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Abstract

Project Code: PDF/S5/44

Project Title: A Geno-fuzzy Proportional-Integral-Derivative (PID) Controller
for Robots

Investigator: (1}  Asst. Prof. Dr. Pitikhate Sooraksa

King Mongkut's instifute of Technology Ladkrabang
(2y  Prof. Dr. Guanrong R. Chen

University of Housten, Texas, USA

E-mail Address: kspitikh@kmitl.ac.th

Project Period: 1 years (July 2001 — June 2002}

In this research, a geno-fuzzy proportional-integral-derivative (PiD)controiler
for robots is designed and implemented. The term "geno” comes from the
“genetic algorithms or GA” employing to optimize the fuzzy-based controller.
Utilizing GA, the optimal set of the controller gains is obtained. Simulation
and experimental results yield a promising future for the findings in robotic

application.

Keywords: PID control, GA, robot
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uni 1

UNWT

y2UUMUANUULN & (Proportional-integral-Derivative w38 PID) (fuszuuaiy
63uﬁ'l-ﬁ'ﬁ'uu.winmu'luT'mmuqﬂmviﬁﬁu fngawhanan 90%  weImInIuaY
ns:u1umﬂuﬂs:mﬁrﬁi‘!u’lﬁ"::uumuqmmvﬁ uasbtozDuluriuendeniulu
Usanedin 9 ﬁnqnqu'[an (11 nwddslunsdivudaminiiesiunsaiugussuui
108l Mmadwitofiaulerenindsusn 9 Tutfagafu (1-4]

witsludEn1syFudganisiefuvgeszuuamuguuuuileduvyasidy
(conventional PID) l@dn fa msdianassnenaaswesd (fuzzy logic) wanyszgng
'l?'r’[(anaw'l"ﬂ“lugﬂ'szuug:’ﬁﬂ'rmmu ﬁa'lugﬂﬁ'muﬁmﬁm:uuﬁ"l,a?mnuﬁoL@‘m 613
tinauad ISR leaun [1, 5. 6, 8-12] Ldadﬂ’ml%[‘lﬂﬁﬁ)ﬁ]“iﬁkd mMsFududaya
diwlldlasiolaserdugudaysd 9 Foiuondseflufndaslasaseiume
oty elinadwie fRaulemuimnfusunngndays [29] Fuszumeterny
FuinaLuea f‘fjaLﬂuﬁm"ﬁ'agamoﬁ'mfimnsw‘lﬂﬁnﬁ"lﬁ%’ummLﬂ‘i'iaﬁamnﬁn%ﬁ'ﬂlma

msn Iy Twi

TuvssarszuudedAladluzUunusg 9 [6-9) 's:‘uuﬂfmquﬁaanu.uu'[muﬁu"‘aﬁ'u
VDIV INIFUFIAU (University of Houston, Texas, USA) A ANN DI HRY
aadminglu (51 uszuuauquuuuhidaiadanmsgiusanenmanusisom
(look-up table) Namsﬁﬁaaquazﬂi:qnﬁ'l‘ﬁ's:unmnﬂm‘iwu*h Ietnadugniae
(superior performance)ﬂ’.i"l?:UUﬂTUﬂllLLUUﬁ‘laﬁLLUUﬁ‘:{lLﬁN [5, 8-11] W n1IAIL
Qmmuﬁfm‘ﬁmaﬁﬁaanuuu‘lu [5] WFRIWITATANTTU UM TN IATLQUUUUADE
ianguliaanavagiugluuuiig 9 dwdanmdwinsamaninaaiduduae
Wnnessruuil Aonsaiufiens mw:mmﬁﬁﬁqﬂ‘lumsmuqu gadasldmraasfio
aaqgﬂLufl'd'ﬁzum:aamlm"‘%aoﬂfnunumu@iaé’rgmummmumnmnuanuazm"sa

FOYIRTUNIRAILEUNN

@i’aum@ﬁf mu”‘i%ﬁﬂﬁ' JadunrvmouanisanmludusasmaaIuauwLL Fuzzy
PiD ﬁLﬂua&mﬂﬁwao‘szwmuqul,t.uuﬁ'aa‘%u: (Intelligent control) ﬁ;ﬁé’mm:ﬁn%’u
dvdldaanuunuazaPesisiionudluada T@lmm’“gﬁ'ﬂfiﬂ:’lﬁ%msmoﬁuq
fEA3 (Genetic Algorithms, GA) mﬁ%’uuJE{ﬂuﬂ"lW"lﬂz‘]maﬂumﬁmuquﬁondﬂlﬁ



L2 A LY Aﬂd ﬂl' - L [} L |A‘ rv_ | J i -1
'I.@]mam'[ummmgmma'l’ﬂfﬁmmﬁuuu@f nuudtasSenitnsiiin “9lu Wod [Alad
P ' a w o o PRV o w o -
fzosnuuunazaiulULTRanNY  widei aonuuuazaidanugadly
WodAad (Geno-fuzzy PID controller) W38 GFPID dMiLVuuud

TgUMIe aduih Goadeumatuauadii unfl 2 ndnde szuvRUay
’ { 1 L= F- A
woudadRleflagde unf 3 nanfiimsasnuuudmvauuuriluied unf 4 i
at | P P . . o] e
wwaiEmmmismiiaeTuaestuy (Parameter identification) TwARlE3SnTuuy
' 1 = A IF- E" =
Least Square Method \NamidwITilimeinnuaieiilosssilifidayanldthuna
a ' P ° ™ ot ° - o ' -
FRunud uasiwiTdieaainla lWitlunmsisainaluunii 5 unfl 6 nadnas
ﬂs:qnﬂﬂlﬁ'ﬁamuquﬁ‘lﬂ" fuvusuddasdagouda (flexible joint robot arm) unagluaz

o &
Aprawaiusilaunaluuni 7
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unn 2

‘szuumuqmmuﬁwﬂﬁlaﬁ

'luuﬂﬁnéwﬁﬁ:uuﬂmﬂmmuﬁm%ﬁ'laﬁ (fuzzy PI+D or fuzzy Proportional-
Integral plus Derivative) %mﬂuﬁdmuquﬁﬁwm'}fﬂﬂUﬁmmﬂjaoﬁn"‘ﬁu University of
Houston 1@ty Chen ias AU [5] "ﬁaﬁé’nwmﬁiduﬁu.@m@mn'i'rs:unmuqmmuﬁ'ﬁmao
Fuiduan 9 dail fe

1. 31J'uaoﬂfnmﬂuém"ﬁmﬂugﬂ&w 9

2. JuaauussmsaSHLaTu (fuzzification) MIBUNIUWGT (fuzzy inference)

uazM I aWsTHInTY (defuz?iﬁcagion) ﬁﬂﬂumﬁmﬂ:ﬁlmuimmqNa
(analytic) laogoanuuy laslFiinmmndamand

3. savssmiUiudunumsauquazeanuuiugasdmiuaruquiios 18

g3 lagasaunguimnanusnsal liduwanmsuase

4. myeanuuuuuWesd deasldeanuuuszuuflefuuuniznunizifionlass

#3714 (redesign) LﬁuaLﬂ"ammﬂmuquﬁsﬁ% (fuzzy control bock) Bnwilansiag
”lﬂs'maq,nwﬁ'waﬁ”l.éi’mnﬁmUﬁ'laﬁ’umhu%'nﬁaﬁqulunwﬁ'ﬂaulmmfu

(93U 2.1)
t e, (nT) [ K
r(nT))k- 1 J l—! —— Au(nT) N Upyp(NT Y=
Fuzzy Pl Kupur iy O l Process Y(nTE
Controller -
e,(nT} |

Bup(nT)
Fuzzy D -
Ko Controller Ka L T —
| N,
Ay(nT)
K| y«nT)

U7 2.1 sruymuauUURNedRlad wuudines



2.4 MANNITADNUYVAINIVANUULREER [0
e
(2.1- M) mseanuuLmiILnIUANNT TR Lo
- w
N 2.1 axle

Aup (nT) = Kpe, (nT) + K;e,(nT), (n

uPI (nT) = uP] (nT_T) -+ KUP]AuP[ (HT‘), (2)

TotR  Aup (nT) tf]un'mﬁmh'lw.wia:saumsmuqm’mumUﬂm%ﬁ‘la (the fuzzy
control action of the Pl centroller), ep(nf) u‘juﬁ'ruury’mm’mﬁ@wmﬂmaoz%'tyruum {the
error signal), e (nT) dudammaddvuulsswasdyonuanufiansa (the rate of
change of the error signal), and Ke , K,py and K| Lﬂummumsmuqum‘lﬁmnmsaan
WU m‘saanLLuum'iﬂwqmmnﬂms‘fiﬁ‘laﬁﬂ@iumé’um:mumsaammm:uumm}u
Wadaauituangm nande nmiwediledu mreuunumedsduasmsiraded
ety

