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Abstract:

This paper is concerned with the iterative learning control (ILC) design problem of linear discrete-time

systems with iteration-varying initial state and packet loss. First, the iteration-varying initial state and the packet loss is
introduced into the ILC process. In addition, the ILC design problem is transformed into a controller design problem of
2-D Roesser model. Next, the asymptotic stability of 2-D Roesser models under orthogonal initial states are investigated.
Then, based on the 2-D asymptotic stability, a ILC algorithm is proposed to deal with the iteration-varying initial state
and the packet loss. Finally, the effectiveness of the developed ILC algorithm is demonstrated by a simple example with

various packet loss rate.
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1 INTRODUCTION

Iterative learning control (ILC) is an effective control
scheme for dynamical system with repetitive operation
over a fixed time interval. In general, an initial condition
named as identical initialization condition (z.¢.c.) ([19]) is
indispensable to achieve the perfect tracking. However, for
many practical control systems, ..c. is hardly achievable.
Therefore, the initial condition problem in ILC is frequent-
ly investigated ([11, 18]).

Recently, the 2-D system theory was successfully intro-
duced to the ILC field ([4], [10]). However, the system
invariance property is still a fundamental assumption for
the perfect tracking. For instance, in [14], the robustness of
ILC laws for a kind of iteration-varying initial states was
discussed, but the bound of robustness could be large. It
was shown in [6] that the perfect tracking can be fulfilled
for iteration-varying initial states by using 2-D system the-
ory, when the tracking time interval is sufficiently large.

In the last two decades, networked control systems have
been widely applied due to their flexibility to deal with
complex systems. However, because of the network con-
gestion, the linkage interrupt, the transmission error, etc,
the data packets could be lost in networked control systems
which further may result in system performance degrada-
tion (see [12]). In addition, the packet loss is also consid-
ered in ILC field. For example, the iterative learning con-
trol is constructed for the discrete-time networked control
systems with random packet losses and unknown control
direction([17]).
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Our aim of this study is to analyze the ILC design problem
with iteration-varying initial state and packet loss based on
2-D system theory. Compared to the existing literature, the
main contributions of this work lie in the following:

(1) The 2-D system theory is used to deal with iteration-
varying initial states. The proposed ILC algorithm can ef-
fectively deal with iteration-varying initial states such that
the perfect tracking is achieved along the iterative axis.

(2) The ILC design problem is transformed into a controller
design problem of s 2-D system. Based on the transformed
2-D ILC system, a novel approach is presented to handle
the packet loss. If the data at ¢y, and kg is lost, then the
value of the state z, (to), control ug, (to), output y, (to +
1) is set as that at ¢ty and kg — 1, where ¢ and ko denote
the given time and iteration. This approach ensures the the
tracking performance of the ILC law is the same as that
without packet loss, if the packet loss points are deleted in
the convegence figures.

The note is organized as follows. Section 2 states the 2-D
ILC model, introduces the packet loss problem. In Section
3, we establish the stability criteria of 2-D Roesser model
under orthogonal initial states. In section 4, some sufficient
conditions of convergence of the ILC rule are derived for
initial conditions. In section 5, two numerical examples are
presented to illustrate the effectiveness of the proposed ILC
algorithms and initial conditions.

Notations. Let R™ denote the n-dimensional Euclidean s-
pace, R™ " the set of all n x m real matrices, Z the set of
all integers, N the positive integer, I,, the n X n identity
matrix, | - | the usual Euclidean norm. The notation x repre-
sents the elements below the main diagonal of a symmetric
matrix, and & stands for the direct sum.
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2 FORMATTING INSTRUCTIONS

Consider the following linear time-invariant discrete sys-
tem

= A:Ek(t) + Buk(t),
= Cx(t),t >0,

{ z(t+1)
Y5 (1)

where ¢ € [0,7] is the discrete-time axis, & > 0 is the
iteration axis, x(t) € R"™ is the state, u,(t) € R™ is the
input, and y;(¢t) € RP is the output. Furthermore, A €
R™*" B e R™™ (' € RP*" are real matrices and z,(0)
is the initial states. The initial state, and the packet loss
process satisfy the following assumptions:

()

A1) For simplicity, no data at £ = 0 is assumed to be lost.

