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The problem of decentralized iterative learning control is considered for a class of linear time-invariant
large scale interconnected dynamical systems. In the paper, it is shown that the method of iterative learning
control can be applied to such large scale interconnected dynamical systems, and a class of decentralized local
iterative learning control schemes is proposed. It is aslo shown that under given conditions, the proposed

- decentralized local iterative learning controllers can guarantee the asymptotic convergence of the local out-
put error between the given desired local output and the actual local output of each subsystem through the
iterative learning process. Finally, a numerical example is given to demonstrate the validity of the results.
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1. Introduétion

It seems that the main advantage of the iterative
learning control strategy is to require less a priori knowl-
edge about the system dynamics and less computa-
tional effort than many other types of control strate-

gies. Therefore, since the concept of iterative learning

control is introduced in Ref. (1) for repetitive dynamical
systems, the problem of iterative learning control has
received considerable attention, and many results have
been obtained (see, e.g., Refs. (2)~(7), and the refer-
ences therein). In particular, there are some works in
which an iterative learning control scheme has been ap-
plied to the analysis and design of time—delay dynami-
cal systems. In Ref.(8), for example, the design of an
iterative learning controller is considered for a class of
linear dynamical systems with time delay, and an iter-
ative learning control algorithm is proposed such that
the output of the considered time—delay dynamical sys-
tems can track a given desired trajectory. In Ref.(9), a
class of proportional-integration—derivative (PID)-type
iterative learning control schemes is proposed for un-
certain nonlinear dynamical systems with state delays,
and the convergence conditions for the proposed high—
order iterative learning control are derived. However,
few efforts are made to consider the problem of iterative
learning control for large scale dynamical systems. It
seems that for large scale dynamical systems, the sim-
ilar results have not been reported yet in the control
literature.

It is well known that a large scale system can be char-
acterized by a large number of variables representing sys-
tem, a strong interaction between the system variables,
and a complex structure. In particular, a large scale sys-
tem is often considered as a set of interconnected sub-
systems, and referred to as large scale interconnected
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systems. The advantage of this aspect in controller de-
sign is to reduce complexity and this therefore allows the
control implementation to be feasible. Therefore, the
problem of decentralized control of large scale intercon-
nected dynamical systems has also received considerable
attention, and many approaches have been developed to
synthesize some types of decentralized local state (or
output) feedback controllers (see, e.g., Refs. (10)~(14),
and the references therein). Thus, it is obviously mean-
ingful to apply the iterative learning control strategy to
large scale interconnected dynamical systems, and to de-
velop some types of decentralized local iterative learning
control schemes.

In this paper, we consider the problem of decentral-
ized iterative learning control for a class of linear time—
invariant large scale interconnected dynamical systems.
We want to show that the method of iterative learning
control can be applied to such large scale interconnected
dynamical systems. In particular, for such large scale
interconnected systems, we propose a class of decentral-
ized local iterative learning control schemes. We also
show that under given conditions, the proposed decen-
tralized local iterative learning controllers can guarantee
the asymptotic convergence of the local output error be-
tween the given desired local output and the actual local
output of each subsystem through the iterative learning
process.

The paper is organized as follows. In Section 2, the
decentralized iterative learning control problem to be
tackled is stated and some standard assumptions are
introduced. In Section 3, we propose a class of decen-
tralized local iterative learning control schemes for large
scale interconnected systems. In Section 4, a numerical
example is given to illustrate the use of our results. The
paper is concluded in Section 5 with a brief discussion
of the results.

2. Problem Formulation and Assumptions

Consider a class of large scale systems S composed
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of N interconnected subsystems S;, 1 =1,2,..

., N, de-
scribed by '

dz,(t)
dt

= Agi(t) + Biui(t) +y_Ayz;(t) - (la)

where t € R* is the time, x;(t) € R™ is the state vector,
u;(t) € R™ is the control (or input) vector, y;(t) € Rb
is the output vector, A;, B;, C; are constant matrices of
appropriate dimensions, and the matrix A;; accounts for
the interconnection between the subsystems S; and S,
which is assumed to be unknown constant matrices of
appropriate dimensions. In addition, z(¢) € R™ denotes
[ 27 () 23 () zT(t) ], where n = ny + ng +
---+mn,, and the initial state z;(to) for each subsystem
is assumed to be unknown.

