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ABSTRACT. This paper presents a mathematical framework for modeling the dynamic effects of
three fault categories and six fault variants in the ink channels of high-end industrial printers. It
also introduces a hybrid approach that combines model-based and data-based methods to detect and
isolate these faults effectively. A key challenge in these systems is that the same piezo device is used
for actuation (generating ink droplets) and for sensing and, as a consequence, sensing is only available
when there is no actuation. The proposed Fault Detection (FD) filter, based on the healthy model,
uses the piezo self-sensing signal to generate a residual, while taking the above challenge into account.
The system is flagged as faulty if the residual energy exceeds a threshold. Fault Isolation (FI) is
achieved through linear regression or a k-nearest neighbors approach to identify the most likely fault
category and variant. The resulting hybrid Fault Detection and Isolation (FDI) method overcomes
traditional limitations of model-based methods by isolating different types of faults affecting the same
entries (i.e., equations) in the ink channel dynamics. Moreover, it is shown to outperform purely
data-driven methods in fault isolation, especially when data is scarce. Experimental validation

demonstrates superior FDI performance compared to state-of-the-art methods.

1. INTRODUCTION

Over the past decades, fault diagnosis has been a focal point of research because of its vital role
in maintaining the safety and reliability of engineering systems [1, 2]. In this paper, the systems of
interest are the printers of Canon Production Printing (CPP). CPP is a Canon subsidiary company
located in Venlo, the Netherlands, that develops, manufactures and sells high-end industrial printers
[3]. Accurate fault diagnosis for the ink channels of these printers is essential for the improving print
quality and maintenance services. The ink channels are subject to different faults, such as empty
ink channels, partial or complete blockage of the nozzle or drying of the local ink [4, 5]. All of these
faults are examples of anomalies that would degrade image and printing quality. Preventing a low-
quality print has several advantages. Firstly, improving the overall print quality results in satisfied
customers and possibly attracts new businesses. Secondly, avoiding poor prints can reduce the need
for reprints, saving ink, paper, and running costs associated with customer complaints and repairs.

Additionally, reducing waste ink and paper is not only cost-effective, but it is also environmentally
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FIGURE 1. Decomposition of the printer where each component shown is smaller
than and inside of the component to its left.

responsible. For these reasons, it is beneficial to detect a fault in advance and isolate faults in their
early stages to compensate for a faulty ink channel before it reduces printing quality.

The printers considered in this paper consist of various components to ensure their proper func-
tioning. In this context, the focus is on the ink channels, with up to hundreds or thousands located
in the printheads, depending on the printer. In Figure 1, a decomposition is shown that indicates
where each component is located and how many of each component are inside the component to its
left. See [6] for more detailed information about the printers and [7] for details of the printheads.

The problem of detecting and isolating faults in the ink channel of printers is challenging. Both
the time scale and the dimension of the system are microscopic, with a typical piezo self-sensing
signal being tens of microseconds long [5], an actuation chamber of mere millimetres in length and
drop ejection nozzles of just tens of micrometres in diameter [4]. The combination of the small time
and length scales results in very small physical quantities, making it hard to observe the state of the
system in real life. A so-called piezo self-sensing signal can be obtained by using the piezo actuator
(used to induce ink deposition) as a sensor. In this way, it can be used to obtain information about
the state of the ink channel. It is important to note that the piezo must be actuated first before
the sensing signal can be obtained [8, 9, 10]. Furthermore, depending on the printer, a signal from
each of more than 100,000 ink channels is collected in less than 100 ms [3]. Dealing with those large
amounts of data emphasises the need for a computationally efficient method for fault diagnostics.
A further challenge regarding data collection is that the piezo self-sensing signal cannot be captured
during actuation, as the piezo can only serve as the actuator or the sensor at any point in time.
Hence, input-output data is not available at the same time to support a solution for fault diagnostics.
This also means that the state of the system cannot be assumed to be zero at the start of the sensing
period since the system is being actuated before measurement acquisition starts. However, in the
literature on fault diagnosis, the state of the system when measurement data is available is often
assumed to be zero [11, 12, 13], which is not the case here.