A2) For each t, the packet loss is random without obeying
any certain probability distribution. However, there
exists a integer K < oo such that during successive
K iterations, at least in one iteration its data is suc-
cessfully sent back (see below Fig.1 and [16]). Let
the function k;(j) : Z — Z be the effective iterations
during 0 < k < j and time ¢t = 4. Then, we have

lim k;(j) = oo. )

J—0o0

A3) The initial states 4 (0) satisfying

D lekr1(0) — 24(0)] < oo 3)

k=0

In the absence of ambiguity, the function k() is abbrevi-
ated as factor k;.

subsystem &

subsystem £k,

i
k=0! k=0 1 k=0 | '
k=1 k=0 | k=l : :
gh2 | k=l | k=2 | :
s [ W 8 IR
Sk=31 k=2 } k=3 A !
g |EEN W N 0000 .
o 1 0 . L
g":“i k=2 1 k=3 ! !
k=51 k=3 1 k=4 : !
k=6 k=4 | k=5 : '
P : : -
SV I 0 I
fe—ogm == === e

Time domain

Figure 1: Diagram of ILC including packet loss

Remark 2.1 The restriction Al) requires that the data is
complete at k = 0, which is not necessary just facilitates
the analysis. The assumption A2) indicates that for any
time t, the effective iterations will approach infinite, i.e.,
ki — oo, as the iteration axis k — oo, which further en-
sures that the perfect tracking can be achieved under the
packet loss. From (3), we see that the initial state x1,(0) is
convergent.
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Next, the linear system (1) is decomposed into 7" — 1 sub-
systems

w1 =
Ekt-{ F Y, (t) =

It is worth noting that each subsystem 3, has only two
time points ¢ and ¢ + 1 (see Fig.1). To handle iteration-
varying initial state and packet loss satisfying assumption
A1)-A3) ,the following ILC law is proposed for the subsys-
tem Xy, :

{ ug+1(t) =

’U.]%:o(t) =

A(II]gt (t) + Bukt (t),
Cap (1) “)

Uk, (t) + Aukt (t)7
w0(1), ©)

where Aw is undetermined and denotes the modification of
control input, u° denotes the initial input.

Letekt (t) = yr(t) —Yk, (t) y My (t) = Tky+1 (t_ 1)_wkt (t_
1), where y..(¢) denotes the reference. Then, the closed-
loop subsystem (4) and (5) can be presented as

k'] = L n [0

+{ o }Aukz(t—l). ©)

Clearly, the ILC system (6) is a 2-D Rosser model, and
eo(t),eo(t + 1), and ny, (t), k¢ > 0 are the initial states.

Remark 2.2 By using the properties of the solutions of 2-
D Roesser model, necessary and sufficient conditions were
presented in [8, 15] for the convergence of ILC rules based
on the condition i.i.c., i.e., £;(0) = z(0),Vk > 0. In
[14], the robustness of ILC rules to a kind of variable initial
states, i.e., £ (0) —2(0)| < 6,Vk > 0 was discussed, but
the bound of robustness is normally too large.

Remark 2.3 It is very difficult (even impossible) to handle
the initial condition problem in ILC by using the properties
of the solutions of 2-D Roesser model. A natural thought
is to use 2-D system stability theory. Many stability crite-
ria of 2-D Roesser model (see [1, 3]) are established on a
sufficient and necessary condition (see below Lemma 3.1)
which is only valid for any diagonal initial states. It follows
that these stability criteria are unavailable because the ini-
tial states of 2-D ILC model (6) are orthogonal. Therefore,
It is necessary to deeply investigate the stability criteria of
2-D Roesser model under the orthogonal initial states.

3 2-D system Theory
Consider the following 2-D Roesser model

[ $h(z'+17j) :| — |: All A12 :| |:xh(iaj) ] (7)
zV(i,j + 1) Axr Ago zV(i,j) |’

h . .
z" (i .
where T = U(.’J.) € R™ is the state, where " €
z" (i, §)
R™ ¥ € R™,n; + ny = n represent the horizontal

. . A A .
and vertical states, respectively; A = { 1 12 ] is

A9 Ag

the system matrix with the submatrices A4;;,4,j = 1,2 of
appropriate dimensions. In general, there are two types of
initial states:
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Diagonal initial states:

z(i,—i), VieZ ®)

Orthogonal initial states:

z°(i,0),2"(0,5), Vi, j > 0. ©)

Let

X, =A{z(,j):i+j=r}|X,| = sug lz(r —,1)].

i€
Definition 3.1 (see Definition in [2]) 2-D Roesser model
(7) is asymptotically stable if assuming | Xo| finite, | X,.| —
0asi— oo.

