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Abstract

We discuss a finite horizon A control problem for time-varying systems with input delays. Clarifying a relationship between two
H®° control problems in input delay case and in measurement delay case, we derive a solution in input delay case based on the known
result for the H*° control problem in measurement delay case, and show that the solution has the same predictor—observer structure as
the solution in measurement delay case has. Using this structural information on the solution, we also present an elementary proof of the
solution to the finite horizon A°° control problem for systems with input delays, which is based only on completion of squares.

© 2004 Elsevier Ltd. All rights reserved.
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. Introduction

In control system designs, input delay appears rather
often and is considered as a small but cumbersome obstacle.
For systems with input delays, the A°° control problem was
actively investigated in parallel with development of H°
control theory. The standard state-space solution (e.g. Van
Keulen, 1993 ) reduces this problem to two operator Riccati
equations of infinite dimensionality. More explicit and fea-
sible solutions, which are based on two algebraic Riccati
equations and one transcendential or differential Riccati
equation, were presented by Kojima and Ishijima (1994 ) and
Tadmor (1995) in state-space form; the parameterization of
all the solutions was given by Tadmor (1995); an imple-
mentable, infinite-dimensional solution in the generalized
Smith predictor form was derived by Meinsma and Zwart
(2000) and the J-spectral factorization approach taken there
has recently been developed further in Meinsma, Mirkin, and

*T This paper was presented at [FAC 3rd Workshop-Time Delay Systems,
December 2001, Sanata Fe, USA. This paper was recommended for
publication in revised form by Associate Editor Hitay Ozbay under the
direction of Editor Tamer Basar.
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Zhong (2002); a particular (predictor—observer) structure of
solutions has been recently pointed out by Mirkin (2000).
We can find detailed reviews of this area in Tadmor (2000),
Meinsma and Zwart (2000), and Mirkin (2000) and the ref-
erences therein. The /°° control synthesis via linear matrix
inequality is also possible for systems with input delays; we
can find a recent development of this approach in Fridman
and Shaked (2002). Our discussion is closely related to that
for the H°° control problem for systems with measurement
delays; the problem for measurement delay case was solved
in Basar and Bernhard (1991), and Nagpal and Ravi (1997).

In this paper, we revisit the I/ control problem in an
extended formulation for time-varying systems with input
delays and with finite horizon, while the previous works
cited above are concerned with time ifvariant systems in
infinite horizon setting. The main objective of this paper
is to investigate further the predictor—observer structure of
the solution from the viewpoint of time domain analysis.
Being suggested by the discussion on structural properties
on the problem formulation, we also try to develop an ele-
mentary approach to the problem, which requires only com-
pletion of squares. The contributions of this paper appear
as follows: First, we derive a new state-space solution of
predictor—observer type to the finite horizon H*° control
problem for time-varying systems with input delays; the
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solution is described by a delay differential equation of re-
tarded type, which is more feasible than the state-space
solutions described by functional differential equations of
neutral type in Kojima and Ishijima (1994) and Tadmor
(1995, 2000). Secondly, we find a relationship between H*°
control problems with input delay and with measurement
delay, which enable us to approach the problem with input
delay from solving the problem with measurement delay.
Thirdly, we provide an elementary proof of the fundamen-
tal theorem in the A°° control problem with input delay,
which 1s completely different from the abstract proof based
on evolution equations taken in Kojima and Ishijima (1994)
and Tadmor (1995, 2000); furthermore, we show that the
provided proof is also an elementary proof for the result in
the measurement delay case given by Basar and Bernhard
(1991).

This paper is organized as follows: In Section 2, we
formulate the H® control problem for systems with in-
put delays together with that for systems with measurement
delays, and present our main result. An illustrative example
is also given. In Section 3, we develop a time domain ap-
proach to the problem; we first clarify a relationship between
the two problems, and describe an outline of the elemen-
tary proof of the result. The details of the proof are given
in Appendix A. Throughout this paper, we use the follow-
ing notations: L?(a, b; R¥) is the space of square integrable
functions of k-dimension defined on the time interval [a, b].
When @ = ty and b = ¢, the L>-norm of f in L*(a, b; R¥) is
denoted as || f]3. |Ix|| denotes the Euclidean norm of x in
R*. For symmetric matrices X and Y, X > ¥ (X > ¥) im-
plies that X — Y is positive semidefinite (positive definite).
[ is the identity matrix of appropriate dimension. ()’ denotes
the transpose of vector or matrix. p(X ) denotes the spectral
radius of matrix X.

2. Problem statement and results

Consider the linear time-varying system with the
time-delay 4 > 0 in the control input, which is defined on
the time interval [#y, f;] and described by

%x(r) = A()x(t) + B(t)ult — h) + D(t)u(t),

y(8) = C(e)x(t) + w(t),

z(t)

g(t) = J o 2(t) = F(x(1), (1)

u(t

where x(¢) is the n-dimensional internal-variable; u(¢) is the
r-dimensional control input; y(t) is the m-dimensional mea-
surement output; g(t) is the (g + r)-dimensional controlled
output; d(¢) = (v(t),w(r)') is the (p + m)-dimensional
disturbance; the initial condition (x(f),u,) in R" X
L*(=h,0; R"), where u, = {u(t + B), —h < < 0}, is given
by a constant matrix N > 0 and an n-dimensional parameter
& as (x(fo), 1y ) = (NE,0). A(2), B(t), C(1), D(¢) and F(¢t)
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are matrices of appropriate dimensions whose elements are
continuous functions of time. For system (1), the admissi-
ble control u(t) = @ip(t, y) is given by a causal function of
the measurement data specifically to be the form

w(t) = Pp(t,{¥(s), ty <s<t}), H<E<H —h

(2)
Problem ID (H*° control problem with input delay). Given
the system described by (1), a constant matrix L > O and a
constant number y > 0, the problem is to find an admissible
control (2) which satisfies the inequality

x(t Y La(t) + gllz < *(Id1 + ENE) - (uy =0)  (ID)

for all d = (v/,w') in L?(ty,t;; RP*™) and all ¢ in R” such
that (d, &) # 0.

The main objective is to solve Problem ID. In order to ap-
proach Problem ID, however, we need to introduce a related
problem, that is, an H* control problem for measurement
delay case (Problem MD), and a solution to Problem MD.
The system is defined on [4y,¢] and described by

%x(t) = A()x(t) + B(t)u(t) + D(t)u(t),

(1) = C()x(2) + w(t),

z(¢t

g(t) = (3)

)
)} 2/ =F(x(r)

u(t

with the initial condition x(fy) = N¢, and the admissible
control u(1)= ®up(t, ) is given by a causal function of the
delayed measurement data specifically to be the form

Pyn (4, {¥(s),

Dup(t),

th+h <t <, (4>

u(t) =

o <t <ty+h

Problem MD (H® control problem with measurement de-
lay). Given the system described by (3), a constant matrix
L = 0 and a constant number y > 0, the problem is to find
an admissible control (4) which satisfies the inequality

(1) L(n) + llgl; < (a1 + ENE) (MD)

for all d = (¢v/,w') in L*(fy, t;; R?™™) and all ¢ in R" such
that (d, &) # 0.

For Problem MD, we have already a well-known solution
given by Basar and Bernhard (1991). To present the solu-
tion, we need to introduce the following four conditions:

(C1) There exists a solution M{(¢), f, < ¢ < #; to the Riceati
differential equation

d
—E;M(f)

= M(A(t) + A M(t) + F(t)F(¢)
— M(e)(B()B(1)' —y7*D(6)D(£) M (1),

M) =L. (5)
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(C2) There exists a solution P(t), fp <t <ty — h to the
Riccati differential equation

S0
=A(OP(t) + P([)A(t)/ -+ D(OD(tY
— PO C(1) — 32 E (Y F()P(),
P(ts) =N ()

(C3) There exists a solution O(t,f), —h < <0 to the
Riccati differential equation for each ¢ in [ty + &, 1]

500+ h)
=A(t+ PO + ) + Ot + PrA(t + Y
+D(t+ B)D(t + BY
+7720( + PIF(t+ BYF(t+ POt + B),

—h)=P(t— h). 7
(o4 Q(t —h)=P(t —h) (7)

p(M(t + B)O(t + ) < 77,
-h < B <0.

h+h<t<1,

Proposition 1. [f conditions (C1)-(C4) are satisfied, a
solution to Problem MD is given by

MO:{~mwamﬂm h+h<t<t, )
0, fh <t <ty +h,
where S(t) is defined by
S(t+Py=M+ )T — 77200t + pIM(t + )1,
~h<B<0 (9)
and x(¢) is predicted with the “predictor”
e+
=(A(t+ B+ 77200t + PF(t + BYF(t + )
— B(t + B)B(t + BYS(t + p))F(r + B),
-h< <0, (10)

Jrom the estimate X(1 — h) = (¢ — h) which is estimated
with the “observer”

%fU~ﬁ%:MU—Jﬂ+74PU—hWU~hYHt~h)

— B(t = h)B(t = hYS(t — h)R(t = h)
+P(t—Ct = 1Y (v(t—h)

—Ct—m)X@=h)), Xi)=0. (n

As we will see in the next section, we establish some
relationships between Problems ID and MD, and obtain the
following results by starting from the solution (Basar &
Bembhard, 1991) presented in Proposition 1.

Theorem. (A) There exists a solution to Problem ID if
and only if conditions (C1)—(C4) are satisfied If condi-
tions (C1)~(C4) are satisfied, a solution to Problem ID is
given by

u(ty = —B(t + hYS(t + h)(t + h),
toétgtl—h, (12)

where S(t) is defined by (9) and %(t) is given by predictor
(10) and observer (11).

(B) There exists a solution to Problem MD if and only
if conditions (C1)—~(C4) are satisfied. As stated in Propo-
sition 1, if conditions (C1)—~(C4) are satisfied, a solution
to Problem MD is given by (8).

Remark 1. For Problem ID, solution (12) has a predictor—
observer structure formed by (10) and (11); furthermore, the
predictor—observer can be realized by one delay differential
equation of retarded type in the form

50
= (A(t) + 72 Q(OF (1) F(t) — B(t)B(t)'S(1))%(r)
+ Pt t - Pt = CE— Y (y(t = h)
—C(t — h)F(t — b)),

TH(r)=0, fh<t<t+h (13)

where ¥(t,t — h) is the transition matrix associated with
A(t) + y2Q(z)F(tYF(t). The realization of our solution
by the delay differential equation of retarded type (13) is
more feasible than that by functional differential equations
of neutral type including integral regressions in control vari-
ables in Kojima and Ishijima (1994) and Tadmor (1995,
2000). For Problem MD, the delay differential equation real-
ization of the predictor—observer is pointed out in Basar and
Bernhard (1991).

Example. To illustrate the main result presented in part (A)
of Theorem, we consider a simple scalar case of Problem
ID in which the parameters of system (1) and the criterion
(ID) are given as

Ay =—1, B(ry=e " ()=

D(ty=F(t)=0, L=N=1/2. (14)

D(t) = F(t) =0 implies that we consider the problem with
initial state uncertainties and terminal state controls, that is,
the problem is a particular one in the finite horizon case.
From (14), the Riccati differential equations (5)—(7) can be
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solved analytically as

M(t)=¢" (2¢" —e™ " +e7) ],

P(t)= e“t1(2e"'é — e e y7h

O(t + p) = eI =1 Pt — py (15)

and conditions (C1)—(C3) are satisfied. Thus, the existence
condition in this example, which comes from condition
(C4), is given by

1/\/26_‘3(26’12 —e b deTh)y <y

The left-hand side indicates the lower bound of the perfor-
mance level, which increases monotonically as the input de-
lay h increases. If the existence condition (16) is satisfied,
the solution to Problem ID (if the delay differential equation
form of the retarded type (13) is adopted) is given by (12)
and (13) with the parameters (14) and (15).

To compare the retarded type (13) with the neutral type
(Tadmor, 2000) on this example, we present here the cor-
responding solution of the neutral type, that is,

(16)

u(t) = —B(t + MM (t + h)e™ ¢+ {e’z/zf(t)

—h

0
n / e(r+lz+[i)z/23(t + h+ Bu(t + ﬂ)dﬁ} >

d Ien
a;f(t) = (A(1) = T(HC(£)")x(2)
+B(Ou(t — h) + T(C()y(t)
(X(to),uyy ) = 0, (17)

where T(t) = P(t)(I — y~2e~ '+ M(1 4 B)P(1))~" and
the parameters are given by (14) and (15). We can find a
dual relationship between the two solutions.

3. Characterization and derivation of solutions

In this section, we discuss relationships between Probiems
ID and MD, and present an approach to proof of Theorem.
To bridge a gap between Problems ID and MD, first, we
introduce an auxiliary problem to Problem ID. The system
is defined on [f, ;] and described by

% x(t) = A()x(8) + B()u(t — h) + D(t)v(t),

W) = C(Ox(1) +w(r),

z(t)

u(t —h)

g(t) = { } 2(1) = F(t)x(1) (13)

with the initial condition x(#y) = N¢&, and the admissible
control u(t) = Pap(t, ) is given by a causal function of the
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measurement data specifically to be the form

{ Pan(t, {¥(s), 00 <5 < 1}),
u(t) =

Da(t),
Problem AID (Auxiliary H* control problem with input
delay). Given the system described by (18), a constant ma-
trix L > 0 and a constant number y > 0, the problem is to
find an admissible control (19) which satisfies the inequality

x(t ) Le(t) + llglls < (N3 + ENO) (AID)

for all d = (v/,w') in L*(ty, t;; RP™™) and all ¢ in R" such
that (d,¢) # 0.

t0<[<t1*h,

fo —h<r< .
(19)

Remark 2. A difference between the formulations of Prob-
lems ID and AID should be noted, that is, there is the
time-delay # in the controlled output in Problem AID, while
there is no time-delay in the controlled output in Problem ID.
If we take p(7) = u(t — h) a new control input in the system
description (18) in Problem AID, the problem can be seen
to be an H° control problem for no time-delay case. This
suggests possibility of adopting the completion of squares
approach (Uchida & Fujita, 1990) in solving Problem AID.

Now, we observe the detail of the term of the controlled
output in each criterion in three Problems ID, AID and MD.
in ID, if we take an admissible control given by (2), we have

lglE = / o) de

fy
4
<.
to-+h
In AID, if we take an admissible control given by (19), we
have

lgli2 = / o de

ol
t
+ /
to-+h

fo+h
+ /to H@,?D(t — h)||>de.

@it — b {¥(s), o < s <t—hpJde
(20)

[ Pa(t — b {¥(s)to < s <t —h})|*dt

(1)

In MD, if we take an admissible control given by (4), we
have

lol3= [ leoPar

fy
41
+ /
to+h

to-+h
+ / 1 Pup(6)]2 .

fy

| Oup(t, {¥(s), to < s <t —h})|*dt

(22)
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The following result is an immediate conclusion from the
observations in (20)—(22) together with the descriptions of
three Problems ID, AID and MD.

Proposition 2. (a) If u(t) = @p(t, y) defined by (2) is a
solution to Problem ID, the control u(t)=®(t, y) together
with w, =0 is a solution to Problem AID. Conversely, if a
control defined by (19) is a solution to Problem AID and
satisfies uy, = 0, the control u(t) = ®aplt, y) is a solution
to Problem ID.

(b) If a control u(t) = ®ap(t, y) given by (19) is « solu-
tion to Problem AID, the delayed control u(t) = ®ap(t —
h, y) is a solution to Problem MD. Conversely, if u(t) =
Duplt, v) defined by (4) is a solution to Problem MD, the
advanced control u(t)y=Pyp(t+h, v) is a solution to Prob-
lem AID.

(¢) If u(t) = @uplt, v) defined by (4) is a solution to
Problem MD and satisfies uy ., = 0, the advanced control
u(ty=Ppp(t-+h, ) is a solution to Problem ID. Conversely,
if u(t) = ®ip(L, v) given by (2) is a solution to Problem
ID, the delayed control u(t) = ®\p(t — h, y) together with
4n = 0 is a solution to Problem MD.

The characterizations in Proposition 2 suggest several ap-
proaches to solving Problems ID and MD. If we use the
characterization (c) of Proposition 2, we can obtain a so-
lution, with a sufficient condition for existence, to Prob-
lem ID directly from the result for Problem MD (Basar &
Bernhard, 1991) presented in Proposition 1. This line of
proof, however, requires another consideration in verifying
necessity of the existence condition. In view of this, we take
another approach: First, using the result for Problem MD in
Proposition 1 and the characterization (b) in Proposition 2,
we predict a solution to Problem AID. Secondly, we prove
a necessary and sufficient condition for existence of the so-
lution to Problem AID, based on completion of squares (see
Remark 2), in a self-contained manner, that is, the following
result for Problem AID is proved actually in Appendix A.

Proposition 3. There exists a solution to Problem AID if
and only if conditions (C1)~(C4) are satisfied. If condi-
tions (C1)~(C4) are satisfied, u solution to Problem AID is
given by

fo<t<t —h
u(ty=
o —h <t <,

(23)

{ —B(t + h)YS(t + I+ h),

where S(t) is defined by (9) and X(t) is given by predictor
(10) and observer (11).

Finally, part {A) of Theorem follows from Proposition 3
and the characterization (a) in Proposition 2, and part (B) of
Theorem follows from Proposition 3 and the characterization
(b} in Proposition 2.

4. Conclusion

We discussed a finite horizon H*° control problem for
time-varying systems with input delays. Providing some re-
lationships between the finite horizon H°® control problems
for the input delay case and the measurement delay case in
time domain, we derived the solution based on the known
result for the //°° control problem in the measurement delay
case, and showed that the solution has the same predictor—
observer structure as the solution in the measurement delay
case has and is realized by the delay differential equation of
retarded type. We also presented an elementary proof of the
solution to the finite horizon /*° control problems not only
for the input delay case but also for the measurement delay
case, which is based only on completion of squares. The so-
lution derived in this paper requires solving the Riccati dif-
ferential equations in (C1)—(C4). To this task, the method
of direct integration (e.g. Chapter 3 of Kwakernaak & Sivan,
1972) is generally applicable and the method based on the
canonical differential equation (Chapter 3 of Brockett, 1970)
is also applicable.

Appendix A. Proof of Proposition 3

Before starting the proof, we prepare two preliminary
results.

