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In this paper, an Hoo ILC algorithm is designed for network-based uncertain systems with communication con-
straints, where the system is suffering from data dropouts and data quantization. Here, it is assumed that the
system state and tracking error are first quantized through a logarithmic quantizer, which can decode these
data into finite quantization levels. Furthermore, the model of packet dropout is described as the Bernoulli
binary value sequences with known probability. Then, the 2-D dynamic of such ILC process is established by a
stochastic Roesser model. To deal with the quantization error, the sector bound method is also utilized. A suffi-
cient condition is obtained for such systems and the condition can realize the design of the ILC controller. The
effectiveness of the proposed design is validated by application to an injection molding process.
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1. Introduction

Tterative learning control was first proposed by trol approach for dynamic systems that performs
Airimoto in 1984 [4]. It is an effective tracking con-  repeated tasks over a finite time interval. After three
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decades of developments, ILC has made considerable
theoretical achievements. Meanwhile, ILC is widely
used in many practical systems, for instance, robotic
systems, traffic control systems, industrial batch
processes and hard disk drives [1, 4, 6, 12, 13, 22, 23,
29, 31, 33]. Most of the existing ILC literature is con-
sidered for the conventional point-to-point control
systems, where the information can fully transmit
between the controller and the plant. In practice, net-
worked control systems (NCSs) have aroused wide-
spread concern and application [3, 16, 19, 20, 27, 35,
36]. Compared with point-to-point control systems,
NCSs have some advantages such as easy installation,
high security and low maintenance cost. However,
due to the limitation of network bandwidth and the
influence of transmission channel, it is easy to cause
some incomplete information, such as data dropout,
communication delay and data quantization.

Some research results have been obtained for the iter-
ative learning control systems with data losses. In [2],
apacket dropout compensation approach is proposed
by using ILC for networked control systems. It is
shown that this design can relax the result of critical
data dropout rate, which will change the stability of
NCSs. In [26], an averaging ILC scheme is introduced
to nonlinear systems with packet dropouts, where
the one step network-induced delay can also be seen
as packet dropout. It is shown that the missing data
can be compensated by the average of previous data.
In [8], the convergence of nonlinear ILC systems
with packet losses is discussed, where the situation
considered is one in which data dropout occurs si-
multaneously both on the control input side and on
the measurement output side. The main results of
[8] are that the ILC system still guarantees conver-
gence even though there exists data packet loss. In
[9], by using super-vector formulation, an Hoo ILC
design method is developed where the Hoo perfor-
mance is defined along iteration axis and the ILC
controller design is discussed under the framework
of stochastic systems. In [11], a 2-D stochastic Roess-
er model is established for discrete time linear ILC
systems with random data dropouts. Based on this
formulation, the problem of learning gain design can
be transformed into the mean square stability for
such established 2-D system. In [14], a stochastic ap-
proximation ILC algorithm is developed for a class of
nonlinear systems with measurement missing, where
the control direction of the system is also unknown.
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On the other hand, data quantization is also an im-
portant issue for NCSs [7, 17, 25, 30]. That is because
the data need to be quantized before being transferred
to the next network node owing to the limited trans-
mission capacity of the network. In our previous work
[10], the data quantization is first discussed for ILC
systems, where the data quantization occurs at the
measurement output side. Some convergence condi-
tions are established for both linear systems and non-
linear systems. The main result shows that, due to the
effect of data quantization, the tracking error converg-
es to a bound relying on the quantization level. Large
quantization density will cause large tracking error.
Hence, it is an interesting work to design an ILC algo-
rithm to reduce the influence of data quantization.

This paper focuses on the problem of ILC design
for network-based uncertain systems with packet
dropouts and data quantization. The objective is to
design an ILC algorithm so that the impact of data
quantization and missing can be reduced. It is no-
ticed that the 2-D Roesser model is an effective tool
to describe the dynamical behavior of ILC systems
[21, 24, 32]. Hence, here we also first establish the
2-D Roesser model for such ILC processes to de-
sign the controller. To describe the communication
constraints, Bernoulli processes are introduced for
modeling packet dropouts and the logarithmic type
quantizer is selected to compress the system data.
The stochastic mean-square asymptotical stability is
also introduced in this paper to establish the stability
of such 2-D system. A sufficient asymptotical stability
condition is given for the 2-D system with an Hoo dis-
turbance attenuation level by using the sector bound
method, and the stability condition can realize the de-
sign of the ILC controller.