The frequency content of the self-sensing signals generated by the piezo actuator can be used for
Fault Detection and Isolation (FDI) through signal-based fault tree methods with tunable thresholds,
which is currently being used by the manufacturer for the health monitoring of their printers. This
state-of-practice approach can be seen as a data-based method [14, 15], which does not directly take
into account any physics-based model of the system (ink channel dynamics). Besides, the thresholds
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used within this method are manual margins designed based on experience, making the method
non-systematic in nature and hard to generalize to different printer types.

Motivated by the aforementioned challenges, a hybrid model- and data-based FDI approach is
proposed to detect and isolate faults using piezo self-sensing signals. This approach consists of
two stages: Fault Detection (FD), which is the model-based part of the proposed methodology,
and Fault Isolation (FT), which is the data-based part. The proposed method for FD builds upon
previous results [11, 12], where the task of FD involves generating a diagnostic signal sensitive to the
occurrence of faults, known as the residual. This task is accomplished by designing a model-based
filter fed by the piezo self-sensing signal. The filter formulation is modified to account for the system
actuation and sensing data not being available simultaneously. For FI, inspired by [16], an isolation
filter is designed using a regression operator, as well as a classification algorithm, both using the
output of the FD filter (i.e., residual signal). Contrary to the previous work, (simulated) faulty
data is assumed to be available. Additionally, the FI filter design is adjusted to ensure that it can
appropriately deal with scenarios in which only one fault can be present at a time (as is the case
for the industrial printing use case in this paper). The main contributions of this paper are the
following:

(a) Modeling printer (ink channel) dynamics and possible faults: We model the dynam-
ics of ink channels for a class of industrial printers considering the fault categories of (1) an
empty ink channel, (2) a blocked nozzle, and (3) a dried nozzle. The modeling framework
includes six different variants of these fault categories that are encountered in practice.

(b) Methodologies for FDI: In light of the practical limitation of actuation and sensor data
being unavailable simultaneously, we develop a tailored FDI filter based on the model, in
combination with available labeled experimental data. Moreover, the developed hybrid
model-data fault diagnosis method addresses the limitation of conventional model-based
approaches by isolating different types of faults that affect the same entries in the ink chan-
nel dynamics [17, 18, 19]. This capability is enabled by integrating data-driven classifiers,
which effectively distinguish between different patterns in the residual generated by the
model-based fault detector filter. Additionally, it is shown that the method outperforms
purely data-driven approaches in fault isolation.

(c) Experimental validation on an industrial printer [3]: The results are validated ex-
perimentally, indicating that the proposed method provides superior performance for both
fault detection and isolation compared to the current state-of-the-art method.

The content of the remainder of paper is as follows. The problem statement of the printing use
case is described in Section 2. A solution approach to the problem of fault detection and isolation is
outlined in Section 3. The results of this approach with simulated and experimental data are shown
in Section 4. Lastly, the conclusions that can be drawn from the results are presented, together with

recommendations for future work in Section 5.

2. PRINTER DyNAMICS, FAULTS, AND THE DIAGNOSIS PROBLEM

The ink channel dynamics of the printer are presented in Section 2.1, the possible operational
faults are explained in Section 2.2 and the problem of fault detection and isolation is described in
Section 2.3.
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FIGURE 2. Typical input (actuation) signal and corresponding output (sensing) sig-
nal, with the output starting after the completion of the input at time ¢,.

2.1. Mathematical model for ink channel dynamics

The smallest component in Figure 1, the ink channel, is the subject of this study. When printing,
a piezo-electric actuator is (dis)charged, inducing a mechanical deformation which displaces the
ink from the ink chamber to both the restrictor and nozzle; see the sub-figure on the right side of
Figure 1. A strong enough actuation will lead to a droplet being jetted from the nozzle onto the
paper [20]. The movement of the ink is captured in a four-dimensional state vector, denoted by
x, which contains the volumes and flow rates displaced through the restrictor and the nozzle when

actuating. The single variable voltage discharging the actuator is captured by the input wu.

