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Abstract—This paper presents mathematical models, design and
experimental validation, and calibration of a model-based diagnos-
tic algorithm for an electric-power generation and storage automo-
tive system, including a battery and an alternator with a rectifier
and a voltage regulator. Mathematical models of these subsystems
are derived, based on the physics of processes involved as charac-
terized by time-varying nonlinear ordinary differential equations.
The diagnostic problem focuses on detection and isolation of a spe-
cific set of alternator faults, including belt slipping, rectifier fault,
and voltage regulator fault. The proposed diagnostic approach is
based on the generation of residuals obtained using system models
and comparing predicted and measured value of selected variables,
including alternator output current, field voltage, and battery volt-
age. An equivalent input-output alternator model, which is used
in the diagnostic scheme, is also formulated and parameterized.
The test bench used for calibration of thresholds of the diagnostic
algorithm and overall validation process are discussed. The effec-
tiveness of the fault diagnosis algorithm and threshold selection is
experimentally demonstrated.

Index Terms—Automotive, electric power generator, electric
power storage system, electrical systems, model-based diagnosis.

NOMENCLATURE
r Voltage controller.
AVier Voltage regulator fault.
Aw, Belt slipping fault.
P Phase angle between stator windings.
A Battery’s surface area.
Ahyominal Battery nominal capacity.
Cop Capacitance related to the dynamic phenomena
of the battery.
Ey Open-circuit voltage of the battery.
E,,Ey,, E. Inducted electromotive forces on windings a, b, c.
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Inducted electromotive forces of the excitation
field.

Hypothesis of no fault and faulty.

Current flow of the battery into resistance 2.
Battery current.

Load current.

Current of phases a, b, c.

Alternator current.

Alternator current output from the equivalent
alternator model.

Nominal value of alternator current output.
Alternator field current.

Self-inductances of the stator for phases a, b, c.
Stator—stator mutual inductances.

Stator—stator mutual inductances.

Stator—stator mutual inductances.

Stator—rotor mutual inductances.

Stator—rotor mutual inductances.

Stator—rotor mutual inductances.

Field winding self-inductance.

Self-inductance of the rotor.

Self-inductance of the stator.

Stator—stator mutual inductance.

Peak stator—rotor mutual inductance.

Probability of detection, false alarm, and misde-
tection.

Internal ohmic resistance of the battery.
Overvoltage resistance of the battery model.
Resistances of stator windings.

Field winding resistance.

Rotor winding resistance.

Stator winding resistance.

Battery state of charge.

Initial battery state of charge.

Battery temperature.

Battery voltage.

Voltage of the stator at terminals a, b, c.

Voltage across the capacitor in the battery model.
Alternator voltage.

Alternator voltage output from the equivalent al-
ternator model.

Alternator field voltage.

Field voltage output from the equivalent alterna-
tor model.

Alternator reference voltage.

Alternator reference voltage with voltage regula-
tor fault.
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pom Nominal alternator reference voltage.

ref
Kr,Kp Gains of the voltage regulator.
A Vector of flux linkages.
E Vector of inducted electromotive forces on the

stator’s windings.
1 Vector of phase currents.
L Matrix of inductances of the alternator.
L¢ Vector of mutual inductances stator field.
R Matrix of stator resistances.
\% Vector of terminal voltages of windings of stator.
f Parameters’ vector of the three-phase passive
rectifier.

a, By, m, Parameters of the equivalent alternator model.

Ky A Parameters of the equivalent alternator model.

Aoy Ap, AC Flux linkage of phases a, b, c.

We Electrical speed.

w{ Electrical frequency with belt slipping fault.

W Engine speed.

0. Electrical angle.

(. Engine phase angle.

c Battery’s lumped specific heat.

Sas fo, fe Parameters of the three-phase passive rectifier.

Gas Gbs e Conduction state of the diode in the branches
a,b,c.

he Convective heat transfer coefficient.

h Selected threshold.

ha Heat transfer rate.

hi Optimal threshold related to belt slipping fault.

ha, Optimal threshold related to rectifier diode fault.

hs up, Optimal threshold related to regulator fault.

h3 down Optimal threshold related to regulator fault.

m Battery mass.

Me Battery’s convective heat losses.

P Number of poles of the alternator.

pdf Probability density function.