Lemma A.1. For each t in [ty + ht{], let Ot + B),
—h < f <0 be a solution to the Riccati differential equa-
tion (7) in (C3) with the initial condition given in (C2).
The solution satisfies the Riccati differential equations

d .
720 =A40)Q0) + O()A(t) +D()D(t)

+77Q()F (Y F()Q(1)
—W(t,t ~ Pt —C(t — hYC(t — k)
XP(t — YP(1,t - hY,

;—/), Oty +h+ )
=A(to + h + P)O(to + h + B)
+ Qg+ h+ B)d(to +h+BY
+D(ty +h 4+ B)D(tg + 1+ BY + 7720t + h + B)
XF(ty +h+ BYF(ty +h+ B0ty + h + B),

Olfg) =N, (A.1)

where W(t,1 — h) is the transition matrix associated with
A(T) + 72 O(0)F () F (o).
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Proof of Lemma A.1. The solution to the Riccati differen-
tial equation (7) satisfies

Ot + By="P(t+ Bt — W)P(t — YP(t+ f,t — hY
t+p
o]
t—h
—yT2O()F (sYF()Q(s)P(t + B,5) ds.

Differentiating the both sides of this identity and using (6),
we have (A.1). O

Wt + B,s)D(s)D(sY

Lemma A.2. The condition formed by (C1)-(C4) is equiv-
alent to the condition formed by (C14), (C2) and (C3),
where (C14) is defined as follows:

(C14) There exists a solution S(t + B), o +h <1 <1y,
—h < f <0 to the Riccati differential equations

—%S(t) =SOT() + T'tYS()+ F(tYF(t)

— S(YB()B(tY — v~ 2¥(t,t — h)P(t — h)
X C(t — hY C(t = h)P(t — )P (1,1 — h))S(1),

S(h) =L —y7*0(1)L),

d

5 S+ =St+PHrit+p)+ I+ pYSi+f)

+F(t+ BYF(t+ B)~S(t+ B)B(t + B)
xB(t + BYS(t + B), (A.2)
where I'(t + B)=A(t + B)+y720(t+ P)F(t + BYF(t + B).

Proof of Lemma A.2. If (C1)~(C4) hold, it can be shown
by using (5), (7) and (A.1) that S(¢ + ) defined by (9)
satisfies (A.2). If (C14), (C2) and (C3) hold, noting that
O(t+ B) > 0since N > 0, and S(¢ + §) = 0, we can show
that M(¢) defined by M (¢ + ) =S(t + BYI +y~20(t + B)
S(t + B))~! satisfies (5) in (C1) and M(¢ + P)O(¢t + B)
satisfies (C4). [

Proof of sufficiency in Proposition 3. Assume that condi-
tions (C1)—(C4) are satisfied so that (C14) is also satisfied,
and consider the functionals

Vit 4 B) = x(¢ + BY'S(t + B)x(t + B),

Wt + )= (x(t + ) — (1 + )
xO(t + B) 1 x(t + B) — (¢ + B)).

Here, for a fixed admissible control u(¢), x(¢-+ ) is generated
by (18) and ¥(¢ + f) is given by

Xt+B) =Y+ Bt~ Mx(t —h)

t+p
“
t—h

P(t + 5,8)B(s)u(s — h)ds, (A3)
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d%,»e(z —h)=(A(t = h) +72P(t — W)F(t — Y
XF(t — )Xt — h)+ B(t — h)u(t — 2h)
+P(t — h)C(t — hY (¥t —h)

—C(t - WFt — h)),

(to) = 0. (A4)

Substituting definitions (A.3) and (A.4) together with for-
mulas (6), (7), (A.1) and (A.2) into the following identities:

" fd ¢
— )+ —
L+h{dz T o

¢

2p e

=Vt + ) — Wt +h)y -V +h)

Wt + /3)|
=0

Wt + ﬁ)t + % Va(t — h)} dt

in the interval [t + A, #;] and
é

/—Oh { biﬁ op

=Nt + h) + Valto + h) — Vi(to) — Valto)

Wto +h+B) + Vz(to+h+ﬁ)}dﬁ

in the interval [, {; -+ k], and rearranging terms, we obtain

x(tYLx(t) + [lgl3 = (|3 + &'N¢E)
- / Lt — ) — it — P = P 00) — v

— 7 hw(t) ~ wmax(t)uz} dt
— 97 %)Y K (1)s(h),

where umin(?), Umax(t), Waax(1), ¢(¢1) and K(#;) are defined
by

(A5)

Unia(1)=—B(t+hY S(t+h)x(t+h), to—h<t<t—h,

bmax(1) = D(1) Q1) (x(1) — %(2)),

t0<t<t17

0, . Hh—h<t<ty,
—C(0)(x(1) — x(8))

+y72C(O)P(1)

P(t+ht)

S(t+ h)x(t + h),

Wiax{?) =

h<t<h—h,

s(t) =yt x(ty) — 2(t)) — S(8)F(8),

K(t)=0(t) =y~ Q(n)LO(1).
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From (A.5), we see that u(f) =ty (¢) assures x(¢, ) Lx(t; )+
lgll3—=7*(ld]3+E'Né) < 0,and also see from K (¢, ) > 0 that
the equality holds only if (0(), w(2))=(0max (), Wmax (¢)) and
¢(t;)=0so that (d, £)=0. Thus u(¢)=uniz(t) is a solution to
Problem AID. Furthermore, when u(#) = upi(£), it follows
that X(t 4+ /) defined by (A.3) and (A.4) is generated also
by (10)and (11)andso (¢t +h) =0, tp — h <t < 1.

Proof of necessity in Proposition 3. We show that, if there
exists a solution to Problem AID, (C2), (C3) and (Cl4)
must be satisfied. Then, necessity of the conditions (C1)—
(C4) follows from Lemma A.2.

Suppose that condition (C2) does not hold; then, we can
find the smallest time £* €[4, ¢ ) such that (6) has a solution
P(t), tp <t < t* and there exists a nonzero vector % such
that limz_,,« P(T")~'2=0. Now, using the functional n(t—
h), to+h <t < T+hand a same argument as in the proof
of sufficiency, choosing nonzero (d, &) such that

(o(), w(t))
(0,0), T<t<y
= ¢ (Umax(£), = C(e)(x(¢) (T <1")
-3, h<t<T

and ¢ guarantees x(7T') — (7T} =x, and taking T as T — r*,
we have

x(t Y Lx(n) + (g1} = (ld|3 + &NE)

>/ {IFEORO + ()P de =0

for all admissible controls u(¢). This inequality contradicts
the existence of a solution. Thus, (C2) must hold.

As to condition (C3), by using the functional V(¢ + §)
and modifying slightly the above argument for (C2), we
can show the existence of solution Q(¢ + f) to the Riccati
equation (7) for each ¢ in [#) -+ 4, 1;]. Thus, (C3) must hold.

Suppose that condition (C14) does not hold; then, we can
find the largest time ¢, € (¢y+4, ¢;] such that the first equation
of (A.2) has a solution S(r), £, < ¢ < f; and there exists
a nonzero vector f such that limy_,, S(T)B = co. Now,
using the functionals M{r + /) and 13(t + ), T <t < 1,
repeating the same argument as in the proof of sufficiency,
and choosing nonzero (d, &) such that

(vmux([ ),
(r(t)w“’([)) = anx(l))s T<t<g fy, (f* < T)
(0,0), fh<t<T

and ¢ guarantees y20(1) " (x(#) — %(t;)) — S(1))i(1) =
0 and X(T) = f, where § # O assures (d,&) # 0, we
have

x(t ) Lx() + Nlgll; = (13 + &'NE)
= 1 —h)— min —h zd
> [ =) e = ol

+72((T) = BYOTY M x(T) — B)
+ B'S(TH — &'NE.

Taking T as T — t*, the right-hand side of the above in-
equality becomes arbitrary large. This contradicts the exis-
tence of a solution. Thus, the first equation of (A.2) has a
solution on the whole interval. Using this solution S(¢) as a
terminal condition for the second equation of (A.2) that is
the standard (definite) Riccati differential equation, we can
see that the second equation of (A.2) has a solution S(¢+ ),
—h < f# <0 for each ¢ in [ty + h, ¢;]. Thus, condition (C14)
must hold.

References

Basar, T., & Bernhard, P. (1991). Hoo optimal control and related
minimax  design  problems: A dynamic game approach. Basel:
Birkhauser.

Brockett, R. W. (1970). Finite dimensional linear systems. New York:
Wiley.

Fridman, E., & Shaked, U. (2002). A descriptor system approach to Huo
control of linear time-delay systems. [EEE Transactions on Automatic
Control, 47(2), 253-270.

Kojima, A., & Ishijima, S. (1994). Robust controller design for delay
systems in the gap metric. In Proceedings of the American control
conference, Baltimore, USA (pp. 1939-1944).

Kwakernaak, H., & Sivan, R. (1972). Linear optimal control systems.
New York: Wiley.

Meinsma, G., Mirkin, L., & Zhong, Q. C. (2002). H* control of
systems with a single delay via reduction to a one-block problem. In
Proceedings of the 41st IEEE conference on decision and control,
Las Vegas, USA (pp. 3458-3463).

Meinsma, G., & Zwart, H. (2000). On Ho control for dead-time
systems. [EEE Transactions on  Automatic Control, 45(2),
272-285.

Mirkin, L. (2000). On the extraction of dead-time controllers from
delay-free parametrizations. In Proceedings of 2nd IFAC workshop
on linear time deluy systems, Ancona, lItaly (pp. 157-162).

Nagpal, K. M., & Ravi, A. R. (1997). Hu control and estimation problems
with delayed measurements: State-space solutions. SIAM Journal on
Control Optimization, 35(4Y; 1217-1243.

Tadmor, G. (1995). Hoo control in systems with a single
input lag. In Proceedings of the American control conference,
Seattle, USA (pp. 321-325).

Tadmor, G. (2000). The standard H., problem in systems with a
single input delay. J[EEE Transactions on Automatic Control, 45(3),
382-397.

Uchida, K., & Fujita, M. (1990). Controllers attenuating disturbances
and initial-uncertainties for time-varying systers. In Proceedings of
the 4th international symposium differential gumes and applications,
Espoo, Finland (pp. 188-196).

Van Keulen, B. (1993). Control for distributed paramerer system:
A state-space approach. Basel: Birkhauser.



984 K Uchida et al | Automatica 40 (2004) 977 984

Masayuki Fujita received the B.E., M.E.
and Dr. of Engineering degrees in Electri-
cal Engineering from Waseda University,
Tokyo, in 1982, 1984, and 1987, respec-
tively. From 1985 until 1992, he was with
the Department of Electrical and Computer
Engineering, Kanazawa University, Japan.
From 1992, he was with the Japan Ad-
vanced Institute of Science and Technology
(JAIST). In April 1998, he joined Kanazawa
University, where he 1is curmrently a
professor. From 1994 to 1995, he held a visiting position in the Depart-
ment of Automatic Control Engineering, Technical University of Munich,
Germany. His research interests include robust control and its applica-
tions, receding horizon control and vision-based control.

Kojiro Ikeda received the B.S., M.S. and
Dr. of Engineering degrees in Electrical En-
gineering from Waseda University, Tokyo,
Japan in 1998, 2000 and 2003, respectively.
Since 2003, he has been with Ikeda Patent
Office.

Kenko Uchida received the B.S., M.S. and
Dr. of Engineering degrees in Electrical En-
gineering from Waseda University, Tokyo,
in 1971, 1973 and 1976, respectively. He
is now a professor in Department of Elec-
trical, Electronics and Computer Engineer-
ing and, Waseda University. His research
interests are in robust/optimization control,
time-delay systems and control problems in
biology.



& g 3

$% & $8 Tetsuto-Hagané Vol 90 (2004) No. 11

EIFIREICHB T RRET —FIN—-2X
ASAEFETYLYT

FEE HEVE* - g &S - kE
TERR

1R - KA A

HE S

Large Scale Database-based Online Modeling on Blast Furnace Operation

Masahiro 110, Shinroku MATSUZAKI, Harutoshi OGAL, Naoki ODATE, Kenko UCHIDA, Shinichi SA1T0 and Nozomi SASAKI

Synopsis : With the advance of computer hardware performance and database system technology, it has been practicable to store and to search for a

large quantity of data. So that Local modeling method, such as Just-In-Time modeling, has become very attractive in recent years. We have

developed “Large scale database-based Online Modeling” as the practical method based on the Just-In-Time modeling concept on blast fur-

nace operation, which has very complicated physical phenomena and strong non-linear specific characteristics. The validity of the developed

modeling method has been confirmed by the study with blast furnace operation data, then the past similar operation data have been searched

and the prospective operation data have been estimated very quickly and precisely.

Key words : ironmaking; modeling; computer; process control; production control; quality control; phase analysis.
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Table 1. Selected variables for molten iron temperature

after 1 h.
Selected variables by stepwise method

Number Content Fvalue
i Molten iron temperature (present) 21225

2 Molten iron Si concentration (before | hour) 496

3 Molten iron Ti concentration (present) 273

4 Tapping velocity (present) 215

5 Molten iron temperature (before 4 hours) 104

6 Molten iron temperature (before | hour) 873

7 Top gas CO concentration (present) 76.0

.8 Top gas CO concentration (before | hour) 71.3

9 Pulverzied Coal Ratio (present) 65.2

10 Taphole number (before 2 hours) 65.1

32 Slag AI203 concentration (before 2 hours) 204
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Fig. 7. The past similar data sets and estimated result of total K value by LOM.
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Abstract

This paper considers synthesis problems of stabiliz-
ing dynamic output feedback controllers with con-
strained feedback gains for linear time-delay sys-
tems via infinite-dimensional Linear Matrix Inequality
(LMI) approach. First an existence condition and an
explicit formula of dynamic output feedback controllers
for linear time-delay systems, which guarantee the in-
ternal stability of the closed loop systems, are shown.
The derived dynamic output feedback controllers can
be interpreted as controllers which consist of memory
state feedback controllers and memory observers. Sec-
ond synthesis problems of stabilizing dynamic output
feedback controllers with constrained feedback gains
for linear time-delay systems are discussed. Finally
the efficacy of the proposed dynamic output feedback
controllers is demonstrated in a numerical example.

1 Introduction

The fact that the state space of linear time-delay sys-
tems is infinite-dimensional leads generally to infinite-
dimensional characterizations for analysis and syn-
thesis in linear time-delay systems. For example it
is well known that the optimal LQ control for lin-
ear time-delay systems is given memory, i.e. infinite-
dimensional, state feedback form whose feedback gains
are characterized by the infinite-dimensional Riccati
equations; as for state feedback confrol synthesis,
we could say that memory state feedback controllers
achieve better performance than memoryless state
feedback controllers [3, 14, 15, 16, 17]. Of course,
the infinite-dimensional characterizations give us con-
trary hard problems in computations and implemen-
tations. Our concern is to find a feasible approach to
such infinite-dimensional tasks in synthesis for linear
time-delay systems.

073-40-3016-8 © 2004 ASCC
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Recently the Linear Matrix Inequality (LMI) approach
[5, 9] has been developed in analysis and synthe-
sis problems for linear time-delay systems and its
advantages in numerical computations are presented
[6, 7, 14]; however, the approach is mostly devel-
oped under some finite-dimensional assmmptions as-
sured by a special form of Lyapunov functional in anal-
ysis and/or a memoryless controller form in synthe-
sis. One exception which does not require such finite-
dimensional assumptions is a series of the works by Gu
[11, 12]; he proposes a discretization technique, which
can characterize a general Lyapunov functional with
a finite number of LMIg. As more recent references
on LMI for linear time-delay systems[8] {18] [21] (and
references inside) and [10] should be mentioned; a syn-
thesis problem of state feedback with delay is discussed
in [8] and a memoryless state feedback is designed for
a system with distributed time-delays in [10]. Our re-
sults of state feedback control synthesis problems using
infinite-demensional LMI approach can be found out
in papers[3, 15]. Those methods are developed under
the assumption that the full state is directly available.
However, in most practical situations, the actual state
is not available directly. Thus it is important to con-
sider ountput feedback control synthesis problems for
linear time delay systems.

In our previous work[4], we have already derived an
existence condition of stabilizing dynamic output feed-
back controllers for linear time-delay systems in the
form of infinite-dimensinal LMIs. The derived dynamic
output feedback controllers are based on the Lyapunov
functional that is a natural extension of the functional
to solve the state feedback control problem of linear
time-delay systems[3, 15]. The basic structure of the
functional is the same as the Lyapunov function to
solve H,. output feedback control problems of linear
systems without delays proposed in [19, 20]. Thus the
derived dynamic output feedback controllers can be in-
terpreted as controllers which consist of memory state
feedhack controllers and observers. Because these ob-



servers have a special structure such as the memory
type, we call these observers as “memory observers”
and the controllers having memory observers as ? memn-
ory output feedback controllers”™.

In this paper, we show the result of synthesis problems
for stabilizing dynamic output feedback controllers{4].
Based on this result, synthesis problems of stabilizing
dynamic output feedback controllers with constrained
feedback gains for linear time-delay systems are dis-
cussed. This is because the result is not considered
about input saturation problems for lienar time delay
systems. Considering the input saturation problems,
a technique using the constrained feedback gains is an
effective approach and it is easy to apply our result.
The derived infinite-dimensional LMIs can be reduced
to a finite-dimensional LMIs by applying the technique
proposed in results [1, 2]. Finally, we demonstrate the
efficacy of the derived vutput feedback controller by a
numerical case study and show that control inputs are
included in a given saturation domain by using the de-
rived output feedback controller with constrained feed-
back gains,

2 System Description and Problem
Formuration

Cousider the following linear time-delay system defined
on the time interval [0, 0c) and described by

B(t) = Agz(t) + A1zt — h) + Buf(t).
Y1) = Clt), 1)
z(8) = ¢(8), ~h <8 <0,

where z(t) € R" is the internal variable, u(t) € K"
is the control iuput, y(t) € R™ is the measurement
output, ¢(8) € La([~h,0;R") is a continuous initial
function. The parameter ki denotes the time delay and

h > 0.

The purpose of this paper is to design dynamic out-
put feedback controllers with constrained feedback gains
which stabilize the linear time-delay system (1). In this
paper, we use the following functional for stabilization
of the linear time-delay system (1).

