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Abstract—TIterative Learning Control (ILC) is a data-driven
strategy for precise trajectory tracking in systems that operate
repetitively under similar reference trajectories, disturbances, and
initial conditions. Despite more than three decades of development,
some implementation aspects of the learned ILC signals remain
underexplored. This paper compares serial and parallel ILC signal
implementations within a closed-loop feedback system. Although
both approaches have been equally addressed in the literature, our
findings show that the serial implementation provides clear
advantages in achieving desired performance.
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I. INTRODUCTION

Iterative Learning Control is a data-driven strategy for
precise trajectory tracking in systems that operate repetitively
under similar reference trajectories, disturbances, and initial
conditions [1].

Although the concept of Iterative Learning Control (ILC) is
considered relatively recent, its origins can be traced back to the
1970s, with some of the earliest implementations appearing in
patents from that period [2]. Unlike traditional controllers, which
do not utilize information from previous executions, ILC
incorporates errors from prior iterations into its control strategy.
This enables more accurate reference trajectory tracking, even
when the system model is not fully known or when unknown but
repetitive disturbances occur in each cycle.

The primary goal of an ILC controller is to generate a
feedforward or a compensation component of the control signal
- derived from stored data of previous iterations - that
compensates for repeating disturbances and minimizes tracking
errors in subsequent executions [3]. In contrast to feedback
controllers, which respond to disturbances only after they arise,
ILC takes a predictive approach by relying on learned data from
earlier iterations [1]. This approach eliminates delays that
typically limit the performance of classical controllers, thereby
significantly enhancing the system’s dynamic behavior [1]. ILC
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does not require exogenous signals (such as references or
disturbances) to be known or measurable in advance - for
instance, an external temperature may be measured as a
disturbance before it affects the process [1]. However, ILC
assumes that such exogenous signals repeat consistently from
one iteration to the next, a condition commonly met in motion
control systems [4].

The ILC signal functions as a feedforward control signal
generated through a convergence process over multiple
iterations. The control input for each iteration is calculated based
on data from previous iterations, progressively improving the
accuracy of control. As such, ILC belongs to the family of data-
driven control algorithms and is well-suited for addressing
challenges such as nonlinearity, incomplete model knowledge,
and minimizing dynamic tracking errors in reference trajectory
following [4, 1].

The first monograph in the field of ILC focused on
deterministic systems [5], while three decades Ilater, a
comprehensive treatment of ILC applications in linear,
nonlinear, distributed, and stochastic systems was presented in
[6]. The work in [7] explores frequency-domain analysis and
synthesis approaches, as well as digital implementations of ILC
algorithms in industrial settings. The book [8] addresses ILC in
systems where the duration of the reference trajectory is a
random variable. Review papers [9, 10] focus on stochastic ILC
algorithms and those with incomplete information, respectively.
The survey in [2] outlines the development of analysis and
synthesis methodologies for ILC systems over the past decades
and emphasizes the increasing relevance of ILC in micro- and
nano-manufacturing. Review paper [3] classifies existing ILC
applications and highlights its adoption in specialized areas such
as robotics, process control, semiconductor manufacturing, and
bioengineering. In addition, several doctoral dissertations [11—
13] offer a comprehensive systematization of previous findings,
covering both theoretical and applied aspects of ILC. In [1], the
industrial applications, effects, and challenges of using ILC are
discussed, illustrated by a generic example of a wirebonder
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machine used in the manufacturing of semiconductor
components and computer chips [14]. High productivity and
production quality require machines to execute fast, precise, and
accurate movements at high accelerations. Motion control is
essential for advancing performance, productivity, and
reliability, all of which are expected to improve with each new
generation of machines. The quality of the design and
implementation of ILC significantly contributes to the overall
quality of motion control.

This paper presents the synthesis principle of an ILC
algorithm and compares two approaches: 1) serial connection of
the ILC signal within a closed-loop system, and 2) parallel
connection of the ILC signal within the same. Although both
approaches are based on the same convergence principles of the
ILC signal, which modifies the control variable of the same
closed-loop system, it will be shown that the serial connection
approach yields superior results. To the best of the authors’
knowledge, this conclusion has not yet been reported in the
literature.