Do, P1 Probability density function for Hy and H; .

r Random variable related to a residual.

1,792,753 Residuals.

sig,., Fault signature of residual ;.

sig,., Fault signature of residual r5.

sigT; Fault signature of residual r3.

Stator—rotor magnetic coupling.

I. INTRODUCTION

HIS introductory section provides motivation and back-
T ground about the diagnostics of electrical automotive sys-
tems. The state-of-the-art of this research field and a description
of objectives and main contributions of the paper are also pro-
vided at the end of the section.

A. Motivation

The past several decades have witnessed an exponential in-
crease in the number and sophistication of electronic systems
and subsystems in vehicles to meet various regulations and
customer demands. Some of these subsystems are critical to
measure vehicle performance and safety; on the other hand,

IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: SYSTEMS

+

O

I

—lii—

Alternator Current Sink

Battery

Fig. 1. Simplified EPGS automotive system diagram.

others address comfort and convenience of the driving experi-
ence. Among automotive electrical systems, the electrical power
generation and storage system, or EPGS system, is of critical
importance.

The EPGS system is designed to efficiently satisfy electrical
power requirements of various subsystems, such as the engine
electronic control unit (ECU), starter, headlights, radio, air con-
ditioning, and steer-by-wire system. In this case, the EPGS sys-
tem is actually the “engine” of all other electrical or electronic
subsystems.

Fig. 1 shows a conceptual representation of the EPGS system
in which the major subsystems—alternator and battery—are
connected to a single-lumped load representing all other elec-
trical/electronic subsystems. The alternator serves the purpose
of satisfying all electrical load requirements in the steady state
(when the engine is ON), while the battery satisfies transient
and engine-off power requirements. In addition, the alterna-
tor also charges the battery as needed. As vehicles have become
equipped with more complex and interdependent electronic sys-
tems, the number of electronic controls and software related to
warranty problems has increased dramatically. In particular, due
to the distributed nature of a vehicle electrical system, it is of-
ten very difficult to accurately identify the location of faults
in general, and of intermittent faults in particular. This necessi-
tates powerful diagnostics that automatically detect, isolate, and
potentially compensate for faults. Such diagnostic capabilities
can minimize down time, improve resource management via
condition-based maintenance, and minimize warranty costs for
the automotive manufacturer.

In published literature, one can find several studies on mod-
eling of the electrical system, with particular attention given to
the generator and battery [1]-[8]. Surprisingly, none of these
focuses specifically on addressing the problem from a diag-
nostic perspective. There has been a lot of research on diag-
nosis or health monitoring of the energy storage system (or
battery) [9]-[13], but very little work on diagnostics of the
automotive power generation system (or alternator) has been
reported in past years [14], [15]. Among results reported, even
fewer are based on a systematic model-based approach [16],
[17]. This paper focuses on the development of a model-based
fault diagnostic method for the EPGS system. It provides a sum-
mary of a research project conducted by The Ohio State Univer-
sity Center for Automotive Research and the General Motors
R&D; some of the results have been reported in [18]—[20]. Thus,
this study presents a complete model-based fault diagnosis ap-
proach for the EPGS alternator subsystem, including its experi-
mental validation. In this paper, we describe the EPGS system by
time-varying nonlinear ordinary differential equations derived
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Fig. 2.

from the physics of processes involved. The alternator model is
based on a model of an AC synchronous generator [1] derived
using the principle of magnetic induction, a model of the diode
bridge rectifier [4], and a proportional-integral (PI) control de-
scribing the voltage regulator. Battery dynamic equations utilize
a second-order equivalent circuit to characterize electrical be-
havior and a first-order model to describe thermal behavior. The
load is modeled by providing a prescribed load current profile,
which is obtained from vehicle experimental data and known in-
formation about typical load currents associated with common
accessories. In order to obtain a robust diagnostic algorithm, and
in light of its implementation in the vehicle, our approach uti-
lizes an equivalent mathematical linear time-invariant alternator
model, where the equivalence of the two models is described in
terms of input—output behavior.

B. Objectives and Contributions of This Paper

The diagnostic objectives of this study are summarized in the
following with reference to Fig. 2.

