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Abstract— The production speed and medium versatility
in traditional wide-format printers are limited by medium
positioning errors caused by step-wise transportation. The
aim of this paper is to develop a repetitive control (RC)
framework, that enables continuous media flow printing with
enhanced positioning accuracy and increased productivity. The
developed framework explicitly addresses the trade-off between
performance and model knowledge. Specific solutions that avoid
the need for a full multivariable model include i) independent
SISO design, and ii) sequential SISO design. The benefits of
the pursued RC approach for continuous media flow printing
are experimentally validated on an industrial flatbed printer.

I. INTRODUCTION
The increase of production speed and medium versatility

in wide-format roll-to-roll inkjet printing systems is limited
by medium positioning errors. Position errors are induced
during step-wise medium transportation in between print-
passes, and are dominantly caused by i) medium-dependent
dynamics, which may be nonlinear and uncertain, and ii)
medium deformations due to, e.g., friction and hysteresis [1].

To mitigate the adverse effects of positioning errors on
print quality, typically multiple overlapping print-passes are
performed to conceal mispositioned ink droplets. Since this
redundancy comes at the cost of production speed, these
errors must be accounted for.

In [2], iterative learning control (ILC) is proposed to re-
duce medium positioning errors. In particular, the longitudi-
nal position of the medium is measured using a scanner, and
controlled during print-passes using micro-scale trajectories.

Although solid improvements have been made to com-
pensate positioning errors due to step-wise transportation,
these approaches are fundamentally limited by the ability to
model and compensate the medium-dependent dynamics and
deformations. The aim of the present paper is to investigate
a fundamentally different approach, which is to transport
the medium with constant longitudinal velocity throughout
the printing process, such that the uncertain and nonlinear
dynamics essentially can be represented as a constant force.

This process, called continuous media flow printing, re-
quires that the carriage, which contains the print-heads, per-
forms a repetitive multidimensional trajectory over the print
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Fig. 1. Océ Arizona 550 GT flatbed inkjet printing system equipped with
roll media option for continuous media flow printing.

surface, see Figs. 1 and 2. Such large-scale multidimensional
motions are enabled by flatbed printing systems equipped
with a roll media option. The gantry beam offers the required
motion freedom in longitudinal direction, which is usually
not present in traditional wide-format printers, see [2].

The key control challenge lies in tracking the inherently
multivariable trajectory that has a highly repetitive nature.
In this paper, it is proposed to use multivariable repetitive
control (RC). RC is a well-known technique to track or reject
exogenous disturbances that repeat continuously in time [3],
[4]. In contrast, the ILC in [2] aims to track repeating finite-
length trajectories, that are unrelated in time.

Most multi-input multi-output (MIMO) RC design ap-
proaches are based on H∞ synthesis, see, e.g., [5], [6].
In view of robust performance, these approaches require
a MIMO parametric nominal model and its uncertainty in
some prescribed form. Although being very systematic, this
imposes a large burden on the modeling requirements [7],
which may hamper industrial implementation. Especially for
lightly damped motion systems such as flatbed printers, see
Fig. 1, these models can be difficult and expensive to obtain
due to complex dynamics [15], [8], and numerical issues [9].

The aim of this paper is to develop a systematic framework
for design of decentralized RC, that explicitly addresses
the trade-offs between modeling requirements and perfor-
mance, such that a well motivated choice can be made
for the particular problem at hand. The proposed design
techniques rely on manual SISO loop-shaping design tools
and SISO parametric models, hence considerably simplify
the design, yet guarantee robust performance of the MIMO
system through the use of non-parametric frequency response
function measurements [10], which are inexpensive to obtain.

The contributions are twofold. First, a design framework
for decentralized RC is developed, including design tech-
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(a) Traditional printing operation.
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(b) Printing operation for continuous media flow.

Fig. 2. In traditional operation (top), the carriage makes lateral passes over
the medium, which is translated step-wise in longitudinal direction in be-
tween passes. During left-to-right passes blue dots are printed, while orange
dots are printed during the reverse movement. For continuous media flow
(bottom), the carriage performs a multivariable trajectory while printing on
the medium, which moves with constant longitudal velocity. An animation
of these processes can be found at https://youtu.be/SQJFhDcs7ls

niques that appropriately address robustness to interaction
through i) independent SISO design, and ii) sequential SISO
design. The framework relates to the work in [11] for MIMO
ILC, yet in addition allows sequential design, whereas this is
not directly relevant for ILC. Second, the proposed MIMO
RC approach for continuous media flow printing is experi-
mentally validated on an industrial flatbed printing system.