(2.1-9) msviWsgNiaTurasWT N lo

aranirldnngy 2.1 dw’hmmluLmuﬁfﬁ%ﬁ‘laﬁm‘nﬁmhﬁry:uumlmaummu{fmﬂu,
Aup (nT) uasiidynudunnsesdosn de e, (nT)  FYQUANWEANAIN  UaE
Fayanusamildsudynwanuionse e, (aT) suwnuaziomiwnuanszauaiu
FaBnuEAIRIzY 2.2 usz 2.3 audiau Tapdnaafindsudtled L0 aunsoidandran

nmiaantuil

<. &, negative & ¢ pastive

gﬂ*ﬁ 2.2 S:ﬁ'm'rmtﬂuam%nmao‘a’qumaoﬁmfﬁma



output n‘egative | output positive

-L L output signal Aup,

31Jﬁ 2.3 i:@'}'ﬂﬂ'rml.ﬂuauﬁnmaoLaﬂﬁﬂﬂmaoﬁﬁj-‘ﬁﬁ‘la

(2.1- a) ngmisewnuuuuNrddmitmieWadi la

L 4
T.m'umﬁ‘m:ﬁnmﬁmﬂmm%n‘lugﬁﬁ 2.2 U8z 2.3 NEANIARIIAYNIALANE MY
Woddla ainmilwnsvdnszuiunideauiihminganaussnue (@ natural tracking

control performance analysis) [8) laoaansnasylddaaing 2.1 4

a9 2.1 ngmInauauuaINedile

ngtan FOUNI30k Ay i unz P!
dmiunsda & e, PI-Output
vy
lunsaava

1 wiwnagmils | saivn negative negative Negative

b 1 ol i 1}
q@mm'l.uﬂanﬂ nduguln
aanantilvang | wunw

2 wiwnatniia | Yhaoliiawi | negative positive Zero
qufafh'luﬁﬁmg WANALIAIN
i 189

3 Laﬂﬁﬁﬂag@’hn’h UdapausIsy | positive negative Zero
qmﬁﬁﬂuﬁmjmj 2§
ihwune

4 tmﬁwﬂag@‘im’h nsuheen | positive positive Negative
a‘me"nv'am'luﬁﬁmq wngihwang
pantand
wue




T w o Q‘.‘d s —~ 8 . S
winomg lungiaduii e = r -y dudgauenufonaia (Iaasdavsioie
o, . ‘: s s [ ™
Wny uaz e, = ¢, = 0—y = -y \udariilisudyguiianans

(2.1- ). MBS RaTuFINIUNTFA 1o

nnngaufuddi  mzaensammilissaanasduynlumiaiuanidlasendy
o sl af ' - ot e d’: = e e i L "

myhdnsdiiagu Tsluntifenldisnmm qaguinaus” lay

?Hiui
Mg (nT) =——, i=1,2,34, (3)
Zui
1
Taoft p; dudrszduamamdusindnd ez o ibweniwnfaeasdesnudisziunim

uaundnaanan:

PInnszuaumIaMaaluiigy  ezawnsaduunnmssuaumndfsuduwn ldenu

prwnzadw 9 sonilu 9 wunadiodu lavardunsRasmaumsdangvesmng
[ L] » ~ o st T b A

AMURawAANIT LR FINIANURaNaaLBIgaIT AsgUi 2.4

K,e,(nT)

M 4 L NV Vil

Y; I
I I
S S
I
i I ,
e . _
X M -Low v

3}]?} 2.4 m'squummams%’w;q}ﬁuwmmﬂm%ma



[ 7] -=t' .ﬂ‘ - . ) el 1 J-ﬂ
2216 mndsuwdaRuddunnaiuay WuaasanFadsda s de
q 5 L 1]

w

L[Kliep (nT)+ K e, (nT)]

Aup (nT) = utunafl 1,
2[2L~Kyfe, ()]
L{K;e,(nT)+ K e, (nT)] g
= Bonad I,
2[2L-K;le, (nT)]]
=%[erv(nT)+L] vouadl
1
=J[Kie,(MD+1] ATHNaT 1V,
1 p o
=5[er‘,(nT)-L] u“mfﬂa‘ﬂ \Z
1 . N
=§[Klep(nr)—L] VAN Vi,
=0 UUMAN VI,
=L NUMad Vi,
- L AUNER 1X.
(4)
2.2 1AUANRTTH
mngﬂﬁ 2.1 92le
Aup (nT) = K Ay(nT) + Ky, (nT) 5)
up(nT)=—ugy(nT-T)+ K gAuy(nT), (6)

Taof Aun (nT) (WudamnudpudnuanuauauwWada (the fuzzy control action of the

D controlier), y,(nT) illusauuaidynulawana (the negative error signal), Ay(nT)

udarninyfouudanarrinn (the rate of change of the output), Kp, Kyp Wiy K 1ilu

fdunuaaf Avrldanniseanuun

4 [ oo = a A w w ]
[IRTS] rnjaaﬂlluu@l')ﬂ']uquuUUﬂ‘]j‘n@]“u ﬁ’lm&JE}unumiﬂaﬂLLUU‘N‘B‘ﬂWVla'LWU’MGm fld

Wtnangmlasiinszumain Aodfiedun miswnuied uaciWadfiadu aw

d190



(2.2 - n) nsYWeSRinTuF WU W 5§

.
7l 2.1 a:ﬁu'ls‘m‘huﬁanﬁﬁwﬁumﬁvgn Gh) 5@ﬂnqstﬂ§uul¢ﬂaq‘5uv§ﬂﬁ Aup (nT)
UATEDIBUWNFD FRgMRaWIeRNALATaIMINYG  (negative  eror  signal),
y4(nT) = —e(nT), uazmé’m'ﬁmnﬂﬁuu“lﬂmaal.mﬁ'vgnmaas:uu Ay(nT) sy
rﬂuam'ﬁn-uao'ﬁuvgmtaumﬁwmaoﬂm%ﬁuamoﬁagﬂ‘?’i 2.5 wax 2.6 muden lapildng
7 L >0 iuanduasufimldeinnsdiiadils

Ya DY negative ¥y AY positive

L L Yo By

31.!171' 25 S:ﬁum’mtﬂuﬁm%n‘nad'ﬁm‘mﬁ*ﬁ%ﬁ

output negative output positive

[a—

-L L output signal Aup,

Ut 2.6 szﬁ'umwL]‘Juﬁm%nmammﬁvgnﬁ‘ﬁ%ﬁ



(2.2 - 7) MsaunIUNTTH

umsayanulasdldzduenuiusaninvemibsdsdd luglfl 2.5 wax 2.6 ngns

agmﬂﬁ-ﬁﬁm‘lﬁmnmﬁLﬂﬂ:ﬁuumﬁmﬁ'unwiﬂaqﬁm%ﬁ'la Tasuaadldanuaisg

2.2

a1 2.2 ngaIniuquuesladils

ngian ADIUNITOL fuuziba 8 es ud?
#miumsda Ve Ay PI-Output
auiwung® )
lunsmuan
5 @ minnagila | duanyinn negative negative Zero
Q(ﬂ@hﬁ‘ﬂ%ﬁﬁﬂ’w ndugiih
asnnithwany | v
& wiynaginile | Usaullani | negative positive Negative
qﬂe?ofiﬂuﬁﬁaag’ vgmé’umm
i 189
7 La‘uﬁw‘gﬂagm‘;'m'h UdasausTsy | positive negative Positive
q@?feﬁﬂuﬁmjag& B8
wWhanang
8 Lmﬁw‘mgﬁﬁn’h ndufieLany | positive positive Zero
?ﬂ@%d'ﬂuﬁﬁmo wngiihwang
aantdamih
WY
WNOING NNYIINENITNGIW Y, (nT):= y(aT) = r(nT) = ~e(nT) dsnfe Juow

a A e o
ATIVHANRIONNAULATIINANY Uuss Ay(nT) =

}’(I'IT) - Y(HT_ T) ﬁﬁ

T

2 aaTmMsddnu

wlaswananinn y aneridmaisduiziuidihmesnuuunglimenemss

WagauazWaosnla s FauiuuaosinauiisaTunuluiaas 19




(2.2 - ) MsaNT TR U UN DTS
L 3
A o L A a ool = Vo
mydWsdfinfuladafltitmderuiuesiedile lesmaldoudBunnuas
- L [ i - > - ' e
W& Aug (nT) ﬁaamamnuauqn mafoudunnldauenmneadny 9 sandu o
Vw2l 1auadunIRITINMUMITaNuBIsNaA NURANRIANIFIULNIILRS -
"oy ~ L - L o Ly o - o ) o o
sinanufananddaniia diguf 2.7 lasldgasmsfaumBunndinanndsil

LK T+ K, Ay(nT o
Aup(nT) = [Kya(nT) + KyAy(nT)] NUNRT |,
- 22L - K]y (nT)|]
: A .
- LKy, (nTr Kﬁi y(nD) VTUMAN |,
2021 - K|ay(nT)|)
1
= E[—KdAy(nT) +L] woumad 1,
1 o
= -:/E[Kyd (nT)-L] VOUNEN IV,
1 o
= 5[—KdAy(nT) - L] NIUMan Vv,
1 o
= E[Ky‘i (nT)y+ L} VIUTAY Vi,
=0 ummaﬁ VIL,
- -L AOHNaR VI,
=L ummaﬁ IX.