1) Belt fault: an input fault that occurs when the alternator
belt does not have proper tension to keep the alternator
pulley rotating synchronously with the engine shaft; it
may be caused by aging of the serpentine belt or incorrect
installation, and its effect is a decrease in alternator output
voltage, which in some cases can be compensated by the
voltage regulator.

2) Diode fault: a failure of one of the bridge rectifier diodes,
causing one branch of the circuit to be open; characteris-
tics of this fault include a large ripple in output voltage
and current, while its effect is a reduced output alternator
current, caused by the lack of rectification in one of the
phases.

3) Regulator fault: incorrect reference voltage caused, for
example, by a software error in the ECU that leads to
incorrect regulation.

In achieving these objectives, using a model-based diagnostic
approach and adopting experimental validations, in this paper,
we present the following contributions.

1) Development and experimental validation of an accurate
model of the EPGS system, including analysis of uncer-
tainty of the model.

2) Development and experimental validation of an equivalent
linear model for the alternator and then for the complete
EPGS system.

Automotive EPGS system, including battery, alternator, and its subsystems with regulator, belt, and diode fault.

3) Design, implementation, and experimental validation of a
robust diagnostics for belt and diode faults of EPGS.

4) Application of an optimal threshold selection and cal-
ibration method based on statistical analysis of ap-
propriate experimental tests (design of experiment
methodology).

This paper is organized as follows. Section II describes the
complete EPGS mathematical system and its optimized simula-
tion model with its experimental validation. Section III presents
the EPGS diagnostic algorithm, including threshold selection
and calibration. Section IV describes the experimental test bench
used for the calibration and validation process of EPGS diag-
nostics, including a complete experimental validation example
of EPGS diagnostics and a discussion of the results. Section V
presents our concluding remarks and a short description of the
future.

II. ELECTRIC POWER GENERATION
AND STORAGE SYSTEM MODEL

This section describes mathematical models of EPGS sub-
systems (alternator and battery) based on the physics of pro-
cesses involved. They are extracted from existing literature. In
particular, for the alternator, the AC synchronous generator is
extracted from [1] and [3], and the three-phase diode bridge rec-
tifier from [4], while the battery model is extracted from [21].
However, this paper presents two novel contributions in terms of
system model: development and experimental validation of the
accurate full EPGS model and development, identification, and
experimental validation of an equivalent linear physical-based
model of the alternator and, thus, of the EPGS system.

A. Electric Power Generation and Storage System
Mathematical Model

1) Mathematical Model of the Alternator: The common au-
tomotive claw-pole alternator (see Fig. 3) is composed of the
following subsystems: 1) three-phase AC synchronous genera-
tor; 2) three-phase diode bridge rectifier; and 3) voltage regu-
lator (consisting of a switching control mechanism with a fixed
reference voltage).

AC voltage generated by the alternator is rectified to provide
the dc voltage required for supplying various electrical loads
and for charging the battery. The three-phase AC synchronous
generator model [1] is based on the following coupled circuit
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Fig. 3. Automotive alternator structure with its electrical subsystems: excita-
tion field, three-phase AC synchronous generator, and diode bridge rectifier.

of the electrical dynamics of the stator and rotor:

E, = R0, +V, (1a)
Ey = RyL, +V, (1b)
E.=R1. + V. (1c)
E; = R;I; +V; (1d)

where V;,, Vj, and V. are the applied terminal voltages; V; is
the excitation field voltage; R, , 1%y, and R, are the resistance of
the stator winding; and R is the resistance of the field winding.
E,, Ey, and E. are induced electromotive forces (EMF) of
individual phases, and E is the inducted EMF of the excitation
field, which are given by

dis

dh, dAy dh.
—_— — — Er=——= (2
dt’ dt’ a7 a @
where A,, Ay, L., and Ay are flux linkages of individual phases,
which are defined as

Ea = Eb = E(: =

ko = =Lyl — Loply — Locde + Laf(ee)lf (33)
)Lb = _LbaIu - LbIb - Lb(:lc + Lbf (ee)lf (3b)
)\c = 7Lca1a - chIb - L(ZIC + ch (ee)lf (30)

Ap = Lfff — Lfa(ee).[a — Lfb(ge)-[b — Lfc(ee)fc (3d)

where L, , L, and L, are the self-inductance of the stator related
to the three phases, and L., Lyq, Lacs Leas Lie, and Ly, are the
stator—stator mutual inductance, while the stator—rotor mutual
inductances of the machine are described by