Notation:R(z) denotes real-rational transfer matrices. The
ij-th element of a matrix P is denoted pij , and P[i] denotes
the submatrix formed from its first i rows and columns.

II. PROBLEM FORMULATION

Next, continuous media flow printing is introduced, and
the multivariable RC design problem is defined, including
trade-offs between decentralized and centralized RC.

A. Printing Process with Continuous Media Flow

Fig. 1 depicts an industrial flatbed inkjet printer equipped
with a roll media option for continuous media flow printing.
The medium is printed on by the print-heads located under
the carriage. In traditional operation, the carriage makes
lateral passes over the medium, and in between passes the
medium is transported over the roll-to-roll print surface,
see Fig. 2(a). To avoid positioning errors caused by step-
wise transportation, in continuous media flow the medium
is transported over the print surface with constant speed.
This requires the carriage to perform a multidimensional
motion. An example trajectory is depicted in Fig. 2(b).
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Fig. 3. Control configuration with add-on repetitive controller R.
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Fig. 4. Repetitive controller R.

During a lateral pass the carriage should, in addition, perform
a longitudinal motion to maintain its position relative to the
medium. This leads to cyclic, and inherently multivariable,
motion trajectories. Varying carriage step sizes in between
print-passes can be used for multi-pass printing, which
results in asymmetric trajectories in the horizontal plane.

B. Repetitive Control Setup

Consider the repetitive control scheme shown in Fig. 3,
consisting of system G ∈ Rny×nu(z), a feedback controller
C ∈ Rnu×ny (z), and a repetitive controller R ∈ Rny×ny (z),
connected as an add-on controller, as in, e.g., [3]. The control
objective is to track the repetitive reference signal r(t) ∈ Rny

with period n ∈ N, see Fig. 2, i.e., r(tk+n) = r(tk). That
is, minimize the tracking error e = r − y given by

e = (I +GC(I +R))
−1
r = SRSr, (1)

with sensitivity S = (I +GC)−1 the transfer matrix from r
to e with R = 0, modifying sensitivity SR = (I + TR)−1,
and the complementary sensitivity T = I − S = GCS.

The internal model principle [12] reveals that for perfect
asymptotic tracking of an exogenous disturbance, a model
of the disturbance generating system should be included in
the feedback loop. Hence, for tracking of an arbitrary signal
r the controller R should contain a memory loop with delay
n samples. Typically, R is designed as in Fig. 4, i.e.,

R = Lz−nQ
(
I − z−nQ

)−1
, (2)

with learning filter L and robustness filter Q of appropriate
dimensions. Although in this work n is exactly known, the
controller structure can be directly extended using multiple
memory-loops for uncertain n, see, e.g., [13], [14]. Note that
L and Q are allowed to have finite preview, i.e., non-causal,
since their preview can be included in the memory loop. For
example, given Q = znqQc with Qc causal, then Qc can be
implemented in a memory loop with n− nq samples delay.

C. Problem Formulation

The key challenge is the design of L and Q, while explic-
itly addressing the trade-off between performance and model
knowledge. L is often designed based on a MIMO parametric
model of T , see, e.g., [5], [6]. These models can be difficult
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and expensive to obtain, especially for mechatronic systems
with complex dynamics, see, e.g., [15], [8], [9]. In contrast,
for motion systems such as in Fig. 1, nonparametric models
are often inexpensive, accurate, and fast to obtain [10].

The design approaches in the next sections aim to address
the trade-off between performance and model knowledge.
Indeed, only SISO parametric models are used for the L-filter
design while nonparametric MIMO models are exploited for
Q-filter design. These results for MIMO RC enable continu-
ous media flow printing with limited modeling requirements.

III. ANALYSIS OF DECENTRALIZED RC DESIGN

Next, decentralized RC design is analyzed. The required
stability theory is provided, and implications of using only
SISO parametric models for MIMO design are investigated.

A. Stability Analysis

The following result based on the Nyquist stability theo-
rem is crucial for forthcoming design techniques for RC.

Lemma 1. Consider the control configuration in Fig. 3 with
R as in (2), and suppose that all poles of S, T , L and Q
are inside the unit disk. Then the closed-loop system (1) is
stable if and only if the Nyquist plot of det((I−TL)z−nQ)

• makes no encirclements of the point −1, and
• does not pass through the point −1.

A detailed proof of Lemma 1 can be found in, e.g., [4,
Section 4.2]. Although these conditions are necessary for
stability, using them for design of L and Q is non-trivial. The
following result will prove useful for multivariable designs.

