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ABSTRACT

This paper is concerned with the theoretical estimation of the single-input single-output(SISO)
positive position feedback(PPF) controller and the derivation of the stability conditions for the
multi-input multi-output (MIMO) PPF controller. Although the stability condition for the SISO PPF
controller was derived in the earlier works, the question regarding the performance estimation of the
SISO PPF controller has never been studied theoretically, Hence, the SISO PPF controller for the
single degree-of-freedom system was first investigated and then control parameters including gain,
the filter frequency, and the damping factor of the PPF controller were analyzed in detail thus
providing the design methodology for the SISO PPF controller. In the case of real structure, there are
infinite number of natural modes so that some modes are to be controlled by a limited number of
actuator and sensor. Based on the theoretical results on the SISO PPF controller, the stability
condition for the multi-input multi-output PPF controller was derived when only the few number of
modes are to be controlled. The control spillover problem is also discussed in detail.

o AFEEY FER
=

[

1. M

EAoE 4FHeR A

ASTtZEY FEAAN JoAM FHEYAA AXA
ol ZABY ggst Aojrizt dAE &EHY
AR 1 F A& aFHANA AFE B e
A717F Fe WY =HHA(postive position feed-
back, PPF) #|o}7]o|t},

PPF A©17]1= Fanson and Caughey'"7} A|tat

T AYAR AR Y, Ty J)AFES
E-mail : kwakm@dgu.edu.ackr
Tel : (02) 2260-3705, Fax : (02) 2263-9379
* A, Addistn 7AAEEE Y
A38]9), Univ. of Nevada, Reno 71723}

L5329tk I olfE AlN7IE olERI IEER
‘I:’rif}?ﬂ 78 4 YT yAE YaEe R W
& Afdx o2 gy vE 7estA A

g Ao71& HAT & 7] dEeltk E3 Ao}

A 3 AFEREE A™EEA Ao@ § 9o o

g AFHEEE ESASA =& Spillover

fol YElA] ¥tk PPF AMoj7|E o4& B2

AT7E F Baz” V59 ATE IAREA o

gt EATREY AF5E A 9% %}7&

Ay #5718 Fobed o &AF7E AR

Aol71HLEE independent modal space control

(IMSC) @l A3ty 7z} REE Aol3= modal

positive position feedback A7 1WE& A3

=22/4 143 A 33, 20049



FHS HHY A7 HAA, Ao

e B AA BH
E—— S—— A —— RE——

denoyer and kwak”& $]ZBd] ¥ MIMO PPF
A o7l ALEAE =8lgon oj9jd PPF Aoj7]E
AZEA 48 g2 a7dzdst Az, PPF
Aol718 F8% FTAF FTY I ZHEAE 4
Aze g #as Bae 83 s g oo

H AdFore= Fanson and Caughey’l fF=8¢
¢ A23 (single-input single-output, SISO) PPF
Ae718 MAxAE M, © delrtA SISO
PPF Alo}7]9] ol&, ¥¥ Fubg, Azl o3t
HFE NLHY T3 EA4Z AR o9 22
o] AIE ulgoZ SISO PPF Ao}719) A u
HE AN,

$27t AojgtiAsle FRES R
T EZE 7Ttk webAd A
#5718 7N B Y IRHAFTEE Aol
T e £ dFodA e 2 Jie] REE PPF Ao}
712 Adde A% udF &8 (multi-input
multi-output, MIMO) PPF Ajoj7|E &3}
MIMO PPF #1719 AA 9 A =48
=Rtk 3 MIMO PPF Al971E AAISE A
o 3= FAHE AT,

}

g

3+& o)

pad

9
Z

F54 L=}
o
e

Ho Ho

al
_

2. SISO PPF M0{712 oh=A 2 Mol 5

0x

SISO PPF Alo7I7t 94€ dAHE HAFAd
HE FEHAALE e gol x¥a
a+2tw,q+ via= g f+ id
428 0,7+ 0 f= galq (la,b)
A714 g dARE JASAY HAE Jepiw,
fe PPF Aojzdg yehdd. {, 0,= 1549

24 ARt TpAFFeIH Ly @ps PPF Ao}
o) 72U el Fog vedt gt oS¢
Yehlisl d& 95 @S vepdch R ue] of
3 AFIH Ui AEPFE festd o 2k

Q(s) _ (SZ+2§f(1)fs+ wﬁ’)a)zn

Gls)= D(s) det(s)

(2)
4714

det(s)=5'+2(Lw,+ tw)s

o

+ (% + a)2f+4é‘§,w,,w,)sz

+20,0fo+ Lw,) s+ ok oi(1—g%)

o] AlzHd tha] Routh-Hurwitz 2742 243}
WR2AE FTd HE iR e At fedn

REA

<1 (3)

wetA PPE Alo7lE AAAEA 0] BAEGY &
& Q) &, AL Ford] AFEgle] L2A o]
Sl g&3= AE & & Ak GEA o5& 3
shH A o] 24 RAYEYy 2E & ok