Viz,) =o' (t)M=z(t) + ¢ (’L’)'y’QT"lf:(t)

0
+ / (6 + B)Qx(t + 8)d3
o4 ~h

0
- / 2t + B)Qelt + 3)d3

-F

0
- / e(t + BY Qu(t + 5)dj
J—h

0
+ / €' (t+ B) (v H + Qe(t + 3)d8
Jh .

0
L) / Ma(t+ 8)d3
—h
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0
-i—e'(t)/ T e(t + B)d8
wh
0
+/ 2 (t + o) M dox(t)
P,

o
+ / et + )y’ T dae(t)
-

0 40
+ / / 2 (t+ a@)(S(e, 8) + M)zt + B)dod3
J b —h
0 0
- / / 2/ (t+ @) S(e, Alelt + B)dads
o why b
-0 D
- / / et +a)S(a, B)2(t+ 3dadf
J—hd—h

o 40
+ /_.h /'h e (t+ o) (v I (e, B)
+ S{e, 3) + VT Ye(t + F)dads, (2)
where
ry = (x(t), 7, €(t), e0)s
ry = {x(t+8)| - h < B <0}
e ={e(t+ ) —h <5 <0}
M, Q, T, HeR™™,
S(e, ), J{e,B) € Lo([—~h, 0] x [~h, O R,

and e(t) denotes the error e(t) = @(t) — . (t) in which
x,(t) denotes the state of dynamic output feedback
controllers. The parameter « is a free parameter in
case of synthesis problems for stabilization of the lin-
ear time-delay system (1) via dynamic output feedback
controllers. The parameter v influences feasibility of
dynamic output feedback controllers. If Ho contol
problems are considered, ¥ is the Lo gain of the closed
loop systems.

Remark 1 We have a result concerning about stabi-
lization problems of the systemn (1) by using this June-
tional. This is a natural extension of the functional to
solve the state feedback control problem of linear time-
delay systems, whose basic structure is baszed on the
Lyapunov function to solve H.. output feedback cor-
trol problem of linear systems without delays proposed
in [19, 20].

In this paper, we use a notation,

B4 @1(/3) = 0

O {e) O2(c,3) -
Ya, 8 € [—h,0],

which means that ©p and O, §) are symmetric, that

is @ = O} and Oy(w, J) = (e, ) = 0,(8, «), and

symmetric mabrix,

Bla. ) = \:

;12— (O, 8) +0' (e, B)) =
1 (O1(a) + ©4(8))

O
[ 1 (04 (a) +01(8)) £ (O2(e.8) + ey(3,a)) |’



is positive definite for each (a, ) € [—h,0] x [=h,0],
where “ ¥ denotes transposition of vector and matrix.
Note that, if a matrix function ©(«w, ) > 0 is contin-
uous in (a,/3). there exists a positive number A such
that ©(a, 8) > Al for all (,8) € [—h,0] x [-h, 0},
where I denotes identity matrix.

3 Output Feedback Control Synthesis

We have the following theorem for stabilization prob-
lems of the system (1) using dynamic output feedback
controllers based on the Lyapunov functional (2).

Theorem 1 [{] Given v € R, if there exist con-
stant matrices N, L, R, H, Za, Yy and continu-
ously differentioble matriz functions Zo1(3), You(8),
X(a, 3) J( ,3) which satisfy the following inequali-
ties for Yo € [ 1,0} and V3 € [~h,0],

o f) el
on) os) | <Y

N 47 (3)
[7-"11 R }>o,

L>0, H>0, X{a,pB) >0, Ja,3)>0,

0% (0, ) = { o1 11((

where

AN +NA, 1
—ByZg ~ 10132 | AN-N
I 1

6;’:{ (()/’ ﬁ) P I e T =T -

i
AN L X0 FN T
~ByZo ~ :

-By 401(3)
- (Jia (1J> X(a, 3)

2 Ay -1 —Ag+I
el =\ -I 0 0
Ag+1 A -1 0

RAy+ A4R
~YoCy — C4Y]
+H + 2R

O35 (cr, 8) =

RA, ¥ A& 0+ R RA R
—YoCo — C3Yg (o) ' —J(e.—h) !

AWR+JO,3y+R
-Ci YU Ym(’j)c*

- 01(d)(_)
—(6(r o;) 7(“ B)
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then the closed loop systern with the outpul feedback
controller

Tu (” _ AR’();ETL(t) + AgiTy (f h h)
{)

-+ Axs (,3);‘L?u(t + 3)ds
Jon (1)

{
+ Brou(®) + / Breot (B)u(t + 8)d,

0
Cror(Bzu(t+ 8)dB,

u(t) = Crowa(t) +

where

Aro= Ao+ BCKO — BgoC + ’7’*2TE,
Agi= (I +~vTM)AL
Aga(8) = (I + v *TM)BCxun ()
By =TV,
BK(n(.B) =TYp (/9);
Cgo = ~ZpM,
Cro1(8) = —Zn(P)M,
T=(I-52PM)"'P,
E = MAg+ AyM — MBZM,

— Bro1(8)C,

is internally stoble, where M := N-} pP:=R%

Remark 2 Theorem 1 is proposed for the dynamic
output feedback control synthesis of the linear time-
delay system (1). This theorem is an extension of the
result of the memory state feedback control synthesis
for linear time-delay systems 3]

Now the key idea in Theorem 1 is explained. The key
idea is to use the output feedback control synthesis
technique for linear systems with no time-delay pro-
posed in papers [19, 20]. According to this output
feedback control synthesis technique, the state of the
closed loop system z.(t) is defined as follows,

wa0=] "% |

For linear time-delay system (1), the closed loop sys-
tem with the controller (4) is given ag

Ty(t) = Acm%cz(f)+-4uurcz(f‘h)

+f Aot (B)za(t + 3)d3, (5)
—~h



where
A = Ag + BaCro —B2Cio
el = ._—-;;""QTE _4() - BA’OC“VQ -+ ’y‘m'er’E ’
4= Az 0
AT _ym2PMA Ay TPTMA |
Acor1(8) =
ByCron(8) o _ BeCra(B) __
T —(, T | ’V—:’ZTA'JBOG}{Q]_(»B)
—~=*TMByC 3 f b
L Y 2Cro1(5) L Bra(B)Cs

Using the condition (3) in Theorem 1, we can prove
that the functional (2) is a Lyapunov functional for
the closed loop system (5).

Now considering the element of the state of the closed
loop system z. (1), a condition x(#) = x,(t) is satisfied
in the steady state if the internal stability of the closed
loop system is assured. Thus the dymanics of T4(t) can
be interpreted as an observer of the state z(t) for the
linear time-delay system (1). The dynamics z,(t) in
(4) can be rewritten as

B (t) = (-40'*‘7_2TE)3I-11-(t)

+{A1 + ¥ ITM Az (t - h)

+ / T MBCro1 (85t + B)d5
+B;(:(Lv,‘) + Bioly(t) — Cxu(t))

[ Bron()utt +8) - Oralt+ 545,

Considering that this dynamics is an observer for the
linear time-delay system (1), the last term of this
dynamics denotes the integral of the observer error
y — Cir,. So we call this observer as the "memory
observer”. This memory observer is a new one with
the special structure for the linear time-delay system
(1). Thus the derived dynamic output feedback con-
troller (4) can be understood as the coniroller which
consists of the memory state feedback contoller and the
memory observer. The fact that the dynamics x,,(f) in
(4) properly acts as an observer for linear time-delay
system (1) is shown in the numerical example.

In Theoremn 1, the internal stability of the closed loop
system consisting of (1) and (4) is only considered.
Thus this theorem can not be applied to lienar time
delay systems with input saturation. Now we choose
a technique using the following constrained feedback
gains against the input saturation problems.

CroCro < 71, (6)

Chor(A)Cror(8) < v2I, V7 € [-h,0] (7

where ~v; and ~¢ are constant and given parameters.
This idea is based on the paper{l5]. We can easily
understand that the state feedback gains

-0
) = Cxoral) + [ Croa(B)ault+ B)d,
Jon

073-40-3016-9 © 2004 ASCC
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are constrained in Theorem 1. Then we have the next
main result.

Theorem 2 Given ~,p1,p2 and g € R, if there exist
constant matrices N, L, R, H, Zo, Yo and contin-
wously differentiable matriz functions Zoi(8), Yo (),
X (e, B), J(a,B) which satisfy the following inequali-
ties for Yo € [=h,0] and V5 € [~h. 0],

e o[ Oy et )
ol =| ey e |0
I N ~mir \
R } >0, ®)
. s
L§j§)>m (10)
2l Z(I)L(j) 11
| Zn () I >0 ()
qI’ i ] >0 (12)

L>0, H>0, X(o,8) >0, J(,3)>0, (13)

where B (e, B), O3 and O3%(«a, 8) are the same as
those in Theorem 1, then the closed loop system with
the output feedback controller

B (t) = Agozu(t) + Ax1Tu(t — h)
0
+ ¢4K2(!‘3)1"-u (t + d)dd

—~h
0 ) o (14)
+ Broy(t) + / Brou(8)y(t + 3)d8,

—h
)

Croi(B)zu(t + B)dS,
h

u(t) = Croma(t) + /
where

Axo = Ag + BCko — BroC + ,\’,{—’ZTBZ
Ay = (I +77*TM)A;,
Aga(B) = (1 + v 2 TM)BCroi(8) — Bgn(8)C,
Byo =TY,,
BKOi(ﬁ) = Tym(ﬂ),
Cro = —ZoM,
Cror{d) = —Zo1(B)M,
T=(I—-52PM)"'P,
E = MAy+ AyM — MBZyM,

is internally stable where M = N-L P:=R* and
the feedback gains Co and Ckoy (8) are constrained
as follows,

CreoCreo < P10 1,
Cleot(BYCK0(B) < pad’l, Y8 € [=h,0].



Proof: The proof of the internal stability of the
closed loop system is omitted. From (10), (11) and
(12), we have the next conditions.

Z(/)Z() < pll, Z{)l (,:’3)2()1 (d) < ng, M < ql.
The following conditions are easily derived.

CleoCro = MZ{ZgM
<p MM

< plqzle
G;{Ul (3)0}&01 (;))) = .7\/IZ(I)1 (/3) Zo1 (g)i’\/f
< pr_;qgf.

Remark 3 From (6) and (7), parameters 11 and 72
are given. If we use Theorem 2 for given v1 and 2, @
problem appears. The problem is how {o choose py, ps
and g properly. The algorithm to choose p1,pe and ¢
properly cun be found out in the paper(15].

4 Numerical Example

In this section, we illustrate the efficacy of the mem-
ory output feedback controller proposed in Theorem 2.
Consider the following time-delay system,
i(t) = Apz(t) + Ara(t — h) + Bu(t)
y(t) = Oa(t)

where the system parameter is given as follows,

L1 2 12
'4"“[3 —1}"41‘[0 0}

[1}70___{0 1], h=10,

B=19

I

and the initial state is given as

um=[g}pwsﬁ<o,dm=[?]-

The input is constrained as follows,

lu(t)] < 300, Yt €0, ). (15)
Here note that the open loop system (u(t) = 0) is
unstable(See Figure 1),

Using the technique {1, 2}, we restrict solutions of The-
orem 1 and Theorem 2 as follows,
X(a,B) = Xy + (a+B)X;1 + (a® + 5%)Xa
J(@,8) = Jo + (a+ B).Jy + (0 + 5%).J2
Zou(B) = 2§t + BZ + 3P 2%}

You(B) = YsJOl + nglm + ,'32}]‘201~

(16)

073-40-3016-9 © 2004 ASCC
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*t)

o 05 1 L5 2 25 3
time [s]

Figure 1: The initial value response of the open loop
gystem

4.1 Results using Theorem 1

First the value of v is chosen as 100 by considering fea-
sibility of controllers in Theorem 1. The finite number
of LMIs is 30, the computation time is about 7 [sec] by
using MATLAB on the computer with Athron-1GlHz
and 512MB-memory and we can obtain the dynamic
output controller (4). Using the obtained controller, we
obtain the simulation result depicted in Figure 2 and
Figure 3. Figure 2 shows the initial value response of
the state z(f) = [z, (t) z2(¢)]’ of the closed loop system,
where the solid line denotes z;(t) and the dotted line
denotes z2(t). The state z{f) of the closed loop system
converges zero. Figure 3 shows the response of the ob-
server error e(t) = x(t) — z,(t) = [e1(t) ex(t)]’, where
the solid line denotes e, (¢) and the dotted line denotes
eq(t). The error e(f) also converges zero. Thus we can
conclude that the dynamics of 2, (£) in the derived con-
troller performs an observer for the linear time delay
system. But we can see that the input is over the inpul
saturation (15) from Figure 4.

4.2 Results using Theorem 2

As the previous subsection, the value of v is chosen
as 100 by considering feasibility of controllers in The-
orem 2. We choose some values needed in Theorem 2
as p1 = 19, po = 20 and ¢ = 21. Then 7y, (6) and 72
(7) are given as v; = 8379 and -y, = 8820. The finite
number of LMIs is 40, the computation time is about
8 [sec] by using MATLAB on the same computer as
the previous subsection and we can the dynamic out-
put controller (14) with constrained feedback gains (6)
(7). The shmulation results are shown in Figure 5, Fig-
ure 6 and Figure 7. From Figure 5 and Figure 7, we
can see that the closed loop svstem is stable and the
maximum value of the input is attenuated in the satu-
ration condition {15). From Figure 6, we can also see
that the dynamics of x,(t) in the derived controller
performs an observer for the linear time delay system
properly. Thus we can conclude that the maximum
value of the input can be attenuated in the saturation
condition (15) by using Theorem 2.



The state x{t)

¢ 0.5 1 15 2 2.5 3
time [s]

Figure 2: The initial value response of the closed loop
system(Theorem 1)
10

st ) R i ._

The emor e(t)
~

4 i H
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Figure 3: The response of the estimated error z(t) —
2. {t)(Theorem 1)

100

Theifvpmu(t)
g 88 &
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E

&
8
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1] 0.5 1 T 2 25 3
time [s]

Figure 4: The response of the input u(t)(Theorem 1)

5 Conclusion

In this paper, dynamic output feedback controller with
constrained feedback gains synthesis problems were
considered for linear time-delay systems via infinite-
dimensional LMI approach. An existence condition
for synthesis problems of dynamic output feedback
controllers with constrained feedback gains was de-
rived in the form of infinite-dimensional LMIs. The
derived infinite-dimensional LMIs can be reduced to
finite-dimensional LMIs which provide feasible formu-
las. Finally we demonstrated the efficacy of the derived
dynamic output feedback controller with constrained
feedback gains by a numerical example.
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The state x()

i i H
[ 05 1 15 2 2.5 3
tirme [s]

Figure 5: The initial value response of the closed loop
system(Theorem 2)
10

The error et)

0 05 1 15
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Figure 6: The respouse of the estimated error x{t) —
2. (t){Theorem 2)
100

ok

&R

S 2 o

& & ©
L L i

The input uft)
AR
8
i

15
time [s]

Figure 7: The response of the input u( t)(Theorem 2}

Compapering a dynamic output feedback controller
with no constrained feedback gains and a dynamic
output feedback controller with constrained feedback
gains, the control input could be included in a given in-
put saturation domain using the dynamic output feed-
back controller with constrained feedback gains.
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Electro-hydraulic servo system has been used in many industrial applications for high
power in size, high response and fine repeatability. But, load variation causes a degrada-
tion of control characteristic. In this paper, we introduce a scheduling parameter which is
a function of hydraulc force against load, and apply it for gain scheduled controller design
to maintain steady control performance under comparatively large load variation. Fur-
thermore, we take time-delay into consideration as modeling error so that achieve desirable

follow-up performance. Usefulness of this approach is confirmed by experiments.

Key Words: Electro-hydraulic servo system, LPV system, Hy, control, Gain scheduling

Time-delay

1 Introduction

Hydraulic drive systems are used in various
industrial applications due to power in size and
high durability. Electro-hydraulic servo system
is a practical way to realize fine position, veloc-
ity or force control, making better use of specific
featirers of fluid drive system such as smooth-
ness and stiffness. In many industrial applica-
tions, fine control means that high reproducibil-
ity and fast follow-up performance. However,
the dynamic characteristics of hydraulic sys-
tem are highly nonlinear by seal friction, asym-
metric cylinder and load force variation, so on.
In addition, some of plant parameters are not
clear, such as oil bulk modulus and viscosity.
Among these factors, fluctuation of the load
force changes not olny control valve flow gain
also plant dynamics significantly. Output flow
of the control valve depends on pressure drop
at the metering edges. Pressure drop is a func-
tion of load force that varies in accordance with
machine operationg condition.

One of the difficulites in modeling of electro-

..24...

hydraulic system for an analysis or controller
design is a discontinuity of flow calculation for-
mulas in null region. Pressure and flow behav-
ior around the null are complex in spool valve.
Meanwhile, there are well known formulas in
turbulent and laminar flow conditions, respec-
tivly. But, these two formulas are not continu-
ous at the boundary. In this paper, propose a
formula, which interpolates turbulent and lam-
inar flow in a flow control valve, so that plant
model becomes continuous in the null arear. The
specific feature of proposed formula is to make
both flow and flow changing rate continuos in
accordance with spool displacement of control
valve and control port pressure.

Because of many desirable features of electro-
hydraulic servo system, aforementioned, a num-
ber of researches have been done vigorously in
spite of nonlinear problems, so far. Recent ap-
proaches to design controller for the electro-
hydraulic servo system is a H. robust con-
trol framework!® 3! or an adaptive controlm, or
sliding mode control for non-linear controller
design/® 13 14 There is a difficulty in the adap-



tive control scheme to achieve smooth opera-
tion or fast response characteristic, maintaining
closed loop stability. On the other hand, robust
control which depends on linear plant model
guarantees only local stability and robust per-
formance in the neighborhood of an operating
point for linear transformation. We introduce a
scheduling parameter that is a function of hy-
draulic driving force against the load, in order
to facilitate gain design, adopting a flow calcu-
lation formula which is proposed in this paper.
Then, compose a linear plant model as an LPV
(linear parameter varying) system so that we
are going to design a gain scheduled controller,
which is based on H, robust control scheme, in
order to keep steady control performance under
the comparatively large load force variation.

