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proposed in, e.g., [11]. In [8], a simulation study indicates
that grey-box neural networks can identify the root cause of
unknown fault classes. However, to make this useful for fault
diagnosis in industrial systems, it is relevant to investigate how
to systematically design and train grey-box RNN to achieve
certain fault classification properties.

II. PROBLEM STATEMENT

Designing grey-box RNN for residual generation is a
promising approach to combine physical insights about the
system to be monitored and machine learning for fault di-
agnosis. Since faults are rare events, it is likely that training
data are imbalanced and consists mainly of data from fault-free
system operation. Residual generators are anomaly classifiers
meaning that training only requires fault-free data to detect
abnormal system behavior caused by faults. By designing
different residual generators that are sensitive to different
faults, it is possible to isolate faults by analyzing the resulting
fault patterns.

In this work, the objective is to develop a diagnosis sys-
tem combining model-based and machine learning methods
applied to an internal combustion engine test bench. A set
of data-driven residual generators are designed using grey-
box RNN and trained using only nominal training data. An
automated design process is developed where the RNN models
are generated based on a structural model representing the
physical insights about the system model structure.

Structural models are bi-partite graphs that represent the
qualitative relationship between different model variables and
can be used even though the analytical relationship is not
completely known [12]. The usefulness of structural models
for fault diagnosis analysis and diagnosis system design have
been shown in, e.g., [13], [14], and can be used for, for
example, fault isolability analysis, residual generation, and
sensor placement [15].

To evaluate the proposed method, an internal combustion
engine test bench is used as a case study. Both training and
validation data are collected from the test bench when the
engine is working in transient operation. A structural model
of the air path through the engine is used to represent the
available model information that is used to design different
grey-box RNN modeling different parts of the engine.

III. RELATED RESEARCH

Data-driven classification that considers both known and
unknown classes is referred to as open set classification [16].
Different approaches to open set classification have been
proposed, see e.g. [3] and [17]. Even though these mentioned
work are able to identify when data belong to unknown
fault classes, it is not trivial how to identify the true class
label. In [3], model-based residuals are used to compute fault
hypotheses based on the fault sensitivity of each residual
generator and a set of anomaly classifiers are used to rank
the known fault classes.

Neural networks have been used for fault diagnosis in many
different applications [18]. Feature extraction using neural
networks is proposed in, e.g. [19]. In [20], neural networks
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Fig. 1. An example of an artificial neural network with k inputs and one
output.

are used to develop a grey-box simulation model of an HCCI
engine. In [21], neural networks and genetic programming
are used for non-linear residual design for fault diagnosis
of an industrial valve actuator. A hybrid system identifica-
tion approach combining model-based and neural networks is
proposed in [22] where a weighted prediction is computed
from the model-based and data-driven models. In [23], neural
networks are used for fault diagnosis of a wind turbine.

The benefits of bridging and combining physically-based
fault diagnosis methods and machine learning have been
discussed in, e.g., [24]. The connections between different
neural network structures and ordinary differential equations
have been analyzed in, e.g. [25] and [26]. Including physical
insights about the system to design grey-box neural networks
have been proposed in previous works, such as [11], [27] and
[28]. In [29], hamiltonian dynamics are incorporated in the
neural network structure. Grey-box RNN, based on state-space
neural networks [30], are proposed in [11] for residual genera-
tion to perform fault diagnosis of an evaporator in a sugar beet
factory. With respect to previous work, an automated design
process of grey-box RNN for residual generation is developed
here combining physically-based structural models and deep
learning techniques applied to an automotive case study.

IV. ARTIFICIAL NEURAL NETWORKS

An artificial neural network models the relationship between
a set of inputs u 2 Rnu and outputs y 2 Rny using a
computational graph, as illustrated in Fig. 1, where each node
represents a non-linear operation on the inputs to the node,
xin, usually in the form:

xout = g(aT xin + b) (1)

where g(·) is a non-linear function, called an activation func-
tion, a is vector of weights, and b is a bias term. Some common
activation functions are the rectified linear unit (ReLU)

g(⇠) = max (0, ⇠)

and different sigmoid functions, such as the logistic function
or arc tangent function [10].

Neural networks are commonly designed such that the nodes
are organized in different layers where the inputs to each node
are the output of nodes in the previous layer and the nodes in