There are at least two differences between this paper
and existing works. Firstly, comparing with the exist-
ing ILC design based on 2-D model in [28], this paper
considers the effect of communication constraints
and iteration-varying disturbances. The stability
analysis is given under the framework of stochastic
systems, and the proposed controller has an /_ dis-
turbance attenuation level. Secondly, comparing with
the result in [10], the proposed design can reduce the
influence of the data quantization. The algorithm
proposed in this paper can get zero tracking error
if the disturbance tends to zero, thus [10] can only
obtain bounded tracking error. The main contribu-
tion of this paper can be summarized as follows: (1)
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The ILC design is considered for linear systems with
communication constraints, where the data dropout
and data quantization occur due to the limitation of
transmission channel. (2) A 2-D stochastic Roesser
model is established to describe the dynamics of the
ILC system and then the problem of ILC design can
be transformed into the synthetic of the 2-D system.

The rest of the paper is organized as follows. Section
2 introduces the NCSs framework for the ILC sys-
tems. Section 3 gives a sufficient asymptotical sta-
bility condition for the established 2-D system. The
condition can realize the design of the ILC controller.
Section 4 supplies a numerical example to validate
the effectiveness of the proposed design.

Notation: Let T denote the matrix transposition and
R" denote the n-dimensional Euclidean space and
I and O stand for identity matrix and zero matrix,
respectively. diag{ } stands for the standard diagonal
matrix. A matrix without special instructions has an
appropriate demission to ensure that the algebraic op-
erations are compatible. £ {x} denotes the expectation
of x and E{x|y} stands for the condition expectation.

2. Problem Formulation

Let us consider the following discrete time linear re-
petitive system

x(t+1,k) = (A+AA4)x(t, k) +(B+AB)u(t,k)
+ Bwl(t, k) , @
y(t, k) =Cx(t,k)

where the subscript f denotes iteration and ¢
denotes discrete time. x(t,k)eR",y(t,k)eR’,
u(t,k) e R",w(t,k) e R are state, output and input
variables and iteration-varying disturbances.
A,B,C, B, are the system matrices with appropriate
dimension. A4 and AB are uncertain perturbations
of A and B .They can be described as

Ad =ESF,

®
AB = EXF,,
where ¥ is an uncertain matrix satisfying 3’y <.
E,F, F, are constant matrices used to describe the
determinate parts of the uncertain perturbations,
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which can also reflect the structures of A4 and AB.
x(0,k) =x,, denotes the initial condition of the
system at the f thiteration.

For system (1), the ILC law is introduced as follows
u(t,k)=u(t,k—-1)+r(,k), )

where r(¢,k) is the control updated signal.

In many of the existing ILC approaches, the control
updated law is usually chosen as

r(t,k) = f (et +1,k),e(t, k), et - p,k)),

where e(t,k) = y,(t)— y(t,k) is the tracking error and
P is aconstant. Using this expression, many different
types of ILC algorithms can be constructed, such
as P-type, PD-type and PID-type. In this paper, we
consider the following ILC updated law

r(t,k) = K, (x(t, k) = x(t, k=) + Ke(t + 1,k 1), (1)

where K|,K, are gain metrics to be designed. As
shown in , the above updated term contains tracking
error signals at current iteration, state signals
at current iteration and previous iteration. This
scheme can merge the advantages of both feedback
control, such as robustness, and ILC, such as extra
performance from learning process [24, 32].