(7)

31Jﬁ 2.7 mmn’aummam's{fﬂ%iﬁuwmaoﬁﬂn%ﬁ
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2.3 areuauiaER lonaad
' "
nndmauguuuudadAloussAadd ludwdu diamibmsasdygiuaiuquunsy
msupufizadia sxlangmimuguuuuiadilewdsd lugy

Upp (nT) = up (nT) —up (nT) {8)

uﬁ"iﬁ:uumuquﬁ‘lﬁaanLmu'l.uurlﬁfa:mmmﬁﬂﬂﬂs:qnm"l’ﬁ‘lﬁwa?ﬂ.u [8, 10, 17] uas
uamﬁom’mmmm'lum'smuqmzuuﬁ‘hjLﬂm%atﬁu FEULNIIIM uRsTLURiay
fﬁ'ﬁ*ﬁ’au‘lﬁuaé’uqn%rm\imsmﬁquﬁaﬁmu‘ aadnnuwiamndmeslumseuqudld
mnmsaaoi‘mamQn'l;imw:muaﬂ‘lﬁ’fh Lﬂumﬁ'aﬁq@ doin  Raumsuene
ammu:maasznumuqm‘f Fdomora leomsinaitmemsdruuniadszuiaua

wuuuimaat (GA) nld danaasumidadandrluumdalyl
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o
unn 3

L J

msoanuuudluiodalod

ﬁaamﬁu‘lﬁ'mngﬂﬁéj Tuunl 2 4 dmnmiiimasiumyaruquimivezuuied
Fladin Vsznoudan K, K, K, K, Ky, Ko, 4z L domn wimdiaasivaniteslsidu
dmvsznavvaslasluloy (Chromosome) i GA Fsvniiiindimmdiumeania
wanzauf (the optimal values) gaswdwiTinangwitnis Alddoulisdandoalu
LANAITENAININBLAY [25-28, 30-32] Tnuniaznsrmamzsnfifindootuedsoiiia

koA
U
. oo L [y =Y
deATmMImMaiuiaeaiann (31, 321 witswlaslulan . lup
Xv = {Kp’ Kﬂ Kd"" Kf KUPI ! KUPD ? L} (9)
q‘: L] ] n‘l Al e O ﬂhﬂl
s tseslFan laslulmnnaiilapandodsnnsesiiae

duasuft 1 30 lanmnue Daaau (initial time) t:=0

Sunauft 2 n"muﬂmL'%Nﬁ%"lum';‘fﬁuﬂ's:'mm (Population) P(t)

Fuapudi 3 Urdunaanuasdi (fitness) ﬁ’i‘l«’n%"i.lLL@'iﬂ:ﬂEjM‘lJ'i:"ﬁ’!ﬂ"i]'ﬂ’!{""(-?!?1‘!4\7; 2
ﬂfue}auﬁ 4 nagoununlseidin (test for termination criterion) LT3 LI81 W30 ANMNRIA

Huau

z L ;U [} e A J ﬂ. L Lo i J
winns 4 Juaeuidslilinadugnionufidaams IWnszuaumsealii
® ANLIRITIAINY (increase the time counter)

t=t+1

e f ' a o = LY r i . .
* Fanngubenasdszing wiudiudunuuniswieiugn (offspring production)

P’ = Select_parents P(1}

At o 5 " 1 i P wr
® Jug "Bus (genes)” Iminnviawinidanunld

Recombine P’(t) '

a ) 3 A @ d. Al w o e Y- [

o nmuWuS (mutate) g ldvaszriniiidesssly drifunugy

Mutate P'(t)

e Ut HUaMUNIG) anasd
Evaluate P'(t)

12



a o, Ty -
® (RanyszrinsNEIuIn Y seidn
P:=Survive P, P'(t)

} w Wy e ot ey A R J ;‘ -] &
PULIBe NNl laa TR MRNTAAGBINTT Yot U T Indsnasa
—_—— »

F-. J’ L L A‘ s - d" L
Tuem3dei nuzvwmsiaduil asbhanldduszuuaiwquiednled Aldoan
wuulituund 2 Yesnafildanduszuuamvquuuudludednlad qagul 3.1

L

GA Based on <
_ Fitness Function

/

|
, | |
e — - Cp(ﬂT) . .‘|,> K e I
S o1 /I :F ] Aver | upip | T
e o T n
' I+ Fuzzy P | - -= Kai™, - '~ » Process
I 1 Controller’ Sy T -
e 1 A
T Ky : i
x o )
[
————— = 7
1
Aup | | |
upinT) + : Fuzzy D T oo
L K *I . Controller ” K ; ”T;"" z-1
l ,
PS4 L / Ay(nT)
. K / . ydnT)
- .

U1 3.1 szunmuqmmuﬁhﬂﬁmaﬁ
T(ﬂUﬁmmuﬂ%’mﬂﬁuummﬁﬁmai’maamsmuqﬂﬂmmﬁ'ﬁ"‘s‘ﬁnmmu GA  @Ina1IY

s o o 2w e = .
gu FINTELIUMIMWIUILT raduTadWuISWIEisE (commercial software) MATLAB

Tunsdmnn uazldduaaundmdydiide
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v v W = & - L, w = <
szauldimsiilddanusd E anfige ifa nmahbi W fidnlaongariu
[ k4 [ L

183 tummn'jﬂm:uuﬁuuuﬁﬂmmaamsﬁmmmmnqnLmuaﬂuﬁw‘lﬂ‘lﬁuu log
. x o @ o A - - & o &
szuuguuucﬁuu Tﬂum‘lﬂLﬂuﬁuuuﬁmumaaumynamaﬂwﬂﬁ AW TEULTIaT
L") &) L= L J v oo =l Lo 1 1 A A
swnuaeed W uilusruwien nsldimusasssiiaussouslavandudindns 5 ash
, S v v o v . P & . vo v oA A Y
nsmuudlutnedu daldiuiuimuisoinadugnt ldadriiniliussmunsoaria i

gutimatlelanlioniin

4 o ar & o
DIFMANNNT URsIWRLADY (Pseudo code) luunit (manunsorludsasna
7] ] :I b o s
(simulation) ULBTNARAY (experiment) NUITLUVUBUAIULNT 5 Usz 6 dalll uazdmiuly
: A A = a ¥ & , a & & < . ' w
unn 4 mnJuum@\‘lﬂumﬂumﬁmmm}wL(ﬂa'smmuama‘maaaan’lummmm’lmm
KULS 18I e aas Wansumsdiiassnaletaayinaailuuni 5
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3.1 ﬂﬁﬁ'ﬁmiﬂwﬁué’ﬁ’lam‘f (Genetic operations)

adpatniranu [31] TasdmualilasTulouunudaniaadiuanada mazldin

o TasTuloadl ¢ dmdugnmanuiu i sansowdidanaunns
xp =0r? + (- o) P (10)

lonfi @ & [0, 1] wanifiudrAiimInIzesguuLLONAUS (uniformly distributed random

(B

i Ci. = ' "'l 1
sumberysaw ' uaz . dlu dlaslulouzasviow

3.2 ﬁdr{ff%'?ﬁlqﬂitaﬂﬁ{ (Objective functions)

o [ T ] rA‘ - di [ 7] i = B o
maduaNaiduiagdszaidi Analwle Amanzauigaauiany srasRiing
15 msﬁa:ﬁmmé’iﬁ*jwaé’wﬁﬁ‘lﬁmsgﬁﬁﬂqﬂs:mﬁt.;,ﬁ-m%aﬁa mmmmwg‘lé’mn

- - L) B - L ﬁ:‘ L ﬁ' LT [~
dhwanadeds ) waz 1w v Sniulunuidel Tanussmdhdaimife

(n) 8ARMILALFIFATANDMINN, OS, (Overshoot)'[ﬁ"l@i’mﬁﬁauﬁqm

() ammnaﬂ@i“ﬁumammﬁwﬂ. t, (rise time) 'Lw”lﬁmﬁﬁfanﬁq@

G amfiwsa'n,‘]}'ﬂgnﬂzvﬁ"lﬁ, t,, (setting time) Iﬂ"lﬁﬁwﬁﬁauﬁqﬂ

(3) ARAHATINIISIRBIDAIAMUAAWSTR (Integrated Square Error, 1SEYR L&

'
ol

fhdpofige
3.3 NNSATHBAAIAIINAIN (Fitness assignment)

e TuAINRIT) = (Fitness function) fleuiay

1
T1+v (1)

(1]

Tae euiigusTaus (performance indes)

WV =0s+1t +t, +ISE (12)
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B A
Unn 4

R

' ﬂ’l‘i‘é’%lﬁlﬁ'lﬁhﬂ’l‘i']ﬁ Lﬂa‘gﬂﬂdﬂizﬁ?%ﬂ'l?