Corollary 1. Under the assumptions of Lemma 1, the closed-
loop system (1) is stable if

ρ
((
I − T (ejω)L(ejω)

)
Q(ejω)

)
< 1 ∀ω ∈ [0, π]. (3)

Proof. Since the determinant of (I − TL)z−nQ equals the
product of all its eigenvalues, and |z| = 1 for z on the unit
circle, (3) suffices for stability.

B. Decentralized RC Design

For stability, L is often designed such that TL ≈ αI ,
where 0 < α < 2. Typically, this requires a MIMO
parametric model of T . To avoid this, often L and Q are
designed as decentralized, or multiloop SISO filters, as in

L(z) = diag{l1(z), l2(z), . . . , lny
(z)}, (4)

Q(z) = diag{q1(z), q2(z), . . . , qny
(z)}, (5)

see, e.g., [4], [16]. The crucial advantage is that only ny
SISO parametric models of tii are required for designing L,
such that li(z)tii(z) ≈ α. In case tii is non-minimum phase,
algorithms for approximate inversion include ZPETC [17],
FIR models [18], and H∞-synthesis with [19], and without
finite preview [6]. Subsequently, the unmodeled off-diagonal
elements of T , i.e., interaction, must be accounted for by Q.

The design of Q can be based on nonparametric MIMO
models of T , which are often inexpensive, accurate, and fast

to obtain [10]. Yet, the MIMO design of Q is non-trivial, and
is often recast into a SISO problem through Q(z) = q(z)I .

Corollary 2. Assume Q(z) = q(z)I . Under the assumptions
of Lemma 1, the closed-loop system (1) is stable if

|q(ejω)|ρ
(
I − T (ejω)L(ejω)

)
< 1 ∀ω ∈ [0, π]. (6)

Typically, q(z) is designed as a zero-phase low-pass filter
[3], [4]. Corollary 2 enables SISO design of Q, yet is poten-
tially very restrictive. Indeed, q accounts for the worst-case
required robustness over all SISO loops. For performance, it
is crucial to appropriately address robustness in the system,
without introducing unnecessary conservatism in some loops.
This motivates the development of systematic procedures for
decentralized design of each SISO filter qi.

IV. DECENTRALIZED RC: INDEPENDENT
Q-FILTER DESIGN

In this section, a design technique for decentralized RC is
developed based on independent SISO designs. The approach
addresses robustness in each SISO loop independently, which
may reduce conservatism and improve tracking performance.
The approach is closely related to work in [11] for ILC.

First, the relevant dynamics in Corollary 1 are factorized:

(I − TL)Q = MQ = (I + E)MdQ,

with M = I − TL and E denotes the interaction in M ,
normalized with respect its diagonal, defined by E = (M −
Md)M−1d . Note that MdQ is diagonal, and the magnitude of
E can be used as an interaction measure. In the framework
of decentralized feedback interconnections, interaction mea-
sures are typically used to design C, see, e.g., [20]. Here,
measures on E are used for decentralized design of Q.

A. Independent Q-Filter Design Based on the SSV

Next, independent SISO design conditions for Q are
developed, based on the use of the structured singular value
(SSV), see, e.g., [21, Chapter 11], in (3). In particular,

ρ(M(ejω)Q(ejω)) ≤ µd(I + E(ejω))σ̄(Md(ejω)Q(ejω)), (7)

where µd(I + E) is the structured singular value of I + E
with respect to the diagonal structure of MdQ. Based on this
relation, the main result of this section is formulated.

Theorem 1. Consider the control configuration in Fig. 3
with decentralized Q-filter (5). Under the assumptions of
Lemma 1, the closed-loop system (1) is stable if∣∣(1− tii(ejω)li(e

jω))qi(e
jω)
∣∣ < 1

µd(I+E) ∀i, ω ∈ [0, π].(8)

In Theorem 1, the multivariable problem is reformulated
as a set of independent SISO designs, each of which provides
robustness against interaction. Alternatively, an approach for
sequential SISO design is presented next, at the expense of a
more involved design procedure. Here, only interactions from
previously designed loops need to be taken into account.
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V. DECENTRALIZED RC: SEQUENTIAL LOOP
CLOSING FOR Q-FILTER DESIGN

In this section, a design technique is developed for de-
centralized Q-filters based on sequential loop closing. The
design of each SISO filter qi explicitly takes into account
interaction in previously designed loops i = 1, . . . , i − 1,
which potentially reduces conservatism and improves per-
formance. Sequential RC design is enabled because control
actions, e.g., wi in Fig. 3, can propagate in time across
multiple periods n. This is in sharp contrast with the ILC
framework in [11], in which the system resets in between
trials, or periods. The presented approach for RC is related
to, and can be combined with, sequential design of feedback
controllers, see, e.g., [22], [23]. Yet, the design for RC has
different implications on modeling requirements.

