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Robust Controller Design for Non-square Linear Systems
Using a Passivation Approach
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Abstract : We present a state-space approach to design a passivity-based dynamic output feedback control of a finite collection of

non-square lincar systems. We first determine a squaring gain matrix and an additional dynamics that is connected to the systems in a

feedforward way, then a static passivating (i.e. rendering passive) control law is designed. Consequently, the actual feedback controller
will be the static control law combined with the feedforward dynamics. A necessary and sufficient condition for the existence of the

parallel feedforward compensator (PFC) is given by the static output feedback formulation, which enables to utilize linear matrix

inequality (LMI). The effectiveness of the proposed method is illustrated by some examples including the systems which can be

stabilized by the proprotional-derivative (PD) control law.

Keywords : (feedback) passivity, simultancous stabilization, non-square system, parallel feedforward compensation, static output feedback

L A2
3 A)Z:El(passive systems) ©]22 Aoj7] AA 2 H=
) Sl 9101 Tk S B A 2k (15,
F4dof| v)ukgl Ao 7](passivity-based controller)e] F¥ %4
Z s Ao 2782 Mo]z Alz=go] 7FelaKrobust) <F
AL Ay Aot} [4]. 3HH FEF o)A &L Al~H
o taix= el A E?SH T-&3Hpassivatiom)d 4= Q1
i, 71 HaFEERAL i Alzge] Fozl &
sl At Z(relative degree) 1S 71X oF8 HA YA+
(weakly minimum phase)o|&l= Zolt} [1]. 28y B2 A
2ol A o] 2AEL WEHEA] gon, o)#st :1L7‘2—‘1°]
FAE THe7] gk drEol dalA s} (3] A &
[BollA A W o] BYF Je(state) FHE AME3}A
AlzRle] Fold &3E et ged wisl, ¥
7|(Parallel Feedforward Compensator, PFC)& A}-8-3 }—
3} 7hge Aadle] 39 ANUE nefehs WHoIT (6
CE WU R Ae RS 95 4 el 4
19 2z fgoleke B 2AS VRAIIRS HAE
ISR el SAE Az Aag o & % el
L 29 ARG o8 & gloms 23 AR Ao
o) Qo] ther 43} WS Hls) g Adc,
A8 Al8w(Linear Time-Invariant, LTI) A]~€ojx 94
Sl = Ad(strict  passivity) S QAT kAl(Strictly  Positive
Real, SPR)# 752 elelolc (8, O 418 Al Al2elol
ME A1 oSSl £EE WHe FgAlel s¥
A8 o)(Simple  Adaptive Control, SAC)olA] A1ZE]9)
o} (10, 11]. TE2A8-Ao(SAC) 71H-& Ao t/d Al2=Flo]

"J
-l> HI
= o ok K rg

1 o R )

o_>L "0

=g 0 2002, 6. 18, AEEA 2002, 9. 2.
£99) : Folthsha A7) FE TR
(yson@controlbusters.com)
# o] TE-£ 20028 % FolhEtul She - ul (2l W BA el 9
shel AL

489 4 glev, tld ZAET} ASPROJA] L 7
2o sl Bar-KanayE &0z WE wAV|E o)Ly
ASPRE WI=& WS ARBIAT (10]. (Al2F 0] ASPR"]
2= A A EEAE (Static Output Feedback, SOF)-&
2z PAZ FASPRIZ ubE & A
ggitk) e AR BHE B H W) v Foix
V\Eélg Hdste Xﬂoi/] AE=(AE) H(s 9 AF
e HS Aolgt o] WE &Y AF o3} AoriE
aly gefokste ©go] vk AE AlEWH AlzEe] digt
oE dAER (6, 12]94] 2& 4 ok
T, FEAE Y& A7t e Anlsquare) Al
ol sl Feojear, 9] JdgE ARE GA BF A
Al z=Elol) g Rojtt o]o] thllA - FEE(sensor-rich
flexible structures)™ 7+ H] YK non-square) A]AEle] oijsl]
Ao A2wle] &3] ksl 3 2(squaring matrix)S F3F
oM 2YE FESEAE AT LAH S (2
[13-16]). ©] & [14]5 AlL3laeE 25 it A)~E o)
"J“éo}ﬂ‘)r, 2 rE N2ERkE ORD Q. WE
BANE &S R Alzgle] gl disk g vt
[14]014 Thol i Aet, BWE Bdv|el sl d-s FA
of AAsfoF sle v AlzHle] £53) Aojr] AL
Hot AAHoZ sj7= oo} .
& Rl ATl A7) et 2 63 S8
e AlEw Az tisted WE HAb| 9 Ak 34
AAlSR= W& AL o] W ot Al2Ele 2Tt %‘
te] Al2sg] FgelH, o7& shie] MY mAv|E
Al e A2HES F£F53F (52 HHsheke A4
t}. FA] QFA3Ksimultaneous stabilization)@} o] tle] A)
2xgllel] Y& @ Aler|E PAEskE Ale Al A7
A Bokol glo} F23F ®A|olT} [17-20].
AAAER e AAletr] At R FARA f2ls V&

m[o o

)

