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. Abstract o
The problem of dcs1gn1ng an ObSCIVCI f01 blhnear multlvariable systems
in the opresence of ynknown dlsturbances is considered, A’ composite
observer is constructed such that it aqymptohcally cst1mates both "system
states and d1sturbance states at ,the same hme A unified control law
consisting of dlsturbance—feedforwzud and staie—feedback is  designed
and its application to the control .of a ‘three~component. distillation

column system is illustrated,

1, Introduchon

In the recent years, thme has boen an incfeéising"interest’ in
the study of bilinear systems control. In particular, the stabilization
of a bilinear system by quadratic state feedback has been considered
by Gutman (1981) and Jacobsos (1977). As the linear system, if
the state variables of a bilinear system are not gall available, the
use of an observer is indispensable in order to implement g
quadratic state feedback. For this purpose, minimal order state
observers for bilinear systems, whose cstimated error is 1ndep(‘ndent
of inputs, have been found by Hara and Furuta (1976). HOWevcr,ln
order to construyct sych an observer, it is necossary that all system
inputs should be known or measurable. Ip many practical cases
some systew inputs, including system dlsiurbancos, are comp]etely
unknown or unmeasurable. Under this situation, Hara and 1'uruta s
observer is not applicable. It is well known that a disturbénce
feedforward is quite effective to the control of a system, It would

be desirable that some observer can be used to estimgte both states

and disturbances so that state fecdback and disturbance feedforward
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can be realized sxmultaneously ' ) ’ .

In this paper, the problem of designing an observer for bilinear
systems in.the presence of unknown disturbances. is cons1dered A
composite observer is cOnstructed such .. that it asympotohcally
estimates both system states and disturbance states at the same time
and then an unified controller cogsxst;gg of dx,stu;:bance - feedforward
and state - feedback is designed (Section 2). The application of . .the
observer and cogtroller to the control . of 2 t‘hrece-ﬁcoml.)qnent
distillation system is illustrated (Section 3).. '

2 Observer . Desugn

We now consider an n- dxmensxonal bxhnear System 3, with

unmeasutable dxsturbanees

X A°X+ g}a A'u X+BU+FV € 1)
S CX+DV T e et
where XER"; UGR?‘, YCR® and VER' are state, input, output and
disturbance vectors, respectively; It,fi‘Sy;,&S‘Su,mQ(ﬁiffh?t: V. is generated k
by ,‘ | iy
-waxw.ay B
where XW is an nW—dxmensmnaI dxsturbance state vector,’and that V
, consxs‘s of 1, measurable disturbances and I, unmeasurgble éxsturb-
ances, where 1, ¥1, =1, W:thout ‘Toss of generahty, let ¥7 = [V; ' VTZJ
where V, is 1 *dlmenszonal measurable d;sturbance subvector and

V, the all unmaasurables. Then (4) is rewriten’ as b

[]“ C»’,XW | (s

where Cw is the first I, rows of C,,
g 1 .
‘The problem then becomes to fconst‘rucf ‘an “(nf‘+"n‘,,'7¢;15“¥-;-'l,)

-fdimensionai<'sys'texr.1 20 which wiil be represgnted:iby;

=A°Z +. 2 A‘n,Z+ 3 Byt VI ¥+ TU

jw1
W=6z+ﬁch v D

such that it is a composite observer for 2, i.e.,
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A

and independent of U, xo), An<a> and 20, To. thxs vnd i

is row rxf(’ as

X=X 45 T u X + BT (8
‘ it i
Y rﬁx C9)
where :
4. rC
= ' ( :::; }f { { W ]
s (2 (”"”]
0. O C

Let' nens oy, ?v?[::é’fs, “p xf;+f,, ‘ahd iRalﬁ'k (Cy= 2. Then there jg:
& nousinguiar staiﬂ tmmfﬂrmatwn Tintrix T(X TJ{)%; whith’ trang-

forms 2 mto Zp r('pr\“senied by

" INSLRRLLI PO 1S FE S PO VRN
£ = o ~ X+ E N >N § “'}(+ Nl U <10)
A¢, A%, 1 ves A4 B, W '
Y=t~ X o an

=3

: ; A IR S : e
Wher(’,‘, Ay, A, Ady, A"zga J’, and B are 1)Xp,j}><(n--p),

2

(n - 1) ) e p, e ?z - p}x( n - b ), -p>< m and (n,__ p)><m : mgtmces.'
Tnen{ the system 972 wit] have o uuknown ‘ mput By‘wapgiying‘
Hie:r&sult of Hm and B uu!a, (19’1"6) to E;". w‘e. thf%p obtain {he

following.