Los(0c) = La(0e) = M cos(6.) (4a)
Ly 0.) = Lfb(ee) = M cos(0, + P) (4b)
L.s(0.) = Lyc(0e) = M cos(f. — @) (4¢)

with M being the peak stator—rotor mutual inductance, ® is the
angle between stator windings, and 6, is the phase angle of the
alternator. The alternator’s relation with the mechanical angular
displacement 6,, (degrees) is described by

p
0(’ = 70771 5
= )
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where p is the number of poles of the alternator. Assuming a
balanced machine, the balance equation for three-phase current
is

I, +1I, +1.=0. 6)

The three-phase diode bridge rectifier model [4] associates
switching function (g, , g», g.) with each of the bridge branches,
representing the conduction state of the diode present in the
branch. The switching function is equal to 1 if the diode is active
or 0 if it is not. Its mathematical representation is described by

Vo = fa,‘/d(n Vi = fbvdm ‘/( = fn‘/(i(: (7)
290 — 9y — Ge 29— Ge — Ga
Jo = 3 y fe= 3
2 ¢ Ya —
fo= =2 ®)
Iy = gaIa + gbIb + g(‘I(:- 9

The voltage regulator maintains alternator output voltage at a
predetermined level across the engine’s complete speed range,
independent of load and engine speed. The specific set point
for the regulator may vary as a function of operating conditions
and is typically a lookup table. Without loss of generality, we
consider the following PI controller voltage:

t
Vi = Ko (Vi = Vo) + Ko [ (Ve = Vao)dt— (10)
to
where field voltage V is saturated at V;., while Kp and K are
appropriate gains.
Given the following matrix-vector notation:

I, Va E,
I= I , V = Vi , E = B,
I, Ve E,
fa A Laf (66)
f=1rs] *=|x| Le)=| Lis(b)
Je he Lag(6e)
R, 0 0 L, L, Ly
R= 0 RS 0 ’ L= Lss Ls Lss
0 0 RS LSS Lss Ls
and after assuming a balanced three-phase circuit
R, =Ry, = R. = R; (11a)
L,=L,=0L,=L, (11b)
Lab = Lba = Lac = Lca = Lbc = ch = Lss (I]C)

simpler and more compact mathematical expressions of the al-
ternator and of the excitation field can be presented as follows:

E=RI+V (12a)
d

E=— 12
e (12b)

A= —-LI+ L7 (0.)1; (12¢)

V = Vi, (124d)
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and
Ef = RiI; +V; (13a)
B =4, (13b)
dt
Ap =L (01 + LyI; (13c)
Vi =T (Vac) (13d)

where I" denotes PI controller voltage. Finally, rotor—stator dy-
namic is given by

I=-LYRI+V)+L! (iLf

—Le(0.)w. I + Le(60.)17)

(14)
after substituting values of (12a) and (12b) into the derivative
of (12c). Similarly, from (13), one gets the following dynamic
of the field circuit:

_By
Ly

Iy = Iy — ivf +i(I+LfT(9e)i). (15)
Ly Ly
Note that this model does not lend itself to the development of
simple diagnostic algorithms, for example, based on observers,
due to its nonlinear and hybrid nature.

2) Mathematical Model of the Battery: For the aim of this
study, the battery system model is given by 1) an electric model,
2) SoC model, and 3) a thermal model. The battery electric
model [21], which is based on an equivalent Thévenin circuit
(see Fig. 5), is described by

Ve = Ey — RIp — Vg,

B Ve,
Ry Cy

(16a)

Vo, (16b)

Ip R I
VWV VW
+ Cy
Ey % Ve Vi

Fig. 5. Electrical battery model based on the equivalent Thévenin circuit.

where Ip is the battery current (positive during charging and
negative during discharging), V3 is the battery voltage, R is the
battery internal ohmic resistance, Ry is the overvoltage resis-
tance, Cj is the capacitance, and FEj is the open-circuit voltage.
The SoC is described by
t
/

where I is the battery current during charging or discharging,
t is the related time, Ahyomina) is the nominal battery capacity,
and SoCj is the initial SoC at .

