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ABSTRACT
This paper presents a hierarchical approach to fault

detection and isolation (FDI) of an automotive electrical power
generation and storage (EPGS) system. In particular, this work
focuses on a fault diagnosis strategy for the alternator and belt of
the EPGS system. The proposed approach is able to detect and 
isolate the faults of the following components: the voltage
regulator, the diodes and the belt.  Preliminary evaluation results
using an EPGS system test bench have shown the effectiveness of
the algorithm.

NOMENCLATURE
Vf Alternator field voltage   [V]
Vref Alternator reference voltage   [V]
Vdc Alternator voltage   [V]
Idc Alternator current    [A]
Iload load current    [A]

eng engine speed [rad/sec]
alt alternator speed [rad/sec]

nalt alternator rotational speed [rev/min]
neng engine rotational speed [rev/min]

INTRODUCTION
The demand for electrical power in automotive industry has
increased substantially in the last decade due to the addition of
many electrical and electronic devices so as to satisfy customer
needs. As a consequence of this growth in power requirements and

to maintain vehicle dependability and reparability, attention must
be given to the design of effective fault diagnosis algorithms for
the vehicle electrical power generation and storage (EPGS)
system.  The EPGS system consists of several subsystems, as
shown in Figure 1. The aim of this paper is to present a novel
strategy to detect and isolate faults in two critical components of
the EPGS system: The alternator and the belt.  Recently, 
Scacchioli et al. reported a model-based Fault Detection and
Isolation (FDI) approach based on the concept of analytical
redundancy [1]. The approach of [1] consists of comparing the
values of measured variables with estimates of the same variables
analytically computed by the model.  The differences between
measurements and estimates are used to generate residual
sequences that can be used to diagnose specific faults. The
implementation of this model-based approach requires that certain
variables be measured, and in particular requires two independent
measurements of alternator and battery currents.  Hence, the load
current can be calculated and used as an input to the diagnosis
model.  However, in most production vehicles today, only one
current measurement is available, typically, at the battery, and an
alternative solution must be sought for this restricted sensor set.  
This paper proposes a novel fault diagnosis strategy, based on a 
top-down approach and on the understanding of the spectral
content of the available signals under various types of faults.  The
algorithms used in this approach are not based on an explicit
model of the system, but they rely upon a physical explanation of
the fault processes.  Further, the solution thus developed is
amenable to real time implementation. This paper focuses on the
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sensors for measuring the alternator current Idc and the load
current Iload are assumed to be present. 

FAULT DIAGNOSIS STRATEGY: A HIERARCHICAL
APPROACH
The main assumption made to develop an FDI strategy in this
work is that the battery is not subjected to faults.  As described in
the introduction, since the model-based FDI solution in [1] is not
feasible due to the fact that only one current measurement is
available, a different approach of fault diagnosis must be pursued.

To this aim, it is useful to observe that the frequency contents of
the measured signals contain useful information for fault
diagnosis.  In fact, a robust FDI algorithm can be developed based
on a good understanding of the physics of the system and signal
analysis methods. Specifically, from an accurate analysis of the
signals, one can extract crucial information about the symptoms of
the faults. For instance, it is known that, if an open diode fault
occurs, the ripple amplitude increases.  

Hierarchical diagnostic strategy refers to a top-down methodology
that uses a-priori knowledge of the system signal behavior in order
to detect possible system malfunctions. This allows us to go from
more general information of the system malfunctions to a detailed
knowledge of the fault, hence achieving fault isolation.   The main
idea is that, starting from a high level analysis of the signals, the
occurrence of a possible fault is detected and isolated by analyzing
the frequency content of the signals. An important advantage of
such a hierarchical approach is that the computation load is greatly
reduced when compared to a model-based FDI algorithm.  
Faults under study

In this paper, we focus on typical faults related to the alternator
and the driving belt. Specifically, the faults we aim to diagnose
are:

Open diode fault: a diode of the passive rectifier is open.
Regulator electronic circuit fault: the electronic circuit of
the regulator can break. In this case the field voltage goes to
zero (Vf = 0).
Vref too low/high fault: the regulator can set a wrong
reference voltage Vref, in this case the reference voltage Vref
differs from the nominal reference voltage Vref_nom. 
Non critical belt slip fault:  the belt can have a slip that the
regulator can compensate.
Critical belt slip fault: the belt can break or can have a slip
that the regulator cannot compensate.

The first three faults are different failure modes of the alternator, 
whereas the last two are faults related to the belt.

Frequency Analysis of the Signals

To analyze the frequency contents of the available signals, a
frequency analysis approach is used.
Figures 5 - 7 depict the frequency spectrum of the alternator
voltage Vdc, the battery current Ibatt , and the field voltage Vf .The

corresponding data were obtained from an experimental EPGS
test bench1  under normal operating condition (i.e., in the absence
of faults).The input variables eng and Iload of EPGS set to 1450
rpm and 20A, respectively. 
Figure 4 shows that the frequency components of the alternator
voltage Vdc are mainly due to the power line frequency signal (60
Hz), and to the ripple (~2500 Hz) generated by the rectifier. 

FIGURE 4. ALTERNATOR VOLTAGE FREQUENCY
SPECTRUM

FIGURE 5. BATTERY CURRENT FREQUENCY SPECTRUM

FIGURE 6. FIELD VOLTAGE FREQUENCY SPECTRUM

The frequency components of the battery current are shown in
Figure 5. The spectrum of the field voltage Vf (which a PWM
signal) is in Figure 6. 

1 The test bench is physically located at the Energy Storage lab of Center for
Automotive Research, Ohio State University. 
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The following signals, in no-fault and faulty conditions, are
analyzed:

The mean value of the alternator voltage Vdc_mean,

The battery current ripple Ibatt_ripple and

The field voltage mean value Vf_mean. 

