HHEHIEZ AW S NS, AFETE, EVWE— NOBRFEOWEZ B 7 1 —
R7 47— Rgifias F(s) %# SMBC Y AT LDHENE— NIZEAL, 2 AHEHMY AT

LEWES S, 2OMa0 70y K%M BEId RY. iR, X @I 2HW5

[57].

X314 74—K7x7—FD7ay 7K
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3.15 FETFHHEED 7Ty 7 HRX

F(s) = Pz (s)f(s) (3.11)

f(s) & F(s) #7mR8—¢320—R27 4 VRTHDB. KFETI, HVE—FIZD
Smith #EEZBEALTWE7D, TI7 Vb P DU %2 ZRT 2 HEL 8L, EHAR

e (e Le%)~t DIEZE F(s) AT ITT L.

3.5.4 FEFHwE

FEEED MIMO HlfHl S AT L DRETIE, B—DHIHIL—T7Z 13 %2E2560DTIEHRL,
HTHE2ZELT, AT LAEZERTAIEHRBETHS. AHKETH, BEVE—R&
HWNVE — REDOF O ERKIHT 5 7-DICETHHERZ2EAT S BR]. £3, 2 A2

HHORIET 5 >k P(s) 2 BI2) THEET 5.

Ps(s)  Psg(s)

P(s)=
Pys(s) Py (s)

(3.12)

FETFHMM A NAZY AT LD T 0y 7 M %M EIS ILRT. ZORT Pyy(s),Pra(s)

DTFBIHTH L. ZOTFE BT 20D, Csp(s) & Cps(s) & 2 DDE— NEDIETF B4l
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e LCZORNICINAS. Z D8R, yoyy ORITIZUT OBIRRA D 2.
Ys = (Ps(s) + Prs(s)Crs(s))rs + (Ps(s)Csp(s) + Psp(s))rs (3.13)
Yr = (Psg(s) + Pr(8)Crs(8))rs + (Psg(s)Csp(s) + Pr(s))ry (3.14)
HETFWLIEZ72DDEMIRA L 25,

Ps(s)Cys(s) + Prs(s) =0 (3.15)
Pt(s) + Ps(s)Cs(s) =0 (3.16)

E-oTHR BIY), X EBIA) % Cif(s),Cps(s) ILDVTRS R 5.
Cst(s) = Psp(s)P; 1 (s) (3.17)
Cys(s) = Prs(s)P; ' (s) (3.18)

I 2 CHiE&RREHIERDBE N SLTD 3 DOEREZ 6N 5.
(1) HERDORE A F I 7 AL LEREAZZR U MiEdR E X (1), X @20) &

$5.

stO TsO + 16L5f—LS

Cuf(s) = 3.19

£(5) Topo+1 Kuo (3.19)
_ Kyso Tpo+1 . 1,

Cis(s) = Tl H € (3.20)

(2) BT A v & BRI & BRI £ %8 L - st G2O), R ED) &

AN
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FHI3E BVWE— NICEILKERREHIE Y AT L D%

stO TSO L.r—L
Cyr(s) = 250 pLes—Ls (3.21)
f( ) Tst KSO
Kyso Tro 1,1
Crs(s) = ————e"fs7"¢ (3.22)
£s(s) Trwo Ko

3) GEEET A v DITFBROAEZZEL -iER I (B23), X B2E) &L725.

stO TsO

Csr(s) = — (3.23)
f( ) Tst KSO
Kso To

Cts(s) = - (3.24)
7s(s) Trwo Ko

3.5.5 TIFERHEZEME

WE, HWVE— NEEWE— FOEOUZRHIZR LS. TDD, AEEDOEETIEE
DEZED, ANZEHMLUTYSEE EAMEICHONS X TOREPELRS. £ Ok
B, E-—FOHINCREENIELS. ZOMEEZMRT 272012, BVE— FOUZRH
Ls WEWE— NOLEWER Ly K0 KREWHEIE, HOWE— NOEDHEE & 72K o K
&Y Ly — Ly BIET S, £7z, HOHAITITENE— RO AT Ly — Ly DEN %l
RNz Z 5. ZOMEIZED, AJJZHMU T SME— ROHIINEL % £ TORHED
[l —&7%5. FRELT, FE—NHOREEZBEFTE L. 20070y 7K %E