'luuﬂﬁ'a:L]"Ju%%nﬁs:quhmﬂﬁmafmaan‘s:mum's (parameter identification)
Lﬁaﬁﬁ“lﬂ'lzﬁ’ﬁuuamai‘ﬁaaaoﬁﬁmﬂﬂunwmaaa1uunﬁ 6 lapf LLuuﬁqaaof”i‘lﬁmn%ﬁ
msfinsndsluumil szbanlfluund s :1ﬁmf:mﬁ,nmmmmmamuuawmnnmu
3Ensdaniu Wndtecnanfisnmiddluiiivtude miﬂnmmuumﬁmsmmaaa

ol el

uamﬂﬁﬂ (Least square method) 'lumtﬁﬂuﬁngcy’mmmuaumaﬂu Luaammﬁmm'zu

ﬂ:un'l"ﬁ Lﬂmﬁmmuuwawamsnmﬂmﬁw (fuzzy logic based method) satiusslaf
ansndufiez @:aa'lﬁ'l@mmsﬂ?mmmmummmnLLav'l‘mﬁm'majmmmu*naumn

1.1 n3zuannssyyamiTiieasuvyoanla (off-line Identification) laeTaid

SQPINTURIN

Tuguiimeendnie  mslsanasmwniiesivesuuiasadadu (linear
model)  IINTRYATUNN-LNYIWN %otﬂuﬁugwwaﬁ%ﬁ’lé’maaﬁauﬁqaﬁa:na‘nﬁma
N AEildumesuudsdurasuuiises awniaga%wnﬁuvgﬂ-Lmﬁvgﬂﬁfjag Tudauusn
asRTan i imsfuendrinly  lumsdsnashwanfiesfvesmiludoiiias
(discrete  time) lusawpasligmimasmnlsanmusnniieaiiizeaadoaiuiaifise

1ita(continuos time) azldnandely

ﬁmsms:uuﬁmgﬂ-m'\ﬁwmmﬁmayj‘lugﬂ 4.1 laulH%nsudasuuud

(Z-transform) lanfiBunn-lowinn axlinnuduiusiuloy

-1
x{z) _ Hiz) = a, +5'lz_1 Foaeemnnes +ami (13)
u(2) 1+527 +....... +b,2

1 & ’ . .
lav z=e” uaz T andugraiarveamgu (sampling time)
gUNNIH (13) ovezidonlddnuuudiannmsdnaneil

m Iy
Xy = Zafuk-l “Zbrxk-.r {14)
7=0 =1
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x(iT
x(iT)

n

1

U

I=12,...

4>

gﬂﬁ 4.1 L@HINTZUIWNITaL 19y

aavudnigwiniummidmniwal aga,,

X

b, NToyaTDI

F=y &~ El . - el o LY W e B o
Suwn-taniun andumeahenmas x, uaz,u, fidsiwinn udhlideiusunisg 2

Huavzdiunuead e Qlugﬂ‘uaaaumimﬂ’%n‘ﬁ

'
%

Uk+1

Luk+p-1

“Xk-1

._Xk

- XIH-p-Z

=Xy 2
= Xy

17

B Xk+p—-3

= X2

._Xk-l

(15)

(16)

(17)



1D
it

b, |Zwnleeinieed (18)

X4 |
X;k+1 -~

Leviwnniaa’ (19)

_Xk+p-l_

A Dwuednd lidueng v (nonsingular) (p=m+n+1) Ua: det VI A, « 0
gz Miiaaiiinesd ldan

0 =(4)" x, (20)

] o, - 1 :‘ L% & s d
4.2 15Tz MAINIINIE DI A958R ALUL @I R a9 anga (Weighted

least-squares) Tﬂ&lﬁn’l‘iﬂ%&lﬂﬁﬂﬁ@;@ﬂtﬁiﬂﬂ?% (noise-contaminated)
uafilanniuiite 4.1 Adrwineadwlldlunmmaeiivniu asnmsiony
- o .5 - o | & o
efifyonmsunulundisiges  aauluanuneoifimansasun  eneelfuuy
N w <l P w o & =
freesasszuuduaadlugii 4.2 famsiatieinmiuszugaansqunisn (21)

Y, =X, +1, (21)

a4 o | oo W owd
lagfl 1, azunudygrusunuidalafianrivm
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Yx

o e
3UN 4.2 TUURLRYYIRTUNIY

1787199z Unie WinTUiIEaUIIRIMILNIY (7,) Ianaezauudly g,
Ju {YIUuIUNIMUWLUEN (white Gaussian noise sequence) TIMIIARYYIUIUNIU
ﬁv'u‘hiu%qﬂ%' vagassfimanaszRansond ‘Laﬁﬁ'ﬁwaam‘sn‘saauunL%até’u@i”m%uwmaa
é’mﬁty‘m‘summm‘lm’nmLﬂsﬂnuﬁﬁmﬁ’m {unit-variance white Gaussion noise) Unu

sunsh (21) luguniid (14) azle

Yie = zafuk-r _beyk-f Ve = Q:Q+V* (22)
i=0 /=1
o
i
r

?_k = [Ukuk-l ..... Ly = Vit = Vi_goan _yk—n] (23)

ez
i = nk + ijnk—}' (24)

i=1
L‘:'m:ﬁun'i'na’lﬁvgﬂ w39 KFUNTAMUHAWSID (equation errors)

aunsh (23) vz rwiiagiuaumndgiiulasli

A=y -v (25)

pL T L, Le

=
Iaafi-

19



Uy Uy wlly Vit Vi v Vion
A, = e Uy ol T Y Ve e Y (26)

| Yiep1 Uiapr wllispma ~VYiepa ~Vispa oo Viepona

weIndfunamyol (observation matrix)

i

LWaT

yk F3
_ ykd-]. - - ra'll Iy a
,Vp = . = IALEainiaInnNIeTIe (27)
yk+p—l

oy

WM INLFYYIUTLNINELUU 1TI98INTINNAATT (n+n+1)FUNTIALMT

o

[ [

Urznmdwinimasionaa’ mnauns (25) azlddanladeduiiia
p>m+n+1 (28)

= q . :r r-1 =
Tummammn'ﬁﬂi:mmmmaa 62 ﬂ:aguuwugmmaa Lne p ﬂammmaaauwﬂ-
3 al w w af w . a I3 5o
LO1YINN STWALINY g, dnimsundld 8 1Bunsdssnuimussmmiieaiinnes 5

s & , 5
LRUIZRY A2NUUNTU TR IN LE]’]I‘Y?I‘Viﬂ INLEIDT (yp)ﬂ:LLﬁ(ﬂ \‘]I@U

y =A0, (29)

Zp

nsUszinmaiwniiila s ainaaianusaaiednu {error vector)

(D2
[
1D
]
R

gy (30

LLG&LQ”IYT‘V!‘H?}?JG (WA ﬂ‘s:ﬂ'ﬂllﬂ FALARDU

V,=v,-¥

R » (31)

f2l
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unuENMISH (25) war (29 lugumi (31) azld

-

(D2
<

y,=A4

g P—pP +-—D (32)

~ . A :
v, Gonh sumMIBINeesaIuAaIaRen (vector equation error)

L) “ [ B A L )
RTanleold @ 1 fumsTazes sumsineeianuaaawniion dognaves

= ; s L Y- [l o Tt o~
nrdiiesh idesadlaoldiTvasdnimasasavenosu (norm-squared) a9 v,

J =2y YV (33)
Zp = Zp _Zp = J_/.p - AD—@—D (34)
RN
7= -V AR -0 Ay +2 AAD,
=YY, Y Al m ANt (35)
neand &, Al 7 daufign dennuwimmiayiusves J feuiy
&, wazléiviniy o danu azld

0, =44 Ay, (36)

" s (36) 32 1Inmsmeyius aunisii (35) Moudy Qp

dJ r
7 :O‘Z;Ap“[AEZijZQ A4, =0
Yp
n30
24y, =240
W
=(ar A A
. o p 2
AU
a*J r
= 2474,
a8}

& Y o e e oo
%‘1%:fmn’msuazﬁ']uuu‘mv}ﬁu'm {positive definite) i Ap HWEaAY (full rank}

21



Y, =AY, (37)

g x 1 - - . o
G A7 wuatunu (A;Ap)' A, Ju Bunafafiny (pseudoinverse) 184 A\l
A, Twmunawnninduundn uazeziiuendnuolh A, TAsuduuasdanuiu

gaTzngu

2 . o 4 e ' v e o A I =
szl anmsh (36) Fudumnlsnadlenlimdseniaviian
e = - o o e
square A5Hazfawrafidn lasuauinidssasvasasdisznavluaumainees

) 2 ~ .
AINUNRGELOAD U Zp -

a o P a & = & A
RANINUARAIA VRGN Lo U AadwdaNauININaIRDIV8I 098

Usenaupes j}’p rflvwefitdnia

J=ywy (38)

Zp Lp

3 w iln Lwandrunashunuuan (positive definite symmetric matrix) waszanatnalu

aa =) o . . =
n‘smuazl,‘z_lmajmn‘ﬁmu.myu (diagonal matrix) A8

W = dfag(wl,wz, ..... ,wp) (39)

HJ ol [} e A J
Tunsditazi@onuuuitoldaei
T T Tor T AT
J=y wy, -y wA 8 -8 Awy +0,ATwA, 8 (40)
. LT A‘li al . a h
uazfauniiniidn J deveuazile
T =P
Qﬁ = (’49 WAp) Aﬂ PV}./_p (41)