There are distributed time-delay factors in a
hydraulic system. In the previous work11> 12],
we designed and applied a velocity and a force
gain scheduled controller to an injection mold-
ing machine without considering explicitly exis-
tence of the time-delay factors, and with expect-
ing that a robust controller reduces their influ-
ences. Then, confirmed that proposed controller
design approach realizes fairly satisfactory re-
sult. At the same time, an experimental result
indicated that there is a possibility to improve
follow-up performance by taking time-delay con-
sideration explicitly. In order to take time-delay
into consideration, add its modeling error in a
generalized plant as a frequency weighting func-
tion. In this study, assume centralized 3.5ms
time-delay in the flow control valve, not treat-
ing as distributed model. A period of time-
delay 3.5ms was determined by simulation so
that we have a similar response to which we had
from experiment. Here, reconstruct the gener-
alized plants to design a velocity and a force
gain scheduled controller for an injection mold-
ing machine. Then, evaluate them by experi-
ment,

2 Modeling

2.1 Related equations

At first, summarize major notation, which is
going to be used in this paper later,
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P, : Supply press. P, : Tank press.
P, : Head press. P . Rod press.
Ao . Head side area A1 : Rod side area
V2 : Head side volume V1: Rod side volume
s 1 Valve disp. zp :  Cylinder disp.
myp :  Piston mass my: Load mass
6: Dumping. k. Stiffness
l,: Lap ¢ Radius clearance
K;: Tturbulent flow coeff  K;: Laminar flow coeff.
G2int © Lurbulent flow Qoini @ Interporation flow
goint : Laminar flow

Control valve has four meetering orifices. The
control flow at each orifice is a function of pres-
sure drop and valve spool displacement. Here,
consider one of the four flow merting orifices.
Then, flow formulae are presented as below,

92int = Kt\/(xs - la)z + C%\/Ps s P2 la.<.xs
3 Ktcr>4 (zs — 1a)3

3
Q2ini = (E) ( 1 P.— P,

+Kier V P~ Py g+ zsalzs <lg (2)
P, — P
’ (3)

'(-753 - la)

Here, 5, = —4Cv/ P5 — Pz/(3KtKl). Pz(t)
and P;(t) are cylinder bore side and rod side
pressure, respectivly. As and A; are clinder ef-
fective erea. Equation (1)and (3)are well known
formulas of turbulent flow through opening area
and laminar flow which leaks in the clearance
¢r between sleeve and spool. Here, take lap and
clearance conditions into consideration, too. K;
and K represent turbulent and laminar flow ef-
feciency. However, these two equations are dis-
continuance at the boundary. Equation (2) in-
terpolates turbulent and laminar flow so that
both of low and flow changing rate become con-
tinuos according to spool displacement and pres-
sure drop change. In order to have a linear plant
model, we partially differentiate these flow for-
mulae with respect to spool displacement z,(¢)
and related cylinder chamber pressure Pa(1),
supposing that we could negelect the differen-
tial terms which are higher than second order.
Linearlaization of equations at an arbitrary op-
erating point (x4, Pyo) are shown as follows,

1)

q2inl = K e T < g+ Tsa

Ts0 — la
(ms0 — la)? + 2

v Ps — Pg()&lls

6q}£nt = Kt <



(s0 ~ la)? + 2 0P, b1
TP | (4) 5P b
2 (PS - on) S ! + p((]Z) 5.3(33,1 (12)
3 4 3 v
3\ [ Kier\ 3(xs0 — Ia)? 3 Sz 0
] int & | T d. s ey ?
7 (m)( 4) P—Pw T \E .
Kier\* (@s0 — 1a) Kicr 2
X - 5P, (5 Ay A 5P
COR = = I ()= (= =55 0 o) | s | 09
P, - P. 1 dzp
dgoint = K < 25 s 5P2> (6)
“(xs() - la) _(7350 - la) here
!
Choose one of the proper equations (4), (5) B(Kainp, — Kooy _BA
in Py outPy

or (6), respect to the valve spool displace-
ment 2,4(t), we have a simple description as

5422‘71. = K2in:nsd'7f's + K2i71p2'5P2 (7)

In the same manner as mentioned above, lin-
earization of the equations at the metering ori-
fice B, C and D are described below

0qaout = Kooutzsd-Ts + KZoutp2‘5P2 (8)
Sq10ut = Kioutzsd-Ts + Kloutpl"SPl (9>
5q1in = K1i17,1:55‘375 + Klinpl'5P1 (10)

2.2 State space equation

Here, v, is the control variable, which is ap-
plied to the flow control valve. 714, and 75
are rated signal and rated spool displacement
of the valve. w, and (, represents the con-
trol valve dynamics as the second order transfer
function Psy(s) = w2/(s?+2¢,wys+w?) is given
by prior response test. We chose a small deriva-
tion of spool velocity and position, bore and rod
side pressure, cylinder velocity and position as
the system variables. In this paper, the plant
state space equation from the small control sig-
nal deviation dvg;, to the controlled variables,
such as force 6V, or cylinder velocity 6V, are

11, 12)
e
0

shown belowl ,

0w\ _ [ —2Cwy
8ts ) 1

5$s'v
Sz

Q, = s
p(1.1) Va + Az(Ln + z'p())

(22 = Ty +Ai(Lp — zpp)
bp(1) =

rst'r"w;z.
+ Taig 5'051'9 (11)
P, Ap(1,1) 0 —apy 0
6P| _ Ip(22)  9p(2,3) 0
5 = 10%4, 10%4, 10%b 102k
i mp+my TPy mp+my mp+my
by 0 0 1 0
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) = Va + A2{Ln +2p0)
_ BA;

) T Y ALy — 7p0)

o BlRrines = Kioui)

P 7 TV + Ar(Ln — 2p0)

,B(KlinPl - KloutPl)

ﬁ(KZi'n.zs - KZn'utms)
Vo + As(Ln +zp0)

Pressure change inside of hydraulic actua-
tor are calculated by compressibility of fluid,
named as bulk modulus 3, effective volume
change rate which is caused by flow into and
out from pressure chamber, and piston displace-
ment. Later, we assume that centralized time-
delay exsists between an output variable dz of
the equation(11) and input dz,4 of the equation
(12). Therefore, divide into these two equations
intentionally. In the equations above, some of
elements in the matrices of state space represen-
tation are depending on system operating con-
dition. Thus, we are not able to fix them at this
moment. They are going to be presented as a
function of the scheduling parameter.

2.3 LPYV system representation

With the state space representation as equa-
tion (12), six elements vary according to the op-
erating conditions. For the purpose of adoption
of the linear controller design scheme, we use a
LPV system presentation which has a sheduling
parameter. The scheduling parameter is a func-
tion of hydraulic force. An approach to have
LPV system is as follows. Equation (12), (13)
have form as

55 = 2 f(zo)bm + 2

5z 'a';:‘g(fﬂ())&xsd,

Sy = Cpéz
The matrix C, is constant and all elements in
this matrix can be determined from the mechan-
ical specifications. xg is a state vector at an equi-
librium point. But, f(xg) + g{zo)zsas = O gives



only an implicit representation, and it is diffi-
cult to have a solution of xzg. Suppose that g is
given, then yy can be calculated as yg = Cpzg.
In addition, suppose that the scheduling param-
eter 4 is given as a smooth function fo yp, such
as 0 = p(yg). In this case, if we could derive a
linear state equation depending on the schedul-
ing parameter 8, such a state equation would
represent the behavior of the plant in the neigh-
borhood of the equilibrium zg * 7. Here, de-
termine the scheduling parameters that depend
on hydraulic driving force for velocity and force
control. Considering that the flow characteris-
tics of the control valve depend on pressure drop
VAP, the scheduling parameters are obrained
as follows:

1
L
oo N1 TP
— ]
1 — Pyrated
Friow

L 0<0, <1

P

0<8. <1

6, is the sheduling parameter for velocity con-
trol. 6, is used in force control. In this paper, 1
is measured as F,,. F,., denotes the maximum
hydraulic force, Fy.rateq and  Fp.rateq are the
rated velocity and force, respectively. Here, the
hydraulic force increases to 40~50kN at 20cm/s
of the pistopn velocity. On the other hand, the
rated hydraulic force reaches 60kN, which is 2/3
of the maximum force of the machine, in the
case of holding pressure control.

Now, think about the representation of the
elements, which are not described as in a prac-
tical manner. a,(1,1), b,(1) and other elements
can be decided when x5, P, Pio and iy
are provived. However, as explained above, it
is difficult to directory obtain the equilibrium
stare across the whole operating range from the
related equations. For this reason, we are go-
ing to use the state variables that are obtained
from simulation. In the closed loop simula-
tion, we apply PI velocity or force control to
the nonlinear plant model according to equa-
tion (1),(2),(3) and other hydraulic servo sys-
tem equationsl®. Then, apply a relatively slow
enough ramplike velocity or force reference sig-
nal, such as (dvge = 0) , so that the state
variable of the closed loop change sufficiently

! -1
- _1 (19
1 — Lacrered
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L
10° 10"
Frequency [Hz]

(a) Velocity plant

107 107 10° 10 10
Freguency [Hz]

(b) Force plant

Figure 1: Gain variation

slowly. A a result, we could regard that the
state are close enough to the equilibrium. By
recording the all states during the simulation of
the specified operating range, we have a set of
the equilibrium points in both velocity or force
control. Thus, the obtained values at the equi-
librium points are first substituded into equa-
tions a,(1,1),--+,by(2), and then all elements
are calculated in order to obtain a LPV repre-
sentation depending on the scheduling parame-
ter 6. At the same time, the scheduling param-
eter, described as equation (14), is calculated
for velocity or force control. Providing this pro-
cedure to the whole set of equilibrium points,
undetermined elements would be approximated
as 3rd order polynomial of the scheduling pa-
rameter. However, in the case of plant model
representation by equation (11), (12) and (13),
unfavorable conditions for numerical calculation
appear because of the spread in matrix element



values, and the LMI problem becomes hard to
solve. Hence, to improve the numerical calcu-
lation condition, the state space representation
is transformed into the transfer function. Then,
coeffecients of the transfer functon are reduced
by 1/(2-7-50) scaling of the frequency axis so
that minimize the deviation between system pa-
rameters. The transfer functions of velocity and
force plant are equation (15) and (16).

Gpv(s) = Psv(s)'th<3; )
bzv(ﬁv)-sz %—blv(ﬁv)~s

- Psv(s)s‘1 + a3y (04)-83 + ... + apu(8y) (15)
Gp'n.(5> = Py (3)'Phn(37 971)
= Psy(s) b3n(0n) 8% + .. + bon(6n) (16)

8%+ agn(0n)8° + ...+ agn(6y,)

Then, convert the transfer function into the
state space equation for the controller design.
Thus, the matrices of the state space represen-
tation are described as thrid order polynomialof
the scheduling parameter, too. Fig 1 shows ve-
locity and force plant gain characteristic of bode
plot. In addtion, parameters of the experimen-
tal machine are shown in table 1.

3 Gain scheduled controller

3.1 Genaralized plant considering
time-delay modeling error

When designing a gain scheduled controller,
the following requirements must be considered.
In velocity control, the rise time of the step re-
sponse must be within 15ms, and the steady-
state errormust be smaller as possible. In a
force control system, the force must follow to
the ramp signal, reaching the rated force in
15 ms, and must be error-free at the steady
state condition. In the generalized plant for the
Heo controller design framework, two weighting
functions, W,(s) for the sensitivity function and
Wa(s) for the additive uncertainty at the input
of the plant, are determined as a result of several
trial-and-error. For the velocity controller,

0.0025s + 68.75 5(s+1)
W, — e T oY =T
su(8) s1o000 0 Vels) = T
For the force controlle
0.45+5 25(s+ 1)
Won(s) = e, Won(s) = 220 22
n(8) = o Wenls) = =55

5Usig
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Table 1: Machine parameters

Specific gravity (15/4°C) 0.866

Kinematic viscosity (40°C) : 30.1 [cSt]

Rated flow(6.86MPa drop) : 1650 [I/min]

90 deg phase lag w, : 534 [rad/s]

Damping ratio (, 0.94

Ps:  13.7 [MPa B:  686.5 [MPa]

Az 132.7 [em?) A 54.2 [em?)

L. 12 [em]

Va: 450 [em?) Vi: 350 [em?

Tsig: 10 [V] Tstri  0.32 [cm]

la: 5% et 0.0075 [mm]

m: 14 [kg] (m=m,+m;)

b: 198.4 [N-s/cm]

ky: 30538 [N/cm] in velocity mode

kr: 93163 [N/cm] in force mode

r i
Whiy(s) Wn(s) Wu(s)

wy w2 w3

)

Figure 2: Velocity control generalized plant

Pey(s) Pry(s,0y)

Frequency axis of these weighting functions
is scaled by 1/(2:w-50). When we design
a gain scheduled controller for velocity con-
trol using the generalized plant above without
an explicit time-delay consideration, and ap-
ply it to the experimental machine, a quite
big overshoot appears. Also, 7ms dead time is
observed(11, 121, Here, we assume that there is
a time-delay e~9-00355 which is determined by
nonlinear plant simulation so that reproduce the
similar response to the previous experiment re-
sult. Then, take it into consideration as a mode-
ing error Wi (s) = 2.1s/(s+1), adding W,,,(s) at
the output of the control valve Py, (s). Then, re-
constract the genaralized plant shown in Fig 2.
In force control, for the purpose of improvement
of the closed loop follow-up performance, apply
a p-analysis technique to construct the gener-
alized plant. The weighting functions Wg; and
Whm, which reduce the value of 1 as could as
possible, are obtained in the case of of 4,, = 0.5.



Table 2: DK iteration
Ae(s) 0 No. of order
A (s) times © ¥ Wae W
0 1 192 178 0 0
Ag(s) 2 121 17| 5 5
L 23 3 213 167 | 5 5
Wil(s) Win(s)~ Wre(s) 4 128 128| 5 5
2 5 124 124| 5 5
Wik (s) Wen (8)~ Wem (s} 6 182 178 2 2
.
7 15 15| 2 2
-1 Won (8 ) Wi (s) PH 8 152 152 2 2
Ve (9) ws we e 9 151 147 1 1
+ + + : :

. +

s J»* PP oL v 100 1T o8 1l

Figure 3: Force control generalized plant

As a result, we have Wg, = 1, and

_0.59121s +0.29293

T s+ 6.1275 x 104
4.7514s + 10.210
Whm(s) =

5+ 7.4161 x 10—

Whri(s)

Table 2 shows the DK itaration process to have
weighting functions Wy, and Wg;. At the 11th
itaration, we obtain the suitable p and « val-
ues which are reduced to 1.71 and 1.63. Also,
the order of the weighting functions are reduced
to first order successfuly to solve the LMI con-
strains.

3.2 Gain scheduled controlier

Before solving a controller design problem,
some preparations are necessary. In this pa-
per, we take LMI base approach to solve Ho,
controller problem. Let the stabilizing matrices,
which are presented as X and ) in many cases,
are continuous, positive definite symmetric and
a function of scheduling parameter to reduce the
conservations of solution. Such as,

XU(GU) = X’UU + leav + Xv29v2 + Xv39v3
yv('gv) = yvO + yulgv + y’u29v2 + yv39v3

For details, consult Ref.s 1% and ). In ad-
diton, we consider the maximum changing rate
of the scheduling parameter in the generalized
plant to guarantee the closed system stability.
Furthermore, introduce a technique to construct
a compact convex hull, which is proposed by
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Azuma et allf that involves a whole plant oper-
ating points in order to reduce infinite number
of constraints into finite number of LMIs. Fig 4,
5 are gain plot of the gain scheduled controllers
for the velocity and force control.

Gain [dB}

4

2
10 Frequency [Hz] 10

Figure 4: Velocity gain scheduled controller
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50
40 F - Y
P

20f 10

Gain [dB]

10

0 10
Freauency iHzl

Figure 5: Force gain scheduled controller
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Figure 6: Velocity control by gain scheduling
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Figure 7: PI velocity control

4 Experiment results

Close the velocity and force control loop of the
experimental injection molding machine which
has mechanical parametrs in Table 1, applying
the gain scheduled controllers which are shown
in Fig 4 and 5 respectively. Fig 6 shows velocity
step response when we apply three kinds of ve-
locity references that have an accelaration and
decelaration profile. In this experiment, veloc-
ity control strats when the referece signal steps
up, and stops when the 5em/s veloeity reference
terminates. Fig 7 shows the velocity stép re-
sponse of the closed loop that si controlled by
the conventional PI controller under the same
condition as Fig 6. In the PI control, the rise
times of three velocity references varied, and be-
came longer and longer when the speed becames
faster. As a result, it takes longer time to con-
verge to the constante reference. The other, gain
scheduled velocity controller keeps same veloc-
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Figure 8: Force control by gain scheduling
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Figure 9: PI force control

ity behavior against the load force variation, and
satisfies required characteristics quite well.

Force control experiment was performed using
the force gain scheduled controller; shown in Fig
5, and obtained the experimental results shown
in Fig 8. At the begining of the force control,
the reference signal stays constant level. After
a while, the reference rises up to 60 or 80kN,
then rises down to 40kN again. In this figure,
the velocity behavior from 0 to 0.5s shows how
the controlled force converges to initial condi-
tion, after the switching of the controlfrom the
velocity to the force. Here, we have an interest
in the behavior of the follow-up characteristic
and the convergence to the reference. As shown
in Fig 9, when close the force control loop with a
PI controller, we have over and under shoot. We
confirm that the gain scheduled force controller
acheaves quite fast follow-up characteristic re-
ducing over and under shoot in contrast with
the PI controller.



