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a b s t r a c t

Based on the internal model control (IMC) structure, an iterative learning control (ILC) scheme is pro-
posed for batch processes with model uncertainties including time delay mismatch. An important merit
is that the IMC design for the initial run of the proposed control scheme is independent of the subsequent
ILC for realization of perfect tracking. Sufficient conditions to guarantee the convergence of ILC are
derived. To facilitate the controller design, a unified controller form is proposed for implementation of
both IMC and ILC in the proposed control scheme. Robust tuning constraints of the unified controller
are derived in terms of the process uncertainties described in a multiplicative form. To deal with process
uncertainties, the unified controller can be monotonically tuned to meet the compromise between track-
ing performance and control system robust stability. Illustrative examples from the recent literature are
performed to demonstrate the effectiveness and merits of the proposed control scheme.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Significant progress has been made for both technologies and
applications of iterative learning control (ILC) in the past decade
for batch processes, e.g., chemical distillation/crystallization reac-
tors, industrial injection molding machines, and robotic manipula-
tors [1], owing to that this type of control technique can
progressively improve system performance for setpoint tracking
and load disturbance rejection using historical cycle data [2]. As
surveyed in the recent papers [1,3], quite an amount of ILC control
methods have been well developed in both continuous- and dis-
crete-time domains that can realize perfect tracking for linear or
nonlinear batch processes. Presently, the challenges for practical
applications of ILC are mainly associated with robust convergence
and stability against process uncertainties.

Recently, a number of references have presented robust ILC
methods to cope with structured and unstructured process uncer-
tainties for delay-free or known time delay batch processes. In fre-
quency domain, a robust ILC design method [4] was proposed for
delay-free linear time-invariant (LTI) batch processes based on the
linear fractional transformation (LFT) analysis of robust control the-
ory [5]; Gorinevsky [6] extended the loop shaping method [7] for ILC
design with phase/magnitude margin; using the Smith predictor
control structure, which is well known for superior control of time
delay processes with a priori knowledge of the time delay, several
ILC algorithms [8,9] were proposed to improve tracking perfor-

mance of ILC for batch processes with obvious time delay; Tan et
al. [10] developed an ILC tuning of proportional-integral-derivative
(PID) controller in the framework of the conventional unity feedback
structure to enhance load disturbance rejection; an ILC strategy for
tuning a dual-mode controller was recently proposed for optimal
heating of exothermic batch reactors [11]; to deal with output delay
of a non-minimum phase plant, a reference shift algorithm was sug-
gested based on a double-loop ILC structure [12]. In time domain,
Park et al. [13] proposed an ILC method in terms of a holding mech-
anism for the control input during the estimated time delay for oper-
ation of batch processes with time delay; from a two-dimensional
(2D) view (i.e., time-wise and batch-wise) for batch process control
design [14], a state-space ILC method was presented in terms of
using a 2D linear continuous-discrete Roesser’s model [15]. Equiva-
lent convergence conditions for ILC design in either frequency or
time domain were analyzed in the recent papers [16–18].

Meanwhile, in discrete-time domain, robust ILC methods for
batch processes with model uncertainties or unmodeled dynamics
have also been proposed by comparison. Using historical data to
modify output prediction from cycle to cycle, on-line adaptive
ILC methods [19,20] were presented to deal with model mismatch.
Based on a 2D system description, a series of ILC methods [21–24]
have been developed using a linear quadratic optimal control crite-
rion and robust stability conditions of linear matrix inequalities to
deal with a variety of model uncertainties. To accommodate for
implemental constraints, model predictive control (MPC) based
ILC schemes were proposed in the recent papers [25–29]. Using
the real-time feedback information to modify the ILC parameters,
Chin et al. [30] presented an improved strategy for independent
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disturbance rejection. With an inherent lag compensation in the
updating law, Tan et al. [31] proposed an ILC algorithm for batch
processes with input delay or phase lag. Based on estimating the
minimum variance bound and the achievable variance bounds
from batch to batch, Chen and Kong [32] developed an ILC method
for progressively improving operation of time delay batch
processes.

In view of that time delay mismatch is commonly associated
with other process uncertainties during operation of a time delay
batch process in engineering practice, this paper proposes a robust
ILC method based on the internal model control (IMC) structure
[33] to deal with such difficulties. Sufficient conditions to guaran-
tee the convergence of ILC are derived for time delay batch pro-
cesses with or without model uncertainties. To facilitate the
controller design, a unified controller structure in terms of the
standard IMC controller form is proposed for implementation of
IMC in the initial run and the subsequent ILC in the proposed con-
trol scheme. An important merit is that both IMC and ILC can be
independently designed to deal with the process uncertainties.
Moreover, the unified controller can be monotonically tuned to
meet the compromise between tracking performance and control
system robust stability. For practical applications with measure-
ment noise, denoising strategies are given to enhance convergence
robustness. The paper is organized as follows: Section 2 introduces
the proposed IMC-based ILC scheme and the general transfer func-
tion form of time delay batch processes studied in this paper. In
Section 3, an IMC design for the initial run of the proposed control
scheme is given in terms of the general transfer function, together
with a robust tuning constraint for maintaining the control system
stability against process uncertainties. In Section 4, sufficient con-
ditions to guarantee the convergence of ILC in the proposed control
scheme are derived, and correspondingly, a unified controller form
is proposed for the convenience of implementing both IMC and ILC
in the proposed control scheme. Denoising strategies are presented
in Section 5 to enhance convergence robustness against measure-
ment noise associated with practical applications. Illustrative
examples are given in Section 6 to demonstrate the effectiveness
and merits of the proposed control scheme. Finally, conclusions
are drawn in Section 7.