Tan w sun@WiiRonuan (positive definite) uazananes lay A, huaaingid

e

WEsi@u (full rank)
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L] v B : ' =l g L= ol =,
nnpmg W w =1 naunsi (41) T laluaumsn 39) ilitvesisuuy
o [ L ' A ; . | A 1 . - 1 :’ b o T ﬁ.
Mdsmaaioniga-  FunBhadwwibi  maasslesiimsdiailminiaesiasfige
' ) e v P o [ o ~
(weighted least-square solution) Taazd pIRsanfiadimudmivisnuaunmsd @nlu
' o = oS ' . I & w f
yngialyl  asdd3imsnussoeluumi 'lﬂmmw'mumawaouammﬂ'l'n"lum-mﬂmu
- % ° L, =i ) o =
gue alv lduupsiassnmeadisenaainaunsnt il lalunsdnessnaluuni 5
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1NN 5

nﬁﬁﬁﬂaaananﬂsﬂauqu

Tﬂuawﬁuaoﬁﬂaﬂugﬂuuraﬁ 2 — 4 unilugaenanisiaasiseaninaad luumil
9=NEf HARINMTIRsNYIIM SanduT s aWLS (Source code) Lilu
fuimFlusnsanindpidusfiahonsaaeiodle (tool box) FMIVITMIUTmaas
# Jousmnamsnam I

vamasmhumesaniunanaifossflunmuswimiiesd Waluwnsdiro
Hafi e 3\111’1La'1$h§m\5ﬂu.a:La’lﬁmﬂﬁvld'aﬁﬁ']t]_ﬂs'::qﬁ'lwwﬁmas‘muﬁ“ﬁé’andwﬁwﬁu
Tuun@i 4 Iddmsdeadonuuudiass Werldudelowlulnund HE) wezudsondu
Tanendy nsutlasdunnsad ulawuanufiios His) (Transfer function in continuos

domain) @@ TEMITU AC motor AlTTln

Hs) = 1.03850 ff ;.1541 “2)
wia 1u3ﬂﬁmmsﬁ"’igﬁﬁmu:'luhme’zmuuu"l&i@ial.ﬁamﬂu

X(k +1)=G * x(k) + H * u(k) @)
y(k)y=C*x(k) (44)

Tandl

WwaIngdszuy G = 0.99846018673084

NNGaTaunNn  H = 0.00999229895628

WwanietiWn - C= 15.31070475970381
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A i - §al vt & ‘ - ol v o= = . -
iy drwaniiwe sy ldl Wudwinlime fldniduwnduusau (v) m

+ = e o A ' hrnd ' { L5
duaviwnidusovreswaadiialavlfianlaaea @ebhdWaiduiroloudlaluls

Wastaasnaaarauntsesnuuuluun? 2 war 3 lasdiusmmiwelasnsessfia
aoInn unz3fuey GFPID '[@1un"’mumlﬁﬁau’lﬂlmmqﬂ%’uﬂﬁuﬂ‘“‘%auqmmmmuﬁ'uﬁﬁ
Warffuaiuasda 5 > 0.001 ldwasugy 5.1 1u3ﬂiftﬂumﬁ‘haaqamunwﬁﬁmwﬁa
sauvaINaInsBouan 1000 soudowd 1ihiilu 1,100 soudawi® @1 5.1 waa
ﬂmmu:maqn'ﬁa@@nmﬂmmu‘lugﬂﬁ 5.1 lagSoufsumsitimuasmniieasi
Ilumsnugudhomsassfiasasgnlaswmnmulinealild os ﬁauﬁq@m‘%a‘hjﬁmﬂ

ALLYY GEPID 221w lddndn lsannds GFPID §ndiann

110 . r
100+
90

G
p

70t
60

Trial-Error

[us}
a
T
........"

Speed (rpm)

joy)
[
Fa
-«.,\
1

40 ¢
30
20
10

‘ 2 3 4 5
Time (sec)

¥F s 5 | oy

-

o
—

U 5.1 Lﬂ%nnLﬁmJNam'ifﬁ’maﬁ:nnmnquuuuﬁfﬁs‘ﬁﬁ'laﬁ'[mu"’i‘ﬁaaoﬁmaaognﬁ’u

"‘n‘ﬁ'moﬁuqmam%
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#1579 5.1 u.F'sum‘ﬁuunan'm‘hams:uumuﬁuLLuuﬁmﬁﬁ'I.aaTﬂﬂfi%aao‘ﬁmaaagnﬁ'v

Fmaiugemaad
lag3Taasfiaansgn lagdsnmsnsiuimead
Ko Ky, Kp, K- 2,06,1,1.6 1.26, 1.015, 0.885, 0.989
Kupr, Kup, L. 1.5, 0.2, 350 2.06, 0.12, 1145.63
L(s) 1.12 0.19
's) 093 0.24
OS(2 0 0.14281
ISE 3997.89071 516.70472
@ 3999.94071 917.27753
= 0.00025 0.00109

*

. o o s e v . e
widmadldlunia 5.1 azusaaldidudn F8nsuidunn GA TWwandniinag
Uiusdiuuuaasiaaadnn atalsfatn lusrrasafaurslasmmwizageialmSasvasdn

" o dan W 2 ™ = L a 5 & .
nanladuiu lwmalfududsslfinuesaifinslaians uadadrnavosarfanismivla
msﬁﬂ%’uﬁwmﬁ%msmoﬁuq

= v & g e A ar *
mmmmznomnm‘lmu’l%qaﬂ’:’mmﬁwn@qoq@'lﬂ
ﬂd i i = =
1un'smﬂm1qamuma

7 o A A’ - el o Lo
aaasdsnnmmusiaulatindn I3 snsdsadivuadie
wndmaivasiidwiagrmddmiumsddunala g Suademslszgadldnu §

aNUULUAT LTI BT O B RnuInA N IR EL Y A ResARIUN

Twund 6 ﬁl:Lﬂumiﬂi:qnm‘iﬂﬁ’muﬁamuqmmu%"[uﬁm%ﬁ‘laﬁ
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UNA 6

wr

'nﬁsﬂizqnﬁsxuu AILAN ﬁﬂi%ﬂﬂ%’j%&l%@f

Tsiumit Lﬂun'mJ5:qn@’;‘l‘ﬁ'¢1ué’1¢11n¢1uﬁ1d’aanuuui"a’luﬂ’me‘fuﬁm:umjuuuﬁ
lagssuudsnaniiluszuuuesirunatadodaud (Flexible joint robot arm) [13, 14] law
fanssunuanmafiuisulilageana lummasssilsaadlinmusmmn
fiwaiassuniy laslunmmeassdanaiifiumimasssfiawuiunisinasina nade
'I,ﬁ%'mimm‘mmwL'%'J'faumawama%‘ u.a:uﬁa@mamauﬁammmamgwaomsaan
Li,uu'lum'smam‘ﬁ%’aaamﬂﬁﬂumnuama%p:uaaé’u Wunaieasnssuaasdilanyuen
wilead Lﬁaﬁazmﬁawmmumaq's:wmuquﬁmmmmusquvl@m:fl’mﬁUumﬁm
gadnaaad uazlinnuswinweiandnas  adwsisiann winnuswidiees
TﬂUm‘lﬁmnﬁ%n'ﬁs:QmWﬁﬁﬁLmai'ﬁauam‘l’i’luuwﬁ 4 nazynlvnsesnuuuszuilden
wirdiaaiasiulnfidsonudfinaunntudnday m‘samé‘ﬁmsmamuﬁmlugﬂ 6.11u
3ﬂﬁ 6.2 L]"Jumwmuqﬂnmfa‘%\aﬁ‘lﬁlum‘smaao

Fawer Supply
and PWHM

//j___—/": Potentiometer

él/ Flexible Joint —

2= Decoder,A/D,D/A PC
T Circuit

aaaaaaa

U7 6.1 uxasmMifaasgunintlunismesas
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37 6.2 aunsalniivasastaudiansuauszeeane W% Mlmowamaiiumss

s

Fyqnuaundueiiu ISA Slot [15) Tufinnn 0.4 Jwd lduammenasdaguf 6.3 uas

oW

= o -~ '
gﬂ'ﬂ 6.4 31]14 6.3 LEAINANINARW YT ULHIURYTIOUS ITWINNMIAIVANUDL GFPID
c; o - | o~ -:I Tr R 4 u:
ﬂmLav.au.a:anaemﬁmwnnQum’mmmmngmﬂhnuaQlumﬂq@mwmmm‘lﬂ
ApmInuaNuUY NasangL (Phase-locked loop, pil) uazdtuuuilodiaadia (PID) @1
= e Pugs. g
WA ILOIN T luniae

FIATUMII I L8R
Kp=05 Ki=0.1, Kd =01, T = .07 sec

FTy GFPID
Kp =01 Ki=01 Kd=0.1, K = 1, KuPl = 0.1, KuPD=0.2, L=5, T = 0.07 sec

Fmivnenngaangy (ifurveseursan)

K¢ = 0.111 V/rad (gain constant for the MC4044 phase detector), R; = 10
MQ, R,=15 MQ. C=01UF (parameter for passive loop fiiter ), K= 1.2
VIV (motor drive gain), K, = 1569.236 (pulse/rad), K5 = 0.1 (the counter
modulus 100)
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——
600 Q;Qna@-ww | —— GFPID

PM 400 - —— pid |
!
!
200 i — pll '
i e
0 A e Wt B B A e s
1 21 a1 61

discrete-time®

3Uf 6.3 WisAnuiFnsuuy GFPID AUATnangw PID ua: PLLALSIuTu

800
800 f —— GFPID_load
M 400 — Pid_load
200 R pll_load
0 | -

1 30 59 88

discrete-time

o e - - o Pe "
U 6.4 \lumsiRunTsz 2 kg 1 sz luynsfidsasmszsumuanal3on

NITUAT
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nneamInasassaaszlaziuldd orPp lufidufwmlausAt PD lu
- o B o A% A4 o [ PP L e
wmidonuliiaaauauadiniifuuy PLL F9ituuy PLL iluitAvinanauauafia
. ' o P A = -
ldnanme steady state aglsiony asnnisruniwsasadSidadunnzu sl
Lo o HJ [ [ = .
auaunr - Mlddemsausuny lunsdifuilunisruniuadreaunnderinlilugae
srmzesdnAamnsuiauesdygm Wi GEPID srlddmmteaiminiugud
o o 1 a o .
manzaudmiuuy  udlunsdiifiansTuniuadWIkuT  (strong  disturbance, not
o i ¥ et .d A L '
perturbation) wﬂﬂm@naﬂunwiﬂauQuLﬂaﬁmummmﬂ‘smﬂauu@mm‘lm (self-tuning)
o ol i ~g aal . . . o “ w ¥
183313TNTuLY GA AlFMTWIFMIULY “off-line” optimization a4 wuy “on-line” T8
ot »~ v g o
uanus Waunywida llanmmasasiaus 1iluuni 7