Lemma 3.1 (see Theorem I in [2]) 2-D Roesser model (7)
under diagonal initial states (8) is asymptotically stable if
and only if

-1
Inl 72’1 A11
—1
—22 Agl

-1
—Z21 A12
—1
I’ﬂ2 — 22 A22

Yz <10zt < 1

det #0, (10

Note that the initial states of 2-D ILC model (6) are orthog-
onal. Then, the stability criteria established on the basis
of (10) cannot be directly used to handle the initial condi-
tion problem of 2-D system (1) and (5). For the orthogonal
initial states, we introduce the follow definition:

Definition 3.2 (see Definition 4.2 in [9]) 2-D Roesser
model (7) is asymptotically stable if lim; ;_, |2(2,7)| =
0,Vi,j > 1 and initial states satisfy lim;_,, |£¥(i,0)| =
0, lim; o0 |2"(0, 7)| = 0.

Lemma 3.2 (see Theorem 1.1 in [9]) A solu-
tion to the Roesser model (7) with initial states
z"(0,7),2°(i,0),4,7 > 0 is given by

2(i,j) = Z o [ g;“(z’—okl,O) }

";FO ) 11
j (0,7 — ko)
+ Z q)z,kz |: ) ’
ko=0 0

where ®%J denotes the state transition matrix defined by
. (Di,j — <I)1,O(I>i71,j 4 ¢0,1¢i7j71
e W =0,Vi<0Oorj<0

All A12 :|

o $O0 _ 1,0 _
P I,,® [0 o

0 0
(DO,I _
[ Agr Ago }

Theorem 3.1 2-D Roesser model (7) under orthogonal
initial states (9) is asymptotically stable if the condition
(10) holds and

> v (0,0)] < 00, > [2"(0,5)] < co. (12)
1=0

=0
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Proof. Let

-1 -1
Inl — Zl A11 —Zl A12
—1 —1 ’
722 A21 Ing — 22 A22

Po={(31"25") €CxC:lz7"| <a,|25" <a}.

Uitz ') =

Since the algebraic curve of det(U (2 *, 2, 1)) = 0 and the
set P; are close, then the condition (10) implies that there
exists ¢ > 0 such that the rational matrix U (z; ', 2, ') is
inverted in the set P; ..

Note that (see Theorem 4.8 and Theorem A.2.4 in [9])

-1
]nl 721 A11
—1
—22 A21

Z_lA -1 oo oo
—Z Az _ Pivd =iy =i
1 = Z1 297
Then, we have that the series >, 372, @72 "2, is
absolutely convergent for |27 < 1+ ¢,|2 "] < 1+ e
It implies that there exist numbers M > 0 and A € [0, 1)
such that

o0 o0
ZZ/\*(HJ')M)L” < M.
i=0 j=0

It follows that

|®5T| < M+, (13)

Note that lim;—ec S o |®R |z (0,5 — ko) <
limy oo MY, o |2"(0, 5 — k)[A* = 0 and

DD I@F ||zt (i — Ky, 0)

1=0 k1=0
< MN YDA (i — k0]
1=0 k1=0
< MNY N a"(k1,0)] < oo
i=0  k1=0

which implies lim; o0 >} _o [@517[|2" (i — k1,0)| = 0.
Then, we have

lim |2(i,7)] = 0,Vj > 0
12— 00

With the same process, we also can get lim;_, o [2(7, j)| =
0, Vi > 0. Therefore, we have |z (i, j)| — 0asi+ j — oo.
O

Clearly, from Lemma 3.2, Theorem 3.1 can be rewritten as:

Corollary 3.1 Suppose 2-D Roesser model (7) satisfying
boundary condition (12). The 2-D system under orthogonal
initial states (9) is asymptotically stable if and only if the
condition (10) holds.