Following the fluid dynamics principles described in [5], complemented by the addition of resis-
tance in [4], the ink channel dynamics in the healthy case can be described as follows:
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where V,. and V,, are the volumes of ink displaced through the restrictor and the nozzle when
actuating, respectively. The parameters I, and I, are the inertances in the restrictor and the
nozzle, respectively, R, and R, are the resistances in the restrictor and the nozzle, respectively,
and B, is the total compliance of the system. The input u is the voltage applied to the actuator.
The actuator constant b captures the relation between the voltage input and the influence on the
channel pressure, which contributes proportionally to the time-derivative of the flow rate in the
restrictor and nozzle via the factors %ﬁt and %,Bt’ respectively. Acquisition constant ¢ captures
the relationship between the flow rates (of ink displaced through the restrictor and the nozzle) in
the ink chamber and the system output y. Note that a few microseconds after each actuation, the
piezoelectric actuator can be used as a sensor to measure y in (1). For a more detailed explanation
of the model parameters, see [5]. A typical example of the process trajectories of both actuation
and sensor acquisition is plotted in Figure 2. Since the actuator acts as a sensor after actuation, the
system is treated as autonomous with the non-zero state x,(t,) (called the the acquisition state) at
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starting time t, of the acquisition. As a result, the term related to B, can be neglected in (1) after
t=1q,.

2.2. Operational faults

The operational faults studied in this article are caused by changes in some parameters of our
mathematical model in (1). These faults are naturally of a multiplicative nature with the internal
states of the system z. With this in mind, we can model each fault effect on the printer dynamics
as follows:

(t) =(A+ By fi)x(t), ie€{1,2,...,n5}

y(t) - Cm(t)?
where the matrices A and C' are as defined in (1) and the signal f; € Ry is the i-th fault signal

(ODE(7))

taking values “0” whenever the system is healthy (i.e., no faults) or nonzero values when the fault
occurs. Herein, ny denotes the number of fault variants, which are listed below and equal six. It
is practically reasonable to assume that at most one ¢-th fault occurs at a time. Consequently,
(ODE(7)) captures the dynamics representing this sole i-th fault scenario. For every fault, the term
By, fi is added to A, where By, captures the changes in the parameters of A. The matrix By, may
be different for every fault scenario and contains parameter changes related to that fault. Therefore,

matrix By, is different for every fault ¢ and generally can be described as

0 0 0 0
B, — 0 0 0 0
e() o) o) o
S5 oz 0 65
Note that in practice, since we do not know the actual entries in the matrix By, we model it
as matrices with zero and nonzero elements to indicate which equations are affected. These are
provided below, along with the fault scenarios:

1) Empty ink channel (EC):: Refers to a fault in which an ink channel is not filled with ink.
Every ink channel starts empty and subsequently it is filled with ink. An ink channel can
also be fully emptied when printing. An empty channel can be modelled as a decrease in
inertance of both the restrictor and nozzle, I, and I,,, causing the sensing signal y to oscillate
at a higher frequency. The corresponding fault matrix is denoted as By, and all non-zero
elements in the general fault matrix By, are non-zero in By, as well.

2) Blocked nozzle (BN):: Refers to a fault in which a dirt particle is present at the outlet of
the nozzle. Such a particle blocks a certain percentage of the nozzle’s cross-sectional area.
This causes the nozzle inertance, I, and resistance, R,, to increase, resulting in a faster
decay of the sensing signal y. Two different types of blocked nozzle can be distinguished: (i)
Fully blocked nozzle (FBN): Refers to a fault in which a nozzle is fully blocked, implying no
printing can be done; (ii) Partially blocked nozzle (PBN): Refers to a fault in which a part
of the nozzle is blocked, implying ink exits the nozzle incorrectly. The corresponding fault
matrices are denoted as By, and By,, for the FBN and PBN, respectively. Both matrices
have the same non-zero elements, which are By,(4,1), By, (4,2), By,(4,4), and similarly
Bf3(47 1), By, (4,2), By, (4,4).
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3) Dried nozzle (DN):: Refers to a fault in which the ink at the nozzle’s outlet has evaporated,
losing some of its most volatile components, such as water. This causes the viscosity to
increase and therefore the resistance R, to locally increase, leading to a faster decay of the
sensing signal y. Three different drying levels are distinguished: (i) Slightly dried nozzle
(SDN), (ii) Intermediately dried nozzle (IDN), (iii) Deeply dried nozzle (DDN). The corre-
sponding fault matrices are denoted as By,, By, and By,, for the SDN, IDN, and DDN,
respectively. All three matrices have the same non-zero element, which is By, (4,4) and
similarly By, (4,4) and By (4,4).

The problem to be solved in this paper can now be stated.