The battery thermal model is described by a lumped first-
order model

1

S0C = S0C) — -
nominal

Ipdt (17)

heA
mc

R

R
L 0
me

T=— I+ =227
B+mc 0

(T - Tw) (18)
where m is the mass of the battery, c is the battery’s lumped
specific heat, h. is the convective heat transfer coefficient, A
is the surface area, 7" is battery temperature, assumed uniform,
and I is the current flow into resistance Ry. Introducing, 77
T — T, (18) becomes

heA
me

R

mc

Ry

mc

T T+ —I% + —12. (19)
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Fig. 6. Battery internal ohmic resistance R for charging and discharging (blue
shape) phases.

The parameters, Ey, Cy, R, and Ry of (16)—(19), are func-
tions of battery state of charge SoC, battery temperature 7', and
battery current /. A typical shape of the battery internal ohmic
resistance R during charging and discharging is shown in Fig. 6.
Details are in [21]. While this study is not concerned with di-
agnostics battery faults, it is important for the accuracy and
robustness of the EPGS diagnostics system to include a realistic
battery model in the overall system model.

B. Electric Power Generation and Storage System Simulation
Model With Faults

The highly nonlinear and complex EPGS mathematical model
described through (2)-(19) and shown in the block diagram
on the top of Fig. 4 has been implemented in Simulink. The
Simulink model was partly validated using a Saber simulator,
EPSSIM, made available by GM R&D [18]. A second EPGS
simulation model (see the bottom of Fig. 4) with a modified
alternator model was also developed by using the SimPower-
Systems library of Simulink together with Simulink itself.

The SimPowerSystems is a module-based power system sim-
ulation tool available in MATLAB. It can be combined seam-
lessly with analytical equations to realize simulation of com-
plex systems. A big advantage of utilizing SimPowerSystems
in the EPGS simulation model is the possibility of simulating
the diode bridge rectifier subsystem, which provides extreme
flexibility and convenience for simulation of the diode fault.

In the final automotive EPGS system simulator (see the bot-
tom of Fig. 4), the alternator stator, rectifier, battery, and load
model are implemented and embedded in SimPowerSystems,
while the controller, excitation field, and the induced electro-
magnetic field (EMF) are implemented in Simulink. The ser-
pentine belt slip fault, rectifier diode open fault, and voltage
regulator fault are considered as automotive EPGS system faults.
These faults can easily be implemented by changing only one
parameter or open-circuiting one diode.

The belt slipping fault and voltage regulator fault are de-
scribed as additive faults through w/ = w, + Aw, and V/, =
Viet + AVier, respectively. The rectifier diode open fault is di-
rectly implemented in SimPower. Fault injection is also illus-
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trated in the bottom of Fig. 4. Identified parameters of the alter-
nator are given in Table 1.

The EPGS system model was validated using experimental
data gathered from the test bench, which is described in Sec-
tion IV-A. Engine speed and load profiles (shown in Fig. 8)
were designed to test the alternator’s response to load changes
and acceleration at low, medium, and high engine speeds. Ex-
perimental data are filtered (in MATLAB) using a fourth-order
low-pass digital Butterworth filter with a cutoff frequency, of
2.5 Hz. With such a cutoff frequency, dominant dynamics of the
system in response to load transients are preserved. Fig. 7 shows
experimental and simulation results for alternator current, alter-
nator voltage, and field voltage, suggesting that the implemented
automotive EPGS simulator is an acceptable representation of
described automotive EPGS system dynamics.

III. ELECTRIC POWER GENERATION AND STORAGE DIAGNOSIS
PROBLEM AND PROPOSED APPROACH

In this section, we present an equivalent but simplified EPGS
model that is used for the development of a model-based di-
agnostic algorithm based on a parity equation approach. An
optimal threshold selection and calibration approach are also
proposed in this section.

Fault detection and isolation (FDI) aims to recognize faulty
behavior of components based on measured signals. A typical
approach of FDI is analytical redundancy: constructing residual
generators based on models of the system (for example, through
the design of state observers or parity equations). Unfortunately,
the complexity of the EPGS system is significant. For the al-
ternator system, the combination of nonlinear dynamics of the
three-phase generator with the switched, state-dependent behav-
ior of the diode bridge rectifier and with varying-time parameters
of the battery makes the design of such residual generators very
challenging. For example, linearization is impossible in the pres-
ence of hard nonlinearities. A direct nonlinear parity equation
or observer design for such a complex nonlinear switch system
is also extremely difficult. In [22], the authors present several
nonlinear sliding model observer-based methods for alternator
EMF estimation. However, those methods are dependent on the
availability of alternator phase current, which is not available in
our case.