oft o



908

o] AgE: AW A, T ‘% 2 (Multi-Input  Multi-
FRHQ dagFol
Zo] e de &3t n Xo”i?P—E TAE gt
1, B8 BAvle] A5E Ui A" 4" Aeet
dstA Fgozm WY d48 Alado] A A5 18
A7 Pelnormal form)E GA ¥lE F S-S B
. oo R HAHEHYIHSOF) <Hgst 7IEE ARESte
wA7Ieh sl de] dA HHE Al ol
3 g RS ALM)E 22 FX 3 WHE AR
o Alz=Ele) & AE Alojrlel ik A Eglol
71e} ksl PES 5’\]"“ gtk
2R AN2AEE HRE B2 A4 A=EES A
Yk} El(generalized) 4% % }XI TEAolnt. w3, 1
A2 AR AHojr)e 7)1EFH o ulE-u|E(Proportional
-Derivative, PD) AJoJ7]o]t} [4]. o]9} 2 FAloA 1
HA718 Fal v]EdE dAlske dv= [10]9A 13}3
A3, B AFoMe ¥E ®WAV|7L g 2L AE 7
= A%l A" 53 el PD Ao]7]] vEhE of
=

ol

HL

x

s

30

of y B ofk LW di i g
mE i)

R

o:

Ak A WRer 88 & USS d =
AdskaAck

=8 7L v D} b FellAde =felA o
g FAE sty 47 dueFos AHE FHEHA
g daeElES NS WE BA7IeL Al fEe 3
ZollA AABIHAL 4 E FAH AE Tl Xﬂ"*
g Aoly) dAEe dgeiink ~6] 4389
Aojzlel dg Hgoez dF =3 "“ﬂi}ﬂ =1

9g oRt =8 w 98 A9l g
Al 2 BASEL L8

#1 Al2E B
Z ESo)gi(singular value)
nxn DLYPFE i

. 2 Heo| 2 7|2 Hels
B =RdMe ey 2o 58HEe 9 Ay F
ol thele} B ASNE BU (BA) FEHEE 2
s BAZ Oeth o W AZRES Al Arelaive
degree)7} 1T} Z A HI-H4 $4Knon-minimum phase)o}
o, £8 FHgo] &3 7led A9E A4

(5): = A;x;+B;u; x,€R" u,eR”

yi= Cix; y.€R’ M
A AN mE Ak wE Ao} U v s
o] &gl (& z—l ..... r). dHI 9] A7t BE
o, Al2E (1) AiGquare)olz} st a%A] #2 B¢

(& m*p)Y o, v Hnon-square)olfal Fitt.
Alz=8ll (1)el] thal olefet o] 7HAgtt
7R 1 AlzEl (D) dis] 4&EE P™-E] § GBi=A4
2 AdFSIG (1 <i< 7).
ot 10 A1 1ol uEsEE A9E $4 &9 e
B =254 A S & Ao (17, 18, 201 dE E
Alzgle] BEaddo] AlzE HFH A, St Yehdth

_%

KOt - TtS3t - AIAEZS =2X1 Hl 8 & M 11 22002.

B;=Bolz C,=Coluz 7}#o] AY3Ic} w3 Al
ol ols) Akl A47) 2 olgelehd
54 Hch
A% AR Azdle) B9 A5 thshale A
< 7HAE &8 Agel o3 JAS
2= 2 s S Qlt} [21, Remark 4.1]. o] w A]
7o) Az 4% A (Almost Strictly Passive, ASP)©]
Adoletghe o] GY w9 Al
£ 2(zero dynamics)o] HEEE SEdhar, Al (Dol oh
4 Al 24Ut 19 A 99 CB) 3w Ygeln
A wjolch [1). wlsl Alzd (o] dAes A
A4} 1k 2 HiFs SaelEa A Adel ol
Ak $E91D % Gtk 2008 A4 59 39 A
ol 24 JPsd u) - Alzde] Z2ol AU wAE Bl
£498 97 93 Whlol 17 10048} o] WA mA
& AMgstE Roltk [6, 7, 10-12]. ERE 75 Al&E o]
%

e
e
LY
b

off [y A
| a2 ol

AzEe] gEEe gt & o) AelxEz
Ik Alzdle] disiMe &3] AeE JE 2A v
o] F= s} Y H(squaring matrix)S F-3oF It (2
29} Nefl &)

B =2oAE 479 A2HE (D] dsiA thea 2o
aGd WE ®BiY) (V) 9 A3 @38 NeR™E AA

Sod, 3 AP ARe AxdSo] wiold ¥R

A9 A F59E UES Ik

r°1'

(V):{ 7 =Ep+Mu, 7€R™ usR™
v,= Ly, v,€R” 2

29 29} o] Wal AT A28 AL T Rk

[3) =08 20050+ L5

y, = [NC L]( ;) i=1,...7 3)

o] wl, F7HAR1 A=E (V) ¢ Folxl Alz=He] {l¥Ee
72 AE VY (5, peR™). $oF 87 AjLH
S 9)8-x}4(input-dimensional) A]2Elolg} H-=7]|= 3ch
A28 (3)0] A 2 1g 2] SRt HE L3t Me
e AztE, dvtEo R Alxg] (2)9f xiglo] AlxH
(2] YHE-2rRTE AAY Zolo} girh B =RAX = Al
25 )] A4E 2 F 7P BE Aoz Mddgith

“ P(s)
Y Ya
29 1 @R 1Y
Fig. 1. Feedforward compensation.
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Fig. 2. Parallel connection for non-square systems.
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