As shown in Fig. 1, this paper assumes that the ILC is
executed in anetwork environment. For convenience,
we only consider the communication channel
existing in the output measurement side. Hence, the
data r(t,k) are first quantized by a quantizer, then the
quantized data are transmitted to the ILC controller.
In this process, the packet loss often occurs. Assume
that the controller has an intelligent detection func-
tion, it can determine whether the data are lost or not.
Then, the ILC law (3) can be described as

u(t, k) = u(t,k =1)+ ot +1,k=1)q(r(t,k)), ®)

where stochastic parameters o(¢,k) are the Bernoulli
distributed stochastic variables taking the values of O
and 1 with

Prob{o(t,k) =1} = E{o(t,k)} = &,

Prob{o(t,k) =0} =1-E{c(t,k)} =1-5, ©
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Figure 1
Structure of the network-based ILC system

u(t, k)
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where & [0,1] is aknown constant.

Inthis paper, it is assumed that the quantizer ¢ (') isa
logarithmic type one and it is defined as

0()=(a () () - a.()

For each g, (+) (1<j<m), the set of quantization
levels is described by

U= {J_rzfﬂ 2 =plz,i= O,J_rl,J_rz,...} u{o},
0<p; <1z >0.

The logarithmic quantizer g (+) is defined as

1-p;

1+ p, '

To this end, this paper discusses the following
problem: For system (1) and adesired trajectory y,(¢),
design an ILC law (5) under data quantization and
random packet dropouts, such that the ILC system
is stable and the influence of the iteration-varying
disturbances should be as small as possible.

with ‘9,- =

3. 2-D System Representation

In this section, aiming to analyze the influence of

quantization error, the sector bound method in

[17] is adopted. That is, for a given signal , , the
J
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output of quantizer is q; (rj ) = (1 + Oj (rj ))r/., where

O ; (rj )‘ < 6’j . Hence, the effect of quantization error

can be described as a sector bound uncertainty as
before.

By denoting O =diag(O, O, 0,,), from the
data quantization in ILC law (5), we have
q(r(t, k)) = +0)r(t,k).

Then the ILC law (4) can be rewritten as
u(t,k)=u(t,k—1)

fo(t+1k—=1)(I + O)K{x(l’k) ek _1)} ‘ @

e(t+1,k-1)

where K :[K1 Kz]-

Defining
n(t,k)y=x(t-Lk+1)—x(t-1k),
ou(t,k)=u(t,k)—u(t,k-1).

From and, we can obtain

n+1Lk)

=(A+AA)n(t,k)+(B+AB)Su(t -1,k +1) ©
+Blﬂ/(t’k)a

and
e(t,k+1)—e(t, k)

=—C(A+AAd)n(t,k) 10)
—C(B+AB)Su(t—1,k +1)— CB (1. k).

Substituting (8) into (9) and (10), we can obtain that

ne+Lk)| - [ ~
L(t,k+1)} = (A+o(t,k)BK)L(l k)}BM(t,k),

B

where
A=A+A4,B=B+AB,K =(I+0)K

and
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Denoting
(k) = X" (t,k),

e(t,k) = X" (t,k),
o, k) = W, k),

we have
{X (t+1,k)} _ (21+o—(t,k)ék)r (t,k)}
X'(t,k+1) X" (t,k) (11)

+B a1, k).

Notice that the closed-loop system is described as
a 2-D Roesser system in (11). The objective of this
paper is to find feasible matrices K,,K, such thatthe
2-D system (11) is stable and has an H_ disturbance
attenuation level. It is worth pointing out that the ex-
istence of random variable o (¢,k) leads to that the
2-D system (11) is a stochastic system. Hence, the
stability definition under the formwork of stochastic
system needs to be introduced before proceeding
further discussion.

Definition 1 ([18]): Consider the 2-D system. If
lim £ {||x(t,k)||2} =0 holds for every bounded
t+k—o0
initial a(t,k) =0,

T
x(t,lk)=[ X" (t,k), X*(t,k)] , then the system is said
to be mean-square asymptotically stable.
Definition 2 (H, performance): Given a scalar
¥ >0, ifthe 2-D system satisfies Definition 1, in addi-
tion, ||x|| s < }/"50”2 holds for any external disturbance
w €[0,0) ,where

. = £ {5 Sl Lol = [ S ot

then the 2-D system (11) is mean-square and has an
H  disturbance attenuation level.

condition and where

Based on the above two definitions, the objective of
this paper is to design an ILC law in form of (5), such
that the 2-D stochastic system is mean-square and
asymptotically stable and has an /_ disturbance
attenuation level.
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4. Hoo ILC Design

In this section, we first give a sufficient condition to
satisfy Definition 2 for system by using a two-dimen-
sional Lyapunov function. Then a feasible controller
can be obtained based on the condition of solving the
linear matrix inequality.