The following observations are pivotal to the proposed
approach. First, note that the conditions for stability on
det((I − TL)z−nQ) in Lemma 1 are satisfied if |det((I −
TL)Q)| < 1 for all z = ejω. Second, observe that

det((I − TL)Q) =

ny∏
i=1

(
(1− t̃iili)qi

)
. (9)

Here, t̃ii denotes the SISO transfer function from wi to ei
with all preceding loops 1, . . . , i− 1 closed, given by

t̃ii = Fu(T[i], L[i−1]), (10)

where Fu(A,B) denotes the upper linear fractional trans-
formation of A with respect to B, defined as Fu(A,B) =
A22 +A21B(I−A11B)−1A12, given that the inverse exists,
B such that A11B is square, and A partitioned according to
A =

[
A11 A12

A21 A22

]
. The main result is presented next.

Theorem 2. Consider the control configuration in Fig. 3
with filters L, Q as in (4), (5). Under the assumptions of
Lemma 1, the closed-loop system (1) is stable if∣∣(1− t̃ii(ejω)li(e

jω)
)
qi(e

jω)
∣∣ < 1 ∀i, ω ∈ [0, π]. (11)

Proof. The number of encirclements of the origin of the
Nyquist plot of det ((I − TL)Q) is equal to the number
of encirclements of the loci of (1 − t̃iili)qi taken together,
i = 1, . . . , ny , see (9). Assuming that each t̃ii is stable due
to previous designs, (11) is sufficient for stability.

Theorem 2 enables decentralized design of Q based on
SISO conditions. It is emphasized that Theorem 2 offers clear
advantages for designing Q, while sequential design of L is
substantially more involved. Indeed, it seems attractive to
design li based on t̃ii, e.g., through approximate inversion.
However, constructing parametric models of t̃ii may require
i) modeling of off-diagonal elements, e.g., through a MIMO
parametric model, and ii) iterative redesign of l{1,...,i−1} and
remodeling of t̃ii, as is motivated next.

Although stability of the overall system is unaffected by
the loop-closing order in Theorem 2, it must be selected with
care, see, e.g., [23]. Important considerations include i) the
resulting closed-loop system, which may depend on the loop-
closing order, and ii) performance deterioration of previously

designed loops due to successive designs. For sequential RC
design, this implies that iterative redesign may be needed.
Without loss of generality, the loop-closing order can be
altered using a permutation matrix P , and replacing T with
T̄ = PTP . This leads to the following design procedure.

Procedure 1. Sequential Q-filter design for decentralized RC

Given a nonparametric MIMO model of T (ejω) and decen-
tralized filter L(z), perform the following sequence of steps.

1) Choose the order in which the loops are designed, and
construct t̃ii according to (10) for i = 1, 2, . . . , ny .

2) Set the index i = 1, and perform the following steps.
a) Design qi according to (11) in Theorem 2, based

on the nonparametric model of T .
b) Until i = ny , set i→ i+ 1 and return to step 2a.
c) If the resulting closed-loop system is unsatisfac-

tory, reset i = 1, return to 2a, and redesign qi.
3) If the resulting closed-loop system after iterations is

unsatisfactory, return to step 1 and change the loop
closing order.

In the previous sections, design procedures for multivari-
able RC are presented, based on independent and sequential
SISO design. The benefits and differences between these
approaches are demonstrated next through simulations.

VI. EXPERIMENTAL SETUP
In this section, the setup used for simulations and exper-

iments is introduced. The system under consideration is a
prototype Océ Arizona 550 GT flatbed printer, see Fig. 1.
The system is controlled in the horizontal plane: the carriage
translates in y, and the gantry translates in x and rotates
in ϕ. The inputs of the system are voltages to the motors
[V]; the outputs are the position of the carriage in [m] and
[rad]. The sampling time is Ts = 1 ms. Fig. 5 shows
an identified frequency response function (FRF) measure-
ment of G(z) after rigid-body decoupling transformations,
together with a low order parametric model Ĝ(z) used for
RC design. A stabilizing feedback controller is implemented,
yielding closed-loop bandwidths of 8, 9.5 and 7 Hz in x,
y and ϕ-directions, respectively (lowest frequencies where
gii(e

jω)cii(e
jω) = 1). Fixed mass-feedforward controllers

are implemented to compensate the rigid body dynamics
below 10 Hz. The reference trajectory for continuous media
flow printing is depicted in Fig. 6, with n = 4734 samples.