For each subsystem S;, i € {1,2,..., N}, it is sup-
posed that a desired local output trajectory y*(t) € R:
is given for a finite time interval ¢ € [tg, T]. Then, the
error between the desired local output and the actual
local output trajectories of each subsystem can be rep-
resented by

where t € [to, T] and e;(t) € Rb.

Throughout this paper, we use the superscript & to de-

note the iteration number of learning. Therefore, mgk] (1),
uEk] (t), yz[k] (t) represent the corresponding vectors at the
kth iteration.

Now, the main objective of this paper is to find
the decentralized local iterative learning control laws
for each subsystems with unknown local desired initial
state z7(tg) such that the local output error e;(t) be-
tween the given desired local output y*(t) and the ac-
tual local output y;(t) is identical for all ¢ € [to, T,
through the iterative learning process. That is, start-

ing from an arbitrary continuous local initial control in-
[0]

4

(2)

(t) and an arbitrary local initial state x&o] (to),

we want to obtain the next local control input ugl] (t)

put

and local initial state scgl] (to), and the subsequent series
{ugk] (1), xgk] (to); £ =2,3,.. } for ecah subsystem such
that for all ¢ € [to, T7,

lim. {eg’“](t)H e (3a)
and
leII;o zi (to) —xz[k] (tO)H T (3b)

where i € {1,2,...,N}.

Before giving our decentralized iterative learning con-
trol laws, we introduce for large scale system (1) the
following standard assumptions.

Assumption 2.1 For each subsystem S;, ¢ €
{1,2,..., N}, the desired local output trajectory y;™(t)
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is continuous differentiable vector function on [to, T7.

Assumption 2.2 For each i € {1,2,..., N}, the ma-
trix C;B; is full rank.

Remark 2.1 It is obvious that Assumption 2.1 is
standard, and by this assumption we means that one
wants for each subsystem to track a continuous output
trajectory. Moreover, it is possible from Assumption 2.1
that a class of derivative—type decentralized local itera-
tive learning control laws is designed for each subsystem.
Assumption 2.2 guarantees the existence of decentral-
ized iterative learning control laws, which will be known
from the conditions derived in the next sections.

Throughout this paper, || - || denotes any vector (or
matrix) norm for any vector (or matrix):

3. Decentralized Learning Control

In this section, for the problem stated in Section 2,
we propose a local input updating law for decentralized
iterative learning control as follows.

ulF @) = W) + M eH )

where for each i € {1,2,...,N}, I'; € R™>} is an it-
erative learning control gain matrix which will be de-
termined later, together with an initial state learning
algorithm described by ‘

A1) = o) + BT ()

where t € [t, T, ugo] (t) is an arbitrary continuous initial
control input, and QZEO] (to) is an arbitrary initial state,
which may be different from the unknown desired initial
state x;(to) for each dynamical subsystem.

Then the following theorem can be obtained which
shows that the decentralized local iterative learning con-
trol laws given in (4) with (5) can guarantee the asymp-
totic convergence of the local output error of each dy-
namical subsystem S;.

Theorem 3.1 Consider the large scale interconnected
systems described by (la) and (1b) which satisfies As-
sumption 2.2. Given the desired local output trajectory
y™(t), which satisfies Assumption 2.1, over the finite
time interval [tg, 7], by employing the decentralized lo-
cal iterative learning control law described by (4) and
the initial state learning algorithm described by (5), the
local output error e;(t) of each subsystem can be guar-
anteed to asymptotically converge to zero, i.e. for each
i€q{L,2,...,N} and any ¢ € [to, T,

Jim ef(0) = m (@) - olI®) =0 ©)

if there exists an iterative learning control gain matrix
T'; such that

I; - C;BiT;

<1, ie{l,2,...,N}
where I; € Rb*b is an identity matrix.
Proof: For any given local control input w;(t), ¢ €
[to, T, the general solution z;(t) to each subsystem Sj,
described by (1), can be written in the following form:



zi(t) = exp {Ai(t — to)} zi(to)
‘ +/t exp {A;(t — 7)} Byu;(7)dr

N st
30 [ e {Astt=)} Ay (rdr-- ()

where exp {A;(t — )} is the state transition matrix of
the ¢th unforced isolated subsystem.