-’
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UNNn 7

nna§ﬂ

o L - P ] - = o b
Tuawddnil nIdsvdpnsdiualfgudmnnliveinmaluguaaniavildaay

(=) At 0 : - o ; L
Fnaugmans nsireesrauazmmasasdlilAunsdunnivssmnlsgndliinume
L3 -l = ] L3 1 1 A [ "
dwminvauanudlunaafenfivasmuoudiadadends  valbfsanuansalu

. ar o ] ' el e 2 =
myUszynéldruiumsiuniouiusudiadoufivu 9 laslfavauanudmaluszuy
A W ol W Lo Lo 98 i
AlFar i (actuator) a10ta 3 IWT IdMaLuUN TTURRALLAZATELEA T

FMIDNIATUANEURIIUN IMeugasliinlunséansnauasmImaasi
Wadnin (8, 10, 17, 22] 'l@TLLamﬂ’numu‘ﬁn'l,un'rsﬂ'mqmﬁ’\l.mﬁwaas:uumu*qu
A‘ ar L "IN [ - ﬂl L 1 e [=% [

WUl FPID uu.mu.arnmW'mmﬂa‘?ﬂ‘ﬁ'lumsmuqumnmw:‘lmmmuaaawﬂaaognn

Ay wadsmadFumidunuivnldluvueadoinuleslisn

o a AN w L o =l '
ninmydhassnsesinlddmsildnnmsdegndld  6a  Tunmsufuulaouds

Y -l -1} = ] [ = cf
winfiwasiuniauaninititaasfianagn  udagwlifieny anunit 6 Tuns

L 3 gy 1 .A’ =] Y
drzandldnmunaziiuldi dwslaiuwediBmauuy GA war uwuuasdAassInnin
l‘-’l w o b ﬂl’ A" o A L s z r - " Gi.'
minaassnuaz lndidsenuiiasnndadidanesuaious aou lunsldouadees
arsaathwidnldurniumsldnuwedshido  dwessanuamudesmaiusunuuezszh

4
waould (loads)

nmsAmsUidmnnieesuuy GA WumnSuiuy “oftline” duiu fiadl
é’rymvﬂummw?aﬁuvgmumuﬁguun izuu‘mawﬁﬂ:muqﬂmumiﬂ%'umsﬂﬁmas’
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Abstract

This paper presents the design and implementation of a new fuzzy proportional-integration
plus fuzzy proportional-derivative control scheme, named the fuzzy P?ID controlier hereafter,
for controlling the handiebar of a bicycle robot with time-varying load (disturbance). The
fuzzy P'ID controller combines some advantages of the fuzzy Pl controller and the ones of
the fuzzy PD coatroller, which can compensate their individual shortcomings. Detailed design
is described, along with the implementation of the integrated computer-aided designed
bicycle controt system. Functionalty, the controlier is a nonlinear controiler with variable
gains, providing the expected fast response and robustness. Structurally, it is an embedded
version of a conventional Pl controller and a PD controiler, which has an additional fuzzy
. control block, where a switching rule of controt signai is also implemented. Experimental
results show the effectiveness of the new control scheme for controlling the handlebar of a
bicycle robot, built from “off-the-shelf” parts with completely unknown hardware parameters.
Comparison tests among several existing fuzzy controllers as well as the conventional PID
controller have been conducted, so as to evaluate the superior performance of the new
“scheme. This new control scheme can be directly applied to general robotic systems and other
industrial processes under similar physical conditions.

* Corresponding author.
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1. TIntroduction
In the last three decades, fuzz_y fogic controf has evolved as an alternative or complementary to the
conventional control s-trategies ‘in various engineering areas [15], particularly in robotics [5,11,14).
Fuzzy con&o] theory usually provides noniinear controllers that are capable of performing differemt
complex noniinear control actions {2,3], even for uncertain nonlinear systems [7]. Unlike conventional
controls, designing a fuzzy logic controller does not require precise knowledge of the system model
such as the poles and zeroes of the system transfer functions. Imitating the way of human learning, the
teiad error and the rate of the efror are two crucial inputs for the design of such a fuzzy control system.
-

it was reported that PID controllers are still the major controllers used in the industry woday {2]. On
the other hand, it has also been shown that a hybrid scheme of fuzzy control and PID control has
superior performance over individual conventional and fuzzy control algorithins [1,6.10.16]. Motivated
by these facts, in this paper, we design and implement a fuzzy PYD controller, based on the successful
fuzzy Pl controller and fuzzy PD controlier developed earlier by Chen et al {3,4,8]. The fuzzy Pl and
fuzzy PD controliers are derived from a practical approach of a conventional digital Pl and PD
controifers, as shown in Fig 1.

[Place Fig. | near here]

To valtdate the efficiency of the new control scheme under a complex and significantly uncertain
environment, we applied the new algorithm to the control of the handlebar of a bicycle robot driven by
a DC motor, which has completely unknown parameters. The readers are referred to {12,13) for more
detailed theory and design of the “in-house-built” bicycle robot used for the curremt study. In this
paper, our objective is focused on the design and implementation of the new hybrid fuzzy controller.
More specifically, a fuzzy P’ID controtler is introduced, in which a computer-aided control system is
used 10 track a reference input voltage. The aim of control is to achieve simultaneously a fast rise time
and a minimum steady-state error with robustness within an acceptable tolerance, for which it is known
that the fuzzy PD controlier can handle the former while the fuzzy PI controtler can deal wilh the latter.
It is noticed that the fast rise time and robustness are crucial for this bicycle system becaus; the robot
can collide on obstacles if the control action is 100 slow; or even in the case of slight collision it should

be able to seif-adjust the system so as to continue the motion. Zero steady-state error may not be an
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absolutely necessary criterion for this task if the tracking output can be guaranteed to be within an .
acceptable tolerance for the mot#n of the bicycle.

This paper is organized as follows. Section 2 describes the derivation of the fuzzy control law and
the basic framework of the fuzzy PI controtler, inciuding fuzzification, control ruie base establishment,
and deﬁlz:.;.ification. Section 3 provides similar discussion as in Section 2, but for the fuzzy PD
controller. Section 4 then jllustrates the proposed fuzzy P'1D contro! scheme, along with its switching
criteria. Section 3 shows its corresponding hardware implementation and experimental results. Finally,
Section 6 concluds the paper.

2. The Fuzzy Pl Controlier | #

In this section, we briefly describe the design of [he’:.'fuz,zy P1 controller: jts mathematical derivation
and technical aspects. The fuzzy Pl controller is actually a specially-desizned conventional digital
controller. Detailed analysis and derivation of this controller is referred 10 [4].

We first describe the design principle and basic structure of the fuzzy PI controiler. The output of
the digital fuzzy PI controller in the discrete time-domain, as can be easily verified from Fig 2. is given
by

u (7Y =u (AT -T)+ Ky, a0, (AT) {n
where T>0 is the sampling time, Kp and K, are the propertional and integral gains, respectively, and
Kup is a fuzzy control gain to be determined later in the design. In Fig. 2. e(aT) is the tracking error
signal at the n-th sampling time. The fuzzy logic control part has a single output, called the incremental

control output, and is given by

AU (0T = Kpe (nT) + K 80(nT) )
where
supy(ary < ZoLET ;,C‘f(ﬂ?' -N 3)
ey (n7) = e{nT) - ;(n?‘ -7) &)
ep{nT) = e(nT) (3)

Here, Aupi{nT) is the incrementat control output, ep(nT} the error signal, and e {nT) the rate of change

of the error signal.

[Place Fig. 2 near here]
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2.1 Fuzzification

The fuzzy Pl chu’o] part éfnploys two inputs: the tracking error signal (position), €,(nT), and the
rate of change of the error signat (velocity), e,{nT). The fuzzy PI control part has a single output, called
the incremental 'contrdl cutput, and is denoted by Aup,(nT). The input and output membership functions
of the fuzzy PI controller (inside the box of Fig. 2) are shown in Figs. 3 and 4, respectively, where the
constant L > 0 is chosen by the designer and is fixed after being determined.

