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Design of Robust Servo Controller
Using Self-Tuning Method

Hwi-Ung Ahn

Department of Mechanical Engineering
Graduate School

Pukyong National University

Abstract

In this paper, a robust servo controller design method is

introduced using a self tuning control method incorporating the
concepts of the internal model principle and the annihilator
polynomial. Two types of servo controller design methods are
proposed based on Diophantine equation and a fundamental

approach zeroing output error function. It is assumed that the



disturbance and reference signals are given as the known
types of difference polynomial. Both servo controller design
methods are stated separately into two cases, such as with
and without measurement noise, and also each measurement
noise case is designed in the views of known and unknown
plant parameters. In the design scheme, to realize the
disturbance rejection and. the given reference tracking, a least
common multiple polynomial between the reference and
disturbance model polynomials is operated to the plant model
and the controller is designed for the extended system
equation eliminating the disturbance influence. Then the design
is done under the assumption that the plant parameters are
known. When the plant parameters are unknown, the controller
design algorithm is introduced by using the well known
adjustable parameter method. Under these cases the above
stated two design methods for the plant both with and
without its modeling error and measurement noise are
considered. To reduce the effect of the modeling error and
measurement noise, the servo compensators are designed using
a monic stable difference polynomial function given
appropriately for an error between the reference and the

output.



The effectiveness of the proposed methods in this paper is
shown through the computer simulation and experimental with
R/C helicopter training simulator. From the simulation and
experimental results, it is confirmed that the proposed control

systems are applicable to robust servo controller design.
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setatr|gt ojg ¢ A7t Bk o9 e FAAEL HAs7] A A
JelBL2M = HEAHe] gon, #749 554 WES 1
A EHES] FEAO wA] e BEA A9 HEZAS v}
HAT ASs AdAY FAF ¢ A = Ao s gHA
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9¢ TR A¥ 9 $37) 2L HRP o4 wA nxe B
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H&4e FoJstn Al~wlo] 28 (operating) ANt I F, Zx Ao o)
l AAaA FFE £ Ye HRA AAS 9% Nage oxgsrs
R R=

-13 -



Alg™ DB =q °Blq Hulk) + w(k) (2.2.1)

jav

Alg HY=1+ag '+ +a,q "
(2.2.2)
B(g H= by + big '+t b,

A7IA, ¢ % NRADLRlH, WA wBE T E AHAA
ZAE 43t 2o, " A(gh, Blgh)e A5 27 g
molx, dv AQANR2RE 42110 7IXNZFLE i B whE 7
Aol T &g WUFHIgn g}

P (g Dok = 0 (2.2.3)

Plg D=1+cig '+ +cq™” (224)

EE, PS¢ ) 4AT gFolgdm g}
H22De EAEE tgH 2L o4y AL BEHE Aoz @

o},
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O 9434 A(g™h), Blg He 7ol

@ A% a;, be UIAY BFEolth &, b#0

@ A(g™H%t Blg D9 A% n3 me 71x|olTh
@ B(g™He AT gapaolrt.

® Aoy Z7lo= Aol girt.

ZA @9 tAYGEALe g 2ol BF a9 o EASE BHolH,
HA2HN EAEE 9|3tz
EJE 22.D0 d&) G5 nFe BF3A 4 y (b7 FAX
thar g},
P(a ym(B=0 (2.25)
P g D=1+mqg '+ +mgqg’ (2.2.6)

@, Pu(¢ e dAT ol Frt
22249 226)9 HATHTOFHS B33 Zo] Ao

Pg D= lem(P,(a7 "), Pula™))
| 227)
= 1+ag '+ tag™’

old, 4(227)¢ HAFTWMAFY PgHe 42249 (226)9 7FA
o9& tAI GINYS & & U A 2219 Fwd H(227E& F
£ (operating) A1 2] ¥, 2](22.3)9] BAE o] &34
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23 Aut 2 gg-F7] Aoj§ 1d 4
2.3.1 Ay Aojg wd

Fig. 2.1 Modelling of ship dynamics

Fig. 212 Autel &3 WAAE FE37] st Ao did AR
At 2o d& Zzte] stgve g vet ok et Hdde 29
g o8t LEWANozZRE FZ(radder angle)d 447}
(head angle) Atole] AEfF+E FE.

AT el 2ZE Foll i M9 $5S YElWE Newton®
&
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X0= mx” 06

Yo=my”’ (23.1)
N= 1,¢"

i

Xo, Yo 147 203 yot¥e &9

m e AP

N e EAZAL AUD 2,59 PAY o] B A
A RAE

I, 9ol 2F 2o BE we] AT 23 EWE

¢ W SolN AW x,, 2,02%E W 2R

A A% AP
FEY PHoRYE ojx dwzy Mue e3uyAs Py
u=wy, v=7r=0=00° et H¥ TAFNZ ¥, *HE A5

sto] A& Ao ggw gl

( m— Y . Limxe— Y ,-))(1}')
r

mxc—N, L(I,-N)
. . 2 .
= % Yv V(Yr_m') (1))+ % Ya 8
V . . .’ , r V2 s
—ENv V(Nr_me) ‘—L_Ng
(2.3.2)

A71M, el Aol wHEM L, Azt BAZH L/V, FAY a2
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W oL%2 (p = B9 9x)og dgm, r& 3] 4 & (Tunning Rate),
ve MEE(Sway velocity) o9, & #riztelt}. A(232)2FE 3
A& ozt Alolg AGdtrE b

(S + 1/T3)

Gl = KT TG + T (233)
o2 "fh 9 42 Nomoto(1957)% th&3} o] Zabsigct 0]
N K
¢ = GF D (2.3.4)

T= T1+ TZ_T3

ANA, Ty, T,& 3% % HHA AF, T, dztel g olea
of £}E VHFoIM U2 Yo £8& FE Aon, K= M3
58] BAY Asolth 434N N5 A4EE AEFoIA o
&3 ge A5z duz Aol AYHSEE FE & Aok