Thus, for the kth iteration, it can be known from (8)
that for any t € [to, 77,

2l(8) = exp {As(t — to)} 2l (1)

t
+ / exp{A;(t—7)} Biugk] (r)dr
to

N
-|—Z/ exp {A;(t — T)}Aijmg-k](T)dT
j=1"%0

Furthermore, by making use of (9) together with (4} and
(5), the state error can be expressed as

2 (1) — 2P ()

= exp {A4(t — 10)} BiT; el (1)

t
n / exp {Ai(t — )} BiTs ¥ (r)dr
to

N oot
—f—Z/t exp {Az(t — T)}Aij

X (wg’f“] (1) — ¥ (T)> AT, (10)
By integrating the term e[ ]( ) in (10) by parts, we can
obtain that for any ¢ € [to, T),

z ) — 2 (1)
"4 exp {Ai(t — 1)} BT, el (r)dr

to

N
+ Z/ exp {Az(t — T)}Aij
j=1"t0
Taking the norm of both sides of (11) and making use

of the general properties of norms, we can obtain that
for any ¢ € [to, T7,

|0 M| < 15 ||
- / Jexp LAt~ )1 o) ar
+Z o (At =) 1A
) ij'““ ()0 e )

Moreover, letting

llexp{A;(t—7)}], i=1,2,...,N

pi = sup
t,’TE[tD, T]
it follows from (12) that for any ¢ € [to, T,
(£ el
’ k
—I—ui/ | ) T)HdT

+Zm ||AwnH FE) =) ar--- (19)

&) - <o) <118

By multlplymg both sides of (13) by exp{—~(t —to)}
where y is any positive constant, and by making use of
some trivial manipulations, we can easily obtain that for
amy ¢ € [to, T],

(iR (1) expi—(t - o)}

t)Hexp{ ¥(t —t0)}
/ A BTl explvr(t )

exp{—(7 —to) }d7

”Aij” exp{—y(t —7)}

-I-ZM
j=1

-
X Xy (T — L) AT e, (14)

Letting

&) :=( sup A£’°]<p>>
pElto, t]

A9 1,=< sup %{k](p))
pEfto, ¢

where

eMl(p) ==

Q

el (o) | exp{—(p—to)}

20 = ol (0) — 2 (o) | exp{—1(p10)}

it follows from (14) that for any ¢ € {1,2,...,N} and

any ¢ € [to, T,

[0 ~ a0 expl (e~ )} < BTl 80

to

e | Adl BT 9 t) / exp{~(t—r)}dr

N t ‘
=5 Al 2 ) / exp{—(t—7)}dr

=1

<NBT)) (1 + i | Asll / ) éFt)

N
H( /N will Al APy (15)
j=1
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First of all, notice such a fact that for any real function
f(t) and for any nondecreasing real function g(t),

ft) < g(t),

implies

t € [to, T

HOK

( sup f(p)> < g(t), telto, T]
pElto, t]

Now, it is obvious from the definitions that for any
i € {1,2,...,N}, the functions égk]() and z[ J(t) are
some nondecreasing functions on ¢. It follows that for
any i € {1,2,...,N}, the right-hand side of inequal-
ity ((15) is also nondecreasing. Therefore, in the light

of the definitions of the functions égk]( t) and z[k]( t) and
the fact stated above, we find from (15) that for any
i€{1,2,...,N} and any ¢ € [to, T,

A () < BTl (1 + s | Asll /) EF )

. N
(1) Al 2 @)
j=1

Moreover, if we define that for any ¢ € [to, T},‘

k(1) = max{ Zz[k](t); i

K3

1,2,...,N}

then, from (16) we can further have that for any i €
{1,2,...,N} and any ¢ € [to, T,