X BI6 127

3.5.6 EELLHIE

% $ % SMBC AT, BHOROEMEREN R LIGETEHIES 5 Z & A E

Tho. MBIDHED (ya) BOTA > T0w 7 (rp/fry) I, TOHMHBLIT A >
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Tho. FEFHHEROTYA VEEERTHD. ZOHEIZED, HhE—ROHEHZ2EWN

E—RFROHHIZH LT —ERICHHTE 5.
3.6 REITDZEWVWE— RNICED < HIEEDFE
VAT ARIELUE, BoNZETNEM ST, MATLAB T7 0w 7#iX %2 KT 5.
Z D%, 8% 95 SMBC FiEIZ XA HEERMOY I 2L —Ya vz,
3.6.1 ZRBEFIEHOSIaL—YaVviER

AREITIE SMBC O 2MEET 572012, DIDO I al—Yaryz24 5. SMBC
W2 B WE— N EEWE— N Pl §ilfH#:d Simth #iE2EAT S L 2EE LU, I

wigEAY 0.025rad/s £ 725 &5, ThEhX B2), X B2AE) &Lk

C1211s+ 1

Cy(s) s (3.25)
1639s + 1
Crls) = —rg— (3.26)

SMBC D#EWE — FiZxd % 2 HlHEGHEGX 1) I25WT, B—2A7 1 V& f(s)
(3% D ISE R O R B IR kiR 0.025rad/s(IRf € B T 40s) 123 L T+ < 74

5&51s&l,

u

X316 74—K7x7—Fo7ay 7K
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1) = (3.27)
YU k5T F(s)id, & G20 Rk L %2,
1211s + 1
F(s) = 1555 1452 (3.28)

FEFBMESORETIE, FIHiTR Ui EREOES LA (3) A 1), X (BI6)

ZHHAL, BT A OAEKRT D LA LS.

Cs5(0) = Pspo(0) P

70(0) = 0.0875 (3.29)

Cs(0) = Prso(0)P(0) = 0.1580 (3.30)

ORRHEMERE, L3 Ly o REWkd, XA B3) & Lk,

e~ (La—Lyp)s _ g=bs (3.31)

V3ial—YarvTRESEIZETHEH—EL, ULEXRST, REREIEICSITS7 1 ik
A B3 & U7

Tty (3.32)

Ts

PLE, BRREZEFEZRLUEZD, UTFCRIBEXRZOY I 2l —Ya VEERIZOWTR
T. 2T, BVWE— ROESHEIZEMAT Yy TES2EIM L. £ 91% Simth fi#E &,
CERHZ G X RVESEZENE - FIZEALLZGEDORE— FOIRELN (ys,y5) &

E— ROMODEEX (ys —yp) ZRBEIDITRT. ZOMREY, LERMY AT LI2KT
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El.: T T T T T T T

L

=,

o,

2 1

=

o

Ros, S | Ref.

= 1 Slow Mode| |
g Fast Mode
=

=} 0 L L L ! L L ! L L

< 0 50 100 150 200 250 300 350 400 450 500

Time [s]

e o0 o
TS
T

Temp. difference[deg C]
=]

o
—
T

©
[§=]

0 50 100 150 200 250 300 350 400 450 500
Time [s]

3.17 SMBC @ Smith fi{EDOATDHY I a2l — a3 ViER

2 —=N—=2a—1iE481% THY, HWEZEIX0.22deg TH -7z, HWE— NOEBRMEN
L, FRURERMEORED TWHOMENRA SN, BERMSH— TR, BVE—
KT 147s T, HNE—RT 1758 &7 57,

WIZ, 74 —=RT7+7—REZEAL SMBC ¥ AT L2092 EH & HE 2=
ZHBIRIZRT. FAMPRSLRE LD, HWE— NOREEELHEINS., T2 X
D, MNE—RELEBVWE— FORKEEZD 0.1deg 72 5. BERMDIL, BVWE—RT
140s T, BHWE— KT 284s £ o7z, HWE— FOBERME?E 127425 FRIZISE#E
EWEL T, A== a—F i 11.68% TH - 7.

50T, FETIHHIME, OZREMZERME, REHEEZEALZ5E01%E SMBC v 27
LOWEH I LREAZXBIVIZRT. ZTOMEL—N—2a—ME1.84% L7220, &
KiEZAES 0.02deg iIctiBEI NS, BERMIZME— FEL K 14658 TH - 7=.