Define 6(t,k) =o(t,k)— & .Itis obvious that
E{&(t,k)} = O,E{&(t,k)é(t,k)} =oc(1-0).

Then the 2-D system (11) can be rewritten as

{xh -+ l’k)} =(A4+GBK + 6(t,k)1§15){xhv (t’k)}
Xtk +1) Xtk | a2

+B,o(t,k).
Theorem 1: Assume that the packet missing rates &
and the matrices 4, B,El,k are all known. Given a

scalar 7 >0, if there exist positive definite matrices
B, P, satisfying

Wl .
{ETP(ZHEBI?) EITPE_},ZI}<O’ a3)
where
¥ =(4+5BK) P(A+5BK),
+¢*(BK)' P(BK)-P,
P2 diag{R,P,}>0,¢’ =5(1-5),

then the 2-D system is mean-square asymptotically
stable and has an H_ performance.
Proof. We first consider the stability of the 2-D sys-
tem without disturbance. In this case, the system (12)
becomes
h

- - . t,k

} =(A+&BK + &(t,k)BK){xv( ; )} (14)
X

X (t+1,k)
(¢,k)

x'(t,k+1)
and the condition (13) implies
(4+5BK) P(4+5BK)+¢ (BK) P(B
-P<0.

IE') (15)
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According to Theorem 1in [11], we can obtain that the
system (14) is mean-square asymptotically stable.

Now, we prove that the 2-D stochastic system (12) has
the H_ disturbance attenuation level.

Assume that the initial boundary conditions of the
system are zero, that is, x"(0,i) =0,x"(7,0) =0 for all
i . Firstly, we define the following index

h r h
t+1,k t+1,k
gap]| T CLOE p LR | ol erpy
x"(t,k+1) x"(t,k+1)

Y T o S e A

=X WPx+x (A+0'BK) PB o

+wTETP(2+EBI?)JE+wT§1TP§1w.
Another index is introduced as

N3 5—y0’o+J=E"Q8E,

where
e=[¥ o',
Y+7 * (16)
@7 Brp(1+5BR) BIPB 71|
1 GBK) B'PB -y

Fromthe condition (13),forany &£ # 0 ,wehave I[1< 0.
Taking the expectation of both sides yields

h r h
N EaROY xv(t+l,k) .

xv(t,k+l) xv(z‘,k+1) an
<E{¥ Pi-%"%}+ W W.

Due to the relationship (17), similar to the proof
process of Theorem 1 in [11], we can obtain

E{iii(i—j,j)%'—j,j)}

i=0 j=0
<72§Zi:w(i—j,j)rw(i—j,j) (18)
i=0 j=0
3 (E{xv(i,O)TPZx”(i,O)}+E{xh (0,i)" Px" (O,i)r}),
i=0

Hence,

~ 2|~
<7
Il <7* .
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This completes the proof.

Remark 1: In Theorem 1, we give a sufficient
condition for 2-D systems with communication
constraints, including data dropouts and data
quantization. This result is still applicable to the 2-D
system without communication constraints. If there
is no communication constraint between the control-
lerand plant,then O =0, 5 =1 and ¢ =0.Inthiscase,
the considered 2-D system is a deterministic one and
the mean-square asymptotically stable condition be-
comes

~ ~ T ~ ~
(A+BK) P(A+BK)7P+I * .

B'P(A4+BK) B'PB -1

which is also obtained by the results in [15,32,34].