Fig. 12 SISO PPF Aoj7je HElFus, o
w, o WFE Age] tja FueSEFA] o535
Halo] wel ofEA WaletEA HAFI Q) ol%
of AL A FIAIY THol FolAlE ¥
AFsTEy A2 Fag JAQqxE SHol A
t} o] AL PPF Alo1717t ¥ FagEg 22 9
Aol da] ¥ AR HHYLZ Q& Aol AstH
71 W&ol Jehtes @)tk &, o5& IASH
BA EHEol BRE F Urh

QoA e AEETE A HFEE TYs e
g Bt o8 Y8l s=iw, r=0lo,, P=w/0,E
Z9lshd dgdtae v 2o 2¥E

al
[¢]
2]

w

9 .
Gy = L= 7+ 128 p7)

w 4)

Bodd Diagram

o 3 B 8

Magritude (48)

=03
?=06

3
v

g &
—r

#=09

10’

10°
Frequency (radisec)

Fig. 1 Frequency response plots for closed-loop
system via SISO PPF controller

EE RS

/A 144 A 33, 200413/ 209



5
A
=
O

q7)14

W=[7"—(1+ P2+ 4L, + p*(1— 9]
+ 20 = (&+ e+ (E° + ¢ ) 7]

o 1
281+ £2/48L) (5)

AN AEI paAe] DAL THRY
PPF Aloj7lo] slgh Aex A2 24 A%
&3} Po) B,

rr B

(o=t

uhel {=0.308 83 g=0.1
83 %9 #AAA} E74ET IR AFe] o 1/10
2 Zade AL ¢ & A oA B
A oF 20 dBY Z4AE UeRlA Bk BE o530l
Wltﬂ HEFZ Axge 7T AL 7&

%Z FolAA HAT Ao dHE uie}
XiTJ}—r el Ae] Aojgdsol vuAA drt,

PPF- A718 Hgsied o 7P o8 Fe
HA9 {9 po Mdolth &, PPF Ao]7]9] 74
Azte} HWEFub9 Adﬁolt} oA $-2lE= SISO
PPF #oi71e] "E FR4E 4 Z/4J1F57TN 2
oz #HE Z/MZE F ASS ¢ F AN
39 Z7ke o5& /MR doAS Qs
Aok Z=3, o] ARl E FAAE ol5S
g o & a342 98 F 33T ¢ F U
o, webA A Lol glo} oW {9 p gro
Zelzto] digh o] Fo] wAgt} oo tisirE ¢
g wirb glAT fﬂzﬂﬂ}zl =03¢g BHEFOR *}
£33 gtk I olfE PPF Alol719 417t 90
T He AFE 7‘*2}6] ZAE7) ofr] W H=

fu i

% Ao g T dde dasl Agol
oS ATL A2he A5 FAHEN 25T
Stk o2l A el Al olgdeT 4EE v
7 g7) gl B QAL 2 skx) AeE 79

210/82 280 S3EE =2 /A 1448

4
=
i~

o

Fig. 3 Tuning frequency vs.

B3 4

sl A4S §a) I P FANUIA B
o ol Sl & AFNE o5H Lo met A7
9 BE FA57h ogA WaseA zAbsdEd
Fig. 278 Fig. 4& °15°] 02, 0.3, 042 ¥l o
% F5559349 Aol PPF Aloi719) PeF
shpol weh ol WalsheA BT e Fig
2% ASNE LE AA%T A-e WeFAsE
g b 2 g4 AAE AL F AL T 4
Ak v Ao WE Fu5E A 2ow
28 &7 2 @Y Wut 24 g AAE =
& 9ee ¢ 4 9 Fig 32 U9EM 0|50 =
oz Qs FAEAS AN 44 A}
Adge & F Aok ES =019 At
(=029 A% 238 £ AAE S @

F itk ey s #RolAM ARy (=0.3

- ok

R = =] =

30F

Clnex
8

03

100
0.2

& =01
N " N N " " N
o7 0.75 0.8 085 [12-] 095 1 105 11 115 12
4

Fig. 2 Tuning frequency vs.
ponse (g=0.2)

maximum res-

Glna
I3

0.4

0.3
02

o " A s " A L L e
07 0.75 08 0.85 0.9 095 1 1.05 1.1 115 12
p

maximum res-
ponse (g=0.3)

A 3%, 2004



FHS HEYA A7y A, Aol s H LA IH

of 23lel AUAY 4 ULT L 4 AUk Fig 42
ATEE o5& 7goeA AW 7H TH}

08 ¢ 4 A o7NE §=030) HE F
o ZHE B2 ¢ 4 ded e ForE Oy 2
FAES DA REY 2B A5 BARS @
F siek oI5e) ol A Fig 194 ¢ 4 oL
Sol gy TRASFETY e FAs gioelAe)
Aol BT B 033 g-0.30] 33
g golgky 28 + Utk