2.3. Fault detection and isolation problem

We aim to design an FD filter that can distinguish between healthy and faulty systems using
the output data y(¢) and an approximated acquisition state Z,. The FD filter generates a residual
signal r that indicates whether the measurements are healthy or are affected by the fault signal f;.
Formally, the residual can be represented as a function r(xg, f;), and the FD design is ideally defined

by the following mapping requirements:

Zq — 7(24,0) =0, (2a)
fi — T($a,fi) ?é 0, Vi € {1,2, ... ,nf}. (2b)

For fault isolation, conventional model-based methods, such as [11], use filter banks, with each
filter sensitive to one fault and insensitive to others. However, this approach fails when faults share
the same system dynamics entries. Isolation relies on amplifying one fault’s signal while suppressing
another’s in the same residual [17, 18], which is impossible when both faults affect the same entry.
To address this challenge, we aim to design a fault isolation (FI) filter capable of isolating the
occurring fault using the output of the fault detection (FD) filter, r, building on the results in [16].
The FI filter is trained offline using available labeled experimental data for each fault scenario. In
the online implementation, the filter generates a vector ¢* (see the output of right block in Figure
3), where each row represents the percentage of occurrence for each fault scenario, and the fault

with the highest percentage is considered to be the occurring fault.

3. FAULT DETECTION AND ISOLATION APPROACH

In this section, the proposed solution is presented. Figure 3 illustrates an overview of the proposed
FDI scheme, where different types of faults f; entering the system are detected and isolated. The
methods for fault detection and fault isolation are provided in Sections 3.1 and 3.2, respectively.

3.1. Fault detection filter

As a preliminary step, an accurate model is obtained using an off-the-shelf grey-box system
identification method in MATLAB, namely extended least squares for parameter estimation [21].
This method uses healthy sensor data to estimate system parameters in (1) via solving the following
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optimization problem: .
(A, C, 4.} = arg min / () = CeMa,dt, (3)
AC2q Jitg
where ¢ denotes the final time of the signal y collected from the printer. The optimization problem
is solved using the interior-point algorithm [22, Ch. 11]. The resulting matrices A and C and the
estimated acquisition state , are then used to develop a model-based fault detection filter.

To construct the FD filter, first, the state-space representation of the system in (ODE(i)) is
converted from time domain to the Laplace domain as follows:
sX(s) —xq = AX(s)+ By Vi(s), )
Y (s) — CX(s),

where, s € C is the complex Laplace variable used in the Laplace transform. X (s),Y (s) and ¥;(s)
are the Laplace transforms of z(t),y(t) and f;z(t), respectively. Equation (4) can be written as

—sI+ A Za Bf
X(s) + + Y(s)+ C Ol Wy(s) =0,
C ©+1 p [YE ]| ) (DAE(7))
H(s)=Ho+His L(s) Fl(s)

where H(s) € COtm)xn [(s) € CHmxm and Fy(s) € CF™xn for all i € {1,2,...,ns}. This
system representation is also known as the Differential-Algebraic Equation (DAE) (represented in
the Laplace domain).

The FD filter can be stated as follows, generating the residual signal defined in the Laplace

R(s) = YOEE) o V) [ Za ] , (5)

domain:

a(s) | 0

where R € C is the residual in the Laplace domain, &, denotes the approximated acquisition state
from (3), N(s) is designed to solve the problem stated in Section 2.3 (or more specifically to satisfy
(2)), and «(s) is chosen such that the transfer function of the residual generator R(s) is (strictly)
proper. The method used to design a(s) is described later. This residual can be transformed to the
time domain to form the signal r. To design N(s), the residual in (5) must be expressed in terms
of both state-dependent and fault-dependent terms. It follows from (5) and (DAE(7)) that

N(s)H(s) N(s)Fy(s) N(s) [ Fo— g

R(s) =— X(s) - (6)

a(s) a(s) 0
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To satisfy (2a), the first term in (6) must be zero (i.e., N(s)H(s) = 0). Similarly, to satisfy (2b),
the second term must be nonzero (i.e., N(s)F;(s) # 0). It is shown in [11] that these conditions on

the transfer functions can be expressed in terms of matrices as follows:

NH =0, (7a)
NF; #0, Vie{l,2,... ns}, (7b)
with H € Ran(ntm)xn(dy+1) g4
Hy Hy
H = dn,
Hy Hy

where, Hy and H; as defined in (DAE(i)), dy is the order of the filter, N € R!*dn(n+m) and
F; € Rin(ntm)xndy a9 given by