5 Summary

As we often may see, the velocity PI controller
shows the degradation of the step response, and
the rise time varies according to the reference.
On the other hand, the volocity gain schedul-
ing control keeps a steady transition behavior
to the several velocity level references, reducing
the effect of the load force variation. In force
control, gain scheduling controller realizes an ex-
cellent follow-up performance, better than that
of PI controller, minimizing both over and un-
der shoot. From these results, we confirmed the
usefulness of gain scheduling controller approch
to electro-hydraulic servo system, and the pro-
posed controller design technique.
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Development of the Blast Furnace
Integrated Java-Based Simulator

Masanobu KOGA, Harutoshi OGAI, Masatoshi OGAWA, Masahiro ITO,

Kenko UCHIDA and Shinroku MATSUZAKI

Abstract— Recently, the controlled object is complicated, and
the improvement in performance enhancement (high precision
and speedup) and safety of the control system is required, and
the demand which simulates the whole system heightens. In
this research, the method of unifying two or more partial
simulators for one simulator was proposed. By applying this
method to the partial simulators for Rabit model (the burden
distribution computation model) and Bright model (the
internal model) on the blast furnace, the blast furnace
integration simulator was constructed. JNI(Java Native
Interface) is used in order to integrate the simulator described
in the different language, and RMI(Remote Method
Invocation) is used in order to integrate the simulator which
runs in the different environment (the multi- platform). These
detail methods and the blast furnace integrated simulator are
reported.

I. INTRODUCTION

ILecently, with the improvement of controllability and
afety in complicated control objects, integrated

simulation of these system becomes more and more
important. By modeling one part of a system for limitation
of computer literacy , the partial simulation was done from
now.. Here we will carry out the total simulation by
unifying some existing partial simulators. When we
compared it with the developing simulator from a zero, and
the former cost is considerably low and we have a
considerable merit. We show the relation between partial
simulators and total simulator in Fig.l. Each partial
simulator took a long time for the development. Because it
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was used a different programming language in various
computer environment, the compatibility is Jow.

@ o b S ?

Complex System

Total Modet Total Simulator

Fig.1. Sub-Simulator and Total Simulator

By this study, we consider interaction in plural partial
simulators worked in different environments for a
complicated system and suggest a method to integrate the
simulators. As a example, we applied this method to two
partial simulators of a blast furnace process and built the
integrated simulator. In addition, we introduce the
visualization of the integrated simulation result and actual
process data which stored Database..

With RMI (Remote Method Invocation) of Java, we use JNI
(Java Native Interface) of Java to unify simulator working n
different environment (multi-platform) to integrate
simulator described by a different programming language.
We show the conceptual diagram of integration of partial
simulator by these methods in Fig.2.

RMI:Remote Method Invocation
INI: Java Native Interface

Distributed object

Existing simulator

Fig 2. Integration of Simulator by JNI & RMI



1I. .INTEGRATED JAVA-BASED SIMULATOR

2.1 INI (Java Native Interface)

JNI (Java Native Interface) is structure to carry out code
(native code) including practice code of a processor
generated by a C/C++ language or a Fortran language from a
Java program. We can carry out the following in native
code.

- generate objects

- access class variables

- access instance variables

- occur and catche exception
- load classes

For using JNI we compile Stub (native code comprising
several lines) which mediate native code such as C and
Fortran with Java , and make a common library. It is
expected to make SO file (common library) in the case of
UNIX, or DLL file in the case of Windows. Through the
Stub a native function code ( C code) is called when we call
a method declared native by Java. And the action result of
native code is returned through Stub to the Java program.
We can carry out Fortran code from Java by calling a
subroutine of Fortran from a function of a C code.

2.9 Access Java and Fortran, C code by using JNI
We mention the access procedure from Java to Fortran
and C code in Fig.3.

Create share library and export from Fortran
«Declare export of Fortran code

«Declare export of Fortran Common block with label
-Create share library of Foriran code

!

Use Fortran code from C code

-Create C code calling code of Forfran

«Declare extern and definite C structure object
for the Fortran common block with label

.Create function to write C and Fortran list, and to read J

I

Use C code from JAVA

-Create Java code load share library in satic block
and native declare function of C to use from JAVA

-Compile above JAVA code and generate class file

.In Javah, Generate header file of C including
information about function of C from class file

.Create code of C including the function that it was
based on function prototype described with above
header file and implemented

-Compile the C code mentioned above and integrate
it with share library of Fortran

Fig.3. Fortran & C code access Method from Java
(1) Export from Fortran

We declare the subroutine names of FORTRAN code to
use from Java by using INL
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Next, labeled COMMON block and the variables of
FIORTRAN code are declared to use from Java code by JNL.
And we compile the Fortran code and make the common

library.

(2) Use FORTRAN code from C.

A subroutine of FORTRAN code is called from C. In
addition, a function of this C language is defined in the form
that can be called by Java.

We define some structures of C language correspond to
the labeled Common blocks of the Fortran code, and make
the extern declare of the variables to refer to the memory
domain of Fortran.

We can access the Common block variables of Fortran by
accessing the structure member of C.

(3) Use C code and Fortran code from Java

We declare native for a function of C language used from
Java., We load the common library ,RabitNative, including
C language in a static block.

We compile this Java code and generate the class file
Rabit.class and RabitNative.dll.

In Fig.4, we show the conceptual diagram for accessing
the variables of FORTRAN Common Block from Java. A
Java program can access the variables in FORTRAN
Common Block through the structure member of C
corresponding to the class in Java.

common /label/

function to
transform
C to Fortran

o Ly
function to | [N
transform
Fortran to C
Rabitfor RabitFCB.c RabitFCB.java

Fig.4. Access method to Common Block

| somaen Bubwlin, . %

Yiiie %47
doddet,
Ay

" Gt (igest Dty Suvs Ll Shein

Fig5. Exchanges of data in Ini4FCB

In Fig.5 we show the example of the exchange data
between the class data in Java, C structure data and the
Common Block data in FORTRAN.



2.3 Ini4FCB

We developed a useful support tool,Jni4FCB.By using
this tool we can access from Java to a Common Block
variable in Fortran and the tool “Jni4FCB” generates the
interface to access these variable automatically. When

Common Block variables are declared, we can get the
almost interface software to access them from Java. We
show the procedure to make Java code and C code using
Fortran code by Jni4FCB in Fig 6.

Fig.6. Java & C code automatic generation by JniFCB

2.4. RMI
RMI provide environment which can use the distributed
object in Java.
. The use of objects arranged in terminals on a network
is possible.
Through the distributed object, the exchange of data are
possible by the method calling between terminals on a
network.
Processing in RMI is done as follows. In figure 7, the
procedure flow of RMI is shown.

Fig. 7 . processing flow in RMI

1.
2.

A server generates a distributed object.

A server registers a distributed object with name
server.

3. A client refers to name server for a distributed
object.
4. A client calls a method of a distributed object.

2.5 Distributed computing environment for Rabit & Bright
We show the distributed computing environment for Rabit
and Bright which used RMI in Fig.8.

Fon B LS |

s ———
Main mathod | Caoulnie Rublt
oo
y
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1 i ::ﬂ‘
% Y wE x,,,,:n

Fig.8. Distributed Enviroment for Rabit and Bright by RMI

In addition, we show the flow of whole distributed
simulation environment with RMI and JNI inFig 9.

e e e o 0 T R o e 9

090 200
R R Y

Fig.9 .The total procedure flow of distributed computing
environment by RMI and JNI

1II. COMPOSITION OF TWO-DIMENSIONAL MATHEMATICAL

MODEL OF BLAST FURNACE (BRIGHT MODEL)

_34‘



3.1 Outline of Blast Furnace Process

A blast fumace is a moving-layer type counter-flow
reaction vessel wherein: iron ore and coke, both in gains, are
charged from its top one after the other so as to form a in
through blast injection nozzles (tuyeres) provided at its
lower portion and the hot air makes the coke bum to
generate high-temperature reduction gas; and iron oxide in
the iron ore is reduced and melted by the high-temperature
reduction gas into molten pig iron. This reaction vessel is a
vertical, cylindrical pressured of five sections, namely a
throat, a shaft, a belly, a bosh and a hearth, from top to
bottom. The shaft and the bosh are of a truncated cone shape
(see Fig.10 ¥)

Layer Thickness Meter
‘iieShaft Sonde

Shaft -
chesive Zone

“Belly Sonde

Fig.lO.. Outline of Blast Furnace Procéss

3.2 Composition of model

The two-dimensional mathematical model of the blast
furnace consists of the following sub-models: the burden
distribution model, gas flow model, solid liquid flow model,
chemical reaction model, and cohesive zone shape judgment
model. The sub-models are described in Ref 1.

Given one set of operating conditions, the procedure
illustrated in Fig.11 is repeated to predict the shape of the
cohesive zone and know the converged values of reduction
degree distribution and temperature distribution.

The calculation results were judged to have converged
when the average value of the changed when the average
value of the change in the shape of the cohesive zone fell
within 0.5m.

The chemical reaction model is divided into the
component models for such reactions as ore reduction
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reaction, coke solution loss reaction, and water-gas shift
reaction.

r Burden distribution sub-model ‘._..- “Layer thickness ratio (Lo} distribution
»Voidage ard mean particle diameter distrbutions.

J.-.m

J-----{ \Solic descent velexity dstrbution

[T Gas flow sub-madel o s fiow rate dieGgoN J

‘Pressure disgribution

[ Solid flow sub-model

+Gas compesition distrbution

hemical reaction sub-model == T2 raduction degree
rC ermical ction sub —J ‘Stepwised reduction degree
-reaction heat distribution

N
r Heat transfer sub-model l-—----[ .Gas and solid temperature distributions

[Etematon of cohesive zone shape] | e ire ST i ™

Dose cohesive zone shape
converge?

Fig.11. Composition of two-dimensional mathematical
model of blast furnace

IV. BLAST FURNACE INTEGRATED SIMULATOR

4.1. Application to Blast Furnace Sub-Mode] Rabit

Blast furnace sub-model Rabit is a model calculating
burden distribution of a blast fumace. We applied Ini4FCB
for a program Grden.for that all Common Block to use in
Rabit is declared. In this Grden.for, there is 26 Common
Blocks, and 155 variables are declared. When we applied
JnidFCB for it, RabitFCB. java(54KB), RabitSkerton
java (about 17 kbytes), RabitFCB.¢ (about 85 kbytes),
RabitFCBh (about 14 kbytes) were generated
automatically.

We show a sequence diagram about a class generated by
Tni4FCB in Fig.12.

1 ___ readFil !

i
|
‘
1
t
'
¢
i
1

i
setFCB| ' |
write| )
rabitdp1() | 1 . 1
1 ) - rabitdpt 0
etFCBl ' : LJ——‘_’[:}
read H

writeExcelData()

H

!

writeGraphData() ! :
-] :

'

T .

Fig.12. Generating Sequence Figure (Rabit)

4.2 Application to Blast Furnace Sub-Model Bright
Another model of the blast furnace, Bright, is a model

calculating the reaction, the solid, the gas, the liquid flow



i

and the heat transfer of the inside furnace. When we applied
Ji4FCB for program SBRIGHT.for that all Common Block
to use in Bright is declared. BrightF CB.java (about 339
kbytes), BrightSkelton java (about 93 kbytes), BrightFCB.c
(about 276 kbytes), BrightFCB.h (about 39 kbytes) were
generated automatically. We show a sequence diagram
about a class generated by ni4FCB in Fig.13.

) [ [owe) [eem) [Eem)

V. VISUALIZATION SYSTEM OF BLAST FURNACE
INTEGRATED SIMULATOR

i U wie) : ) '
sbright() | g: LJ :
i | sbrigm 0 L
e i L'J
writeQuiData) : u o
' : ' Fig.15. Menu of Integrated BF Simulator
writePiotDatd() ! E !

t
ll
'
i

Fig.13. Generating Sequence Figure (Bright
1 gure (Bright) 5.1 Blast Furnace Integrated Visualization System

This system consists of a database system and a
visualizing software. The database system accumulates both
the calculated data and the measurement data in digital data
for a long term. The software makes the visualization for
both of the calculated data and the measurement data. These
i data converted to image information on personal computer.
This software can compare measurement value with
calculated value of the time in Fig.16.

- o Database system and a PC are connected to a process

s | z patran 17 computer in a network, and on-line analysis is possible. In
addition, we extract the digital data from the database
system which accumulated voluntarily, and offline analysis
is possible.

4.3 Integration of a Blast Furnace Model
We show the integrated simulation environment for Rabit
and Bright by INI in Fig.14.

o o e o v T T

Vs Uatendss

o e e i e e R

Fig.14. Integrated Rabit & Bright Simulator

We can transfer the value calculated in Rabit to Bright in
memory without a file. :

We show the practical GUI Menu for the integrated
simulator of a blast furnace in Fig.15.

Fig.16. Outline of System Configuration

5.2 Visualization of Blast Fumace Integration Simulator
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This technology makes the data which blast furnace
integration simulator calculated image information .In
addition, this technology makes 2 spatial distribution
characteristic of measurement data on blast furnace facility
image information in the graphic information which

isograms of measurement data form. Furthermore, this
technology displays a graph to compare both of data made
the image information centrally. This technology has a
characteristic in analyzing those time series changes as
animation information. (See Fig.17)

Fig.17. Image Plane of visualization System operation

Image information of calculated data shows half of the
right side of the blast furnace inside of a sake bottle type and
expresses it on a height direction of a blast furnace and
2-dimensions of planes of a radial direction of a blast
furnace and shows pressure and height such as temperature
with a different color and forms a figure of isograms of
calculated value to be concrete. As for the image
information of a spatial distribution characteristic of
measurement data, an amount of furnace direction and a
projection of 2.dimensions of planes of a furnace hoop
direction develop a blast furnace external form side of a sake
bottle type and We let a value of measurement data of each
measurement  sensor cope with  three dimension
establishment position information of each sensor precisely
and post you on 2-dimensions of projected planes and form a
figure of isograms of measurement data. We express it on
pressure and 2-dimensions of planes of a height direction of
temperature in a vertical axis on a height direction and a
cross axle of a blast furnace, and the central graph which
compares both of observed value with calculated value
displays neither of graph of the time.

Operation of a Vvisualization system chooses "blast
furnace computed result and integration display screen" of
the results among menu screen of Fig. 18. A screen of
visualization of Fig.17 is displayed next. Then we input a
period to display and numbers of steps to display. We
choose the item of data that calculated value and measured
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value want to display by setting. An item of calculated value,
iterns of measured value such as gas pressure and solid
pressure, gas temperature, solid-state temperature are shaft
pressure and stave temperature. In what we search it and
start, we display a time series change of the item by
animation information last.

Fig.18. Menu of visualization System

VI. .CLOSING

In this paper, the method of unifying two or more partial
simulators for one simulator for a complicated system was
proposed. In order to unify the simulator which operates n
JNI (Java Native Interface) of Java and a different
environment (multiplatform in order to unify the simulator
described in a different language, RMI (Remote Method
Invocation) of Java was used. The integrated simulator was
built with the application of this method of a blast furnace
process. Moreover, the integrated visualization system of the
calculation result of a simulator and actual result data was
also reported.
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Gain Scheduling Control for Electro-Hydraulic Servo System
which has Time-Delay
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Electro-hydraulic servo system has been used in many industrial applications for high power in

size, high response and fine repeatability. Bu
characteristic. In this papaer, we introduce a sc

t, load variation causes a degradation of control
heduling parameter which is a function of hydraulic

force against a load. Then, apply it for a controller design in order to maintain a steady control
performance under the comparatively large load variation. There are many factors, which cause a
time-delay between an input and an output, in the hydraulic system. It often produces unexpected

over or undershoot when design an aggressive contr

oller for high bandwidth feature to the plant. In

order to have a desirable following behavior in the closed loop system, take a time-delay into
consideration as a modeling error and attempt a trade off of rise-time and overshoot characteristic.
The usefulness of this design approach is confirmed by the experiment.

Key Words: Electro-Hydraulic Servo, LPV Sy
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Table 1 Coefficient of velocity plant
bivo biv1 biv2 biva
bou{fy) | 1.07x109 | -2.21x107 | -1.8x10° 1.47x10°
b1p(6,) | 3.03x1010 | 1.08x10'2 | -1.29x10'% | 7.11x10%
Aiv0 Qiyl Qiy2 Qi3
a3,(6y) | 1.21x103 | 1.53x10° | -8.83x10% | 6.93x10%
a2y(6) | 9.37x106 | -1.99x10% | 3.85x106 | -1.25%10°
a14(6y) | 2.58x108 | 9.41x10° | -7.78x10° | 5.14x10°
apw(By) | 3.54x107 | 9.68x10° | 1.17x10'0 | 6.84x10°
bin(00) = 3, g bingbu? (i=1,2),
aiu(9v> = Zj":o aivjovj (Z = 07 1, 27 3)
Table 2 Coefficient of force plant
bino bin1 binz bin3
b3n(fn) | 8.14x10% -1x10° 6.47x10% | -1.69x10*
ban(6n) | 9.99%107 | -9.79x107 6.99%x107 | -1.89x107
bin(8n) | 5.04x10%0 | -3.29%1019 | 2.89x10%° | -8.26x10°
bon(fn) | 2.72x10%% | 1.03x10%% | -3.06x10'2? | 4.71x10%
Aind Ginl Gin2 Qind
azn(fn) | 1.28x103 6.42x 102 9.08x10% | -2.51x10?
agn(6n) | 8.73x108 1.72x108 5.85x10% -2% 108
a1n(6n) | 6.08x108 3.10x10° 4.19x10° | -1.06x10°
aon(0n) | 9.98x108 | 6.33x10° | 2.76x10'° | 3.15x10%°
bin (en) - Zg=0 binjenj
@in(0n) = Y7o @ing0n? (1=0,1,2,3)

Table 3 Region of coefficient variation

Velocity plant Force plant
region region
o —— ban | 2.91x10%~8.14x104
b2y 7.28%108~1.07x10° bon | 5.29%x107~9.99x107
b1y | 3.03%x1019~5.37x10M || b1, | 3.81x10'0~5.04x1010
— — bon | 2.72%x1012~1.04x1013
asy 1.21%10%~2.56x 103 asn | 1.28x103~2.58x10°
a2y 9.37%10%~9.98x 108 a2n | 8.73x106~1.08x107
a1y 2.58%x108~7.03x10° a1n | 6.08x108~6.85%10°?
agy | 3.54x107~2.83x101 | ag, | 9.98x108~6.65x1010
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Fig. 1 Bode plot of velocity plant variation
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Fig. 2 Bode plot of force plant variation
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Table 4 Machine parameters

Specific gravity (15/4°C} : 0.866
Kinematic viscosity (40°C) : 30.1 [cSt]
Rated flow(6.86MPa drop) : 1650 [I/min]
90 deg phase lag w, 534 [rad/s]
Damping ratio (y : 0.94

Ps: 13.7 [MPa] 8 686.5 [MPa]
Ag: 132.7 [em?] A;: 54.2 [em?]
L,: 12 [cm]

Va: 450 [cm?®) Vi: 350 [cm?)
Tsigt  £10 [V] rstr:  0.32 [cm]

la: <5 % cr 0.0075 [mm]

m: 14 [kg] (m=mp+my)

b: 198.4 [N-s/cm]

k,: 30538 [N/cm] in velocity mode
ks 93163 [N/cm] in force mode

MIc b BT 5T L. KEENROGE, EEB LU
FIHIEN ST 25~30dB D7 A VEEFHELTVS T
LREREENS. B — TRICRD ZIBHERHEON
v RIEIR, c b R— REREZEICRETEND. £tk
4 ~NEREH LTS B T 5 EREOFE TR Y.