SISO PPF AS1e] #¥irs AT 3
gEo 5UFS ¢ 4 YU 1 HEAES Ann
B AR §2 Gelo) B4 Yl nnk 2
Zrg s AEE Ao 8 ¢ & 9t
Wb HFArEe 2 TRUESE ML A5
REAE oY 33 A ged Ty BT
SRR = s o2 o
A o5l 2 A% B3 EeA] vE £

9 B9 FARSE AEA A (abldA
b st el

_,., oft
2 o
tlo

- -{)l

olal g & (la)ell WYshd thast ZE 2o &
T

7+2¢w, g+ t(1— %) g= o’d (8)

W, 9 PPF BE FR5RT 3 o4

1Glnax

03

[ L N L N i M M
07 075 08 085 09 0385 1 1.05 11 145 12

Fig. 4 Tuning frequency vs. maximum res-

ponse (g=04)

o
Hi
IS
ojo
A
o
o1
o
ﬂ
Hu

dgdl Sle I{AE E‘:T‘%—ﬁ— PPF Alo}7]¢] o=
of APl wet LHIFTFIE AstHE AL & F
@t °] A PPF 11]°17l°ﬂ*1 Y= Control
Spillover @4eltt. & tFY=¥ PPF Aj7l& 4
Adte At 1ake IRAFEE PPF Aol7)1&
Aget olhn ¥ AFgFE JHAE AfAETE
o] 7MY Zradne Aotk mEA HAH 4Fe
271 HaMe WA ZARERE PPF A7 4
432 Control Spillover® <18 AAte] Zf{75 &

Tt ¥ss yejsl Axe PPF Al71§ dAZoZ
Aok .
3. MIMO PPF Hoi7]2| MdA  otEY

SISO PPF Aloj7]el digixe ol&dor H2
A7t o] FFHAT MIMO PPF Aloj719) g4
3 AAHA dside =odBurt |tk 53 A
A A7 ZAA7NE T 98 IHFEEE A
olgtiat st 7ol dafiAe A7zt gith &
AToAE ol Hal ZARIE LA gk

e pfe AFRES e Z579 w9
ZAZNE ol &3l AMolgthy sixh o A% 25U

g thest ol 294 & AT
q+2Z282,a+ AN ,q=GA,Q

V+22,9, Q+A4,0=GA,q (9)

o4¢ BAYHE B

|
+[—/cl;'}1,, Sl )=18) ao

o Nz gy

ot o 3Eo]
definiteo]d <tAo} H)

positive
[-Gn, ~
-GA, A,

ool W3t FAEHL thFF o] FEET
(I-GHA,»0 (12)

mebA

GIIolH A2"l2 ¢HAo|n) I8Eg

E/A 144 A 33, 20049/ 211




[ -

9
o ot ot rlo

o
It
i

X

ac+ZZCQC aC+ACqC=Bana
au+22u9u qu+Auqu=Bauva
vszBscqc+Bsuqu
Q.+2Z0, Q.+A.Q.=GA, q,
Ua:B;chAch » 7L‘:'B.;:lvs (13)
A7) ol AR o} w ZZ Alo] A RE9
HAlo] A} REE 72837 Y8 =Y=EAh
4 (13)& #Eg4or sy e 7t

.| 2z, 0 0 4.
Q.1+ 0 2z, 0 Q.1+
e 0 0 22,82, .
Ac - GAC 0 q. 0
—GAC Ac —GACB;lBsu QCJ={0 ] (14)
0 -B,B.AG A, Qu 0

o714 A g 2AL F&3] 98 &S
% ZAA} NE FAR BARGT A1Ysial
o] A% o3 e FAUE AP

B,=B.=B!, B,=BlL=B] (15)

ol AgE PREAL 7o

e 2e ARt SR,

P Agstel

rr

(I-G*~GA_B'B,A;'BIBZTG)A >0 (16)

wolM FERRY HPEAY 4 (12)9 HzsE
A F7Hgel 23 e AL ¢ F AT 1Y
o5 Ho| FE3 ATty I AR THA
SEEE Ao@TishE ALHE Moty wE
T Atk 4 (16X ¢ F A%l IPxAL BH
°olth. & o}53 AF o3 AAd:

4. MIMO PPF HoiZ12} sX]oflx]|

MIMO PPF Alei7]9] Ags AEstz] 3 b
I93 22 2xdg-A%F-9y A29e 1Esignh
o714, AF my ~my= 1ke, I
k ~k= 1KN/m A
001 2 A3t