Ay < | Bl (1+ s | 4s] /) eP ()

N
> (i 1 Aigll /) 2P ()
j=1 \

Similarly, since the right—hand side of inequality (17) is
nondecreasing we can obtain that for any ¢ € [to, T,

<><HBP||(1+m||AH/v>~““] (t)

+Z‘(/~Li A /) ¥ ()

j=1

where v is any positive constant. Letting - be chosen

such that for any 7 € {1,2,..., N},
o N
y— iy Ayl > 0
=1

Then, we can find from (18) that for any ¢

{1,2,...,N} and any t € [to, 17,
i || A _
() < TR gy ey (19)
/’LZ k3
" where

N
=Y ll4gll, i=1,2,...,N
=1

On the other hand, in the light of the definition of the
output error e;(t) and (11), we can have that for any
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i€{1,2,...,N} and any ¢ € [to, T,
67[;k+1] (t)
) - € (2l (e) -
= [l — CiBiT: | " (t)
t
CiA;exp{A;(t—7)} Bifiegk] (T)dr

to

Nt
=1t

X (mgkﬂ] (r)—=z

21(1))

Ci exp {A,b(t — T)} Aij

Taking the norm of both sides of (20) and making use
of the general properties of norms, we can obtain that
for any t € [to, T,

IelL

egkl (®) H
+/ Jexp (At — )} [Cod]

e[k] () H dr

+Z

IIeXP {Au(t = T HHICST [1-As51]

X ”wg"ﬂ (1) — azg | T)H dr

el
+ i /tl el (m) ar
. to

N t
+Zm/t ICill 1 As;]l

X ||x5k+1] (7‘) — xgk] (7-) H ‘dT ..............

Similar to the method employed above, by multiplying
both sides of inequality (21) by exp{—~(t — o)} and by
making use of some trivial manipulations, we can also
obtain from (21) that for any ¢ € {1,2,..., N} and any

te [to, T],

exp{—(t — o)) |
el t) | exp{-(t — to))
b [ G A BT exp{=(r —t0)

X ||e£k] (T)” exp{—(t — 7)}dr

N £
+ 3o [ 16 1Ayl exp{=(r - 1)

X

2 ()=l (r) | exp{—v(t—)}ar

~k
0




Hi ~[k
+;ﬂ@&MWﬁM%V@
“ N

i ~[k
+7§maw&m%%>

j=1
S <

N
i ‘ .
+ > NG 1A 25 @)
et

I;—C;B;l;

i ~k
+;wa&wﬁn04%w

Furthermore, substituting (19) into (22) yields

et @) exp{—tt — o)}

< | |l; = GBI

pids |G| [| As ]
v — 8

L M ‘
Y <||ciAi|| +

)

18 ||Cy| [|B:T]|

* v =9

()

k1

It is obvious from the definition of égk] (t) that the

right-hand side of inequality (23) is nondecreasing on
time ¢. Therefore, we find from (23) that for any
i€{1,2,...,N} and any ¢ € [to, T,

bt < [ I, — C,B;T;

+H | B:Li]| <||CzAz|| + J%)
7 T

10 (| Cill 1| Bl | 1w
o, (t)
That is,
d* ey <neM(), ie{1,2,...,N} .- (24)
where
n; = ||I; — C;B;T; +Pi(’7) ................ (25)
and where
1
pi(7Y) = Pl (| B:Ls]| | Ci Ad|
‘ 1 p6i | Cill 1| Asl
— pi | By || ————-
#2 el L0
i0: ||Cs [ BTy
AL . »

¥ — 0

If the condition described by (7) is satisfied, it is obvious

from (26) that there exists a positive constant 4* such

that for any v > ~*, n; < 1. Therefore, we can obtain
from (24) that for any ¢ € [to, 11,

lim elf(t) = o,

k—o0

ie{l1,2,...,N}

Thus, we can complete the proof of this theorem. WM
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Remark 3.1 It is obvious from Assumption 2.2 that
one can always choose a decentralized iterative learning
control gain matrix I'; for each subsystem such that
the condition given in (7) is satisfied. Therefore, under
Assumption 2.2, the existence of decentralized local it-
erative learning control laws is well guaranteed for each
dynamical subsystems.