Theorem 1 only gives a sufficient condition based on
an assumption that the system matrices 4, B, B,,K
and parameters & are all known. However, the aim
of this paper is to design the ILC gain matrices K,
and K, . In the following, we will give the ILC design
method based on the condition in Theorem 1.
Lemma 1 [5]: Assume X,Y are matrices or vectors
with appropriate dimensions. For any scalar ¢ >0
and matrix A with appropriate dimensions satisfying
AA” < T, the following inequality holds

XAY+Y AT X" <eXxX" +&7'Y'Y.
Now, we can give the following result.

Theorem 2: If there exist apositive definite matrix O,
amatrix M and scalar ¢ >0 such that the following
LMI holds

-0
0 S *
AQ+&5BM B Q
#BM 0 Q, Q,
0 0 0 0 -I <0, (19)
FQ 0 0 0 0 -&f
V26Mm 0 0 0 0 0 -&
EM 0 0 0 0 0 0 -&]
where

T

Q =-Q+¢EE" +55§(5§)

+¢(1+5°)GE(GE)
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Q, =pB(5B) +¢(1+5°)E(GE)

Q, =-0+epB(¢B) +s(1+5°)gE(¢E)
Yij =\/max(abs(/1(F’2FzT ))),

then the 2-D system is mean-square asymptotically
stable and has an /{, performance. Furthermore,
when the above condition is satisfied, a feasible con-
troller gain can be given as below

K=MQ". (20)

Proof. The LMI can be rewritten as

M 0 P
(4+5BK) B, @1
#(BK) 0 |+ NPT
0 I
I 0

By using Schur Complement, (24) can be transformed
into the following LMI

-P
0 I *
A+5BK B~ -P <0.
¢BK 0 0o -pP'
1 0 0 0 -1

In addition, by using Lemma 1, it can be transformed
into

-P
0 -7’1 *
A+&5BK B E, +
#BK 0 =, E,
1 0 0o 0 -I
_ _ 22)
7 oN20KT (FK) | ‘
0 0 0 E 0000
-1 \/—
& 0 0 0 20K 0 0 0 0|<0O,
0o 0 0 EK 0000
0 0 0
where
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[1]

\=—P"' +¢EE" +55B(GB) +¢(1+/°)GE(GE)

[1]

,=e¢B(5B) +¢(1+ 4 )9E(GE)
,=—P"'+epB(¢B) +&(1+p°)pE(4E) .
Define Q=P'. Pro- and post multiplying

diag{0Q,1,1,1,1,1,1,1} for (25) and setting M = KQ,
the proof can be obtained.

[1]

Remark 2: Theorem 2 gives another LMI condition
for the 2-D stochastic system. If this condition is
satisfied, the mean-square asymptotic stability can
be guaranteed and, meanwhile, the system hasa H
disturbance attenuation level. Furthermore, this con-
dition can also supply a feasible solution of ILC gain
by solving LMI.

Remark 3: For a fixed }, the feasible solution of
LMI (22) can give a sub-optimal H_ ILC design re-
sult. If 7 is not fixed, the optimal performance index
7 can be searched by solving the following convex
programming problem:

min 2

0.0, M, .M, & (23)

s.t. (22).

In this case, we can give an optimal H  ILC design
result.

5. An lllustrative Example

Inthissection, the proposed designisusedforaninjection
molding process. Injection molding process has the char-
acteristic of repeated operation, where some important
process variables are controlled to track certain desired
trajectories repetitively to ensure the product quality
[32]. In injection molding process, injection velocity is
an important variable in filling stage. It is controlled by
operating the opening of a hydraulic valve. The injection
molding velocity control systems can be described as the
following state-space model [32]:
-0.59

x(k,t+1) = (F‘fg . }AAJx(k, )

1 1
J{[O} + ABJu(k, 1)+ L} w(k,t),

y(k,0)=[1.69 —1.42]x(k,1),
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where AA,AB may be caused by model mismatch or
nonlinearity of the injection modeling process. In this
simulation, it is assumed that A4, AB only varied on
iteration domain randomly. That is

0.5 0.5 02 0 0.01
E= = = ;
0 0 0 02 0.01

F‘“ }|¢.<k>|<1,|§2<k>|<1,

&, (k)

where & ,(k) are unknown variables. w(k,f) is a
random disturbance and it is selected as a uniformly
distributed sequence in [-0.001,0.001] .