II. DESIGN METHODOLOGY OF THE ILC ALGORITHM

Fig. 1. and Fig. 2. presents the integration of the ILC signal
into a feedback control system, where the index j denotes the j-
th repetition or iteration of system operation. After each
iteration j, the ILC signal fi+1 is updated for the subsequent
iteration j+1, using data from the previous cycle. Through this
iterative process, the ILC signal is progressively refined, leading
to improvements in the control input and overall system
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Fig. 1. Parallel integration of the ILC signal f; into a feedback control system
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Fig. 2. Serial integration of the ILC signal £; into a feedback control system

The ILC system operates in two domains: the time (or
frequency) domain and the iteration domain. The time or
frequency domain captures the dynamics of the plant (G) and the
behavior of the feedback control system, as illustrated by the
boxed section in Fig. 1 and Fig. 2. The iteration domain describes
the convergence of the ILC signal fj+1 and the evolution of
system behavior across iterations, by monitoring the complete
set of measured signal sequences during the j-th iteration such as
the tracking error signal e;. This domain operates in an oftline
manner with respect to the system’s dynamic execution, meaning

that the ILC signal fj+1 is computed between iterations j and j+1
[1].

The fundamental problem in ILC is to design an update
algorithm (for calculation of the ILC signal fj+1 in iteration (j +
1)) such that the tracking error signal (ej.,) of the closed-loop

system is minimised in some appropriate sense. A general
updating equation is given by
fi+1(@) = Q@ (f;(@) + L()E;()). (1)

where the discrete transfer function L(Zz) is the learning filter,
and Q(z) is the robustness filter. Since the computation of
relation (1) is performed offline, and the signal sequences f; and
e; are fully known prior to applying relation (1), non-causal
filtering of f; and e; using the digital filters Q(z) and L(2) is

possible [1]. Typically, Q(z) is a low-pass filter.

For the structure of the feedback control system (the boxed
section in Fig. 1 and Fig. 2), the sensitivity function S(z), the
process sensitivity function PS(z), and the complementary
sensitivity function T, (z) are defined as follows:

1
SO = 17,060
PS(z) = S(2)G(2) 2
T.(2) = Crp(2)G(2)

T 14 Cr(2)G(2)

where Cy), (z) and G (z) are the discrete transfer functions of the
feedback controller and the plant, respectively. To ensure a
uniform analysis for both the parallel and serial integration of the
ILC algorithm in the system shown in Fig. 1, we introduce the
substitution:

X(z) = PS(z2), for the parallel integration of the ILC 3)

X (z) = T s(2), for the serial integration of the ILC 4

We now derive the equation for the propagation of the tracking
error from one iteration to the next:

Ej1(2) = Q(2)[1 = X(2)L(2)] E;(2) ®)

In accordance with equations (5), (4) and (3), the tracking error
converges monotonically if and only if [1]:

Q(@)[1 - X(2)L(2)]l <1 (6)
for all frequencies f;,, where z = €™ /rTs and Ty is sampling

time. From (5), the learning filter L(z) is calculated as the
inverse dynamic model of PS(z) or T.;(z) (see (3) and (4)):

L(z) ~ X(2)™ ™



For small sampling times, discrete models often become non-
minimum phase (i.e., they have one or more unstable zeros). In
such cases, calculating the learning filter L(z) can be
challenging [15, 16]. Common approximate methods for
computing the filter in (7), including the popular ZPETC
method [17], are discussed in detail in [16].

If exact computation of the learning filter (7) is not feasible—
whether it is causal or not—the convergence condition (6) must
be verified for Q(z) = 1. If the condition is not satisfied, a
robustness filter (Q(z) # 1) should be designed to satisfy
condition (6). Using graphical-analytical analysis of condition
(6) for Q(z) =1, the maximum frequency bandwidth and
minimum selectivity required for the robustness filter Q (z) can
be determined [1, 16].

III. COMPARISON OF THE EFFECTS OF SERIAL AND PARALLEL
ILC ALGORITHMS

Contemporary industrial applications of ILC are most
associated with high-precision engineering tasks. Like the
approach in [1], an illustrative application domain is specialized
wirebonder machines used for manufacturing semiconductor
components and computer chips [14].

An abstracted model of the motion platforms of such a
machine is shown in Fig. 3. The machine base mass is denoted
as mp, and its connection to the ground is modeled with a
stiffness coefficient k» and a viscous damping coefficient ds. The
mass of the moving part along the x-axis, denoted as m, is
actuated by a control force Fx. A displacement sensor measures
the relative motion between my and the base my (i.e. x21 = x2 - x1,
x = x21). The relative motion is also influenced by the friction
coefficient dg,;c, , as well as by the control force F.