A. Need of an Equivalent Alternator Model

In light of its implementation in a vehicle, the approach pro-
posed in this study utilizes an equivalent mathematical linear
time-invariant alternator model. The equivalence of the two
models is in terms of input—output behavior. Equivalent rep-
resentation is made possible by replacement of the AC syn-
chronous generator and diode bridge rectifier with an equiva-
lent DC generator. Input—output behavior of the subsystem in
the big black box in Fig. 11 is functionally similar to that of a
DC machine.

An equivalent excitation field (20a) and a first-order linearized
model based on a DC generator equation (20b) describe the
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input—output behavior of this subsystem TABLEI
PARAMETERS OF THE ALTERNATOR
P Parameter  Description Value  Unit
If - aIf + ﬂvf (202) Rs stator winding resistance 30 m¢§2
P _ R, rotor winding resistance 3.44  Q
Tae = —vlae + nwe + Kl — AVie. (20b) Ls self inductance of the stator 198 pH
L, self inductance of the rotor 500 mH
) . ) Lss stator-stator mutual inductance 90 nH
In (20), input signals are engine speed w,, field voltage V;, and M peak stator-rotor mutual inductance 230 uH
alternator voltage V., while battery current I is the output—all p number of poles _ 12
these variables are available through specific sensors in the vehi- k stator-rotor magnetic coupling 099
. . . P phase angle between stator windings 120
cle, while the six parameters «, (3, 7, 1, K, and A are determined
using MATLAB/Simulink identification methods, through a pa-
rameters’ estimation procedure based on four overlapping re- c000
gions (see Fig. 9). : ‘ : : : : !
The input dataset is subdivided into four regions, each of them 4500 |---------eooeeeee -----P\;ﬁ,ix;.a,m@;- I ;w.\«—
is uniquely associated with a parameter set, and a lookup table el I SO b N
with these parameters is selected dynamically by using engine Pl P : : |
. . . . : 1 : : : 1
speed as the scheduling variable. The average engine speed in 3500 —lf S e S i
each region is mapped to the parameter value calculated in that . o S
region using a 700 r/min separation between data points. Lin- ; o i
. . . o . ; Eo
ear interpolation and extrapolation are utilized to approximate 2500 S S S e q
. 8 q 1
parameter values between table entries or beyond table bounds. Yoo IV NV O O SOOI 08 O ]
The parameter interpolation approach allowed the equivalent o Pl
linear model to adequately reproduce behavior of the nonlinear 1500 —:' < N s
. . .. . : : : 1 H
model undﬁtr a wide range gf operatmg conditions. During the e ,.;M'; ______ : U i
EPGS equivalent model validation procedure, we compared re- : : 3 ; éngme rpn% ;

i T S S feeee
sponse of thfe EPGS system based on the nonlinear model of t'he ! ! E {| ===~ load current*100-A |
alternator with response of the EPGS system based on the equiv- 0 i j i j i ; j
alent linear alternator model with an input dataset different from 10 20 %0 : 40 50 60 70

. .. . . 1me -5
that used during optimization. Load current and engine speed
profiles simulate power accessories turned ON and OFF during  Fig. 8. Automotive EPGS full model and EPGS equivalent model validation:

two common steady-state engine speeds at idle (850 r/min) and
at cruising (2100 r/min), as depicted in Fig. 8.

Validation results of Fig. 10 show that the equivalent model
works reasonably well in each range.