- K
Gl = 53 17D (2.35)

of YRS Z-ARE el FUE Ge 2 AP PAYS

< 4 3 F,
Alg Dy(k) = ¢ "Blg u(k) + wlk) (2.36)
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A(gH=1—1.8318¢ ' +0.8318¢ *
B(g™Y) = 0.0124 + 0.0116¢ ~*

AT wh B2EUY y, kS 2FFEHZ JHASE, 93F 22
HaZuEALCME 28 F Ut

P(gH)=1—q"" (2.3.7)

2(237& 4(236)9 L3t AsdA

Alg™H)yk) = ¢ “B(g ")u(k) (2.3.8)

A(g™H)=1-2.8318¢ "'+ 2.6636¢ > —0.8318¢
B(g~Y)=0.0124—0.0007¢"" —0.0116¢ >

°|t}.
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232 @37 Aol & =4

Direction of
related wind

|

Horizontal line

z—-axis

Fig. 2.2 Schematic description of an aircraft system

6 : the pitch angle
Nz : normal acceleration
g= 8 : pitch rate

8. ' elevon angle

Fig. 2.20] H|87]e] g HFA T g ZzHe seveE Y
Bz itk FC 4 28% AE AF7|E W22 3o A7 3=
350007 Eol A  wiel 159 £x2 v 1g Ae, A" et
WEelE et go)l 28 & & gl

x($) = Ax(#) + Bu(?) (2.3.9)
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(D = Cx(1) (2.3.10)

o 714
x=[N, §8,]7

—0.5162 26.96 178.9
A=1-0.686 —1.225 —30.38|

0 0 14
—~175.6]
B=| 0 I C=11.0000 0.0000 0.0000]
14.0000

olx, we d¥E(clevon) HEZ Y HE YAl s,
EJE gatvE st 71X o)z, 42393 2(23.10)7F TS} go| HA
Agdrz vgdYgn A

Al Dy = ¢ ?BlgDu(k) + (k) (2.3.11)

7] 4
A(g™H)=1-2.8502¢7" +2.7048¢7 %2 —0.8544 ¢°

B(g7) = —1.6334 +3.2405¢ ' —1.6177 ¢~ 2

At wh e S2AY y(b) & 2PFHE 7MY shd, 953 2L F
23 LCME 48 + At

PlgH=1-¢"" (2.3.12)
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423128 @31De] 24% F Fsta, 1R G o] 293
F et

Alg k) = ¢ “B(g " )u(k) (2.3.13)
o714
A(gH=1-23.8502¢"" +5.5550 g% — 3.5591¢ % + 0.8544¢*

B(g™Y) =—1.6334+4.8740¢ ' —4.8582¢ 2 +1.6177¢°
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AR o2 NRAESE MAGRTGL s AL, 2 FEAHA AYem
e e Az REHE U =Y 98 43 W g @
& ek,

(A9 1]
Azt kol s A RETEA o

e Dy LB=0 (2.4.1)

p(q—l)=1+alq—1+...+alq—’ (242)

9 &80z FoNE FEYY y(HolE FZUA Qo] #FE 7 A
Ak, & ol e ARG EHPoz Fole EXYPHA A
t AAUATE BE B 2 oA=L [P AoARa

u

E =FdAME, 42219 oiistd Aoz B EHE A=Y
< Alojudez 39 wA FAIAHEHA  a, b, (i=1,2,0n
L i=1,2,,m) & ANZoZ FANWEAM, 22237 #L A7 st
HE 2(225)9 28z Fojxle HEX U FAE AFHS
o] UL A4S EE g& Ao FH2AE do2 HASE A
e T8 F JEE AR AAE HAse AE FHOR I F,
o 2(223) oA A(225)9 FFHog FAAE EFA A d o
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23 e 223y

e(k)=y,(k)— (k) (2.4.3)

7 kool dal e(BH—02 S AoAE AAT] B =) B
o] ek,
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ol deste FoHA Bdg A7) Ex Aoiuidel XgHA dA
£ WREddeel oo slzsta AP

B FAAE, ot REAJL /1A ARTFY gHz Foia
Aol e ojatstd AR ez W o|4H FTIE RIS
=ty Wrwddee g8 47 A8 A BEA B F
AN 71AHd& ol gste] HAFMTIFA S Atk £F & =8
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e A 2 vgr] 248 FAEY
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A 3F AZZE] EARA T B9
Aol 7] A

31 A

HIoNE 5% Ao Ax=dg A R ztzhe] ZobollM BS
7 AYPHD Qe AAelch iy, AAHQ Alx2ddME o] &9
ARE AssA Botsrd ode A$st B olwd AxddxE
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71 7171 2 Z2A2 FY 59 EokdA A= AR, FAAHA
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3 wlolazZ A F43% R mEtA, dXdE AFEHA AT
AA Azde] diF HE steAdel AFAY AFEokANAN 2 BHS
rox .

S4AA ZAHAA AAE AATTER H, AFE2 HEA HA
Holl 71xstod AA A]2Ho] —’.‘-01{'-%&%1011 FFIEE A7 A
AsA Bk AR A2dE 499 dgetvy WAFoly g disiA
FolR HEEXE o3 9ol FFY 7 e AU AodsHE JHAHF
gk ok ARA AAA Ao7|E de 71EAHA AdL, Foi FEA
o} @ g F£¥H RdS Aoyl e AUl EFEHA

>
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AASE WREdAae o e slxadt®B A dAwygez
=9y 2 2gxe 484 2dg N RAv|d AFAA 7AH4E &
A e SFujx == HFHANUY 2& dEdoly HAZAE 3
£z AHA EHE ST

B FoHe SAE AZFLel E o FAHA AFE 7HAsA A
BA AA HHE BAY, 2¥oxE Joz HA e AdY"HE T
7] 98 AA, Diophantine¥ B A& ol g3t B AT AF
0halA & o] RatE W EA, ojatstdE AE tgH oz FHEE Al
2698 £905tE ES Ackdith Zzhe) wye] dis), WA SRE
gald 7t 712 Aol sty AL E&dE WHE B F
ZAE9 gadEerst nRQ BLdxE t2F AEHEHE o] &3t A
]3¢ AAZE FHEL RO|EE vk AL MRA AA LHY F
F4E A3 A8 28 AN Awtat v Pr] Aojg mdd o
& Al gdelXd AE B
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32 A7] 23 AR A7 1