F;
F; = dn,
F;

where F; as defined in (DAE(7)). Generally, to create the FD filter, the linear programming problem
in (7) is solved [11]. However, for this specific system (i.e., the ink channel system), the linear
programming constraint (7a) has only one solution, meaning solving the linear programming problem
is not needed. An approach to design N is to calculate the left null space of H as N = (N(H"))T =
No Ni oo Nay |-
As for implementation purposes, the fault detection filter formulation should be derived in the
Laplace domain, N can be converted to N(s) using

dn
N(s) := Z N;s'.
=0

Note that clearly from (6), it can been verified that if &, — x, is small, the residual signal will
only generate the second term, which is zero in the healthy case because ¥;(s) (i.e., the Laplace
transform of f;x(t)) is zero, and non-zero when a fault occurs, as the condition in (7b) imposes.

Due to errors caused approximation of the acquisition state (i.e., 5 — 2, ), modeling uncertainties,
and measurement noise, a non-zero residual does not necessarily indicate that the system is faulty,
which can lead to some healthy cases being misidentified as faulty. Therefore, to determine whether
a residual signal is faulty, a threshold 7 on the energy of the residual signal, defined as the integral
of the square of the signal, is established as

ty
_ 2
T = p max </t T (1) dt> ; (8)

where Sy, is the healthy residual dataset which is produced by passing measurements y, includ-
ing measurement noise, through the FD filter, r; represents the healthy residuals taken from this
dataset, and p € Ry is a user-determined factor designed to make the detection method more ro-
bust against false alarms caused by approximation errors, modeling uncertainties, and measurement

noise (see Section 4.2 for design examples). If this threshold is exceeded by the residual energy (i.e.,
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ft’;f r2(t)dt), the system is classified as faulty (see Figure 3). Besides this threshold, other metrics,
such as the maximum value of the residual, which may be computationally faster, can also be used
to determine whether a signal is faulty.

The poles of the filter, represented by the denominator «(s) in (5), need to be selected carefully.
In [11], the denominator of the FD filter is chosen as an arbitrary transfer function of sufficiently
high order, with roots having negative real parts to ensure the transfer function of the filter is
both proper and stable. However, it has been observed that the denominator can influence the
performance of the filter for the system under consideration.

In this paper, since the energy of the residual is used for fault detection, the FD filter denominator
is designed to amplify the energy of the residual, making faults easier to detect. This is achieved by
placing two marginally stable poles of the FD filter at s = +w,i, where w, is the desired residual
frequency, which can be chosen arbitrarily. The frequency can be selected so that a desired number
of oscillations occurs within a known time frame 7. Since this pole pair does not have a negative real
part, the residual does not converge to zero, and the energy continues to increase. This amplifies the
presence of a fault, as a faulty residual results in a larger amplitude compared to a healthy residual.
The remaining poles are chosen to be arbitrarily stable, as they do not influence the behavior of the
residual significantly. Thus, the denominator can be expressed as follows:

a(s) = (2 +wP)B(s), wr =2,
where ((s) is a transfer function with roots with negative real parts of order dy — 2, and n, is the
desired number of oscillations.

Once a fault has been detected, the next step is to isolate the detected fault. Towards this goal,
an FI filter is designed in what follows.

3.2. Fault isolation filter

The FI filter is inspired by [16], where a Linear Regression (LR) model is also used for fault
isolation. To train the FI filter for each fault, labeled faulty data must be available. These LR
models are trained offline in a discrete setting. Therefore, for offline training, continuous residuals
obtained from the proposed FD filter should be discretized, and the N discretized residuals per fault
class are averaged for each fault scenario as follows:

k—lek: Vi€ {1,2 ke {k k
pz[]_N;ri[L i€ {1, v"‘vnf}’ € {kq; ..., f}v
where p;[k] € R represents the average residual for each fault class i (see the offline training part in
Figure 4, where only three faults are shown for simplicity), and kq, ky are the samples corresponding
to t4,ty, respectively. Next, the matrix R, containing the averaged residuals for each fault class
pilk], can be constructed as follows:

p1lkal p2[kal T P [Kal
pilka + 1] palke +1] -+ pn,lke +1]

p1lky] palkgl o pnglky]
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FIGURE 4. Schematic overview of the offline training (design) and online application
of the FI filter.