Namely, the force Fi serves as the control input that actuates
the motion of the point of interest (POI) in the x-direction,
represented by the mass my.. The POI (point of interest),
represented by the mass m,-, can move in a controlled manner
relative to the m. platform in the y- and z- directions, as well as
in the x-direction due to a flexible coupling between mx and m,-.
This coupling is characterized by stiffness &y and viscous
damping dxy. The control objective is to accurately position POI
(mass my:) relative to the base (mass my), i.e., to control the
displacement x31 = x3 — x1.

i X1 i X2 i X3
_ - dvicx
dp ﬂ’m dyy
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kh -/( ZX kx_l/

Fig. 3. Abstracted model of the motion platform of a wirebonder machine

Fig. 4 and Fig. 5 illustrate the methodology for generating and
applying the ILC signal in a specific application case.
In the operational phase of the system, a feedback sensor is
available to measure the displacement x = x21 = x2 - x1, along with
apre-generated ILC signal tailored to a given reference trajectory
and defined operating conditions, including disturbances and
initial values. During the ILC signal generation phase, the system
must also be equipped with sensors at the POI to measure the
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displacement x31 =xs — x1. In typical operation, the system does
not include sensors at the POL.
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Fig. 4. Serial integration of the ILC signal f; into the feedback control system
with the plant from Fig. 3.
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Fig. 5. Parallel integration of the ILC signal f; into the feedback control
system with the plant from Fig. 3.
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TABLE L.
Chosen parameters for the model from Fig. 3
Parameter Parameter value
mp 225 [kg]
My 1.8 [kg]
My: 2.8 [kg]
ks 3.3e07 [N/m]
ke 4.3e07 [N/m]
dp 3.3e04 [Ns/m]
dy 640 [Ns/m]
Afric, 100 [Ns/m]

* The parameters are not associated with any specific wirebonder machine model.

e _u 1+ Cd(Z)(H21(Z) - H31(Z))
S@=1=37 1+ Cy(2)Hypy (2)
PS(2) = S(2)H3,(2) ®
Tes(2) = 2 = (1+ CuDHu (D) Ca@IHan(2)

In accordance with the transformation of the control structures
from Fig. 1 and Fig. 2 into the structures shown in Fig. 5 and
Fig. 4, the expressions in (2) for the sensitivity function, process
sensitivity function, and complementary sensitivity function are
transformed into the expressions in (8). For the selected
sampling frequency of 10 kHz and a closed-loop system
bandwidth of 230 Hz, a feedback controller was designed using
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frequency shaping methods. Subsequently, the learning
filter L(z) and the robustness filter Q(z) were designed
according to relations (7) and (6), respectively.
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Fig. 6. Demonstration of the impact of ILC signal convergence on x-
coordinate tracking accuracy in the control structure shown in Fig. 4 (serial
ILC implementation)
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Fig. 7. Demonstration of the impact of ILC signal convergence on x-
coordinate tracking accuracy in the control structure shown in Fig. 5 (parallel
ILC implementation)

The simulation results presented in Fig. 6 through Fig. 9
demonstrate the superiority of the serial ILC implementation
over the parallel one. Figures 6 and 7 illustrate the performance
improvements achieved by incorporating the ILC signal into the
closed-loop control system (the j = 0 corresponds to system
performance with feedback control only, without ILC signal
implementation). It is evident that the serial ILC implementation
significantly enhances the system's performance for the given
reference trajectory. Fig. 9 further shows that the control
variable exhibits improved dynamic behavior in the case of
serial ILC implementation.
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Fig. 8. Desired and actual position output x31 = x3 — x1: Serial ILC shows close
tracking of the reference, whereas parallel ILC results in a visible deviation (The
blue line indicating the reference trajectory is completely overlapped by the red
line representing the achieved output x31 which reflects the high tracking
accuracy obtained using the serial ILC implementation.)
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Fig. 9. Control variable (Fx [N]) for serial and parallel ILC implementation

IV. CONCLUSIONS

This paper presents the concept of iterative learning of the
compensation component of the control signal (ILC signal). The
learning phase, which requires sensors at the points of interest
(POIs), is distinct from the operational phase, in which only the
generated ILC signal is applied (without sensors at the POIs).
The structural and parametric synthesis of both parallel and serial
integrations of the ILC signal into an existing system is
described.

To date, the literature has not emphasized the superiority of
either approach to ILC signal synthesis and implementation.
However, this study demonstrates through simulation that serial
ILC implementation provides superior performance within a
closed-loop control system. It results in improved control signal
dynamics and more accurate reference trajectory tracking.

Future research should focus on analytically interpreting and
further discussing the simulation results and the conclusions
drawn from this work. Future work may include experimental



validation, as this would provide stronger support than
simulations alone.
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