321 ZAE SAvE7} 71AA F$

2 "olde AA SAES] seE st 710 B9l hhste] Ao}y
o) F2E A AJHE £ PPL BAG

A2 A AFE 4213 2ol dehd Sl setule st 717
A Agol it 24elA R HARAE EXE Bk 99 4
@27A TR HzTuogy g e H221)9 Fdd e
(Operating) A1) ¥, 4(22.2)8 #AAE ol &3slH & o] 2AH B
A4

PlgHNA@™ Hy(k) = ¢ “Blg " )P(g " )ul(k) (3.2.1)

2 9e % Aok
@209 $3 Fol sl A2 ALY (k) S he3} ol R
B}

(k) = P(q~ " )u(k) (3.2.2)

a3 H(322)8 HB2Dd st

Alg k) = ¢ B(g ") uv(k) (3.2.3)

= €& 7 UZ, o A e tF FIE AAT AN2"9 P2
2dEE ¢ + U4
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71 A,

A(g™") = Mg HA(g™)
o,

A(q‘l) = 1+ 'glqﬂ . + /3,.+sq_(”+‘)

o e g3 or g@EYL AT

A9 43239 dgdeln A(g N Blg™') & 7%oln &,
Diophantine’# 8 4®'g ol &8t (2 + 959 Y (Monic)d A
dgd Dg He =988, e #ANE BFde gy
H(g™H) & %934 248 & Aok

D) = Ale™) + ¢ H(g™") (3.2.4)
o,
D(q—l) = 1 4+ dlq-l + e + d"+sq—(n+s)
H((I_l) =k0+hlq_1 + e + h”+sq—(n+s)

H324)9 FH WS FF F, 4G23)9 BAE ol&3Y thF
o ZE ARYE d& 5 U4
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D(g Dyk) = Ag ")y(k) + a “H(g (k)
= ¢ Bla (k) + g “H(g (k)
(3.25)
= ¢ "BlaHP(g ulk) + q “H(g™)y(k)

= Blg HWP(g Dulk—d) + H(qg )y(k—d)

H243)949 HEE 2HeR (b 43259 BAE ol o
AN Fora

Dg VDe(k) = D(g VDy.(k) — D(g " )y(k)
D(a Yy.(k) — Blg"HP(g ulk—d) (3.2.6)
— H(g Hy(k—d)

o2 "t}
23260904 8L 022 HA e A"y S T34

u(k) = P(q_l)lB(q_l){D(a“>ym(k+d> — H(g ")y(k)
= D@ yalktd) = Ha OB — Bp(a k)
(3.2.7)
oz Fojan
&,

Bp(a™') = Pa")Ba™") — b

Aol Uehd 4@209 ALY whk) e H(243)% LALAHE

-31 -



ko od 0 dh)—-002 BEE AAAYS e APE T
Rol£% @t

(A2 11

717 sEHEE Ad SAE H2D dizf AAYE wk)E A
(3279 o] 7tstd, 2(223)8k o] FolAE JHIJAME koo
A e(k)—022 Y.

)
N(325)94 el SAse) wejvE g AAEE 27} e 2
ol 6, &k)F3 BosA

0T = [bO b0al+b1 bmast hO hn+s]
ET(k)=[u(k) ulk—m—s), y(B)-y(k—n)yk—n—s)]

2325«

g y(k) =Blg " )P(q " ulk—d)+ H(g " )y(k—d)
=[by+(byay+b)g "+ +baa ~mt sy b— d)
+ (hy+ g ™ 4+ h g """ )(k— d)

= 0T&(k—d)
(3.2.8)
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3 ol Yetd £ Utk 4, &k)E MRE HEdEH 6, Hk)E
&3t &3 o] 3] FFAHT IO

67 = [b,, 6]

ET(k) = [u(k), E (k)]

old, (k)&

u(k) = bio{u(qf‘)y,,(kw) — BTE(R) ) (32.9)
E9 g9 BAY BEUG,
Dg Dy k) = 0T&k—d) (3.2.10)

ot Zo] AP & & F Uk 28R, k+d AHAM 4(243)9 2F
FAg Ao 43279 AALEH w(k) S H(B28)E WUt H(3.29)9
BAE ol&3d,

D(g De(k+d) = D(q ")y.{k+d)— Blg " )P(q ")u(k)

— H(g " )%(k)
= g Yy, (k+d)— 07e(k)

= —boulk) — 8" ET(E)+ D(g Vynk+d)
= H(g Hy(k)+(P(g™)B(g™") — by)ulk) — 8" & (k)
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= D¢ ODy(k+d) — byu(k) — 8" E (k)
= OTE(k) — byu(k) — 8" €T (k)
=0
(3.2.11)

% el & ¥ F A #wFA EBHLARE HAE e F,
Dg Delktd) =022 st ALY wk)E G290 3 F
g 002 3 AYAYL ¢ & A

Aol Ao, Dig™HE FATFAIEE FAE 28 Y7+ FEA
29 y (k) ANEHEZ & 2(243)9 £HeA o(k)E 002 &
e Aol AdA B3 HIAES ¢ + v a2 43299 4
B21D2HEY &3 22 AddY wk)E 4 + Ut

u(k) = %O{Dw“‘ Yymlk+d) — H ("1 )3(k) — Be(q™ Yulk) }
(3.2.12)

AV

Br(g™') = P(gH)B(g™") — b
[ |

watd 99 AG2LIDEZRE ALY wk) 7t F3e gozA AE
5387] 98 E P )9 Blg7')e A tgaryolool s,
A2ANA AFH HATugE 227904 P(g )7t A g
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322 ZAE stedgst vAA ¢