[Place Figs. 3,4 near here]
2.2 Control Rule Base
tsing the aforementioned membership fun?ions, the following control rules (shown m Table |)

are established for the fuzzy Pl control part. Note that we let the output membership fuactions be

singletons here for the simpticity of design.
In Table 1. e, = r-y is the error; where if r is a constant then e, = €, =0-y =-y isthe rate of the
P Y o Y

error. Here, “Pl-output” is the control output Au(nT), “e,.p” means “position error positive” and “0.p”
means “output positive” etc. Also, “AND” is the Zadeh’s logical “AND.” These four rules together
yield the controt actions for this fuzzy Pt control part {Tablel).
[Place Table 1. near here]
The formulation of these rules can be understoed as follows [4).
Rule 1 (R1): From Table 1, we get e,.p (the error is positive) and ¢,.p (the rate of error is positive}
over the interval of r > y, which controls y to run on the positive direction toward r.
Rele 2 (R2): The system starts to work in the interval where y is uncontrolled climbing nawratty.
Rule 3 (R3): Similar to Rule 2 (R2), when e,.n and e,.p, the system runs freely without controf,
where the system output is coming back by itself toward the setting point.
Rule 4 (R4): I is the inverse control under condition e,.n and ¢,.n, when y passes through r {y >r)
on this interval, so we must control it to tum back toward r.
2.3. Defuzzificarion
in the defuzzification step, the commonly used “centes of mass” formula is employed 1o defuzzify
the incremental control of the fuzzy iogic control part. The defuzzification formuta is

{membership of input x eutput cormesponding ta the membership of input} (6)
Z {membership of input}

SugnT)= z
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For the fuzzy Pl controller, the value-ranges of the two inputs, the emrors, and the rates of change of
the errors, are decomposed into wenty adjacent input-combination regions as shown in Fig. 5 (a). This
figure is understood as follows: We put the membership function of the error signa! over the horizontal
Kiep(nT)-axis, and put the membership function of the rate of change of the error signal over the
vertical Kpu-av(nT)-axis, on Fig. 5. These two membership functions then overlap and form the third-
dimensional picture over the 2-dimensional regions as the top view shown in Fig. 5 (a). When we look
at region I, for example, if we look rightw-ard to the Kigy(nT)-axis, we see the domain {Q,L] and the
membership function (in the third dimension) over [0,L] of the error signal; if we look downward to the
K, e.(nT)axis. we see the domain [-L,0] and the membership function over [-L. 0} of the rate of change
of the error signal. ‘ -

[Place Fig. 5 near here]

The above control rules, (RI}-(R4), along with the chosen membership functions and the
determined regions, are used to generate appropriate fuzzy contro} actions when the error and rate
signals are located within a certain region,

In doing so, we consider the Jocations of the error K,ey(nT) and the rate K e.{nT) in the regions. Let
us look at region 1, for exampie, where e (nT) is in the range [0,L] and &,(nT) in {L,0]. For these two
signals, we have e,.n > 0.5 = ¢,.n . Figure 6 and {(R1) together, where Zadeh’s logical “AND" is used,
lead to { error = e,.n AND rate = e,.n } = min {e,n, e,.n} = e,.n. The rest of the cases are
summarized in Table 2.

[Place Fig. 6 near here)
[Place Table 2 near herg}
it can be verified that the above alre true for the four input combinations labeled Regions {. Thus, in

Regions 1, it follows from the defuzzification formula (6) that

MU gl + s + paUy
My T

Aupf =

4 '??XO'”“‘B,'ﬂXO'Z+ev'”XO'Z+€v'pXU'p
Ay (nT) =~ :

g, hte, -n+e -nte -p
Here, it is important to note that if one follows the above procedure to work through the four
segmenis of Region 1, he will find that all cases give the same result of e,. n. To this ead, we apply 0. p
=L,0.n=-L, 0 z=0, and following the straight line formuias obtained from the geometry of Figs. 3

and 4;
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K e (my+{L
epAp=.L‘.’.2%)_.
- .
AU
Kye,(ay+L
M T
-Ke(m+i
CPr—

where it should be noted that e{(nT) < 0 in Regions [, then we arrive at the following result for the
four segments of regions I:

L[Ke,(nT)+ K e {nT))
2L - Kple (AT

At =

&
Working through all regions in the same way, we obtain the following formulas for the twenty

segions, which can then be reduced into nine formulas:

A, (aT) = LK ea(aT) + K e (A7) in region |
A2~ KAl AnTY)

= 1K, 8,(nT) » Kpe, {AT)] in region [
A2 - & e, (a7

= %[xpe,(n?‘)u] in region 11

= -;-{K,E,(ﬂT)'F‘:] in region [V

= %[erv(nr)_” in region V

= -;-[a'(,e,(n?')—.{] in region VI

= 0 in region VII

= +L in region VIII

= L in region 1X (7}

Finally, it is worthwhile mentioning that the stability of this fuzzy Pl controller has been analyzed,
resufling in a practical and rigorous mathematical condition, in [4].
3. Fuzzy PD Controller
Siﬁilar to the derivation of the fuzzy PI controller discussed in the previous section, the fuzzy PD
controller, shown in Fig. 7, is described by
Upo( AT} = ~tpp (AT = T + K o> Upp(nT) (%)
where K pp is a fuzzy control gain and the incremental control is

Aupp(nTy = Koo (nT) + Ko, (nT) (%)
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Detai} derivation and stability analysis of this controiler is referred to [8].
[Piace Fig. 7hear here]
3.1, Fuzzification.

We fuzzify the P and D compor;ents of the PD controlier individually, in a way simifar to the
fuzziﬁcati;)n of the fuzzy PI controller discussed above. The input and output membership functions of
the PD component are also chosen to.be the same as that shown in Figs. 3 and 4, for simplicity of the
design.

The fuzzy PD controller employs two inputs: the average error signal, e, and the rate of change of
the error signal. ey . The fuzzy PD controlier has a single output, denoted by Alpp()-

¢
3.2 Control Rule Base

Using the chosen membership functions, the foliowing controt rules are established for the fuzzy
PD contrelier. as indicated in Table 3. Here, for simplicity, we use the singleton membership function
for the outputs, as the one shown in Fig. 4. [n Table 3, the rules can be understood as follows:

Rule i (R1): The system starts to work over the interval where y is uncontrelied, climbing naturalty.

Ruie 2 (R2): From Table 2, we get ¢,.p (the error is positive) and e..n (the rate of ervor negative) on
the interval where r > vy, in which the rule controls y to run in the positive direction toward r.

Rule 3 {R3): Under the conditions ep.n and e,.p, the output y passes through r {y > r} on this
intervai, so we must control it to tum back toward r.

Rule 4 (R4): 1t is similar to Rule 1 {(R1}, for ¢,n and e..n, we let the system run frecly without
contrel. The output signal is coming back toward the set-point, so we let it run by isself.

3.3, Defuzzification

In this step, the “center of mass” formula is employed again to defuzzify the incremental control, as
shown in (6).

Now, by applying the values o.p = L, 0.n = -L, 0.z = 0, and the following the straight line formulas
obtained from the geometry of Figs. 3 and 4, we obtain the following nine formulas for the nine

reduced input combination regions similar to Fig. 5(b):

Al (aT) = LK e (nT) - K,e,(nT)] in region a
2A2L - K le, (aT))

LK,e,(nT)-K,e (n7T)] in region b
22 - Ko le (a7l

';‘[—Kde,(nT) + [_] M region ¢
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= %[er,,(nﬂ -1 in region d
-
= %[ﬂK.,;e;(nT) -] in region e
=1 % T ! in region f
] "2—[ yep(n }+ ]
=90 in region g
= -1 in region h
=L in region (0}

4. The Fuzzy P’1D Controller

The proposed Fuzzy P*1D controller is an in‘tégra;gd scheme that combines the fuzzy P and fuzzy
PD control actions, where the advantages of both control actions are utifized 10 compensate and
complement each individual shortcoming.

Based on our long-term experience with these fuzzy Pl and fuzzy PD controllers, we found that the
fuzzy PD controller has faster rise time than the fuzzy Pi controller [22], while the fuzzy Pl controler
posses better steady-state accuracy than the other. In fact, this is clear by inspecting the design
strategies employed in their control rule bases. Hence, it is expected that if these rwo controllers are
combined together in & suitable way, to form a hybrid structure where an appropriate selecting rule is
imposed by switching, then a superior performance over each individual controller may be achieved.
With this concept. the architecture of the new control algorithim is developed, as depicied in Fig. 8,

[Place Fig. 8 near here}

To verify and validate the design, we separate the transient response plane into two shaded areas,
which are the domains for lunching the fuzzy Pi coﬁlrol action and the fuzzy PD conlrol action,
respectively. Conceptually, we assign the boot-up task to the fuzzy PD controller, which is aiso
responsible for bring the output back toward the set-point when the output is beyond the pre-set
overshoot limit. The fuzzy Pl control, on the other hand, is selected as a second pilot t¢ drive the
process output t¢ be within the given tolerance limit, near a certain percentage of the desired steady-
state value. The transition point depends on the designer and the process to be controlled.

Since these two individual controllet-'s guarantee their local stability, by the smali gain theorem as
studied in [4] and [8], the operations are stable after choosing the gains that satisfy the stability criteria
locally but for all times expect at the switching points, With this in mind, we consider only the stability

at the switching points. Utilizing the error-phase plane shown in Figs. 5, we can visualize a principle
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for designing the switching rule in the following way: if we consider the areas inside the two phase
planes as the attraction regiond in the sense of bounded input and bounded output (BIBO) stability
{4,8], then at the switching point (see Fig. 9) the change of the control energy at the transition benween
the two situations must be bounded even though it is inherently discontinuous, Based upon this fact, we
must enforce a bounded control transition between the two controliers. In other words, at a switching
point, the control energy using by the fuzzy PI controller must be less than that by the fuzzy PD
controfler.
[Place Fig. 9 near here]

By inspection of {7) for region “[" and {10) for regior “a” and with the visual aid of Fig. 9, we can
*
see that it KOVK[T KD KEP, KPle, (nT)R2L , and K™|e, (ATH(2L . then an energy

criterion is met. though at a conservative level. Hereafler, we use superscript to indicate which gain
belongs to which controller. Substituting these conditions into those equations in {7) and (10) in the

specified regions 1 and “a,” then with a little algebra we <c¢an  show that

llaupf(n?')nz < ”AUPD(RT)”Z. Simtlarly, by using the same equations and repeating the same gn
regions *1I7 and “b,” we can also see that if 1‘(50)/(;0‘r . Kp'p‘r)ifg‘o, Kf‘"ep(n?“)'({ZL and

K:o"lep(nT)‘((ZL . then a similar criterion for bounded controt energy is obtained. We now summarize

the above analysis and state the switching criteria as follows.