Theorem .1+ A minimal-~ opdey compmm» observer for b exists

if and ouly if theie is 44 ( P p}'x b matmx i gai';‘sfymga “the
;ollc»wnng ‘mo cond:tmm K :

(ﬁ) 4 99 +‘Hl’3 ';?u—()g 2':192",.09?7;

by o4, +HA 3,y e
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- where o(T) denotes the

left half of the complex plane.

set éf all

eigepvalues of T

il (@)

Farthermore

true, the parameter matrices of a minimal ~order obsmwr

mvon b}
Ai =y, P= 1,2, 4m
E’ P[/té; }‘Z/lz‘, 1*1929' 3
Av=Tyg,+ HAY,
BY =HAS, + A3, ~ (A3, +H AV H
7=HE +8,
~ 0 P ,Ip,
= D:
C [In—[‘ }’ [_Z:IJ

and C~

and

the
(by hold
20

is

To further simplify the conditions (4) and (7)), first (a) can

be rewriten-as

HCA Y, Aty dnd=c-Ay =Adpe-An,
[.,ct T, be a nk‘onsingu]ark ﬁntrix Stwh that o

| A Tnedror-e 0
where G, has full ccy)lumn: rka‘nk with ‘Rank (G, )«i an <[A

Z'{’zjzr; postmultiplying (12) by T, yields

IIEGL 0]:‘:01 Qz]
where Q, has the same number of columns as
condition (@) is satisfied ",if and only if

0,=0

that of &,

(12>

~

At

(13)

. Therefore,

'(14)

If it is the case, all solutions can be given in a pammetmc form.

first r

)

Also H can be partitioned as

H=cH, H,)

Since G, has full column rank, its rows can

nonsingular, i. e.
G ( Gy
3, =
| Gay

where G, is nonsingular.

be

“assumed

where H, is the first r columns of H. With (14) holdmg, all

solutions H of (12) can be given by,
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H=0(0,\Gi}~H,G,, Gi1) H,) Cls)

where H, is an arbitrary matrix. Using the condition (b) of
Theorem 1. It follows from (15) that

A9, + HAY, = (A3, +0,Gi1 Al )+ Hy (A0, -Gy, Gi AL D)

where

and AY%,, has r rows. Let
~ lN
Q= A}, +0, Gl 4},

~ ~
— -1 0
GhA?ZZ—GZIGII’AIZI

Then it follows from well ~know pole assignment theory that the
following holds.

Theorem 2 The conditions (¢) and (b)) of Theorem | hold if
and only if (14) is satisfied and (Q,G) is a detectable pair. Further-
more, all eigenvalues of the observer can be arbitrarily assigned
if and only ifv(Q,G) is an observable pair.

For a bilinear system 3, given by (1) to (4), if X and Xy, are
all available, then a controller, which uses all available plant
informations as its inputs, will have the form

U =Fy(X) +Fy(Xy) (16)
where Fy(X) is feedback control part and F,, (X,,) is [ecdforword
control part. For the feedback part Fx (X), it has been shown by
Jacobson (1977) and Gutman (1981) that if A° has no eigenvalue in
the right-half plane, the following quadratic state feedback
control law will stabilize the system 3.

;= — (A X +b,)TPX, i=1,2,,m (17)
where b; is the ith column of B and P is a symmetric and positive
dcfinite solution of the following cquation

PA® + (A°)TP= - (18)
with Q being arbitrary positive definite matrix.

For the feedforward contol part Fy (Xp), if D=9 for X, we

will determine the following control law
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U=KpXx TNt (19)
such that disturbance state Xy has no effect on . the system state X
This means that T foad !
' (A X +by AKX +by - A"X0, 0Ky +,,FCW =0
which has a solution for Ky if and only if
rankCA X +b,  AX +b, - A"X +b,3
= rank[AlX‘“‘,"bx A2X+bz'--/1"f'~Xﬁ+b.‘n FCw’J SREAS (‘420)
for all X. ‘
. If X and Xy are not all ava11ab1e, they can :be replaced by
their . estlmates which are ob@tamed by a: composite ,observer
‘discussed in the last section. | '
. : Appheatlon :
In this section, the apphcatxon, of the observer and controller
design to a three~component distillation system is presented, '
Process Description The plagt to be controlled isa three—

component distillation column system, shown in Fig. 1. It consxsts

Fig.1

of two cascade distillation columns. The feed is a mixture 'of"

methanol, ethanol and proponol. production goal is to make the
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three product concentrations as high as possible. Control variableg
are reflux ratioes u, and #, of first and second columns, and’ the
steam flow rate ug at the bottom of the first " column.  Main
disturbances arc the feed flow rate v, and fecd component v,. The
physwal analysxs of "distillation ploCeSS shows that the largest
concentratxon variations occuxs in the middle scetion of the column,
If the co]umn ‘operating pressure’is constant, the plate temperature
and’ concentratmn arc one —to - one correspondence. Since the former
is more sensitive to .the production condition variation than the
concentration. Three measurcd’ temperatures y,, y, and g, in the
middle section of the column are chosen as controlled var mblcs
Process Model This  distillation column system has a

nonhnear property. Thus a bilinear model is estéblished by physical '

analysis as follows

X=A%x+ % A*21X+BU+FV B (21)