Zdeo) FYUEI MAA A 2R HHHEE ot B
AulE AojHe AR PYe HolEE st
ZRe9 watvesl 12 (Unknown) 25l 23279 wetvlg
7} MR HgolmE 2(329) EE A(B211)E olgdd ZAEe
ety 0e 7tzA SEvE 3 (k)2 @] AodY wk)

g 983t ol 74 4 vk

w(k) = —t—{DXg™ !, Ry lk+d) — B (¢, B)y(k)
by(k)
— Bi(g7', R)ulk) } (3.2.13)
_ 1 -1 =T\
= /b\()(k){ﬁ(a Jymkt+d) — 6 (R)E(R)}
=3
g Dynlk) = 9" &k—d) (3.2.14)

2(3213) =¥ 2(3214)9 sEvHE FAste dAetdH 2EES
AAQa7] A% FRLLA Ede gdd £ME2 FAEH UA, 4
328)& 7tz2A svg A Jetdd 8 Wk FFA vk E
o3 Zol Yethlo Y.

Ka HyE) = BT (k)(k—d) (3.2.15)
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y(R)S BRLA (k)& T, thEF Zol e & gl

k) = D (g "N y(k)—¥(k)}
= { 3" (k)—87) }e(k—d) (3.2.16)
= O(k)&(k—d)

7] A,

oT(k)= (k)-8

g ouiat 5AeA eB)=022 s 2 weuy z=gPe
983 2o

(42 2]

O ANZE Al2de] EHR EAAo]l k)= 0T(k) - Hh-d)E F
N4 o, stetdel st vAel Aee) stz SedE o] the shetH
B 2399 e e go ddsd

- 1y _ 28k—1)e(k—1)
k) = BR=1) = R e 1) (3217

k—oool thatd e(k)—0°] B
o, 0< <2913 O(k)= B(k)— 8 °lth.
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(Z43)
4 B21DANA FAAE B4 0B ¥ Lyapunov ¥4 Feld o
2% 2ol A4

Wk) = 0T(R)B(E)> 0 (3.2.18)

g9l A (3218014 A V(R E AN T Zol Yehoi At

AV(E) = Wk+1) — W(E)
= 0T(k+1)0(k+1) — OT(k)D(k)

= _ Y(R)e(k) 1 _ v(k)e(k)
(o(k) e (k)elk) ) (0(k) 2 CE)e(k) )

— 0T(k)O(k)

_ 27 T Y )2
Floan ¢ PR ety

- ET(R)E(R)EX (k)

___A2—=7) =
e R)ek) © K

(3.2.19)

A9 (32194, 0<r<2e Wdtd aAWk)<0°] HEEZ Wh=
Lyapunov 8401tk 2, V(R E ©ZEZA0T VK >00152 RS
gozg £EIY. wetA, &k)7F FA(Bounded)o]BEE koo ol A &
(B)-08% & & Atk

m
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99 BAZ SA53E Fig. 313 2ol YEd & i

wik)
Sel/f-Tuning controller
....................................................
| 1
+ utk) | _ - yik)
M{’ /B(a—’/() (> ! ! A(q')y(k) =qd 5{6 Jull >
E g I Dotk ! + wik)
! - !
1
| \' i
i :
1 N ]
' 8ol k) !
! \
i 1
; !
) H(G k)

Fig. 3.1 Servo controller by self-tuning method for the system
with known disturbance

B FoH B ¢ngdFe A AT AFHELS AoJAAage]
294 (Minimum-Phase)ol 2t 8tE 7R A dojAn o] /MRS
& AN2d 98 239 FAA(Boundness)S &5 Fol FHIS
Hole RAo2A FHHUG. 22t HARAAdE BE HEY §=
g 7Y W oA REAECA wi¢ dAHI w1 H 29 Non-
Minimum-Phase) G459 &4l W wzd Aoz gz Pl
2, o] AAZE N2YE UEE ABE9 AAAA BHOBA, o %
ol# %S ZFH3 dMe vHALAG Azdd gt AEE
AbgEornt gtk Aol HAA = Al2de] H ALY 5H M =
AFAE #7142 oHFEL 7IA(Known)d Al2="9 THAHQ
AN zaxE 4A BrrEHlE £ Atk ol HHALNY EFHE
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33 A7 &8 AR Aojsl I

331 SAE HAMNE7 714 AS

B g E WA A FeuEzt 714 Aol gt Aoiy)
o F2E AAs AcjHe £aste WHe wa

WA Fd=e] wepes 7149 Rz s, A/52Y Aud
A Beld BALS 29 B AESHH, 0AFF (2438 A
dste Aodsld FxE AASA, AAe =adn 4258
yu(B)] W3l esE g 2e 4oz ued &

Ym(B) == my(k=1) = —my, (k=) (3.3.1)

4(228)& G Ao,

Alg Hy(B=q *Bla Hulk (3.32)

WB) =—(Ba -+ Biarsg "))

(3.3.3)
+q “Blqg™ulk)

gt 2ol yehd + U
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Alg™") =P(¢gHA@g™
=1+(a1+a1)q"1+(a1a1+a2+a2)q_2
+"'+(01—10n+azan_l)q_(’”)“+a,a,, q—(l+n)

=14+ 8¢ '+ +Burpa
(3.3.4)

B(¢™") =P(¢gH)B(g™h)
=bo+(a1b0+ bl)q_1+(agbg+a1b1+b2)q"2

tot (@bt abp-)a” P b,

4(333)ell &l thEF ZE AZE AALH w (BE ol &3ty v

=9 n4e Pt 39S 4w,
B2 — (Bt + Biapd "B+ Blg g " Pulk) (3.3.5)

H@B31), 333) R (335)F ol &3t 2AFF (243)9 iyt ¥ A
25ty

e By=—(mg '+ +mag Ny, (B —u,(b—1) (3.36)

3 o] "o ol 2L AY u,(HE
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u, (k) =—(m;+ mag '+ m,ql—f)ym(k)
(3.3.7)
=y (k+1)

o ol Jhatel AAEH (A0 (kroo)F AVY & AFE T &
Atk &, 4(333)3% 233504

y(k) = u,(k—1) (3.3.8)