3. BPAUARFT T a—IL P

31 TEBEEERLE—BETSH EE
HER T, ATy TINEDIL LD R%Z 15ms L
T, EEEErE NS {5, EARETIE, ERE
H\ 15ms TEET 55 v TESICER, hDOEER
ERNBLIEZEIHEBRERFTE. —RILTSVE
ORERICHT 3 AR EHEEE W(s), Wa(s)
FHEARRRE BRI T B BRI E S TERE FIEERR
HOBE

_0.0025s + 68.75 _ 3.75(s+1)
Wiu(s) = 2(s +0.005) ’ Wils) = =237
e EERERET TR
04s+5 25(s +1)
Wsn TR, an =
&) =S Vel = 7

ELTW3B. 2L, TTTHARRENS 1/(2-7-50)
TRI—VU VT LTWA. TOXD LERBERL
FERERWT, OFERMERBICERYE TR LICEER
s hEERR ERA LSS, i Ial—Y3
VICRBESNAEVEENKE ZA —/—Ya— A
#ET 5. O DEERSERTIEHK Tms O
BENDERIENLC EH S, BIERENEETHS
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5v4; + +
s |+ P, (s) +

Z] 22 z3
oo !
Wiw(s) Win(s) Wso(s)
w1 wo w3

+ 5Vz v
Pho(s,6,) i«g——»”

Fig. 3 Generalized plant for velocity control with

time-delay weight Win(s)
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RS S RIERN TRV 5. BE(LRFRE o
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BER Wai, Wam & Was(s) % 0, = 0.5 DBETK
B, —E 7S VR4 BBET 5. AR ORED IR
LAHEORR, ROLIBEAZES.

0.59121s + 0.20293
Wri(5) = < 67275 x 10-4
475145 + 10.210
Warm(s) = ad Rs = 1

s -+ T.4161 x 10—’

12U, Wre(s) = Wri(s), Wrm(s) = Wirm(s)
Wae(s) = Wis(s) )
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Table 5 p and v in DK iteration
Ac(s) 0 number order
An(s :
0 ( )As(s) of times T Wa Wan

Won(s)rl Wea(s) 122 1 192 178 0 0

2 1.21 17 5 5

Win () [ Wi (s) 21 3 213 167 5 5

Wgi (s) w3 wa w1 Wm(s)—’* Wes(s) = : vas o > °

t EL + I 5 124 124 5 5

Ovsig 8l Py (s) HE &Aa%P&r——L+”h 6 1.82 178 | 2 2

7 15 1.5 2 2

Fig. 4 Generalized plant for force control with W, (s) and 8 1.52 1.52 2 2

Wrm(s) obtained from p analysis 9 151 1.47 1 1

10 1.77 1.63 1 1

BT i H 5. TR ER 2 R, 1 RETBEET B & 11 171 163 1 1

11EOBELT pu & NELLOHEIHEEXTD L, 5
AV yH 17L& 1.63 L7525, TOX D BERTEH

BICARE LIRS T, AHITECRED/IE R p & 5 * o
ZRONGEVDT I ETITY> T3, or
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T, fH88 85 A= 2R3 F VSV TCAFENB AT g
Va—J s TNRGRA—RKETHEDETS. Hy § a0 =
HIEREE R Ic T b | BB LMISIGE LTER o
£ 5. BIHEEHORMII MO 2 BH. AFED wpo
REUE, —ET T2 FOITRIBEES AT P a—Y v ok .
TG A—RIMRIET B 5 A TORIENRERZ S T 50 L »i

L BNV—TREARZEILL, NELD OHFIEEE
TD Ly AV EB/NCT 2 ERIEERTFTH X(0)
EVO) BART T a— N TNRGA—RIKREEET
WBT k. ATV a—U VT IRS A—-ZDERELR
REET B LT, BEEBICFOEEERITET
BB AVGAVTAFETBAY YV a—UvINn

Fraquency {Hz]

Fig. 5 Velocity gain scheduled controller
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Fig. 7 Velocity control by gain scheduling

101
st ’ ‘
fe) o
3} 0.1 0.2 0.3 0.4 0.5
t[s]

Fig. 8 PI velocity control

100

Qo0 r

80

70

60

50

Force [kN]

40

30

20

10

OO 0.5 1 1.5 2 2.5 3
t s}
Fig. 9 Force control by gain scheduling
100 T v 3 j

90 ¢

80

70

60

50

Force [kN]

40

30
20 1
10 J
o
0 0.5 1 1.5 2 2.5
tis)

w

Fig. 10 PI force control



CEBEER DBSHEY —RRDFA VA v~ ) v TEIE 3153

I LURIHEE NI A2 EREL, ZD/35 A—-2%&E
Y B RATOHIEETIZ, I~ TRORMEA
RENREEIC K LEET ARIEND 5. FHEICLS
HELHNHERBE T, BEIEENBRERES
D WN%EETH > TEHEN— TROERENT(LHE
U%. ZWMXTE, BENOBEERRT ZmTH S
BELTEAT V2= VT RSRA—2EBRL, 4
HANEE LPV VAT LELTLUTERLE 2oy
AT LERERATZC LT, BRMEY —RRICE
I BEFAEEN, HEAHHHRELEHOHR R LT, §
ENROISEFEICEEET 2 L ABSICET S
TEMTES.

LPV Y RAFLRBRICE D, AP a—) 585
A= DOERENERZERT 5EE, #7142
Da— )V FRIBBOREITIICHID, LM
BERETIEEL LTRILTS Y NEAANS
LT, fENRIFEOTVERERELS T &L
A== a— hRER, FRC BIFR BREEAOIY
REMZER U ChoEBRERED, KB TR
U T hltes iR etk DGR A BEE UTe.

X 7y

(1) A.R.Plummer, N.D.Vaughan Robust Adaptive Con-
trol for Hydaulic Servosystems, Journal of Dynamic
Systems, Measurement and Control, Vol.118, (June
1996), pp.237-244

(2) 1.Tunay, E.Y.Rodin, A.A.Beck Modeling and Robust
Control Design for Aircraft Brake Hydraulics,
Trans.IEEE, Control Systems Technology Vol. 9,
NO. 2, (March 2001), pp.319-329

(3) J.E.Bobrow, K.Lum Adaptive, High Bandwidth
Control of o Hydraulic Actuator, Trans. ASME, Vol.
118, (December 1996), pp.714-720

(4) W.J.Rugh, J.S.Shamma Research on gain schedul-
ing, Aotumatica, 32, (2000), pp1401-1425

(5) EH, &, | p Y A X ZBEREY —
BROMERRFFHOME, HESHELRHE (C
), 61 #, 590 2, 1995, pp.3960-3967

(6) AH FA YRy Va—) vy kb 534 %, 5
35, (1995 4 3 A), pp.182-187

(7) 3], ¥, E BIRED LMIRHE SN R Y a—
U2 DI85 A= 2RO Y AT LOBHICBIT 5
AlDREAE, 5 25 B IR VY2 — L, (May
1996), pp73-78

(8) il X514 F ¢ 2 JE— KRR S EE— &0
EERIE, BRBHESRE (CH), 67 %, 660 S,
(2001-8), pp.165-170

(9) B, WE BHREHT /F2—T— 22 6T 3EH
Y —RBOEF) VT EHPA VR V2 — Y VA
£B AT VBN, ¥ AT LEEERE R,
Vol.14, No.3, (2001), pp.110-116

(10) Zll, Al BRHMEY—RRICBI 2 EE B X UH
NDTA YRy Y a—1) v THIE, BRERKRTE (D
), 122 %, 11 8, (PR 14 &), pp.1051-1058

_45_

(11) f, AR, If, B BEBET—RADT/NZ b
HIENCBI S % PERERTAR (55 1 8R) -LIX X MM - SR
71 SELIEREIC K T B EBMILE-, BE¥ 2%
% (D), 120 &, 3 2, (Fr 12 ), pp.423-429

(12) W, fEL K, BIE, BE EXMEY—RROTNRX b
HIENCBES B ILAERTIE (38 2 8R) BB/ A— X EH)
XY BEBLE-, BEELHE (D F), 120 %,
75, (¥R 12 §), pp.916-921



HE L

| TOEAEFHT I/ BT/ BRTS

=

=

moHE ® FE°-Wl T

* BRI AY BRBHEXAXE 3-4-1
Hok FILAZ LATEEXREFEE 6-6-07
Foiok FEAY HHMHAEAX R AFE
* Waseda University, 3—4—1 Okubo, Shinjuku-ku, Tokyo, Japan
% Tohoku University, Aoba-ku, Sendai, Japan
*%% Kyoto University, Nisikyo-ku, Kyoto, Japan
* E-mait: kuchida@uchi.elec.waseda.ac.jp
** E-mail: yyama @pse.che.tohoku.ac.jp
sk E-mail: kano @ cheme kyoto-u.ac.jp

EU OIS

TOvAEFET A, B, EHT LI, Yok
ZEBODBEETHHNTNTTLH L. REEEETIE, ~o
[FElT5 /804 /BT L) Tk 20aH & #
WMo EbsT—<% [£7) 7 /%] #LT [#
WER] L) 2 00BAILHD, EEDFTEE N —
Fo o7&V 7 b2 THIROEERN—XE L TREMS
NTHB 70 ABHEENO O OGFOMFHE &L

1.

WEMBAT A, BF0OTHORS EHHELET) 07
SHRIEIZETALDTH Y, B0 6 2 FIH ERICH

THLOTHAL. 2O0HERTFHEIIEELTEY, £,
Fol TERICET ARAOPIIHBEORMENELD FFS
NTBY, ZOFERRELOEENZ LOTHS. K
E5E, TorAEROOTE, B, BERECEL
HEFOEEEFEHFOREEBNITHIE HFH L L2,
QL LD IDEELDPHEOMN y 7 AR LHOTIL

v, EF) I RIEIZELTCE, BT O T4
WEISCEF) Y7L Rah s, FHE 5
BIZBELTIE, Y0220 bO—FOREERL VI
ErolRESBI LoD THLI L ZEWICBEY L
TBEI0,

2. 7JOvX%EFRTB/EhT
21 HE

KEEEEDREDEFY v 7 BRI T 5 R
BEIAEERTULAIRESNLELOTIE LW, TIT
BAEEZOR 22 EHEIIBWT, 7Y 0 7 EHMRER
T 2R OFEER L EMHEOTE IOV THERS,
ERET OB AZER S NBERCHEDOSILICE, &
E7 022 b s 5HE /RIS E L, EEEL SO R R
TR ETHBENE  hoTWA, FOLHHTOXX
BE, (EROEM SlEERZEEL CTHETHETS
EEHRESEHRINTVL, L2LEAS, 7O A0H
MLz ok, (EROEMicii L ) By sEsikig s
EBTLIEPEETHY, TOLADPFHTE L VEY

ERAICHIE 4B FTo2B 2005 FE 288

Z** R

_46_

wlfE - BagR

224 Rekek

mo ¥

F¥—7— K AHHT—2% (input-outputdata), EFYU > % (modeling),
Tt ZEI#E (process control), 7O+ XFEl (process prediction) ,
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Java-based Integrated Blast Furnace Simulator and Integrated Visualization System

Masatoshi OGAWA", Harutoshi OGAI", Masanobu KOGA™, Masahiro ITO™,

Shinroku MATSUZAKI™, Kenko UCHIDA

Abstract:

AHekOKK

and Yasunori TAJIMA

KRNk

In the field of pig ironmaking process, malfunction of operation is caused by enlarging a blast furnace and increasing

use of low quality ore. Thus, operation support systems predicting a blast furnace are demanded. This paper introduces a Java-based
integrated blast furnace simulator and an integrated visualization system for blast furnace in order to support blast furace operation.
The Java-based integrated blast furnace simulator is constructed by reusing effective existing partial simulators. RMI (Remote
Method Invocation) and JNI (Java Native Interface) of Java technology are applied to integrate those simulators. The RMI
integrates those simulators on different computer environment, while the JNI integrates those simulators programmed different
programming languages. Therefore, the Java-based large-scale simulator can be built with less work than to redevelop another
simulator. The integrated visualization system provides visual information on measured data and calculated data at the same time,
Furthermore, a function of the integrated visualization system that visualizes calculated data of multi-variable is developed. The
function can select and display multiple pieces of information freely.

Key Words:  process simulator, steel industry, blast furnace, visualization, Java
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Fig.1 Outline of a blast furnace process
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Abstract: A practical method of JIT modelling for a blast furnace process data whose
characteristics are very complicated physical phenomena and stiff nonlinear process are
studied. The proposed method is composed of severely selecting process data variables by
stepwise method and searching the past similar data in quantized topological space
constructed by the selected variables. The effectiveness of this method is confirmed. Tt is
also confirmed that it is sufficiently possible to apply this method to online use because
the calculation time is quite short for searching the past similar data and estimating the

future. Copyright © 2005 IFAC

Keywords: Database, Dynamic modelling, Nonlinear models, On-line control,
Regression estimates, Steel manufacture, Variables, Validity

1. INTRODUCTION

In recent years, the new local modelling methods are
attracted a great deal of considerable attention, which
are called “Just-In-Time modelling”, after this JIT
modelling for short, see (Zheng and Kimura, 2001a
and 2001b) or “Lazy Learning”, see (Atkeson, et al.,
1997; Bontempi, et al., 1999). That is based on the
background that it have become to be able to store
large scale process data and to search data quickly as
technology advances of computer hardware and
database system. These modelling methods are first
characterized to store the observational process data
directly in database among the wide process
operation range beyond the designed static specific
operation conditions. They are next characterized to
search the relevant data to the system input, called
“query”, as the “neighboring” data whenever it
becomes required to estimate (or predict, control) the
system state with the database. Then the system
output correspond to the query are got by a local
model that complements the outputs of the
neighboring data. These modelling methods are also

characterized to discard the local model whenever the
system has been estimated and then to cope with the
further storage of the observational process data.
Case-Based Reasoning (CBR) in the field of
qualitative Reasoning, see (Tsutsui, ef al., 1997), is
also based on the same idea. A problem to be solved
in JIT modelling is having to execute a huge amount
of computation to calculate the distances between all
the observational process data and the query and
having to put all the data in the proper order for the
purpose of searching the neighboring data close to the
query. For example, blast furnace is a complicated
and stiff nonlinear process (or system) in its physical
phenomena. Then various sensors have been provided
on the blast furnace body. Therefore, it becomes
hardly to apply JIT modelling on the real situation of
online plant operation, because of a huge amount of
computing load when a large scale database would be
constructed to deal with a topological space which is
composed of the observational process data variables
and of their time delay variables, or topological
variables.
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This paper describes a practical method for a large
scale database that avoids the above-mentioned
problem when JIT modelling would be applied on the
real situation of online plant operation. This practical
method is composed of the following steps.

Step 1 Postitively eliminating noisy variables from all
the observational process data variables
including their topological ones by applying
“stepwise method” for the purpose of selecting
the only effective variables that contribute to
estimate the system output.

Step 2 Storing observational process data sets that
belong to a multidimensional topological space
composed of the selected variables in quantized
topological space for searching.

Step 3 Searching neighboring data close to query on
the quantized space quantum by quantum for
increasing the efficiency of searching and drastic
reducing a huge amount of computing load.

Step 4 Estimating system output that correspond to
query by using local model which complements
outputs of searched and selected neighboring
data.

This practical method is characterized in the same
way as JIT modelling in the terms of discarding local
model whenever system have been estimated and
then coping with process’s characteristic change in
time by storing a further storage of observational
process data. In this paper, the practical method is
named “Large scale database-based Online
Modelling; LOM”, and a case study is described
about applying LOM to blast furnace operation for
the purpose of verifying its validity.

2. JUST-IN-TIME MODELLING

JIT modelling, that is a basic concept of “Large scale
database-based Online Modelling; LOM”, is
explained as follows. It’s assumed that an object
process is a nonlinear dynamic system, and that its
characteristics, or dynamic behaviours, are given a
regression model as shown the equation (1).

¥+ p)=Fiy@.y@ -1,y ~n,), a)
u(@t-d)ut—d-1),,ut-d-n,)}
Where,
u(t) is the control input vector of system at time t,
y(¢) is the observational output vector of system at
time t,
n, is the order of control input vector,
n, is the order of observational output vector,

p is the estimate time (or the predict time),

d is the time delay,
f is the unknown nonlinear function.

Now, the system input vector x* and the system
output vector y* are redefined as the following

equations (2) and (3).
v =ylk+p) @
x = {y(k)’y(k_1)9”"Y(k—ny)’ (3)

u(k -dy,wk—d -1, a(k—d -n,)}
As the time progressing, a large number of data,

which is composed of the system input vector x*and
the system output k example

vector y* , for
(x’,y‘),(xz, yZ)..-, have being stored from the system
as a data set {(Xk,yk)}’(kzl’z’u-,), where k is the
discrete time. Then, JIT modelling is equal to finding
out the nonlinear function f from the stored data set
{(x",y" )}, (k =12,---,) whenever it becomes required

to estimate (or predict, control). The basic concept of
JIT modelling is the follows.