B. Fault Diagnosis Algorithm Design

The designed fault diagnosis algorithm proposed in this paper
uses a parity equation approach based on an equivalent model
and compares behavior of the alternator with the behavior of the
equivalent model to produce residuals that contain information

load current and engine speed input profiles used for validation of both the full
and the equivalent EPGS model.

about faults. The residuals used for FDI are defined as

1= (lac = Iq)/ T (21a)
ry = (Vp — V;%) Ve (21b)
ry = (Vae = Vg )/ Vg™ (21c)
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Automotive EPGS equivalent model identification: (left) Parameters’ estimation procedure based on four overlapping regions, (right) Identified parameters
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Fig. 10.

where I}2™ is the nominal alternator current, chosen as 120 [A],
and V2¢™ is the nominal reference voltage, chosen as 14.46 [V].
The fault diagnosis process is illustrated in Fig. 12.

Fault diagnosis process is based on the following assump-
tions: 1) alternator output current Iy, is known; 2) the field
voltage V, regulator output, is known; and 3) alternator out-
put voltage Vg, is measured. It is important to notice that the
equivalent model is used as an open-loop estimator for the full
model without fault. The behavior of the equivalent model is
not affected by faults. Under the assumption of a single fault
occurrence, fault signature and fault isolation strategy can be
described by the fault signatures

_ 1, ifstd(ry) >y
sig, = _ (22)
! 0, ifstd(r;) < hy
1, ifmean(r2) > h
sig, — { i mean(rz) > h 23)
2 0, ifmean(ry) < hy
1, ifmean(rs) > hs
sig,, =9 —1, if mean(r3) < h3.down 24
0, else

and fault isolation logic are shown in Table II, respectively.

In (22)—(24), std(-) stands for the standard deviation function
over a time period, mean(-) stands for the average function over
a time period, and in Table II, the sign “x” indicates “don’t

Time (sec)

i i
15 Ed % Ed 5 10 15 0 % 0
Time (sec)

Automotive EPGS equivalent model validation: (left) field voltage, (middle) alternator current, and (right) alternator voltage.

Equivalent alternator model
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equivalent
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V. (10) (15) (20)
T
|

Wm
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Fig. 11. Need of an equivalent alternator model: Block diagram of the auto-
motive EPGS system with an equivalent alternator model (DC machine in the
orange box).

TABLE II
FAULT ISOLATION LOGIC

3 Fault Type

0/-1  Belt slippage

1 Voltage regulator (increased V... )
-1 Voltage regulator (drop V,.cr)

X Power Electronics (diode fault)

0 None

-
V)

O~ O OO
S X O X =3

care.” To decrease the false alarm that may be caused by noise
or transient change of load current or engine speed, we used
window-based averaging for signature calculation. Such aver-
aging reduces effects of noise and model error on detection, and,
therefore, reduces probability of a false alarm.
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Fig. 12.  Model-based fault diagnostic scheme for an automotive alternator.
C. Threshold Selection and Calibration It can be defined by

Residual processing is a very important part of the FDI
scheme. In fact, because of model inaccuracy, disturbance, or
measurement noise, conditions for perfectly robust residual gen-
eration cannot be met in practice. Thus, it is important to be
able to systematically design detection thresholds to make deci-
sions from residuals. Optimal threshold selection that is based
on statistical hypothesis testing is a commonly used threshold
selection method [23].

1) Optimal Threshold Selection Method: The optimal
threshold selection method is based on statistical hypothesis
testing concepts [24] where residuals are viewed as a sequence
of independent random variables. Residuals corresponding to
normal operation are assumed to be randomly distributed under
the hypothesis H, (no fault), while residuals corresponding to a
faulty condition are assumed to be randomly distributed under
hypothesis H, (faulty). Thus, the binary hypothesis test is made.

Let r be the random variable corresponding to a residual.
The rule adopted most commonly is that whenever a sample
of random variable r is above threshold value, hypothesis H;
is chosen, whereas Hj is selected if the sample is below the
threshold. If the pdf associated with r under each hypothesis is
known, we can compute various probabilities that are relevant
in the context of fault diagnosis.

We can define the following.

1) Probability of detection (Pp): the probability that we

choose hypothesis /1; when H; is indeed the correct hy-
pothesis. It can be defined by

Pp :/h p1(x)dx (25)

where £ is the selected threshold, and p; is the pdf of the
random variable r under hypothesis H.

2) Probability of a false alarm (P ): the probability that we
choose hypothesis H; when H) is the correct hypothesis.

[o0]

Pr = /h po(x)dx (26)
where £ is the selected threshold, and py is the pdf of the
random variable r under hypothesis Hy.