During the online isolation process, LR is used to identify which expected residual p;[k], obtained
from offline training, is closest to the measured residual signal r to be isolated (see the online isolation
part in Figure 4). The LR model quantifies the contribution of each fault as a vector ¢* € R'/,
which is the solution to the following optimization problem:

arg min,, [|[Rp — 7|
o= s.t. Silier =1,
0 >0, Vie{l,2,...,ns},
where
@ =[er - en |,

is used as a regressor. The fault index ¢* corresponding to the highest value in ¢* is considered as
the isolated fault, i.e., i* = argmax; ¢}, i € {1,2,...,ns} (for the simplified example illustrated in
Figure 4, i* is 2). Instead of LR models, other classifiers, such as the k-nearest neighbors algorithm
(KNN), can be used (see [23]). In this case, the residual signal is assigned to the class of its nearest
neighbor. In the following sections, the FD and F1I filters are evaluated using both simulation and

experimental data concerning the ink channel dynamics in an industrial printer.

4. SIMULATION AND EXPERIMENTAL RESULTS

First, the structure of the data is analyzed in Section 4.1. Then the FD and FI filters are tested
for both the simulation and experimental data in Sections 4.2 and 4.3, respectively.

4.1. Data analysis

To evaluate both filters, simulated data and experimental data are used. Simulated data is
generated based on knowledge of faults and the nature of the available experimental data. 3,825
output signals, y, are generated, where 2,475 are healthy signals and every fault class contains 225
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signals. Hence, all of the six fault classes mentioned in Section 2 are considered. One healthy
example and three examples of faulty signals per fault category are illustrated in Figure 5.

Experimental data is collected by purposely drying the nozzle. The procedure to overcome a
drying nozzle, called prefiring (mixing the ink in the nozzle and ink chamber to bring the ink in the
nozzles back to a usable viscosity), is performed to collect data for fault scenarios ranging from deeply
dried to healthy. Three datasets are generated: the first, with 48 signals, represents healthy nozzles,
where sufficient prefires remove all dried ink. The second, with 39 signals, represents intermediately
dried nozzles, where some prefires partially remove dried ink. The third, with 60 signals, represents
deeply dried nozzles, with no prefires performed. Two examples of measured faulty signals per fault
category are illustrated in Figure 6. Notably, separate datasets of the same length as the test data
are used for the offline training of the FI filter for both the simulated and experimental data.

4.2. Fault detection results

The preliminary system identification results, obtained using the off-the-shelf grey-box method
in MATLAB (explained in Section 3.1), are provided in the Appendix.

Some fault classes for the simulated dataset include signals that show characteristics similar to
healthy signals. To prevent a large number of false positives, i.e., healthy signals being detected as
faulty by the FD filter, the multiplication factor for the threshold in (8) is chosen as p = 1. For
the experimental dataset, healthy and faulty signals can be distinguished more easily. Therefore, a

multiplication factor of u = 2 is chosen to prevent false positives for the experimental data.
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FIGURE 5. Examples of sensing signals y for simulated fault categories (here ¢, = 0).
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FIGURE 6. Examples of sensing signals y for experimental fault categories (here
te =0).
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TABLE 1. FD Filter results for the simulated data.

FD filter
Healthy | Faulty
Healthy | 2474 1
Faulty |92 1258

Ground truth

We present the FD results of the proposed method by comparing it with the State-of-Practice
(SoP) approach. The SoP method relies on a signal-based fault tree approach with tunable thresh-
olds, which are adjusted based on experience. For further details on the SoP method, refer to
[14, 15].

The FD results of the simulated data are summarized in Table 1. The proposed FD filter achieves
a Total Detection Rate (TDR) [24] of 97.6%, surpassing the 93.9% of the manufacturer’s current
method. Its False Alarm Rate (FAR) [24] is 0.04%, compared to 0% for the SoP approach. The
proposed method has only one false negative, which is related to the slightly dried nozzle. Nev-
ertheless, the substantial improvement in fault detectability halves the number of false detections,
underscoring the superior reliability of the proposed approach compared to the SoP method.