The condition (10) only is available for any diagonal
initial states rather than any orthogonal initial states,
because ®17 = 0,¥j > 0 is necessary to obtain
lim; o [#(1, §)| = O for any finite 2"(0, j). However, all
stability criterion, established based on the condition (10)
and diagonal initial states, are available for the orthogonal
initial states satisfying condition (12). Thus, from [1], we
have the 2-D Lyapunov equation without proof:
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Theorem 3.2 Suppose 2-D Roesser model (7) satisfying
boundary condition (12). Then, the 2-D system under
orthogonal initial states (9) is asymptotically stable if
there exist symmetric positive definite matrices W, €
RmM>m WV, € R™2X"2 W = Wy @ Wy such that

ATWA-W <. (14)

In order to facilitate the ILC design based on above 2-D
stability criteria, the following corollary is given.

Corollary 3.2 The 2-D Roesser model (7) sat-
isfies 30", lx(i,j)] < oo for any i € Ny if
>0 |z"(0,7)] < oo and the condition (10) (or
2-D Lyapunov equation (14) holds.

Proof. From the proof of Theorem 3.1, it is not hard
to see that 3 7% |2(i,j)| < oo for any i € Ny if
3720 [2"(0,5)| < oo and the condition (10) holds. Then,
following the assertion of Theorem 3.2, the corollary is eas-
ily proved. (]

Remark 3.1 Proposition 1 in [7] and Theorem 4.8, The-
orem A.2.4 in [9] play an important role in the proof of
Theorem 3.1. The boundary condition (12) is similar to
that in [20, 21] for 2-D FM modles. Furthermore, the LMI
condition (14) could be used to design state-feedback and
output-feedback ILC laws.

4 2-D system based ILC algorithm

For the subsystem (4), it is natural to choose the ILC law
(5) as

ug,+1(t) = wg, () + Ki[or, +1(8) — 25, ()]
(15)
+Koly(t+ 1) —yi, (t+ 1)].
It follows that
Auk’t (t - 1) = Klnkt (t) + K2€kt (t)a (16)

which is a state-feedback controller of the 2-D ILC system
(6).

Now, let us determine the control input u,(¢) of the system
(1) for the packet loss. In order to make the control input
u(t) (1) equal to uy, () (t) in (15) for the subsystem (4),
the control input uy,(¢) of the system (1) must be operated
as follows:

e If the data at ¢, k is not lost, then

up(t) = wp—1(t) + Kifzp(t) — zp-1(t)] (17
oy (t+1) —yr—1(t +1)].
e If the data at ¢, k is lost, then
ug(t) = up—1(t), 2k (t) = TH—1(t), (18)

yr(t+1) = yp_1(t +1).

Therefore, the 7" — 1 closed-loop subsystem (4) and (15)
is equivalent to the linear system (1) implemented by the
following 2-D system based ILC algorithm.

Finally, let us use the 2-D Lyapunov equation (14) to deter-
mine the controller gains K1, K.

2016 28th Chinese Control and Decision Conference (CCDC)

Theorem 4.1 Suppose that linear system (1) satisfies the
assumptions Al)-A3). The ILC algorithm in Table 1 can
be used to achieve the perfect tracking of linear system (1),
if there exists symmetric positive definite matrices P, €
R™ " Py € RP*P and real matrices Q1 € R™*™ Qo €
R™*P such that

-P 0 X3 BQ-
* =Py Yoz Xy
* * -P; 0 . (19)
* * * —-bP
where 213 = AP1 + BQl,Egg = —CAPl —

CBQ1,Y24 = I, — CBQa. The gains K1, K5 can be
chosen as K1 = Qlel, Ky = QgP{l.

Proof. The proof consists of three parts.

Part I: The inequalities ZZ?:O [, (t + 1)] < oo and
S o lew, (t+ 1)| < 00 hold if Y57 i, ()| < oo

By using Shur complement, it is not hard to show that the
closed-loop 2-D ILC subsystem (6) and (16) satisfies 2-D
Lyapunov equation (14) if the LMI in (19) holds. Thus,
from Corollary 3.2, the inequalities Y- .°_ |n, (t + 1)| <
oo and 77 lex, (t + 1) < cohold if Y27 s, (t)] <
oo and LMI (19) hold.

Part II: The inequality Ei:o 1M.pr (t 4+ 1)] < 00 holds if
Do Mie (¢ + 1) < 0.