For example, when it becomes necessary to estimate
a system state, the present system state {(x"q,ykq )} is
defined as the query. In the case that a neighboring
data which is similar to the query exists in the
database as the observed process data in the past, so
that the present nonlinear function f % . which
describes the transient behaviour of the system from
the present, is regard to be similar to the past linear
function % . If the observed process data in the past
exist plural, the system output vector y* are
estimated by using local model which complements
the outputs of the selected neighboring data sets y* .
Whenever the system state have been estimated, the
observational process data are newly storing and
renovating the data set {(x",y" )}, so that the transient

change of the process characteristic could be reflected
at the next time that the system will be estimated later.

l Query l

3
Vector Variable ¢ X !

Neighboring Data
Retrieve

Data Storage i(x* ¥)

Database

.v)

Similar Data sx"" yilea

lDiscard Modelk-———'!Local Modelling
AK,
Qutput Estimation | V °

Just-In-Time modelling (JIT) -
Predict, Control

Fig.1. Just-In-Time modelling.

i

3. LARGE SCALE DATABASE-BASED
ONLINE MODELLING (LOM)

Large scale database-based online modelling (LOM)
is studied for the purpose of applying JIT modelling
online to the multidimensional topological space
composed of a real process data. LOM is organized
the following components:
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1.Reducing the number of topological space by
using stepwise method

2.Effectively searching neighboring data on
quantized topological space

3.A local model that generated and discarded
whenever a process state becomes required to be

estimated
[ Query |

Vector Variable

Data Storage l(x‘ W)

< A
Large Scale
Database
[4
YT 5

comorgll
Database

Quantized Space X"

o < - B
S(k”’k’)-lx ka ,| DataRetrieve in
| Neiz 20

Discard Model

Qutput Estimation] ¥

A 4

Large scale database-based Online Modelling
‘ Predict, Control ,

Fig.2. Large scale database-based online modeiling.

3.1 Reducing the number of topological space by
using stepwise method

For practical effect to estimate with a regression
model, stepwise method is a technique that increases
or decreases input variables based on a examination
standard to aim at lessening a residual error, or a sum
of squares due to error between the observational
value and the estimated one. That is, an input variable
is added when the input value is added to a regression
model and “variable proportion F”, or the value that
variable quantity of the sum of squares due to error
normalized by of the residual error variance, becomes
bigger than the beforehand examination standard. The
other side, an input variable is removed when
“variable proportion F” becomes smaller than the
standard. The procedure is done in turn that from the
input variable that has the biggest single correlation
coefficient to the input variable that has the smaller
one, so that most proper regression model! is acquired
as the final remained regression model when there is
no input variable that is added or removed.

For blast furnace, much number multidimensional
space has to be treated because the number of
observational data item is extremely huge and its
topological variables have to be also considered. So
that LOM is studied as a practical modelling method
with using stepwise method under the severe
examination standard for reducing the number of
multidimensional space.

3.2 Quantizing topological space and searching the
“neighbor”

For the purpose of realizing to search a large number
and scale of online process data much quickly with
effectively searching and drastically reducing the
computational load, LOM stores observational

process data in the beforehand database for searching,
and searches the neighboring data close to the query
in the quantized topological space of the database
quantum by quantum. At first, a quantized space X*
is defined by quantizing the topological space that a
vector variable x* to which belongs.
Xf=z(x4 ) (i=12,,n) @)
Where, Z() is the quantizing operator, n is the

number of the data that belongs to the same quantized
space X*. In the case that a vector variable x* has
one dimension, a quantized space X* is an interval,
and in the case that a vector variable x* has two
dimensions, a quantized space X" is a rectangle, and
generally a quantized space X* is multidimensional
prism. Secondarily, a similarity S(kn k,-) is defined

between the quantized space X% and X" . For
example, a similarity is referred as an infinite norm of
the quantized space’s reciprocal relation, see (Ito, et

al., 2004).
slleok, ) =[x -x] )

Then, the quantized space that contains the query
variable vector x* is named as X', the neighoring
space Q is defined as follows.

Q, =K sk, .k, )= )r(x&i:lrs(kq,kp)} ©)
Where, T is a set of topological space. By quantizing,
a similarity s is defined and treated as a discrete
value, so that searching for the neighboring data
becomes simple and efficient in the quantized
database with inspecting at first the same quantum,
secondly the next quanta, ..., .

The several ways of determining the quantum’s width
are proposed. In this paper, a uniform equalized way,
or the simplest way, is adopted as the first step of the
application for blast furnace process data.

3.3 Local model

When the query variable vector x" is given, the
system output estimation is executed with applying a
local model to the neighboring data sets. In JIT
modelling, representative local models are locally
weighed averaging (LWA) and locally weighted
regression (LWR). In this paper, the simplest
averaging way is adopted as the first step of the
application for blast furnace process data. That is, the

estimated system output vector $ is calculated as

follows.
nk k 1 « (1)
yr=Fixt=— y
( ) M y‘;(X§\)sﬂq
Where, M is the number of the system output vector
y* that belongs to the neighboring space Q.
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4. LARGE SCALE DATABASE-BASED
ONLINE MODELLING
ON BLAST FURNACE OPERATION

In blast furnace, a large number of sensors that detect
various physical amounts, for example, temperature,
pressure and gas composition, are set up. Each
observational data are transmitted to a process
computer, and stored in some kind of recording
device in the process computer. Furthermore, some
kind of the blast furnace operation indicators are
computed and stored successively in the process
computer by combining their observational data, for
example, “K-value” as the gas permeability inside
furnace indicator and “Heat Load” as the indicator of
the chemical reaction inside furnace and furnace body
cooling. A large scale database is constructed by
handling these a large number of blast furnace
process data which stored in a process computer.

In this chapter, by applying LOM mentioned in the
third chapter to the blast furnace process data, the
future estimation executes based on the searching
results for the past similar process data, and then the
validity and efficiency of LOM are verified.

4.1 Large scale database of blast furnace operation
data

In this paper, the large scale database is constructed
by the process data of the No.3 blast furnace in
Nagoya works, Nippon Steel Corp. The number of
data items is 235, the data sampling time is 1 hour
and the data stored period is from Ist January 2004 to
31th January 2005, so that the number of all the data
is 9528.

4.2 Equating regression model

In this paper, a blast furnace process is treated as a
multi-input, multi-output and nonlinear dynamic
system. Because a blast furnace process consists of
much kind of complicated physical phenomena
simultaneously, it is quite difficult to separate
accurately beforehand “system input variable as a
cause” and “system output variable as a result”. So in
this paper, in the equation (1), system output
variables y are treated equally to system input
variables u , and the assumption is set that both
variables are described as gathered variables form a
blast furnace y. That is, a dynamic behaviour of a

blast furnace after p hours from a present time is

expressed with a regression model as the equation (8).

¥+ p)= Fy@Oyle-1)ye-2)yl-n, )} ®)
Then, the equation (8) is redefined like the equation
(2) and (3).
v =ylk+p) ©

xb = {y(k),y(k —1),y(k~— 2),-‘ -,y(k -ny)} (10)

The equation (9) and (10) express that a large number
of data sets gathered form a blast furnace, or
{(x’f,y’f)},(kzl,zg,.‘.) , are successively stored in a

database.

4.3 Reducing variables by applying stepwise method

When the number of variables gathered from a blast
furnace is N and the first variable is treated as the
output of a regression model, the equation (8)
becomes the equation (11) by describing each
element of the variable vectors.

gl Et‘”x)’

Vi t%, ylgt—lg,
e+ p)=r yzgt’ yle-1) ylt-n,) | (A1

yN(t)’ yN(t_l)’ yN(l-nN)
The equation (11) shows that the value of the first
variable after p hours from a present time y, (¢ + p) is

described with a regression model whose elements

number is i(” +1)°

=l

>
2
>
3

In a blast furnace process data, the number of the
observational variables N is quite a large, so that it is
necessary to set beforehand the order of observational
output vector » on relatively large, because many

variables whose dynamic characteristic shows from
the short time period change to the long one
simultaneously exist. As a result, the number of
variables that construct a regression model becomes
quite large.

Now, for example, pis set to 1, and the estimated

output variable is set to a molten iron temperature.
Under the assumption that molten iron temperature
after 1 hour from a present time is expressed with
using observational data within past 12 hours
including a present data, or p =p, =--. = Ty =12

the molten iron temperature after 1 hour from a
present time y (¢+1) is expressed as a regression

model whose variable number is 3055 like the

equation (12).
b2 it;, 52 ?t - lg, . N Et - 12;,

- - 12
yl(t+l)=_f yvzut’ yzt. 1! .“7 yz tlz’ ( )
J’zas(t) ym(t-—l) , Y235(t"12)
With applying LOM, variables are selected by
calculating  “ variable proportion F” against the
molten iron temperature after 1 hour from a present
time y, (¢+1) with stepwise method. At first, adopting

a general test criterion on stepwise method, or
F, =F, =2.0, 415 variables are selected, but many

noise variables still exist in the selected ones, so that
the estimation accuracy for the molten iron
temperature is not enough. Therefore adopting a more
severe test criterion, or F, =F,  =20.0, 35 variables

out

shown in the Table.1 are selected.
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Table.1. Selected variables for molten iron
temperature after 1 hour from a present time

Selected variables by stepwise method

Number Content F value
1 Molten iron temperature (present) 28879
2 Tapping velocity (present) 706
3 Molten iron Ti concentration (present) 416
4 Modlten iron temperature (before 4 hours) 222
5 Flame temperature (before 3 hours) 160
6 Tapping velocity (before 1 hour) 134
7 Slag AI202 (present) 100
8 Pulverzied Coal Ratio (present) 94.6
9 Heat Load (present) 90.6

10 Slag TiO2 (present) 80.1
35 #10 tuyere blast volume (present) 20.6

4.4 Quantizing topological space and verifying
estimation accuracy by LOM

With quantizing the each 35 variables, including
topological variables, selected by stepwise method,
the quantized 35 dimensional topological space is
constructed. Several guidelines of setting the number
of quantizing are known, in this paper, the number of
quantizing, or N, =20, is decided as the number that
leads the best accuracy for a molten iron temperature
estimation by referring Sturges’s formula as follows,
N, =1+log,n, =1+log,9528 214 (13)
and Leave-one-out Cross Validation and so on.

The accuracy of the molten iron temperature
estimation is evaluated by the correlation coefficient
between the estimated molten iron temperature by
LOM $*' and the actual molten iron temperature
yi*! in the random picked up 200 data as the query
x“ from all the 9528 data sets. The correlation
coefficient p is 0.788, and Fig.3 shows that it is
sufficiently possible to estimate the molten iron

temperature after 1 hour from a present time by
searching the past similar process data sets.
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Fig3 Correlation between actual molten iron

temperature after | hour and estimated molten iron

temperature

4.5 Searching past similar process data and
estimating future process data by LOM

An any data set is selected in the large scale database
as the query x“ . And data sets are searched which
exist in the neighboring quanta close to the query
quantum belongs on the quantized multidimensional
topological space. So it becomes possible to search
the past similar process data to the query.

For example, the data set of 29th January 2005 is
selected as the query in the all data sets from Ist
January 2004 to 31th January 2005. Some data sets
exist in the neighboring quanta, so that 5 process data
sets are found out within the neighboring quanta
whose similarity is 2. It means that 5 cases that are
similar to the process state of 29th January 2005 exist
in the past, see Fig.4.(b). In this case, in the similarity
sis 0 or 1, that is, no similar data set exists in the
same quantum and the next quanta. The local model
shown by the equation (7) is applied to the output
vector y* of the 5 searched neighboring data sets,

and then the molten iron temperature after 1 hour is
estimated. The results are shown in Fig4.(a).
Fig.4.(a) shows that the molten iron temperature after
1 hour, which is defined as the output variable when
the variable proportion F is calculated with stepwise
method, are quite accurately estimated.

Furthermore, the dynamic behaviour of molten iron
temperature not only after 1 hour but also until 12
hours from the present time is calculated by using the
equation (7). Fig4.(a) shows that the dynamic
behaviour of a molten iron temperature until 12 hour
later from 06:00 29th January 2005 are also well
accurately estimated. That is, paying attention to the
variable proportion F about the molten iron
temperature after 1 hour, variables that compose the
topological space are selected, in the case of proper
searching the past similar process data, it is
confirmed that the estimation for the molten iron
temperature over after 1 hour are available.

The standard time 06:00, 29th.January, 2005
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Fig.4. The past similar data sets and estimated result
of molten iron temperature by LOM
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Furthermore, when blast furnace is considered as a
multi-input, multi-output system, the other elements
of the estimated system output vector $*, for
example, the molten iron Si concentration or the total
K-value, are calculated, and then it is confirmed that
the estimation for them after 1 hour and over after 1
hour are available as well as the molten iron
temperature. (Fig.5., Fig.6.)

The standard time 06:00, 29th.January, 2005
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Fig.5. The past similar data sets and estimated result
of molten iron Si concentration by LOM.
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Fig.6. The past similar data sets and estimated result
of total K-value by LOM.

5. CONCLUSION

In this paper, the practical method of JIT modelling
for a real blast furnace process data whose
characteristics are very complicated physical
phenomena and stiff nonlinear process are studied,
based on the background that it have become to be
able to store large scale process data and to search
data quickly as technology advances of computer
hardware and database system. Then, the
effectiveness of the proposed practical method is
confirmed. It is also confirmed that it is sufficiently
possible to apply this proposed method to online use
because the calculation time is quite short for
searching the past similar process data and estimating
the future process data.

Now the new blast furnace process data is
successively stored and the database is renewed, so
that it is expected to estimate the blast furnace state
among the broad operation range by storing the
observational process data beyond the designed static
specific operation conditions.

In this paper, as the first step of the application for
blast furnace process data, the simplest uniform
equalized way is adopted for deciding the width of
the quantum, and the simplest averaging way is
adopted as the local model. As the next step, it is
expected to improve the estimate accuracy by
studying the width deciding way from a viewpoint for
a data spatial density and the locally weighted model
mentioned in JIT modelling.
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Abstract—

In this paper, we design Active Queue Management
scheme for dynamical models of compuer network based on
control theory. TCP/AQM (Transmission Control Proto-
col/Active Queue Management) network models are non-
linear and including time-delay. Taking these characteris-
tics into account explicitly, we popose a new design method
of AQM controller. Especially, paying attention that time-
delay is depend on queue length clearly, we suggest an ap-
propriate gain-scheduling controller based on new type of
Linear Parameter Varying (LPV) systems with parameter-
dependent time-delay. Effectiveness of the proposed method
is evaluated by using matlab and ns-2(Network Simulator
Ver. 2).

I. INTRODUCTION

As Internet spreads and quantity of data communicated
on networks increases, congestion of networks becomes a
problem. Congestion of networks is one of the factors
to disturb improvement of QoS. It is well known that
TCP(Transmission Control Protocol) is used on Internet
when we exchange data with reliability. TCP itself has
congestion control mechanism ”window flow control” that
is (1) TCP increases the window size during successful data
transmission. (2) On the contrary, TCP cuts the window
size in half when receivers can’t get the packets.

One of the problems in window flow control is that TCP
are not able to watch inside infomation(for example, router
queue length) of networks. To equip such a function with
TCP, TCP/AQM (Transmission Control Protocol/Active
Queue Management) is proposed recently. In addition to
this, AQM in TCP/AQM controls routers for congestion
control.

It is possible to consider several types of AQM schemes
(RED, REM, BLUE, PI controller etc) [5] [7] {8] [6], and
in this paper we design AQM controller based on a con-
trol theory. Paying attention to the fact that transmission
delays which effect performances of throughput depend on
queue length, we suggest the gain-scheduling type of AQM
controller using queue length as a scheduling parameter.

We first present TCP/AQM network models which con-
sist of TCP window size, queue length, AQM mechanism.
These network models are highly no-nlinear and including
time-delay. From these models, next, we derive LPV (Lin-
ear Parameter Varying) systems with parameter-dependent
delays in state and input, where the scheduling parameter
is queue length, and based on this model, design a gain-

0-7803-9252-3/05/$20.00 ©2005 IEEE

scheduling type of AQM controller. Finally, the effective-
ness of the proposed method is evaluated by using matlab
and ns-2(Network Simulator Ver. 2).

Bottleneck Router
Fig. 1. Network models

cwnd

"gsthresh

fast time

recovery

¢ congestiop: .
avoidance: *

slow star

Fig. 2. Congestion control of TCP window size

II. TCP/AQM NETWORKS MODELS

We present first dynamical models of TCP/AQM net-
works. They illustrate the relations between window size
W (t) (send rate of sender) and router queue length ¢(t)
and has time-delay h(t) depend on queue length. Then,
LPV systems are derived for designing AQM controller.

A. Dynamics of TCP/AQM networks

Generally, AQM watches average queue length to man-
age, and when the queue length is large, AQM senses con-
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gestion and drops packets to avoid aggravation of conges-
tion.

In [5] [6], TCP/AQM models are proposed as follows.

1 W(t) W(t — h(t))
—_—— (¢ — At
RD 2 hit =) P M),
we
h(t)

where W is the average TCP window size, ¢ is the average
queue length, C is the queue capacity, NV is the number
of TCP session and p is probability of packets dropped at
AQM router. h is round-trip time(h = & + T, , Tp is
propagation delay). In this way, we can see the time-delay
h(t) depend on g(¢).

In case of p = 0 in the equation (1), it becomes

Wit) = 77,“(15

It means TCP windows size increase 1 every h linearly.
This dynamics is called ” Congestion avoidance mode”. On
the other hand, in case of p # 0 (in other words, when pack-
ets is dropped in probability p), TCP window size is cut in
half W/2 every packet loss. Using models of TCP/AQM
networks such as the above, AQM can decide adequate
probability p to control TCP window size.

W) = (1)

N(2) (2

Dynamics of
TCP window size

AQM

Fig. 3. Dynamics of TCP/AQM

B. Linearlization of TCP/AQM network models as LPV
systems with parameter dependent delays

To design AQM controller, we derive LPV(Linear Pa-
rameter Varying) systems with parameter dependent de-
lays from non-linear TCP/AQM network sysmtes (1) and
(2). Considering that queue length is important factor
for the TCP/AQM network models, and especially noth-
ing that it affects time-delays, we take queue length as
the scheduling parameter. In addition, we assume that the
number of TCP sessions N are time-invariant. Then, using
h(t) = ié_fl + T}, equations (1) and (2) become

. 1
YO T
R - o
. W
4(t) W7 4)

Now, linearlizing equations (3) and (4) at the equibrium
points Wy, go, po which are given by

_'%y+1}c 2

W@ N , Po= vvg:

(5)

for a fixed ("frozen”) ¢, we have

: Wopo 1
___ Wopo
2(8+7,)
W(?Po
20 (% +T,)°

pv2
- 55(‘5‘6%“‘_(‘;—1".,;)"5?(75 - h(g(®))),

N
9q(t) =
BT,

B e —
c@E g

SW(t — h(q()))
oq(t — h(q(t))
(6)

NW,
——0—0—25Q(t)7
O(#+1,)

W (t) - (7

where

SW(t)y =
dq(t) =
op(t) =

From these linearlized systems (6) and (7), thawing out
the frozen parameter gy such that it becomes a schedul-

ing parameter defined by g = 0(t), we have LPV systems
described as follows

#(t) = A(0(1))x(t) + An(0(t))z(t — h(6(1)))

W(t) — Wy,
q(t) — qo,
p(t) — po.

