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Abstract— This paper proposes a separative high-order
framework, both in the iteration axis and in the time axis,
for monotonic convergent iterative learning controller (ILC)
design. When there exist uncertainties which may be vari-
ant from iteration to iteration, i.e., iteration-dependent,
the existing ILC design methods cannot be used to achieve
monotonic convergence with small error. In this situation,
an ILC updating law of high-order in both time-axis and
iteration-axis is necessary. It is found that the high-order
in time-axis is to condition the system dynamics so that a
monotonic convergence can be achieved and the high-order
in iteration-axis is to reject the iteration-dependent distur-
bance by virtue of the internal model principle (IMP). As
illustrated in this paper, these two high-order schemes can
be designed separately. A detailed design example is pre-
sented to illustrate the new design framework proposed in
this paper.
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I. Introduction

Iterative learning control (ILC) is a technique to make
use of the repetitiveness of the tasks a system is com-
manded to execute in a fixed finite time interval for a better
tracking performance [1], [2], [3], [4], [5]. While the formal
mathematically rigorous analysis is initially due to [1], the
basic idea can be traced back to [6] and even to an old 1967
US patent as commented in [7].

It is natural to argue that the ILC design objectives
should be first focused on the monotonic convergence issue.
Monotonic convergence means “better and better”. In most
practical situations, “better-worse-better” is not allowable.
It is observed in [8] that although the λ-norm of tracking
error from iteration to iteration can be proved to decay
monotonically, the ∞-norm or sup-norm may increase to
a huge value before it converges to the desired level. One
may argue that, to make the convergence monotonic in
sup-norm or 2-norm, one can use a high-gain feedback [9].
However, this is not practical because the high-gain feed-
back may saturate the actuators. The fact that in some
ILC schemes the error can grow quite large before con-
verging has also been qualitatively discussed in [10] from a
frequency domain perspective. The effect can be explained
as a result of the propagation of high-frequency compo-
nents of the error by the ILC algorithm. Recently, in time
domain, a condition for monotonic convergence of ∞-norm
of tracking errors is established in [11]. There are some
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analysis results for monotonic convergence of ILC schemes
via using approximate impulse response [12], reduced sam-
pling rate [13] and for sampled data nonlinear systems [14].
Furthermore, in [15], via extensive simulation experiments
and mathematical analysis, two important facts were pre-
sented: (1) the high-order in time-axis is to condition the
system dynamics so that a monotonic convergence can be
achieved and (2) the high-order in iteration-axis is to reject
the iteration-dependent disturbance by virtue of the inter-
nal model principle (IMP). So, for monotonic convergence,
high-order ILC in iteration direction alone [16], [17], [18]
may not be really helpful as also recently discussed in [19],
[20].

The major contribution of this paper is to formally pro-
pose the design framework for monotonic convergence ILC
using the separated high-order schemes in both the itera-
tion axis and the time axis. A simulation example is pre-
sented to illustrate the effectiveness of the proposed design
method.

The rest of this paper is organized as follows. In Sec. II,
some preliminaries on the ILC monotonic convergence
problem formulation and the classic learning convergence
conditions are given. In Sec. III, the separative high-order
ILC design frame work is presented. Sec. IV presents a
simulation example to illustrate that the monotonic con-
vergence can only be achieved by using high-order scheme
in both iteration and time directions. Sec. V concludes this
paper with some remarks on further research efforts.

II. Preliminaries on Monotonic ILC

Denote an operation, or a trial, of the system to be con-
trolled by subscript “k” and the time during a given trial
by “t,” where t ∈ [0, N ]. During or after the k-th iteration,
the input signal to the system, uk(t), is stored, along with
the resultant system error, ek(t) = yd(t) − yk(t), where
yd(t) is the desired output. The plant to be controlled is
a discrete-time, linear, time-invariant system of the form
using the following Z-transfer function:

Y (z) = H(z)U(z)

= (hdz
−d + hd+1z

−(d+1) + · · ·)U(z), (1)

where d is the relative degree of the system, z−1 is
the standard delay operator in time, and the parame-
ters hi are the standard Markov parameters of the sys-
tem H(z). We will assume from here forward that d = 1.
We will also assume the standard ILC reset condition:
yk(0) = yd(0) = y0 for all k. If we define the “super-
vectors” [21] Uk = [uk(0), uk(1), · · · , uk(N − 1)]T , Yk =
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