7} o] ®l3, A|A"le] 238e 2(338)F L UYL ez ¢
oz 24 7158 |do £, 43377 (3.38)2 5

u, (B =y (k+1)=3y(k+1) (3.39)

9 AAE AL & Yuh AB39AA & F 50|, THeF Ao
(223)01999 o} A&FLol v A, ERAE y,(k) T
Pe AS, 2 v#HA v (A+DE  w(EA A HE,

W)=y (DE =] ExXe EA7t XA "ot
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(34 3]
717 stgHEE Ad SAE Q2D il whE

u(k) = bio[ym(knt d)— 6T EH)]

=%O[ym(k+@+{51q—l+Bza“2+-"+/5’<n+oq_("+°}y(k+a')
_{(alb0+ bl)q—(1+d)+m+albmq—(l+m+a')}u(k)]
(3.3.10)

3 o] 713td, 2(2.23)7 o] FAAE @ FAAE koo O
3 e(k—02.2 94

47 1M, BAES) Sy 65 ANNE S 27 G o) Fol
2},

0T =[b0 —éT]
(3.3.11)
=[by a1bogtb = abmBy By *** Bnsll
ek =[wh EB]
=[ w(k) - u(k—1—m) (33.12)

~ktd—1) = —yk—I=n+d)]
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[54]
(24.3)° 2(33.3)% st Astd

ekt d)= yulkt+d)+[Bia  + -+ Bonspa - " V) k+ d)

(3.3.13)
— Blg™Hul k)
welA], (33130 e 2ol BAY 4§ Utk
e(k+d) =y, (k+d)— 07k
e (33.14)
= yu(k+d)— byu(R)— 6" E(k)
g2, 2ozt (S HAE 3 AoYY whE
(k) =—,};{ym<k+d>— BT ER) (33.15)
9} g},
|

-45_



332 ZAE vEs} WA A

ZHES FvEst U2 ASAE H2R HSEHE o g5
setlE Ao e AASGE WEL HolES A
FAEY seuEs MAQ AeolE 4(3310) Ei (33.14)¢ e}
WE 7 vjRelnz, st2A e olgA AU L TAY &
2t

AZeo 9g o, FolAE AU (33.15)% HwE s} vA

Agolng EAE vy 08 71zA Favy 9N(HZ X Bato]
AYE w(h)E oL go] FAE 4 9t

u(k) =%0{y,.,(k+d)— O); (33.16)

kR
i

yu(B= 8T&(k—d) (3.3.17)
2](33.16) & (33179 dgHE ZAWHS AAS}7] A% AL
i mde gy #NE ARG
HA 2(3.33)°] didl 433117 (3.3.12)F o] &3t 7}x2A HetvE
24 YeEiE 23 Wk 22X HAHE e 2ol veolad.

Wk+d)= 8T e(k—d) (33.18)
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B2 T4 e(BE Tahd, e gol YEd 4 ok

(k) = 3(k+d)—y(k+ d)
=[ 67~ 0"(M]1E(k—a) (33.19)
= 0T(B &k~ d)

oo

oT(k)y= 87— 87(k)

EROR «(H=002 St F}2A s zgWe (R e
W ow syag.
A2del BE2MEE Fig. 3.2 JYelUA o)

Yo(k+d) | + ! u(k) y(k)

_K By(k) J
Ba™, k)

Afa, k)

Self~Tunning Controller

Fig.3.2 Block diagram of the proposed servo control system
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e

Fig. 3.3 Step type disturbance

and modelling error

1111

o ,:h“ I J”: o

time{oec]

Fig. 3.4 Sine type disturbance and

modelling -error
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Fig. 3.5 Step type reference and sine

type disturbance

0 50 100 150
time[sec]

Fig. 3.6 Sine type reference and disturbance
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342 Ay Aojg wdo AEHo|H A7
1) PID Aojyo] 213 Al EHo|A A3}

25

[ o

100 150
time[sec)

Fig. 3.7 Simulation result of PID system

with step type reference

—— Osutput
--- Reference

o . |

o 50 100 150
time[sec)

Fig. 3.8 Simulation result of PID system
with step type disturbance
Fig. 37¢ 291¥H S¥X 488 73 2de PDA2HS A&
A3 Fre OWFE A JEll L ot Fig. 382 29 YH 9
@2 PIDAN2YL HE3F A3 40sec, 80sec, 130secHZAA <fzhe
LHHFE A¥%E YT ok
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[} 50 100 150
time{sec]

Fig. 3.9 Simulation result of PID system
with sine type disturbance

— Output
----_Reference

0 50 100 150
time[sec]

Fig. 3.10 Simulation result of PID system
with sine type reference
Fig. 392 AQ¥H EFEX 4L 7}x 2dd PIDA2HE A §3
A3 10sec,60secoll Al 2Fzke] eH#E 78E JYehx 9l Fig. 38
< AAYEHY S PIDAAE S HEE 23 Q¥FE HAYL Kol
A FAT BEA Y} vjmatd ok A QXS JEr T Sl
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—— Output
---- Reforence

0 50 100 150
time[sec)

Fig. 3.11 Simulation result of PID system

with sine type disturbance

—— Output
---- Refereace

0 50 100 150
time{sec)

Fig. 3.12 Simulation result of unit

feedback system with sine
type disturbance

Fig. 3112 Ay eje] &L PIDAIAH] HE3F A 40sec,I0sec
oA of3te] LHFE B AvFHOoR AAANE JHAL e RAE
& 4 A} Fig. 3122 AJNFH IS A=A 2l H L3
27 QWFE AL RolA FA T 40~80secT A A Fe] F¥gS
Ho|i i, Fte] AAANLE 7 Y& AL & & g
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2) AZNNEx8 AR Aoyl 19 ANEHYo|A A}

o 50 100 130
time[soc)

Fig. 3.13 Simulation result of self-
tuning servo controller 1

with step type reference

] 50 100 150
time[sec)