VII. SIMULATION EXAMPLE
In this section, the developed design approaches for decen-

tralized RC are compared through simulations. In particular,
the benefits are demonstrated of appropriately addressing
robustness through sequential and independent designs. The
‘true’ system is given by model Gsim ∈ R2×2(z), see Fig. 5,
whose off-diagonal elements are amplified for demonstration
purposes. The dynamics in ϕ-direction are neglected.

The repetitive controllers are designed according to Corol-
lary 2, and Theorems 1 and 2. Each li(z) is obtained through
inversion of the minimum phase model t̂ii = ĝiicii

1+ĝiicii
, and
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Fig. 6. Reference trajectories for continuous media flow printing, see also
Fig. 2. Note that rϕ = 0. The start/end position of the periodic signal is
pointed out by , and the grey areas indicate the time windows for printing.

each qi(z) is designed as a 70th order zero-phase low-pass
FIR filters with cut-off frequencies fc,i provided in Table I.
In the sequential approach, q1 is designed first. The results
are shown in Fig. 7. The following observations are made.
• The independent and sequential designs outperform the

SISO design Q = qI through addressing robustness
per loop individually. This is explained by the larger
requirement on robustness in loop 1 compared to loop 2.
Indeed, in loop 1 both the modeling error and interaction
are prominent, while in loop 2 interaction is dominant.

• The sequential design outperforms the independent de-
sign. This is due to reduced conservatism: the inde-
pendent design is based on Corollary 1, which is not
necessary for stability, and upper bound (7).

TABLE I
CUT-OFF FREQUENCIES OF Q-FILTERS IN SIMULATIONS.

Q-filter design fc,1 [Hz] fc,2 [Hz]
SISO Q = qI (6) 6 6
Independent (8) 5.5 17
Sequential (11) 8.5 21
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Fig. 7. Simulation results: through appropriately addressing the required
robustness per SISO loop, the sequential design approach for Q ( , )
outperforms the independent design approach ( , ), and the restrictive
SISO design ( , ). The error obtained without RC is shown as ( ).

• Compared to the first period, i.e., without RC, the two-
norm of the error is reduced by a factor 140, indicating
the benefits of RC for continuous media flow printing.

VIII. APPLICATION TO CONTINUOUS MEDIA
FLOW PRINTING: EXPERIMENTAL RESULTS

The proposed decentralized RC approach is experimen-
tally validated for continuous media flow printing on the
system introduced in Section VI. It is shown that conven-
tional feedback and feedforward control delivers insufficient
performance, while MIMO RC yields the required accuracy
for printing. Due to length limitations, only the RC design
approach in Corollary 2 is applied. The filters li(z) are
obtained through inversion of t̂ii(z), and are applied with
α = 0.3, i.e., li(z) = αt̂ii

−1
(z). The Q-filter is designed as

Q = q(z)I , see Corollary 2, where q(z) is designed as a 40th
order zero-phase low-pass FIR filter with cut-off frequency
10 Hz. The experimental results are presented in Fig. 8. The
following observations are made.
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Fig. 8. Experimental results: the main performance improvement with
decentralized RC ( ), compared to no RC ( ), is achieved at the
harmonics of the periodic signal r, up to the cut-off frequency of Q(z).

• Using decentralized RC, the peak tracking error during
printing after 10 periods of r is improved by a factor
15.5 in x-direction, 2.4 in y-direction, and 9.3 in ϕ
direction, compared to the case where no RC is used.

• During turning of the carriage, i.e., outside the printing
intervals, significant errors remain. The power of these
residuals is located near and above the cut-off frequency.

For the considered application to printing, the error reduction
in x-direction is particularly important. Errors in y-direction,
i.e., along the pass direction, can be mitigated by adjusting
the inkjet timing, whereas this does not hold in x direction.

IX. CONCLUSIONS

In this paper, a design framework for multivariable RC
is presented, which explicitly addresses the trade-off be-

tween modeling cost and performance through decentralized
designs. The proposed framework is applied to so-called
continuous media flow printing in industrial flatbed inkjet
printers. Combined, these techniques offer a very large
potential for high tracking accuracy, high production speeds,
and low costs in industrial printing.
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