2. IMC-based ILC scheme

It is well known that perfect tracking can be obtained by the
standard IMC structure [33] only for the case where there is no
uncertainty associated with the process and load disturbance. Gi-
ven a constant or step-like setpoint commonly practiced, IMC
structure may be used to ensure no steady-state offset for a batch
process, if the cycle time ðTPÞ is long enough. Moreover, IMC struc-
ture may be used to cope with process uncertainties, that is to say,
maintaining the closed-loop system robust stability. These nice
features of IMC inspire the development of an IMC-based ILC con-
trol scheme in this paper, in light of that given any bounded signals
injected into an IMC system with process uncertainties, including
any feedforward control signal of ILC that may be independently
designed for perfect tracking, only bounded output can be yielded
if the IMC system maintains robust stability.

The proposed control scheme is shown in Fig. 1, where the
transfer function block diagram encircled by a dashed line is the
ILC part, and the rest part is the standard IMC structure; R (i.e., r
in time domain expression) denotes the setpoint, Y (i.e., y in time
domain expression) the process output, and D load disturbance;
C is the IMC controller and also used for implementation of ILC,
Gm ¼ Gmoe�hs the process model, Gd the load disturbance transfer
function; ‘Memory’ is a storage used for recording the current cycle
information of process output ðYkÞ, predicted output ðbY k ¼ GmUkÞ

and the control input to the process ðUkÞ, and providing the last cy-
cle information of process output ðyk�1Þ, predicted output ðŷk�1Þ
and control input ðUk�1Þ; Vk is the ILC updating information used
to compute the control increment ðUCÞ for adjustment of Uk.

For implementation, the initial run ðk ¼ 1Þ of the proposed con-
trol scheme is exactly an IMC strategy with zero initialization of
the ILC control law (i.e., V1 ¼ U0 ¼ 0). Starting from the second
run ðk P 2Þ, the whole control structure is implemented as an
ILC scheme, based on the IMC control law ðU1Þ stored in the ‘Mem-
ory’. The key idea behind such implementation is that, based on an
IMC control law prescribed to accommodate for the process uncer-
tainties with stability margin, the ILC control law, which is essen-
tially of feedforward control, is subsequently added to
progressively realize perfect tracking, according to the linear
superposition principle. Hence, relative independence can be ob-
tained for designing the IMC control law to maintain the control
system robust stability and the ILC control law to realize perfect
tracking, respectively.

A time delay process denoted as G in Fig. 1 is generally modeled
in the transfer function form of

GmðsÞ ¼ Gmoe�hms; ð1Þ

where Gmo is a rational proper transfer function, and hm the process
response delay. Since ILC design is herein studied for operation of
inherently stable batch processes, we may further express Gmo as

GmoðsÞ ¼ kp
BþðsÞB�ðsÞ

AðsÞ ð2Þ

where kp denotes the process gain, Að0Þ ¼ Bþð0Þ ¼ B�ð0Þ ¼ 1, all
zeros of AðsÞ and B�ðsÞ are located in the complex left-half-plane
(LHP), and all zeros of BþðsÞ are located in the complex right-half-
plane (RHP). Denote that degfAðsÞg ¼ m, degfB�ðsÞg ¼ n1, and
degfBþðsÞg ¼ n2. Generally, it is true that n1 þ n2 < m in practice,
which indicates that Gmo is strictly proper.

Denote Yd (i.e., yd in time domain expression) as the desired
output trajectory. Through out this paper, we assume that the ini-
tial resetting condition is satisfied, i.e., rð0Þ ¼ ydð0Þ ¼ ykð0Þ, where
k denotes the cycle number, and without loss of generality, we con-
sider that ydð0Þ ¼ ykð0Þ ¼ 0 for the convenience of analysis. In the
following sections respectively for IMC and ILC designs, the Laplace
variable, s, will be omitted when this does not lead to any
confusion.

3. IMC design

With a process model obtained in the form of (1) and (2), to
achieve the H2 optimal setpoint tracking performance, it follows
from the IMC theory [33] that the controller should be designed as

CIMCðsÞ ¼
AðsÞ

kpB�ðsÞB�þðsÞðkcsþ 1Þm�n1
ð3Þ

where kc is an adjustable parameter for controller tuning, and B�þðsÞ
denotes the complex conjugate of BþðsÞ, corresponding to all zeros
in LHP. It can be easily verified that the above controller is bi-
proper.

Assume that the process is located in the family of
P ¼ fG : jGðjxÞ � GmðjxÞj=jGmðjxÞj 6 jDmðjxÞjg, where DmðjxÞ de-
notes the process multiplicative uncertainty. According to the
small gain theory [5], the IMC system maintains robust stability
if and only if

jDmðjxÞTðjxÞj < 1; 8x 2 ½0;1Þ ð4Þ

where T ¼ GmCIMC is the closed-loop system transfer function for
the nominal case ðG ¼ GmÞ.
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