Fig. 3.14 Simulation result of step type
disturbance
Fig. 3.13¢ 25389 28X 4 713 2dd) 2712 A7) 1Al
2dg 83 A3} 15secolH 4zte) SWHKE ZA¥E UEha U
Fig. 3142 251369 & AN2dE A8 dH 46sec, 80sec, 135
secoll A eBFE AL Holx Ut
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Fig. 3.15 Simulation result of sine type disturbance

30

Heading Angle{deg]
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fime(seq

Fig. 3.16 Simulation result of sine type
reference

Fig. 3.15& AQ e @& A2 AL A 30sec~55secT
A o@e) 4L Jehlx gt Fig. 3162 AAFH FHXA
AH e A2 AL A7 QHFE AL RHolx] Fu FFA
B3 XS dEbd L Ut
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-
o

0 50 100
time(seq)

Fig. 3.17 Simulation result of step type
disturbance

0 50 160

1580
time(s ec)

Fig. 3.18 Simulation result of sine type
disturbance

Fig. 3172 2"13gejo] Q@8 Aladd HLF A} 30sec, 70~
80secT 7}, 137secol A Q&9 9L yela 3ot Fig. 3.162 A<l
Fejo) JTL Ao Hg§ A} 30~78secT A flgo] FolH

€ AFd A ¥F& vz .
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Fig. 3.19 Example of input and tracking error

0.1 T T

time[sec]

Fig. 3.20 Example of adjusted parameter

Fig. 3192 43} 3% 249 o4& Bo Fu Y. Fig. 320 3%
H3 gle g E Yl 3.
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=TT
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Fig. 3.21 Simulation result of step type

reference

— Output
---- Roference

25

o 50 100 150
time([sec]

Fig. 3.22 Simulation tesult of step type
disturbance
Fig. 3212 29389 2¥x 482 Aadd H48 d3e vy
Wi Atk Fig. 3228 2d¥efe AL A|Aeo] HL AHE »
91 ZRoln, 30~55sec, 80~90sec, 130~ 145secT3toll A 9Jeto] Folx
S 3% Y 4P vAFT gl
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Fig. 3.23 Simulation result of sine type disturbance
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Fig. 3.24 Simulation result of sine type reference
Fig. 3232 AAPF e qFE AN2dlo)] 243 Fd3} 30~55secT7Hol

A @9 4 vehm Utk Fig. 3248 M8 ee) B¥x Y
g Axdel 488 AHE nAFD Yok
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Fig. 3.25 Simulation result of step type disturbance

30
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----- R eference
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time(sec)

Fig. 3.26 Simulation result of sine type

disturbance
Fig. 32562 2{1¥e9 o] Alago] AL AAE BQ Ho|n,

40sec, 70~80sec, 130~140secT-ZtollA <Q@o] FojAL A Lo ot
P RAF3 9o Fig. 3262 AAYPehe o] Alado] 243
A3 et led], 40sec~130secT oA 9 @o] FojAE AS$
of e JIF& RAFT Q).
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Fig. 3.27 Example of input and tracking error
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Fig. 3.28 Example of adjusted parameter

Fig. 327¢ 99 % %249 o4& Jehhz 9tk Fig. 3288 3%
931 Q& detHE dehin g
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Fig. 3.7-3.129] PIDA|ojel <& Xdt Alx=gle] AlgdolAd ARE
Vel 258 Bgx9 ARIF R X B3 2z Al gl
AE BT EF, o] 1S A 29F, AR 7o) &
A 7A5-o d3 AEHH dHAE BAi

Fig. 3.13-3.2001 A718%8 Hr Aoj7] I & AEHH A
g Bth PIDAo] 93 A9 vag 3 2L =AM A&
o]Ag Ztzt ATt 1 A PIDAojY vl LWFET AREHE
ARE F9¥ F oy, g o dFgo] FarEE & F U
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Fig. 4.18 Example of input and tracking error
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Fig. 4.21 Simulation result of sine type disturbance
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Fig. 4.22 Simulation result of step type disturbance
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Fig. 4.23 Simulation result of sine type diturbance
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2 olgste], Ao} Yoo BEA WHAANE AZTEEL T
L BAES AR SEAN B4 AE 5 Ue AU AR A
7 AAME ALsac.

Az go] EA}e Sd=o] s, Diophantine$ 3N L ol &3tel
BYsn AP ARTFAE olgste s #IN 4E 9o
2 H7 se ABd AHE olgad AYAE Fae HEe A
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MA gneEe FEHS FFHA

- 101 -



A5 F A7NNEZY A AAFEH EHo|Y
AN Edolae Ao

51 A <

R/C FHE A28oWA I4£ X vl P (hovering)olHt 3 ol F5F
o] 7}53td, S HEAA thgddA o] &HAX 1 . AAF
HE A2 £3AA Bese] FARH B ohyd, JEE HYY 5
4 a8 gL, el o] &EHA Hel By 19l Ao F(control
law)ol 2% @77 Wastxn ¥ # givh RC LAFEHANE 44
o wl@yle) wla) AAe FEA A7) GEol, $He) AR5} W2,
% 9l ZE(main rotor)] TholutEazt Z1Ael A %HAHE FAA
of ZFA7t 94 2FVE AL s ojtEI, L A
7l A% AR AfAT 27

B AN E B RN ALE HuA AA 2TAFE BFH)
A5t ARY dAFEH Edo|d AlEdHo|E(Helicopter Training
Simulator, HTS)8] st=glo] T2 Alol7] AP L @ vlojazT
ZAME 2. &9 (rolling), ¥ (pitching), V¥ (hunting)°l 7Hs&
3%9] A (gimba)e TATHZ AAIZ A7}t 7HEHEE wo|ARET
2AMAN A71& A-AsAT. welazTaANE C-do2 A o
g 2o FAHT AYAFHE PCE A$3dld AFste AZES)
o] | u o)A (Visual Basic 6.0)0.2 TA3Ach =3, HTS A
otg ARA A duAEFL HEAY AAE B
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Fig. 5.1 Schematic diagram of helicopter training simulator