Remark 3.2 In this paper, we have employed a class
of D-type iterative learning control laws described by
(4) with (5), which may regarded as the first-order up-
dating laws. It is not difficult, from the method used in
this paper, that the obtained result is extended to the
problem of decentralized iterative learning control with
high—order updating laws.

4. An Illustrative Example

In this section, we consider the two identical pendu-
lums which are coupled by a spring and subject to two
distinct inputs ** % ag shown in Fig.1.

We choose the state vectors as

at)=[0(t) 6i(t) ]

z2(t) = [ 62(t) a(t)
Then, the systems can be described by

]T

dwét(t): [935 H () F {1/(2152)] w(?)
+[ ~ka2(/)(mz2) 8 }ml(t)
| ket 0 |52
y@)=[1 1]a(t)eeeeeennn (27a)
dx;ft) - [g(;l éJ mali) + {1/(2112)} ua(?)
|y 0 |70
| oy 0|70
ya(t) = [ 1 1 ]mp(t)--voemvivnennnn (27b)

ma
01 02
k !
a /
¥
Fig.1. The coupled inverted pendulums.
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0 5 10 15 20
ILC iteration number k

Fig.2. The tracking error bounds.

where k and ¢ are spring and gravity constants. For
simulation, we give the following parameters:

g/l =10, 1/(ml*) = 1.0
k/m =20, a/l=

For the decentralized local iterative learning control
laws given in (4) and (5), in the light of the condition
described by (7), we can select the decentralized itera-
tive learning cantrol gains as follows.

Iy =08, Ty =09

In additions, for iterative schemes (4) and (5), we give
in this simulation the following initial conditions.

d(t) = 10, al}(0)
W) = 1.0, 2J0) =00, 20 =20

0.0, m[fg(o) = 1.0

For system (27), the desired local output trajectories
y™(t), i = 1,2, are given as follows.

YT (t) = sin(0.18) <o (28a)
Y (t) = sin(0.28) - (28Db)

where ¢ € [0, T] and T = 1.0.
Here, let the final local tracking error for each dynam-
ical subsystem be defined as

bes () = sup [e(0)

bea(k) := ) Slng ‘ [k] ’
el

and for the learning processes of initial states, we define
) = [0 s = e

Then, the results of a simulation are shown in Fig.2 and
Fig.3 for this coupled identical pendulum system with
the chosen parameter settings.

It can be observed from Fig.2 that by using the pro-
posed decentralized local iterative learning control laws,
we can guarantee the asymptotic convergence of the lo-
cal output error between the given desired local output
and the actual local output for all ¢ € [tg, T]. In partic-
ular, from Fig.3 we can also know that the decentralized

TR C, 124 %35, 2004 &

875

25 T T T T

0 5 10 15 20

ILC iteration number k

Fig.3. The learning processes of initial states.

local initial state learning schemes are effective. That
is, the initial state for each subsystem tracks finally the
desired one.

5. Concluding Remarks

The problem of decentralized iterative learning control
for a class of large scale interconnected systems has been
discussed. Here, the considered large scale systems have
been assumed to be linear time-invariant, and the in-
terconnections between each subsystem to be unknown.
For such large scale interconnected systems, a class of
decentralized local iterative learning control schemes is
proposed. It has also been shown that the proposed de-
centralized local iterative learning controllers can guar-
antee the asymptotic convergence of the local output
error between the given desired local output and the ac-
tual local output of each subsystem through the iterative
learning process.

Finally, a numerical example is given to demonstrate
the synthesis procedure for the proposed decentralized
local iterative learning control schemes. It is shown from
the example and the results of its simulation that the
results obtained in the paper are effective and feasible.
Therefore, our results may be expected to have some
applications to practical decentralized iterative learning
control problems of large scale interconnected systems.

(Manuscript received Dec. 6, 2002,

revised Oct. 2, 2003)
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