+ Bp(0(8))u(t — h(6(2))), (8)
where
w0 = | 9] )
Wt) = oplt), (10)
LA
apey = | D 9—5—1—?
- - C p
0 0 ] 1
Tlo g | (QLCQJer o
o
aew) = | TF 0w @
- 1t
B = | & } — (13)
| 0 BT

III. CONTROLLER DESIGN FOR LPV SYSTEMS WITH
PARAMETER-VARYING TIME-DELAY

In [2], a state-feedback control synthesis of LPV sys-
tems with parameter-varying time delays is addressed. The
method can be applied to the systems which have both
state time-delay and input time-delay, but does not pro-
vide generally a satisfactory performance in the case when
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the systems have only time-delayed control input and do
not have control input with no delay.

The system (8) discussed here is just such a special sys-
tem having only time-delay control input. One possible
scheme for improvement the synthethis method for LPV
systems in such a special case is to combine the method
with state prediction[3]. In this paper, we present another,
more practical scheme which is based on a ”"predictive”
approximation of time-delay control input, and apply it to
AQM controller synthesis. Let the time-delay control input
in the system(8) be able to approximated as

u(t = h(0(£)) = u(t) — h(6())i(t).

Using approximation(14) and considering disturbance
terms which may include approximation errors caused
by(14), it can be confirmed that input and state time-
delayed LPV input system (8) is transferred as follows

&(t) = A(0(8))=(t) + An(6(£))z(t — h(6(2))) + B1(6(1))d(t)

(14)

B0 -] | 4] |. (15

Moreover, (15) bocomes

Eo(t) = Aa(0(1))za(t) + Ana(6(t))za(t — h(6(1)))
+ B1a(0(1))d(t) + B2a(8())ua(t), (16)
where

Zo(t) = [ zg; ] ) (17)
ua(t) = v(t), (18)
anfote) = | 4G O (19)
Ana(6(t)) = { Aoy 0 ] , (20)
Ban(0(2)) = | MO | @)

For the system(16), we synthesize gain-scheduled
H*controls in the following.

A. State-feedback control of LPV systems with parameter-
dependent time-delay

We use the the method introduced in [2]. Consider the
following time-delayed LPV system

:ﬁa(t) = Aa(o(t))xa(t) + Aha(e(t))wa(t - h(9<t)))

+B1a(0(t))d(t) + Baa(0(t))ua(t), (22)

e(t) = C1(8(t))za(t) + D12(6(t))ua(t), (23)

where z,(t) € R™ d(t) € R", e(t) € R", u(t) € R™

and we assume that 6(¢) is bounded and rate bounded

parameter (6 € ©), the delay h(¢) = h(6(t)) is bounded

differentiable scalar function, and the function t — h{t) is
monotonically increasing.

8 € [Bmin, Omaz) (24)
b€ [-v,v] (25)
h(t) < 1 (26)

It is reported that parameter-dependent state-feedback
controller

ua(t) = F(8(t))za(t)

such that the closed- loop system is asymptotically stable
and has induced L3 norm less than .

(27)

Theorem 1 [2]. Consider the time-delayed LPV system
(22), (23). There exists a parameter-dependent controller
(27) such that the closed-loop system is asymptotically sta-
ble and has induced £3 norm less than ~ if there exists a
continuously dirrerentiable matrix R : R® — S:‘LX" and a
matrix § € S7*", such that for all 8. (We use SI*" to
denote real, symmetric positive definite matrix.)

wiggan 4 3
BLO) 0 —r (n |<% @
Cu(®)R@®) 0 VR §

where
M(R,S,0,7) = R(O)AT(0) + A(9)R(0) + (,,%ib

+ ¥ Ana(0)SAT,(0) — 7B24(0)B3,(6), (29)

[ on\]
Y= ;1 + (V—a—é):‘ , (30)
A(0) = Aa(6) — B2a(0)C12(0), (31)
ci)= | ggggg } , (32)
D13(8) = _ ? ] , (33)
Then, one such state-feedback control law is given by
F(8) = —vB3,()R™1(0) — C12(6). (34)

B. Parameter dependent LMI

When we consider the parameter-dependent LMI condi-
tion presented in Theorem 1, generally it is need to solve
the infinite number of conditions. But according to [4],
the condition is can be reduced to finite number of con-
ditions which do not depend on 6. First note that the
condition(28) in Theorem 1 can be described as following
parameter-dependent LMI condition

Fo(M) + f1(O)Fi(M) + -+ + fr(0)Fr (M) <0, (35)

where f; is a continuous function of #, and a symmetric
matrix function F; depends affinely on the unknown ma-
trix M = [R,S] or 7. Then, the infinite dimensional con-
dition(35) can be reduced to a finite dimensional one as
follows.

Theorem 2 [4]. Let p1,pz,- - ,pq be vertices of a convex
polyhedron which includes the curved surface T'

T = {[f1(&) fo(&) - f(OIE €E}, (36)
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and assume that there exists M which satisfies the follow-
ing LMI condition for all p;(¢ = 1,2,---q)

B. Simulation results with Matlab

Fo(M) + pir () Fr(M) + - - + pi F. (M) < 0. (37) Fig. 7.

4

where p;; is the jth element of p;, then M satisfies (37) for
all 9 € ©.

IV. AQM SCHEME DESIGN AND SIMULATION RESULTS

In this section, we will assure the effectiveness of pro-

posed approach using simplified TCP/AQM network model
shown in Fig. 4.

The results using matlab are shown in Fig. 5.

[ /'/N\\/—“
L/
Vo
\/
n
S
. -20 1 2 3 4 5 ] 7 8 g 10
: Bottleneck Receiver fime sec
: Fig. 5. 6W(¢)
Router 0 ‘ ;
Sender ,"" \.\
Fig. 4. The network topology sj \
A. AQM scheme design s \
In Fig. 4. packets are sent by 4 senders to 1 receiver
through a bottleneck router. We show below each param- o ‘\ —
eter about TCP/AQM network models. \//
qo 40[packets],
Wy = 10.87[packets], L
N —_— 4’ ASO 1 2 3 4 ‘ime[:ec] 6 7 8 9 10
C = 83.33[packets/sec] Fig. 6. dq(t)
7, 0.04]sec] B T
009 -
Using proposed method, following parameters are ob-
tained. 088
ot
v = 0.2061, (38) " “\1
3498 1327  0.4683 S
Ry = 1327 1514 02113 |, (39) Bl |
0.4683 0.2113 0.006249 § \
4148 —65.66 —0.006444 - }
R, = 1072 —65.66 417.9 —1.0064 , LI \\
—0.006444 —1.0064 —0.0007935 WJ \
40 VT
“w- L\
where \ e
¢ 2 3 4 5 8 7 8 9 10
timme {sec]
R(6) = Ry + R;0. Fig. 7. dp(t)
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C. Simulation results with ns-2

The results of proposed controller using ns-2 are shown
in Fig. 8. Fig. 9. For references, we show the results with
RED controller in Fig. 10. Fig. 11.

80 T g T

"omlaqm_q.tr’ using 12‘ R

0

queue{packets)
S
&

son | \ ‘ i
} !

20

0 : : : ; ; ; . . ;
0 20 4 80 80 100 120 140 160 180 20
timefsec)

Fig. 8. The queue length (proposed method)

0.04 ¥ T T

"olu!_aqm_érop i hsing 12 —

0.035
0.03
0.025

0,02

drap probability

0.015

0.0t

time[sec)

Fig. 9. Drop probability (proposed method)
8 . . : : :

”omlaqm_q.tf‘ using 1:2 e

70

queuelpacksts]
&

. 1
[} 20 40 80 80 10 120 140 160 180 200
time{sec]

Fig. 10. The queue length (RED)

04 T " T .
*out_agm_drop_pir' using 12 ——

0.35

02

drop probabitity

015

005 LA
) %

L} 2 40 &0 80 100 1

140 160 180 200
fimefsec]

efsec]
Fig. 11. Drop probability (RED)

We can see the amplitude of oscillation in Fig. 8. is
smaller than than in Fig. 9.

V. CONCLUSION

In this paper, we designed gain-scheduling controller
for TCP/AQM network models with scheduling parame-
ter as queue length which effect time-delay seriously. We
first linearlized TCP/AQM network models including both
parameter-dependent state-delay and input-delay, then we
converted this system into new systems without input de-
lay. The effectiveness of the proposed method was illus-
trated by using matlab and ns-2. Finally, we should note
that considering the dependences of Wy and pg on qo, which
was not taken into account in this paper, would lead to
much more performance.
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Predictive H* Control for Linear Systems

over Communication Channels with Time-Varying Delays

Yoshihito Misak1*, Kenko UCHIDA*,
Takehito AZUMA** and Masayuki FuJITA**

We discuss a state feedback H™ control problem for a simple networked control system with one linear plant
and one controller connected by sensor and actuator channels with time-varying delays under the two types of
information structure on the time delays. We approach to this problem by adopting architecture of a predic-
tive control for a controlled output, and characterize the predictive control by using parameter-dependent linear
matrix inequalities. We also discuss an output feedback case.

Key Words: linear time-delay system, time-varying delay, H®control, predictive control
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2. MEXRE
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GARBHB I ATFLE2EZL, 797 PREEY AF AT
te[0,00) TERSH,

E(t) = Ax(t) + Bf(t) + Du(t) (1)
ERBEND, TIT, z(t) BY AT LDKERY b,
F@) ZRIBATRZ P, u(t) EAHELNZ PV, /85 A —
¥ AB,D 3L REOEEITHTH L. o+ Fr i
NETI7Far—4Fx 2 NVTENRFR,

y(t) = z(t - k(1)) 2
F(8) = ult = k() (3)
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f(t) = u(t — h(t)) z(t)
Plant
h{t) k(t)
Controller
u(t) y(t) = z(t — k(t))

Fig.1 Control System with communication delays

HThHY, W y(t) LEM ¢ OB RESMERERE LT,

u(t) = L{t, y(t)) ©)

THE2LNA, T, ¥y —Fr RAVOEEER kL),
T 2FaT—FF v R VOEEEN A(E) BRICERTHS
THLZEBETH 5.

0 < k(t) < Emaz, [k(t)] < kmax < 1 (5)
0 < h(t) < hmaz, ()] < hmaz < 1 (6)

FEOEBHME L AT LBV T, HHREIL o(t) =
0,0(t) = 0(=kmaz < t < 0);u(t) = 0(—hmaz <t < 0) &
5.

0 2.2 EHEBhOEEIEE

EEBLEFELVATFAIHT AT Y P O—F % REHT
HERICIE, EREBN k@), h(t)(0 <t < c0) DIFHRERAV
priTarviu-SolEOmMENRETESL. K
T, EEEROBRYBICHVLDIRETFHHEO
TAFTRBAT S, REFHHEL, ABRDIEROD
FEEFEETLIBEEBVT, EXERSRKORESL
AT LOREHERLLFHL, FOFRESRIKEL
HLCHBHEBRT 2FETH LY. 2okdic, &2
B k@), R(t)(0 <t < oo) KHT 2 2 BEOERIBEL
TFHTDL., TTIILDIC, EHEAR N OEELTR2 .
Ihid, EEEN AMDO <t <o) Ko TEHESND
(Fig.2, Fig.3). 77 F21—9F v I NIIBWVT, KZ
tIANShAERE ¢+ X(t) Kl shs, DEh, Bl
o(t) =t+Mt) BT_TO t THLTHER 0 - k(o) =t
OME—RE L TEHREINS D,

t AL —RE+FAD)) =t (A(8) =h{t+ X)) (7

FTRTOLIWHLTHER 0 —h(o) =t ODHE—BOFE
i, EEO)ICLVEIOOND, BELHEPD,

0 < AMt) € Mmaz = hmas (8)
IA(t)] € Amas = hmaz(l = ftmasz) ™ ©)

Bhhb, TIT, EEEREEERERIIOWTOHEHRICE

t+ /\(t)Ireceiver side

Actuator
channel

¢ I sender side

Fig. 2 Time advance A(t)

4 jj Y= byt
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‘ t t+’lu).
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Fig.3 The relationship of h(t) and A(t)
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2.3 PFIEHE

b, BETELF—% y(t) DEHREMEETH LIV T
D-5 (4) 5L 6RIE, I bT—F (4)ET TV}
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BB AHIEEER, L, TRENROFEREECHL T,
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WAL T, KEAFERK (20) LRET—F v rar b
o—-3

u(t) = K(t)p(t) (24)
L THEIHEBT (12) #0 %2 5L -7 Y A7 4% LPV &
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5 EERT.
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LR, FREFROBEESE L, L ST 5 H™ FRIFH
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LOREEE AN L 2T (13) TEHE S D FRKE p(t) &

—HT 50T, MEEE (D) &, H® FRNERMEDONE
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L OLE, HPEBBIBEEREY AT AT HIEE
H® BETHY, TROEEI.1IIRT LI H® FHlz
vha-IhKEL. BRLOBEEEY L 0L X, #HBIH
BUIBINT A— S EE Y AT AICHT BB H™ BET
HY, TREOEE32IIRT LN H® FRlo>bta—-7F
HERES.

ZIT, EEDERTITRI.

Q) > 0 (Q(t) < 0), t € [0,00) X, TXRTOD ¢ I
HLT, Q1) = Qt) TH->T, EDOH ¢ HHFEL
Q) > el(Q(t) € —eI) 3 EHRT 5.

eACHAO= By (7 h(r))dr}  (25)
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(FE3.1) EhOBEHREEL [, £ 75, $HEOHIC

HLT, [0,00) KETA2TRTD tIZBWT, UWTORE
REBLTLIRTVEE QR) & Z(t) ¥EAETHET 5.
0< Q@) <ni (26)
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(27)
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B, FTD (kA LT, QT(kA) = Qk,\) TH-
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(£ 3.2) BLOBHREET L ET5. QILBTHTN
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IR Q(k,N) & Z(k\) PHET S LT D,

Qk,A) >0 (29)
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BT ESE QTN BIU QT Hk(), AQ) PHET S
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T5,

FE1L

T 3.2 THE2LNT Y U-FIBRAOBEREED

L DEEDHETLHE.

EE 2
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¥EL D, 1L, wt) it w(t) = 0(—kmas <t <0) DE
VHIAZNRZ M, CREHITHTS 5.
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5 % 1@ B
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RT2O, BTIRT LI REEL 2 ROFRREY XF
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WOAZEEN h(t) DT FISr A A1) %,
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1=0
y(t) = Cz(2)
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¥EX5. 2T, 2(t) €R™,
ETEERRSORE, HBEAN, BHETHY, 175 A
B, (i=0,1,2,---,d), C i, BEERMOTFTHS.
T/ h (1=0,1,2,-- ,d) BAAGEBETH), 250
EyuEbTI LIt 2.

u(t) € R™, y(t) € RP i,

O=hy<hy <---

RETI, RE o(t) LBEOAN w(t+7)(~L <7 <0)
CEDWT, BFROKELFRIL 2055 5IEE ¢ 8K+ 3
FAHERAT S, CCTHYORZRETFHEEZ, B
WLFal—yRE FRERENE, L, GBERIC
NS OBIMEOEBEFE 2 THBhvn.20 KETH
N5 —8D H™® GlEMECERTA L TE .
REDIL, RETUERICE ) L2BER (1) 2RO F
EEHIELLS. RQ) LT, &

<hg=1L (2)

d 0
p(t) == z(t) + Z/ e”ABTRI B u(t + B) dB
=17~
(3)
EEAT S, WAL p(t) OREBEMS I,

d 0
15]
— 4 —A(B+h,) L2 .
pt)—x(t)+; / . B, gult+5)- dg
(4)
Lah B soIoEmS 1 EIC ()R, 82 HICHmaR
SEEATLEOXOEEIBLNEG .

d
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1=0
d =
O e
d
+AZ / " ema@ehy Bu(t + B)dB

+ <Ze—AhtB,) u(t) (5)
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LT (3) ROMBIEET L, GERER (1) LEF
EHR

d
p(t) = Ap(t) + Bu(t), B:=> e *"B;. (6)
i=0

i, ERICRADZENb,S, EBEET ARt I8
W, BEOAD u(t+7)(-L <7 <0) FEELTY
L, F (1) DIREE 2(t) 7 5% (6) DIRE p(t) ko5
n, TR (6) DIREE p(t) 25 FH (1) OIREE () bk
LD,
(B 1) £728R% (1) 2451

#(t) = Az(t) + Bu(t - L) (7)

LEEELTELL. COLE (3)ROBRIZLY, %
t+L
z(t+ L) = e*lat) + / AL By(r — L)dr
t

=L {:c(t) + /O e AB+L Byt + B) dﬁ}
-L
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BEO S, p(t) & L BRORE ot + L) CEESHES
ND. Thbb, GEBEADEODLE, F(6) KD
WCHEAZL DI 1, ANDHRIED B EEITIRE
s+ L) 2 FMLANOHBEZL B2 LI—BT 2. &
H(3) 1, HEOANGEREEETHRIC(T), (8) R
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% (6) ITHREET £ — /Xy 2 BIE
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T IEICED, V- TR
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PEECTEELLEY. 20k X (3),(9) KA OHER L7
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u(t) = K

d 0
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p(t) = Ap(t) + Bul(t) (12)
3(t) = Co(t)
d 0
3t =y +C > / e~ AT Bt + §)dB
i=1 YRy
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O TEEE §t) 1, AROLEERR (1) L ERDY,
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REHAVLE, OEEER T ICOED H™ SEAEET
LI ENHRTEL,
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