Fig 518 2 =Fd A A¢E MuA 44 dugdEE A58 4
ato] AzE AeFE Edold AEHlEHY =] 72E YEh
At AZL 3 vy 2 ¥9L 9T ZE(DC 12V, 300rpm, 4W)
9 1 HAZL 2AHE XxdavHZ FAFAY. Fig. 524 =4
o] A=W L Belth Photo 5101 AAl A2E W FE Ed ol A
EdolgE UYetiAT
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Fig. 52 Schematic diagram of helicopter training simulator
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Fig. 5.3 Schematic diagram of helicopter training simulator

Fig. 539 @z Fe Edold AEdclE e Aolg g Aojw9
F4< Y. AR ZIAE] ZHE mlo]azTa AN
(80C196ke)Sl A/D(10bit)71%5 & °] &3t Z73sta, HSO(High Speed
Output) 71522 PWM #3g Resgfe]lng &g Ao & Z=2
age C-ddojo o3 FAHUeH, AEHY ADL 102 FAUH. =
3, RS232C Ao 2 PColA AlEdolE e ZHE ZUHA & + 3
T2 uEd WolHos AZE NS TAHI

Fig. 549 Fig. 5501 mpola2Z2AM 9 32 Est RE =R
252 Jehydc. £33 Photo 529 530 AA Azg vie|azx=2
Aol RnEg RE=goln BEg UeAH.
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Fig. 55 Schematic diagram of motor drive
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Photo. 5.2 Developed microprocessor board
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Photo. 5.3 Developed motor drive board
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53 A FE Edold AEHolH A

Fig. 5.6 Structure for R/C helicopter training simulator

Fig. 560904 Zalgle] FAFAL dunol ok 7FAskAE ofd, x,y
=

Zoo] EUA R AAnRHEdIAE 22 g go] Fol
=3

)

1) %9494 (Kinetic energy)

T, = 7{],-9{2 (i=1,2) (5.3.1)
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2) $}xo A (Potential energy )
U= %B,-a,.z (i=1,2)
3) HAAulREH YA

%aiéiz (i=1,2)

(6.32)

(6.3.3)

Fig. 56914 2l AEdolQe e5WANE fE37 A da3

22 Lagrange 5% A4

d 0T _
gt Lag. ]

g olgIAEF Wk

g

q;: Pavameter(i=1,2)
T: Kinetic energy

U: Potential energy
D: A3 vk & A

8T , 8D , U _
aq; + 9q; + 0q; U

i (56.34)

(5349 A(531),632),633)¢ W] HH}H ot F2

Helicopter Simulator®] €% AAE A& + Utk
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],' 0, = —a; é,’“ B,’ﬁ,"*’ b,'u,' (l = 1,2) (5.3.5

o,
Ji 1 HEAE ReHE
6, - Az
a; SVt EA S
Bi 1 Bt @AAF
b, . w;2%E T Yol Aese ELANA Y gain
u; © RES AHAY
HENRFEE 2, =0,, %= 01, %3= 0, 2, = 6,9 2ol A4, H
WAL T ol EEEH.
x= Ax+ Bu (5.3.6a)
y=Cx
4,
%y 0 1 0 O 00
SELSEE (R
X4 0 0 agp ay 01
=[5 100
an = —% ap = —% ag= —% ay = ——‘}zl



54 43 2 4%

angle{degree]
o
[

fimels)

Fig. 5.7 Experimental result for step type

reference
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Fig. 5.8 Experimental result for sine type
reference
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Fig. 5.9 Experimental result for PID controller

with step type reference on rotation axis
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Fig. 5.10 Experimental result for PID controller
with step type reference on pitch axis

Fig. 592 rotation %9 2¥¥ejd EEA Ud¥E Yeiiz
Fig. 5102 pitch%¢ 29¥He] EXX] ¢48& Yehia 3o

At
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Fig. 5.11 Experimental result for PID controller
with step type reference including
disturbance on pitch axis

rotation
— Qufput
---- Reference

[ 10 %
time(s)

Fig. 5.12 Experimental result for PID controller
with sine type reference on rotation axis

Fig. 511€ pitch Zo] 24Yele] BEX Qo] FojR& A%, A
A HH(E)es g £ FHE ez 9. Fig. 512%
rotation® ¢ A e BEX) ¢4FE& Yz o
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Fig. 5.13 Experimental result for PID controller with sine

type reference on pitch axis
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Fig. 5.14 Experimental result for PID controller
with sine type reference including
disturbance on pitch axis

Fig. 5132 pitch £ AUl ¥ dF& Yehda Y. Fig.
5142 pitch &9 298 282 dZo| FARE A5, ZAA
(&) o2 Qo] 7HEld FelE UEd dH.
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Fig. 5.15 Experimental result for self-tuning
controller} I with step type

reference on rotation axis
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Fig. 5.16 Experimental result for self-tuning
controller I with step type
reference on pitch axis

Fig. 515& A715x%¥ 1 o 939 rotation %9 2B FEX
9lg e Ul ). Fig. 514 A715x2¥ 1 ¢ 289 pitch £
29y B J¥E Yl 3o
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Fig. 5.17 Experimental result for self-tuning
controller I with step type reference
including disturbance on pitch axis
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Fig. 5.18 Experimental result for self-tuning
controller I with sine type reference
on rotation axis

Fig. 517& A715xY [ o &9 pitch £ 25139 ExA 4
Hol ZAAY WPz g 71 FHE Ui Ao Fig. 518
A715Z2Y 1 o 989 rotation ¢ 29 FHEA YY &
3538 IR =
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Fig. 5.19 Experimental result for self-tuning
controller I with sine type reference
on pitch axis
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Fig. 5.20 Experimental result for self-tuning
controller I with sine type reference
including disturbance on pitch axis
Fig. 5192 A715ZY 19 939 rotation £ AN Pehe EFX

dge Yen 9ok Fig. 520& A715=xd 1o 9atd pitch 9
2918892 BHX Yol FARE A S, &S FAHoZ JIF ¥
S JER 2 o

- 119 -



rotation

( ST output
_----- Reference

0 5 10 16
time(s)