A selector is said to be sufficiently satisfied the bounded conditions in changing controi inputs at
the transition point or switching point between the fuzzy PD to fuzzy Pl conwrollers, if the following
criteria are met:

{a) Al 2ains satisfy the smat! gain theorem, as specified in [4] and [8].
OV ¢4

@ KK

) KPle, (nTI2L ,and K7 |e, (aT 2L

) K les(nT 2L L and K7 |e, (T 2L,

If these five conditions are met, the bounded trajectory confined in the error-phase planes before/at/

after the transition period between the two pianes (shown in Fig. 9) will be guaranteed. Note that
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condition (a) guarantees the local stability during operation by individual controller, and conditions (b)-
(f) are used to gugranteed the‘stabi%ity of the selector at the switching times. Note also that the
ingqualities in (d) and {f) can be used to calculate the switching times using the sampling outbuts
corresponding to the two sampling times. The error and thé rate of error can be obtained by measuring
data from tt;e experiment and by using equations in (4) and (5).

We will use the above-derived criteria to design a set of control parameters for the proposed control

scheme when it is applied to the handiebar of a bicycle robot in the next section.

5. Hardware Setup and Experiment
p

The apparatus used in this experiment, as shown in Figs. 10 and 11, consists of a DC motor
connected to the tuming unit of a bicycle robot [12,13]. The handlebar of the robot is hanging with a
plastic bottle filled with water at one end emulating disturbance loads.

{Place Fig. 10 near here]
[Ptace Fig. 11 near here]

Since we use an “off-the-shelf” motor, all the parameters of the platform are completely unknown.
This motor has a built-in plastic gear, which can be considered as a flexible joint. The sensing
apparatus in the feedback loop is a potentiometer and an Analog-to-Digital (A/D) converter. The output
apparatus consists of a Digital-to-Analog (D/A) converter. a Pulse- Width-Modutation (PWiM) circuit, a
power amplifier, and a DC servomotor. All electronic circuits and mechanical parts used are “in-house-

]

building,” prototyped by the authors.

Since the experiment is focused on the computer-aided controt sysiem, not on the robotic machine,
the fuzzy P’ID controller is performed on computer via software implementation. The computer used in
this experiment is a 300MHz AMD K6-2 computer running on the Windows ME operating system.
The computer program is written in Turbo C++ version 3.0. The 1SA slots No.0308h, No.030%,
No.030Ah [9) are used as ports.

This experiment is set up to partially simulate the situation when the robot bicycle is rolling along a
rough road, with uncertain ground disturbances. These effecis could disturb the whole dynamic system,

including the handiebar of the robot bicycle. To simulate this environment, we used a plastic bottle

filled with water at one end and hang it on the handlebar to generate the disturbance input during the
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experiment (see Fig. 11}. We also experimented the case of a bigger disturbance abruptly hitting the
handlebar, through impulsive hi% onto the handlebar by human hand.

Performance evaluation was carried out via a2 comparison study for the proposed control scheme
and some other existing control schemes, such as the individual fuzzy PI contfol, fuzzy PD control, and
convention;al PID controt algorithms. Figures 12 and 13 show the experimentat results. [n Fig, 12, the
foliowing control gains were determined by trial-and-error testing. For the conventional PID control,
Kp=20, Ki=0.1, Kd=3. This set of PID gains was obtained by fine-tuning several times till we got the
best possibie results for a fair comparison. For fuzzy Pl control, Kp = 1, Ki=l, Kupi=i, and L=100;
whereas for the fuzzy PD control, Kp=10, Kd=0.1, Kupd=1, and L=100. The new fuzzy P’ID control

-
scheme has the same parameters as the cases of the two individual fuzzy Pl and fuzzy PD controllers.
We had no difficulty about tuning these fuzzy controllers because we selected the gains based upon the
criteriz given and discussed in the previous section. We set the sampling time to T=0.1 sec_ for all
cases. The switching instant between the fuzzy Pl and fuzzy PD controllers in the fuzzy PYID scheme
was set at the point of 5% off the set-point.

It is important to note that each step of the position was set according to the mapping vollage into
the new positioning unit. The designer can change this as desired. In this experiment, we mapped 0-5
voltages into 0-235 steps corresponding to an 8-bit representation, according to the limitation of the
physical structure of the handiebar. Note also that the initial positicn was nol at O but was at around the
90th step, 10 simulate the real situation when the robot bicycle was in operation. The controt signal
herein is the one measured at the output from the computer before it was feiched to the PWM circuit,
which may be alternatively imptemented by using an 89C803 | microcontroller. Note moreover that the
x-axes in Figs. 12-15 are recorded by using the sampling step of 10 msec for each step, which can be
easily converted by using this scaling factor.

According to Fig. 12, the fuzzy P*1D controller shows superior performance in many aspects over
the other competitors in comparison. Figure 13 shows the tracking error signals corresponding to Fig.
12. The individual fuzzy Pi controller ranks the third in performance for steady-state tracking but it has
no overshoot, and the second is the individual fuzzy PD controlier scheme, which however has some
overshoot. For the rise time comparison, the fuzzy PD controlier is the second, followed by the fuzzy
PI controiier. The conventional PID controtler, however, is the worst one in both rise time and settling

time. Note again that steady-state error-free is not a critical point for this test on bicycle motion since
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for which the rise time and the settling time are more important. If the tracking is within the acceptable
tolerance limits and within the réfuired setrling time for controlling the balance of the bicycie, then the
controt scheme can be used to serve the purpose.
 [Place Fig. 12 near here]
[Place Fig. {3 near here]

Two remarks are in order: Fir;t, ali control schemes can cope with external uncertainties (generated
by the bottle filled with water hung at the handlebar) te some extent. Second, the conventional PID
control scheme has the worst overshoot due to its linear control actions on this highly nonlinear and
uncertair mechanical system. in addition, its initial position was set 1o start up around 10 steps higher

o

than that of the other fuzzy control systems. Apparently, this means that the conventional PID has a
rise-time response far pehind the fuzzy controtlers. However, the conventional PID controller can still
be used to operate the control of the handlebar of the robot bicycle. This implies that the plant might
actually have some significant finear features, at least within the bounded signaling ranges.
Nevertheless, there is no guarantee for the strong disturbance cases where the linear P1D controller can
be tolerated to work as good as the other contrellers. Note that the time for controtling the robot bicvele
so that it does not fall onto the ground is only | sec.; otherwise the bicycle cannot be balanced. The
controller’s action must be fast enough to cope with this very critical situation.

Figure 14 shows the control input of the proposed fuzzy P*ID control scheme, corresponding to Fig.
I2. The solid line represents control input of the controller, in which there is one part generated by the
fuzzy PD unit and the rest by the fuzzy Pl unit, in accordance with the designed switching point. As
can be seen from the figure, the control input of the proposed control scheme is bounded and less than
the one of the individual fuzzy PD controlier.

[Place Fig. 14 near here]

In Fig. 15, the control gains remain the same as those in Fig 12. [n this test, we wanted 10 compare
the robustness performance between the proposed control scheme and the conventional PID controller.
This case is emuiated when strong impulsive disturbance was applied to the handlebar of the robot
bicycle from human-hand pu;hing. In the experiment, as shown in Fig. |5, we abruptly pushed the
handlebar at some discrete time, roughly around the 800-th step, to move it away from ‘the set-point,
We found that the two contrel schemes are adequately robust to regulate the tracking, driving the

handlebar back to the set-point in less than 1 sec. Stili, the fuzzy controtlers have better transient and
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steady-state responses than the conventional controtler. Notice also that the switching between the
fuzzy PD and fuzzy PI controlle within the new scheme is smooth, The new control scheme is proved
effective and also easy to design, in accordance with the given criteria in Section 4, and can be
alternatively used to substitute the conventional PID control in systems like this robot bicycle that have
highty non-linea:ity as well as uncertainties, once again verifying the reports of {7, 10].

[Place Fig. 15 near here]

6. Conclusions

We have described a new fuzzy P’ID controller designed by suitably integrated the individual

-

fuzzy Pt and fuzzy PD controtlers with a switching rule. We have also reported our real performance
evaluation and comparison, and summarized its merits and drawbacks as compared 10 the other
comparable fuzzy and conventional PiD-type controlters. It turns out that this new control scheme has
superior performance over all its competitors, including the individual fuzzy Pl and fuzzy PD
controllers as well as the conventional PID controller. An additionat finding is that aithough all these
control schemes are robust to sonte extent in the presence of uncertainties, unknown parameters, and
input disturbances, and yet the new scheme js overall the best among them.

Although our experimental results show the effectiveness and superior performance of the aew
controller, its online adaptive feature has not yet been carefuily investigated. This powerful fealure

should be further evaluated and upgraded in the new contrel scheme, thereby making it an even more

powerful hybrid controfier for real engineering applications.
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