The desired trajectory is given as:

0.2+0.0025¢, <40
()= 0.3, 40 <t <300
Yalt)= 0.3+0.0025(¢ —300), 300<t< 380°
0.5, 380 < <800
For the initial conditions, it is assumed that

x,(0,k)=x,(0,k)=0 for all k. The control input
is given as u(¢,0)=0 for all 7. The parameters of
the logarithmic quantizer are p=0.8, z,=0.1. In
this simulation, we consider two different packet
dropouts, that is

Casel: 6 =1,
Case?2: 0 =0.8.

Obviously, in the first case, there is no data loss,
and in the second case, there is a data loss of
20%. Based on the Theorem 2, the corresponding
controllers can be computed as y,, =10.5,
K, =[-0.80 0.59],K,=0.52 for Case 1 and
You =12.8,K, =[-0.92 0.63],K, =037 for Case
2. For Case 1, system outputs at 5th, 10th and 50th
iterations are plotted in Fig. 2. It can be seen that the
tracking error can be reduced to within 0.01 at the 5th
iteration. As the number of iterations increases, the
tracking error becomes smaller and smaller. After
the 50th iteration, a satisfied tracking performance
can be obtained. Notice that the small oscillation at
the 50th iteration is produced by the effect of random
disturbance. Furthermore, the tracking error is also
plotted in Fig. 3 to show the convergence procedure
clearly, where the horizontal coordinate is the num-
ber of iterations and the vertical coordinate is maxi-
mum tracking error.
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Figure 2
System output profiles for Case 1: (a) 5th iteration. (b) 10th
iteration. (c¢) 50th iteration

0.7

0.31 — . — - desired trajectory

y(t) at 5th iteration
06 | K 4

05 |0.29

292 294 296 298 300 302

04 |

output

03 |

0.2 4

0.1 4

step

0.31 —__ desired trajectory

06
03

05 (0.29

y(t) at 10th iteration

292 294 296 298 300 302

output

05
02 /

378 380 382 384 386 388

L L L L L L L
0 100 200 300 400 500 600 700 800

0.7

031 . desired trajectory

Y(t) at 50th iteration

06 4
0.3

05 (029

292 294 296 298 300 302

04

output

03 0.51 4

05
0.2 4 4

o 378 380 382 384 386 388
1 4




Information Technology and Control

Figure 3
Max tracking error on iteration domain for Case 1

0.6 b

o o o
w IS 13
L L L

The max tracking error

o
N
L

0 " " " " " " " "
0 5 10 15 20 25 30 35 40 45 50

iteration number

For Case 2, the system outputs in three different iter-
ations are shown in Fig. 4 and the max tracking errors
in the iteration learning process are given in Fig. 5. It
can be seen that the tracking error only can be reduced
to within 0.1 at the 5th iteration. Thus the tracking
error reduced to within 0.01 at the 10th iteration. This
implies that the convergence speed of Case 2 is slower
than Case 1. Hence, the convergence speed of tracking
error gets slower as dropout rate increases. We can
also observe that a satisfied tracking performance is
obtained after the 50th iterationin Fig. 5, which implies

Figure 4

System output profiles for Case 2: (a) 5th iteration. (b)
10th iteration. (¢) 50th iteration
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that even though there exists a large tracking error at
the start iteration due to the effect of packet dropouts
and data quantization, better tracking performance
can alsobe obtained through iterationlearning process.

Notice that the oscillation in Fig. 4 (c) is greater than
that in Case 1 in Fig. 2 (c), which also illustrates that
the data dropout will enlarge the effect of random
disturbance for the ILC systems.

6. Conclusions

In this paper, a robust Hee ILC has been designed
for network-based uncertain systems with both
random data dropouts and data quantization. It is
assumed that the system state and tracking error
are first quantized through a logarithmic quantizer,
which can decode these data into finite quantization
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