PI i > 25 2 & Smith #ifE & IEFHHEIZ X DR X N B REkEE SMBC ¥ A5 A
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E 1.5 T T T 1 T
O
=,
o,
g 1
&
E os. /| Ref
= Slow Mode| |
E Fast Mode
O 0 1 1 1 1 1 | 1 1 1
< 0 50 100 150 200 _250 300 350 400 450 500
Time [s]

Temp. difference[deg]
(=]

1
2 L

X 3.18

0 50 100 150 200 250

Time [s]

300

350 400 450 500

SMBC @ Smith #fiff& 74 — K77 —RKfiETHOY I 2L —¥ 3 VEER

TDI.S T T T T

]

=

=7

E T

=

'8 I VA N N N N I s Ref. |

EO'S Slow Mode

g Fast Mode

S 9 . . . . . . . . .

2 0 50 100 150 200 250 300 350 400 450 500
Time [s]

Temp. difference[deg]
(=]

3.19 SMBC @ Smith fi{#,

200 250 300
Time [s]

350 400 450 500

T4 —R7AT—REEFBMEY IV —2a UFR
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RIS 5720, YIal—varveEitolz. ZN BRFUREETEE U -R/ERTHIE Y A7 A

TRWE—NIZEBIZAT Y THAME 1 ZHMNU 7. B B2O IZHERHIME S 2 T L D H
heREEZRT. TOME, EREEHY AT LTIE, A== a2—1214.56% TH5
7, SMBC Y A7 LldA—N"—Ya— 1% 1.84% TH D, HKNEEZIIHERGIES 2T L
T 0.08deg, SMBC ¥ A7 AT 0.02deg TH o 7. FERGIHS 2T L BERFMIE, EW
SMBC ¥ X7 L DFEERHIZ 1468 TH

E—RNTI127s T, HVWE—FT110s &5 7.
D, EERE DU PR T E .

3.6.2 ZrRUmERIEHORMIER

AN

SMBC ¥ A7 LDEMIEZBRGES 5720, EEREZT o7/, FERTOY > 7Y v I

X 0.5s & U7z, EBRTIHREESEZ 100deg & U, ZEiRH S 100deg ~DEHREM: % I

WENFTA—RIFVIalb—YaveA—& L.

BALLU TR L T\ 5.
EI.S T T T T T T
O
=
=9
g 1
=
E f
———————————— Ref. i
%’: 0.5 Slow Mode,
=1 Fast Mode
—
(=] . . . . . . . . .
>z, 0
0 50 100 150 200 250 300 350 400 450 500

Time[s]

Temp. difference[deg]
(]

0 50 100 150 200 250 300 350 400 450 500
Time[s]

3.20 PIffifH, Smith i & IEFEMHE D I 2V —2 3 ViER
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FHI3E BVWE— NICEILKERREHIE Y AT L D%

[=]

21.5
=

%1 1 . e e ==
=
8 ost /| Ref -
.% ) Slow Mode

= Fast Mode

0 50 100 150 200 250 300 350 400 450 500
Time[s]

e
=

Temp. difference [deg ]
(=]
= )

S
(3%}

50 100 150 200 250 300 350 400 450 500
Time[s]

=]

3.21 SMBC ZEEr#5EHE

2% SMBC ¥ 25 A&E— FOWEHS (s, y) & E— FORBDEEE (y, — yp) DE
ERfE R 2 M B0 2= 9. EBRFRIZ, SMBC Y AFADF —N—Ya2— kA 0.61% T
Hotz. TUT, HAIEEXIZ0.22deg TH Y, BEHERIE, BWE— KT 1228 T, &\
E—NTI1I5s &leo/z. ¥Ialb—YavOfiRe RS L, HOE— NOBREDRME
"o, EARERECBERMIIETHILUMERE LTS,

FETFMESRNE PLEH S X7 AKE— NOMREH (ys,y5) & E— F OM O
(ys — ys) ODEBFERZK BIA RS, PIHIEC AT LD == 2 —ME 18.22% T,
RKIRE#1E 023°C Tho7-. BEHIZ, BWE—FT 174s T, HWE— KT 168s
Lhot, MY AT ADERERZIET 5L, SMBC Y AFATIEA—N—Ya— &
0.61% X720, AT 4% Bz L E %59, EXOREMETIZ 67.89% WA L

(16.82deg - s—5.46deg - s), @RI 22% Fiff S NDOFER & 0o 7z,
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YUY U AMEHOENMERIET 572012, Y Ialb—Ya v EEEREZTV, Bh
HEMEIGE S KO bV 2 o Y RIOREGHE FFEOREN RO NS Z & 2R L 7-.
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