Fig. 5.21 Experimental result for self-tuning
controller I with step type reference

on rotation axis
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Fig. 5.22 Experimental result for self-tuning
controller I with step type reference
on pitch axis

Fig. 5218 A7182¥ O o 939 rotation $9 AR FEA
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Fig. 5.23 Experimental result for self-tuning
controller I with step type reference
including disturbance on pitch axis
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Fig. 5.24 Experimental result for self-tuning
controller II with sine type reference
on rotation axis

Fig. 523¢ 71524 1 o 98ke) picch ¢ 24Yehe) ZEA o
go) A PPz AFL s WeE Yehin A Fig. 524
& AAEZY 0 o It rotation $9 2yele) BEA 4L
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Ag Aoz KA

- 121 -



554 o
2 FoHE B =RoA A o] ZAw NuA 4A dud
%g R/C 93FE Edold ABHIHZA SEHUFOR ste} A

SAT. AuA AA G A7) s AY AFH =
gold AEHolE Y sd=slo] T2 Rolx Alo}y] VL A nlo|
azI2ANE  FA}AY.  EH(rolling), I A (pitching), U=
(hunting)e] 7Hs8 3%9¢] AuHgimbal)e FAST AAZ A7t 7}
SHEE ulo)ARTZAMNAAN Ao7|E AP wojARIZ A
ME C-doj2 Aog ZTzaYe) A= AYAHE PCE A4
o AFsE ATEQ)E HFAH ol (Visual Basic 60028 T4
gty T8, HTSOl Aty NRA A4 <nzdEe H4A2 23E
oIty Fojd EFA ] 2Fs: AAHL 71A AAN FAHEE
ol & & e, Bk AAFA AA HAS AN FEIAA &
238 Aoz syt
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Ae6FdAd &

E ERAAE, 4752 AojHe S8, ddolut ZEAI} 7|
o) AETYA FHZ FojA AS ART Axdo] nFAF Ao] B
qe Z2A s ZAR AR Aoy AAPL ARHYG $8HA =
RolA AAE MAVTGD oW, BEBL A AAHA 7]zt
AR Axde] Fojn BEA FFIEE AojrlE AASA "ot
AR A2de Qele BauE WEol} ol s Fojd TEA
g o Qo] 238 & Y BAF Aol5YL spAokyt aRHA A
Adele & 4 Uk |

E =R 9478 A%E 29w gL 2o,
AL oldstd A dygNoz FAWY o4 EAE L 7}
a3, B =R ALNE NuA A GudES 8 5+ S
2 Mu 9 vagy) 29e SUASUT £, sA AT Foly Y@
2HA ggAe olgad HA2BMUYNS st Axde g
(operating) 3t ATk, 1281 Fo)A sABAMNE BEA Bl B9
A 23E & e NRA HAE AP LAWSE FYAUT Y,
B =R AdEE MR A4 du5e Fgsd 1 fEHL
A% ¢ 4 e A 2 ugy) 2de FASIG

AL olFHoz EAEY AZLLol W& Ao Wy MuA
474 $¥e Bk AA, Diophantine3 I < o] §3ted mstm <
A9 ARGPNL EURoZA 229038 Joz HA e Aol
He FaE P B4, 29 oAPSFE 9oz Hi A= R
NHe J4sted AoYYL Ta= otk EF Aoy F2E 2
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Ast7]l fd AA SAES FewE s} 7)1XQ Bl et Ao S
EEste WHE H F, FIHE FAeuErt v FLdE bz
A FAEAHEE ol&aoq AFHE AA}E WHE BHOEE Yt
g, dutst v gr] AAdo] g AEHHL Fite AgY A
BA AA Y fraAE AFTSA

A|4%4< Diophantine3 A4 & ol &3] RYsta Y AR
S EUFoEN FHLAE do2 HA e AoYHe Tae Wy
3 o]tstE AR gEgAo FAE AAYE £Ysd 2¥oxE o
o2 HA e AojdYgE Fie WHozN AZFLo ENY AL
of thal 2o, EWUE Feve s} NANEE o] &dta] HE BA
718 dAsY 228 Fo2 HEZSE AP Fate E e
Holx, vAe] EJE setvle o] H 9o 7t2A JPuEE o) g3t
o AolHe AAsE YHE HEINHUTY EOE sine waved IS
U FF7] A2EEDE B =EdA A" o HEAA AE
dolde T3t B Alo7] HAYEY FEHE AFsE

ASFAME B =AM AJE NEA HA gndFL HEE)
st AzE dAFE Edeold A E# ol (Helicopter Training
Simulator, HTS)9] st=do] 7z Aoj7] 4dL 3 vlojazx
EAME BRI HTSY AAEE WA 3F0] Foljzx 3)d wgow
2474 8 7 JEF FAHAJL UHA 15 AN $gog o] s}
SIHEE FAFAY. HA Spin axisE FAoZ AFEH nYRRe
spinning rotor2 ¥ °] 13, inner gimbal¥# outer gimbal® £}& <] A
5 FEog FAH Y. a83 3Fo] Aol 53 ES inner
gimbal axis® outer gimbal axis® FE|E HAFUY. s3] uAY
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(Base surface)x 4 3oz ojfo] 753l EE ball screwst A2
HAAM EHEL F54] 7d 715322 AU daba HTSE
YAFEHE 5N 2A 2™ (rolling), 7 (pitching), I
(hunting)e] 7H53tE S 359 Qukgimba)e FASFAT. WA Aof
7t 7bedte g mlolAZ X2 AMAA Aojr|E HAdsn Y ANE
PCE AFst=s LZEHE FASAT £§, HTSH Add AuA
A dadEE AEAZ 238 Ry a2 A AgE gdneEo)
FAITE A9E d& F YA

kA 2 =EoA AR RA7|FZA 07 HAE g Ao ga
of daiME FHASRA S&3tA H&o] tssty LX) 5L A
2 7I1dEn, AR WFEHY FHUA AHAA &A= A~
ge] A dsiMEs 5 A7z A
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