For the experimental data, the proposed FD method achieved a TDR of 100%, with no false
negatives or false positives, shown in Table 2. In comparison, the SoP approach used in the industry
has TDR of 91.8%. Moreover, the FAR is 0% for the FD filter, and 4.2% for the SoP approach,
highlighting the superior performance of the proposed FD filter. The improved performance of
the proposed filter on experimental data is due to clearer distinctions between healthy and faulty
signals. Simulated data includes slightly dried nozzles, harder to distinguish due to noise, whereas
experimental faults are larger and easier to detect.

4.3. Fault isolation results

To evaluate the overall performance of the FI filter, the Harmonic Mean Average (HMA) is cal-
culated. HMA is a standard metric used to assess the overall effectiveness of fault isolation schemes
[24]. The performance of the proposed hybrid model-data fault isolation method is compared to that
of a purely data-driven approach. The latter applies the FI filter directly to y, while the proposed
method applies it to r, where r is derived from the FD filter that incorporates model information.
Additionally, the effect of training dataset size is examined by reducing it by 50% and 90%.

The results of the proposed FI methods using LR and KNN for the simulated data are presented
in Table 3. These results demonstrate that for both methods and all training sizes, applying the
FI filter to the residual signal r consistently outperforms applying it to the system output signal y,

TABLE 2. FD Filter results for the experimental data.

FD filter
Healthy | Faulty
Healthy | 48 0
Ground truth Aty
Faulty |0 99
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TABLE 3. FIresults (in terms of HMA) with different training sizes for the simulated

data.
Trailnlng Signal R | KNN
size used

81.3 .
9025 r % | 80.0%
Yy 73.1% | 74.1%
1013 r 79.4% | 80.1%
Yy 70.5% | 72.1%

1 .
903 r 80.1% | 78.8%
Yy 61.4% | 66.4%

highlighting the value of model information. Among fault classes, intermediately dried nozzles have
the lowest classification accuracy (see Table 4 for the confusion matrix corresponding to the method
using r, LR and a training size of 2025). This is likely because their signals share similarities with

those of both slightly dried nozzles and partially blocked nozzles.

For comparison, the manufacturer’s SoP method achieves an HMA of 45.3% on the largest train-
ing dataset. However, the SoP method has not been trained for all fault classes and would need

expansion for a fair comparison.

The FI filter is also evaluated using experimental data, with results presented in Table 5. For

this dataset, all methods (whether using r or y for FI and regardless of training set size) achieved
high accuracy due to the smaller number of fault classes compared to the simulated data. The SoP
method’s HMA is 88.3%, but its primary limitation was misclassifying intermediately dried nozzles
as healthy. This issue does not occur with the proposed FI filter, which significantly outperforms
the SoP method.

It is worth emphasizing that the proposed method offers additional advantage. Unlike the SoP
method, which performs FD and FI simultaneously, the proposed method isolates faults only after
detecting them, achieved by leveraging model information in the design of the FD filter and using
data for the FI filter, whereas the SoP method relies solely on data.

TABLE 4. Confusion matrix of the proposed F1I filter results for the simulated data

(see Section 2 for the abbreviations).

FI filter
EC | BN | PBN | SDN | IDN | DDN
EC 225 0 0 0 0 0
BN 0 [225] O 0 0 0
Ground truth PBN | 0 0 190 35 0 0
SDN | 0 0 0 225 0 0
IDN 0 0 103 | 113 9 0
DDN | 0 0 0 0 1 224
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TABLE 5. FI results (in terms of HMA) with different training sizes for the experi-

mental data.

Trailnlng Signal R | KNN
size used
99.0% | 99.0
147 : % | 99.0%
Y 98.0% | 98.0%
r 100% | 100%
74
Y 98.0% | 98.0%
r 99.0% | 99.0%
15
Yy 98.0% | 98.0%

5. CONCLUSION

This paper has presented a method for detecting and isolating faults in the ink channels of in-
dustrial printers using model-based detection filters and linear regression- and KNN-based fault
classifiers. Using residuals (generated for fault detection) in fault isolation consistently outper-
formed directly using system output data, highlighting the advantages of the proposed method over
purely data-driven approaches. Experimental results confirmed that the proposed fault isolation
(FI) filter outperformed the state-of-the practice method, particularly by reducing the misclassifi-
cation of faulty signals as healthy. For future work, it is recommended to experimentally evaluate
the performance of the proposed methods with additional fault scenarios such as an air bubble in

the ink channel.
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APPENDIX A. IDENTIFIED SYSTEM MATRICES

The system identification results are given as follows:
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