--=1
Y=CX ~ (22)
where '
Xy .k oy . o U
A= |, |, =] u, | V:[»Z; ],~ Y =] |, Cc=1,
X3 AUy , o RN
[ ~0,02349 0 - 0 (o 02513 0.0
A= 0 -0,02805 0§, A'=j. 0 0 0
\ 0 0 -0.0287) 0 L 0. 00
(0 0 0 00 0
A= 1o 0,0284 0, A%={0 .0 o ]
L 0 0o o} to 0. 0.,02837
(- 0,06339 0 . 0.01936 ) '~ 0,01096 —0,01196
B= 0 ~0.01647  0,01388 |, F=|-0.08087 o
-0,2592  -0,06827 0.01012 ;. 1 -0,07766 ~0,04349

Experiments show that this model . has higher accuracy than the
linear model. o : ’
Observer Design In this system, all state varmble are
measurable., One dlsturbance, the feéd flow rate vy, can easily
measured, but the other dlsturbancc, the feed component v,, is
dxffxcul't and expensive to measure. Therefore, an observer is used.
to estzmate it. Assummg constant disterbagnce vector, - the dmtuxh—
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| X = Ay Xy : - (23)
V - C‘;YVX';V : ( 24 )

where X,,,:':V, /?,,,;O, and CW’; I,. By theorem 1, one. can show
that the eigenvalue of the observer can be arbitrarily assigned. It
is specified as —0,1 for the practical reason. After some simple

calculations, the observer is

S Z=A0Z 4 BOY 4+ 23“‘1 BuY+JU = . (25)
Ww=Cz+ DY (26)
where g v
YT=Cy, gy, ys v,]
1= —-0,1, B°=c0 0 0,1641 —0,17863
Br=to 0 o o), ?32;[0 0 0 03

Be=r0 0 0.6525 03, J=C-0,5962 —0,157 0.2328 03
0 10 0 0 7

R N R I T

C=|ol,D=|00 1 o0
0 00 0 1
L1 0 0 -2.3 0

It is clear that wy is an estimate of v,.

Feedforward Control - Since this system operates in the
neighbourhood of the steady stdte,X is thus small. When max
vyl dwale Ix,13<0,2, the mateix (A X+b,, A2X+b,, A*X+b,)
is of full rank, lor this reason, we can obtain, after some
simplifications, ; Gt e o L :
Ky=(A4"'X+b,, A*X+b,, A’X+b,J'F
(0,5081 +0,0341x, +0,1383x, (—0,141-0,7502x, +0,1509x4)

=1 (2,609—5,447x, +4,366x,) .. (0,1291 +0;4099x%,) 27)
(9,577 -3.311x, +0,2485x,) - (04153 +0,513x, +0,697x,) oy
The feedforward control thus becomes i ; ,
Fw(Xw) = KyV : ‘ i 28)
Where Vi=(v, wyl,
Feedback Control We choose Q=diag{0,5, O.},S, 6,5}, P can

be solved from (26). The resulting feedback control is
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i - U=F,.(XD Cag
(0.2673%, - 0,6744) 0 (2259 oy
s 0 (0,2531x, — 0,1467) (-0,5952) ixz |
(0.20‘56) - (0,1245) (0.247963—(—0.8823) ) é\;xa )
Simulation Results The simulated system consists. of tp,

exact 106th —order plant model, observer (25) and (28), feedforwarg
control (27) and feedback control (29). By system simulations apg
experiments, this designed system is compaired with the system
without (eedforward control (27). The result is shown in Fig.2.

0.2 i - M{"-mlyt:fo T
R A e PR A -SSR AL S AP A
340,06 ‘wq;_./"'
‘L':-:
139,06 Fig.2
'IISC‘ 3 '
............. (h)
I tr ' 1. Simulated ithout
360.7(—\'\'-_---"',-" . without
Sl s e e
1 observer
2. Simulated with
3637 -
868.71 o observer
e 3. Experimented with
47 ’
353,987 e mm— - observer:
-ﬂ’” -
-
. -~
~
/ > ../..h._ .
532,98 é_':Li'x'i;;"-" e’ . s

4, Conclusion

In this Paper, an observer design for bilinear multivariable
systems in the presence of unknown disturbances is presented. The

cesulting composite observer asymptotically estimates both system
siates and disturbance states, while the estimate error is independ-
ent of inpuls
consisting of disturbance —feedforward and state~

and initial states, with this observer, an unified

controller
feedbgck can be deSigﬂed and. implementaed. From the application

to a distillation system, the designed observer ~controller systen

exhibits a great improvement over only state—Tfeedback control

system.
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