714 ZAg7Iek ZANE 28RS} 405 Az
F&Eol ot 7HYskAL AAke F IRAFERE

ql

JddeM & & ARl R HAS F A AgE
29 xFo] thF HLHAETES ¢ F St o159
< S7HIAEA BFF AFH 6=0.8/7} He 3
o E¢AAEE & F AT wEA oj5PHo]
FTES FAE Aol Aol BAEES & F Uk

Fig. 72 Aol7t fle %4+ PPF Aoi717F &5
& Ao 2FASHe BAFI St I¥eE

=
5
3
&
T
R
=
&

% .

m my m3 my

e A e Hi
na

AN NN

ANNNNNANAN

=
s
“
w'#
i
<
]
o

10 0
Fraquency (rad/sec)

Fig. 6 Frequency response plots for closed-loop
system ’

2127832 STUSSEHE =2Y/A 144 A 33, 20043




S——

Impuisa Response
Y T T

5 . N . . : N N . \
] 05 1 15 2 25 3 35 4 45 s
Time (ss¢)

Fig. 7 Uncontrolled and controlled impulse res-

ponses
FH PPF Alo7l7} 258 A% S8l wE A%
Wel Zage ¢ 5 ok 23y 2 3R e

.
REE

A7t HA) 7] wEel oz @A "ok
5.8 &

AFAA HA SISO PPFAIl7]9] SHgA¢l
¥32 PPF Al91719] #3QAke} o}53k ¢
AAE A Ee] Ui o4& FEIUTH
L AgAo g AMEElI e PPF Aol7]9] EH
—rJ}-’FQ‘r el ths] 2ARBY PPF Al71&
A Qo) shd g ke AgEsh 18
T "EFuert A4 e IAdesRt & 7
control spillover @4Fo) ¥HAEla] o) 5o %-’F% A
Eo] 4TS o)BFH oz ST

SISO PPF AMoi71& HAl Al2de &35tz 7
¢ AFHOZ AHYY PPF A|o7|e] HelFa4
st ZHANA ) tha) ojEFHeR T ghel BlgEE &
AATh

I =<t dA8% A A" dig SISO PPF Ao
719) ety Zz 7ol AAHUAT thAEA ] MIMO
PPF #lo17]1& F&3l= 249 g2 disire

Fegurt gloleh B drodis dAfgEA 42
MIMO PPF #1718 &3l Aozt A
So] ¥ dFEASE FE3AT 1 A MIMO
PPF A|o}7]9] tHzAL HHoln o]5 dHo| 2
S A RFEE HFAE 7 At o) ZH9
B ZALE S8 FAAAde] FYEHIen 3
A4l AFe olE dE3 dXFE AT F Uk

E

N o2
L g
ne
meﬁ
-{0

C

=,
A=

FES =1 Aoirie) A, Aol As R AA N

o

|

% 7l

2 d7e 20028ds et
7] AYLE o] RAXE

SteeaAAg

il

it

&l

Ho

(1) Fanson, J. L. and Caughey, T. K. 1987,
“Positive  Position Feedback Control for Large
Space Structures,” AIAA Journal, Vol. 28, No. 4,
pp. 717~724.

(2) Poh, S. and Baz, A., 1990, “Active Control
of a Flexible Structure Using a Modal Positive
Position Feedback Controller,”
Material Systems and Structures, Vol. 1.

(3) Baz, A, Poh, S. and Fedor, J, 1992,
“Independent Modal Space Confrol with Positive
Position Feedback,” Journal of Dynamic Systems,
Measurement and Control, Vol. 114, pp. 96~103.

(4) Baz, A. and Hong, T. H. 1997, “Adaptive
Control of Flexible Structures Using Modal
Positive Position Feedback,” International Journal
of Adaptive Control and Signal Processing, Vol
11, pp. 231~253.

(6) FHET 1998, “AFFREY FELFAAE
93 o5 PPF #1719k +3 LQG Ao)719 Hla
AT FFAEAETHA=EN, A8 H A 6 &
pp. 1121~1129.

(7) 38, FEH, &2, 2001,

A7 °l
o, T5&
pp. 1007~1013.
(8) AlEl, FHEF, 2000, “FAx ¢aEFE ol
g SERFA 7Y AN 17@. ?&%J_-‘:—L%
g3l =73, A 10 ¥, Xﬂﬁi
(9) 814, =&t 2001, {} g %
& ATTEY PPF Alol7]l HAAIZE ‘:} —’F— &
A" FRAFAFITASE=EY, A 11 A, AL 5
pp. 147~155.

(10) 314, ol$¥, T+ WFd, 2004, "H3F
PPF Ao71E o8-8 AFFxEd AAT 5F53F
Aol FFALAFFH=EH A Y AN4Z A
A A,

Journal of Intelligent

“PZTQ} PPF

2
[

=
°

o]
S5

TSNS =2

/A 14 A A 3%, 2004/ 213