A QUALITATIVE ANALISYS OF THE SIGNAL
BEHAVIOURS

In this section we will analyze the signals considered in the
previous section, both in faulty and no fault conditions. Signal
characteristics under each condition are as follows:

1. No fault condition. When the system is working properly
the ripple frequency of Ibatt is a function of the rotational
engine speed, the ripple amplitude of Ibatt is lower than a
predefined maximum value, and the mean value of Vdc,
which is the same as the nominal reference voltage, is
nearly constant. 

2. Open diode fault. When a diode of the rectifier opens,
the ripple frequency of the alternator voltage Vdc
decreases whereas the ripple amplitude of the alternator
voltage increases. The same effects can be noticed also
on the ripple of the battery current.

3. Non-critical belt slip fault. The ripple frequency of the
alternator voltage is a function of the engine angular
speed and of the pulley ratio as shown in Eq. (1). When a
non-critical belt slip occurs, the alternator still supplies
current to the load but the ripple frequency of the
alternator voltage Vdc  (and so the one of the battery
current) is lower than its nominal value, because of the
apparent change in the pulley ratio. This fault is
considered non-critical because the alternator still
maintains its voltage at the reference value.

4. Critical belt slip fault. When the regulator cannot
compensate for the slip anymore, a critical belt slip
occurs. In this case the alternator cannot supply the entire
required load current and therefore the value of the
alternator voltage drops and the battery starts
discharging. The regulator tries to compensate for this
fault by saturating its control variable (the field voltage
Vf). Since the alternator is auto-excited the saturated field
voltage is equal to the current alternator voltage, so that:
Vf = Vdc. It can be noted that the “critical state” of the
belt slip depends on three variables: the slip percentage,
the angular velocity of the engine, and the load current.

5. Regulator electronic circuit fault. If the electronic circuit
of the regulator breaks, Vf drops to 0 and the alternator
stops working. The only difference between this fault and
the critical belt slip is that in this case the value of the
field voltage is zero instead of being saturated.

6. Vref too low/high fault. When the regulator sets an
incorrect reference voltage, the alternator voltage follows
this wrong reference, and its mean value becomes higher
or lower than the nominal one.  

This qualitative analysis of the signals behavior allows us to group
faults that have common effects on the system. This would give
some insight into the design of a hierarchical algorithm. The
results obtained from this qualitative analysis are summarized in
Table 1, where:

- Aripple_max is the maximum ripple amplitude in nominal
conditions, which will be experimentally determined.

- fripple_nom is the nominal ripple frequency, which can be
calculated through the Eq. (1).

- Vdc_nom is the nominal value of the alternator voltage, 
which is the same of the nominal reference voltage
Vref_nom.

FAULT Aripple fripple Vdc_mean Vf_mean

No fault < Aripple_max
~

fripple_nom
~ Vdc_nom > 0

Open diode > Aripple_max < fripple_nom ~ Vdc_nom > 0

Non critical belt slip < Aripple_max < fripple_nom ~ Vdc_nom > 0

Critical belt slip < Aripple_max < fripple_nom < Vdc_nom ~ Vdc

Regulator electronic
circuit fault < Aripple_max

<<
fripple_nom

< Vdc_nom = 0

Vref too low/high < Aripple_max
~

fripple_nom
Vdc_nom > 0

TABLE 1. QUALITATIVE ANALYSIS SCHEME

Note that each fault condition has a different effect on the
measured signals, and thus a different signature. By appropriately
combining this information, it is possible to design a signal
knowledge based algorithm which can detect and isolate each of
the faults under consideration.

HIERARCHICAL DIAGNOSIS ALGORITHM
For developing a diagnostic algorithm, the qualitative analysis
carried out in the previous section will be expressed in the form of
rules based on the commands: IF <condition> THEN
<conclusion>.
For instance, IF an electronic regulator circuit fault occurs and the
regulator stops working, THEN the field voltage Vf  drops to zero, 
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FIGURE 10. LOGIC PROFILES AND OPERATING REGION.

Open diode fault

At 45 seconds an open diode fault is injected as shown in Figure
12. When a diode breaks, the amplitude of the ripple of the battery
current Ibatt increases and crosses the Amax threshold (highlighted in
red), and the fault indicator is set to 1 and never reset.

Belt slip faults: critical and non-critical belt slip

Figure 13 shows the behavior of the three signals under study, 
namely ripple frequency of the battery current, alternator voltage
and field voltage, in the case that a belt slip fault is injected. The
experiments has been conducting by injecting a 20% belt slip
between 66 seconds and 72 seconds (the diagnostic software
detects a non-critical belt slip fault), and an 80% belt slip is
injected after 78 seconds. When the alternator voltage Vdc crosses
the lower threshold, at around 82 seconds, a critical belt slip fault
is detected. 

FIGURE 11. FIRST LEVEL CHECKED SIGNALS IN NO FAULT
CONDITION. 

The algorithm detects a non-critical belt slip fault as long as the
regulator can maintain the mean value of the alternator voltage
Vdc_mean over Voc_max. In this case, only a shift in the ripple
frequency value is detected and so the software generates an alarm
for the non-critical belt slip fault, but then returns to the first level.
When a critical belt slip is injected, the alternator voltage Vdc
becomes lower than the maximum battery open circuit voltage
Voc_max, and the control variable Vf is saturated2; hence a critical
belt fault is detected. 

2 Because of high load current and low engine rpm, the field voltage
saturates.
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FIGURE 12.  FIRST LEVEL CHECKED SIGNAL AND FAULT
INDICATOR IN OPEN DIODE FAULT CONDITION. 

FIGURE 13. CHECKED SIGNALS IN BELT SLIP FAULT
CONDITION (LOGIC PROFILES). 
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