Note that the fact (¢ + 1, ks 41(k)) = 9, (1) (t 4 1) though
k++1(k) may be not equal to k;(k). Then, Part II is proved
which denotes that the absolutely convergence of 7 can be
maintained from the iteration index k; to k1.

Part II: The tracking error satisfies Y 7 _ ley, (t + 1) <
oo for any t € [0, T — 1], if the initial state z1(0) satis-
fies (3). It implies limy_,oc €(t) = 0 forany t € [1,T]
because ky — oo as k — oo.

From the initial condition (3), we have »7.°_ [, (0)| <
co. Then, from Part I, we have that > °_ |nk,(1)] <
oo and Y50 lek, (1)| < oo. It follows from Part II that
Zij:o [nk, (1)] < oo. Continue this procedure, we can
obtain > *_ lex,(t + 1)| < oo for any t € [0,T — 1].
Therefore, the proof is completed. O

Algorithm 1
Given 2 (0),uo(t), Zo(t),yo(t);
FOR k = 1to oo
FORt=0toT — 1
IF the state or output data is not lost at current ¢, kK THEN
ug(t) = ur—1(t) + Kaifzn(t) — x-1(t)]
+ Koy (t+1) —yr—1(t + 1)];
Z}C(t —+ 1) = A.’Ek(t) + B’U,k(t);
ye(t+1) = Cxr(t +1);
ELSE
uk(t) = up—1(); Tk (t) = Te—1(t);
yr(t+1) =yr_1(t +1);
END IF
END FOR
END FOR

Table 1: ILC algorithm with packet loss

6839



6840

5 Numerical examples

Consider the linear system (1) with

024 0.1 1
A= [ 0.04 —0.35 } B = [ 0.12 } ’
¢ = [05 —0.01]

By solving the LMI (19), we have that ILC algorithm 1 in
Table 1 with gains Ky = [0.2337 — 0.0670] and Ky =
0.3949 can fulfill the perfect tracking for any initial states
and packet lass satisfying A1)-A3).

Assume the reference trajectory y,.(t) = 1.5sin0.1¢,t €
[0,100], the initial states z;(0) = [(—0.5)F (—0.5)%]T,
k > 0 and initial inputs u(t) = ¢,t € [0,99]. The track-
ing performances with various packet lose rate 0 < p < 1,
which are displayed in Fig.2, are evaluated by the following
total square error of tracking:

100

E(k) =D lly-(t) —yx(®)? k>0

From Fig.2, we see that the perfect tracking of linear dis-
crete systems with variable initial states satisfying (12) can
be achieved by the ILC rule (5) with Au(t, k) = Kin(t +
1,k) + Kee(t + 1,k).

If there is a packet loss, according to the Algorithm 1, we
canobtainu(t, k) = u(t,k—1);z(t, k) = z(t,k—1);y(t+
1,k) = y(t + 1,k — 1); then we can get the total square
error of tracking at different packet loss rate of iteration in
Fig.3.

50 . :
| [ - —p=0
i —
i p=0.2
5 40+ !I : | =r=p=0.5 ]
- bl : -
5 a1 5 p=0.8
@ 30 1 : : .
Y N
] )
2
o 20 ‘_ i
e A
[=] D
T : “ _
LY
: b :
0 : O ;
20 30 40 50 60

Iterative axis k

Figure 2: Total square errors of tracking of Examples at
different packet loss rate along iteration axis

From Fig.2, we see that the perfect tracking can be
achieved by the ILC algorithm 1 in Table 1 iteration-
varying initial states and various packet loss rate. Espe-
cially, the tracking error at ¢, k does not change if the data
at t, k is lost, which implies the good property of the ILC
algorithm handling packet loss.

6 Conclusions

The main contribution of this study is to show that the per-
fect tracking can be achieved for the iteration-varying ini-

tial state and packet loss. In order to handle the iteration-
varying initial state, the 2-D stability theory is studied un-
der orthogonal initial states. It is shown that the 2-D Lya-
punov equation can be used to deal with the absolutely
convergent initial state (i.e., assumption A3)). To deal
with the packet loss satisfying assumption A2), a novel ap-
proach, u(t) = ug—1(t),2k(t) = 2p—1(t),yr(t + 1) =
yi—1(t+1) is presented based on the transformed 2-D ILC
system.
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