3) Probability of a misdetection (miss) (P ): the probability
that we choose hypothesis H, when H; is the correct
hypothesis. It can be defined by

h
PM:/

where h is the selected threshold, and p; is the pdf of the
random variable r under hypothesis H.

Optimal threshold selection should result in Pp as high as
possible and Pr and P;; as low as possible. However, these
objectives are usually conflicting in real applications. Thus, the
threshold selection problem is always a tradeoff between miss
detection and false alarms. A practical but effective way to
obtain the statistical optimal threshold is by minimizing total
probability of error (Pr + Pyy).

p1(x)dx (27)

IV. VALIDATION OF DIAGNOSIS FOR THE ELECTRIC POWER
GENERATION AND STORAGE SYSTEM

In this section, we illustrate the experimental setup that is
used for the validation of the EPGS system and its diagnostics
algorithms. In addition, experimental results of threshold selec-
tion and calibration and diagnostic algorithms are shown and
discussed.

A. Experimental Setup and Electric Power Generation and
Storage Faults Simulation

The test bench setup provides a reliable validation platform
for areal electrical power generation system and allows simula-
tion of component faults and validation of the EPGS model and
the EPGS fault diagnosis algorithms. A schematics of an EPGS
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Fig. 13.
Automotive Research, (middle) belt fault, and (right) diode fault.
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Fig. 14.  Schematics of the EPGS test bench, including an electric motor, a

vehicle alternator, a programmable power load, and a 12-V lead-acid battery.

test bench is provided in Fig. 14. The automotive EPGS experi-
mental test bench, used in this study, is located at The Ohio State
University Center for Automotive Research, as depicted on the
left of Fig. 13, and it is mainly composed of an electric motor, a
vehicle alternator, a programmable power load, and a 12-V lead-
acid battery. In the test bench used in this study, electric motor
speed can be controlled by serial communication; therefore, it
is used to simulate engine rotation performance. Programmable
electric load is used to simulate vehicle load demands by run-
ning a predefined load current profile. The electric load can also
be remotely controlled by serial communication. The battery
and alternator work together to provide current demanded by
the load. The test bench data acquisition (DAQ) system was
developed on MATLAB DAQ toolbox; it provides a seamless
linkage between DAQ and data analysis in the MATLAB en-
vironment. The developed DAQ system collects all selected
signals: alternator voltage, alternator current, battery voltage,
battery current, load current, motor RPM, alternator RPM, and
alternator field voltage. The DAQ system is also used to control
motor speed and electric load current level as programmed. An
important function of the test bench is to simulate EPGS faults

Experimental setup and EPGS faults simulation by the test bench: (left) Part of the EPGS test bench setup at The Ohio State University Center of

encountered in real vehicles in order to validate designed diag-
nostic algorithms. The belt fault, rectifier diode open fault, and
voltage regulator fault are considered as EPGS system faults in
this study. The simulation of two kinds of EPGS faults has been
made possible on the test bench: belt slip fault and diode fault,
as shown in the middle and right of Fig. 13. For alternator belt
slip fault simulation, a manually tunable idler is used between
the alternator and motor pulley. By adjusting the position of the
idler, the tightness of the belt can be controlled precisely. A
common fault with the alternator rectifier is a diode fault. The
diode may be damaged by high voltage or other causes. With
the test bench, this kind of fault can be realized by cutting off
the connection wire of one diode. For convenience of operation,
a manual switch can be added to the diode connection wire.
Therefore, by turning the switch ON or OFF, we can alternate
easily between no fault and diode fault condition.

B. Threshold Selection Experimental Results

Threshold selection is crucial to the accuracy and robustness
of any diagnostic system. For this reason, we developed a reli-
able and accurate model of the EPGS, and then we spent time
quantifying uncertainty in the model. There was clear separa-
tion between residual distribution under normal conditions and
under faulty ones. In the experimental validation, many tests us-
ing design of experiment (DOE) methodology were conducted.
However, because of article size limitation, only one example
of these tests is shown and discussed.

From the signature equations (22)-(24), four thresholds
needed to be calibrated: h;, which is related to the belt slip
fault, hy, which is related to rectifier diode fault, and h3 ,,, and
h3.down, Which are related to regulator fault. With the EPGS test
bench, we are able to simulate the fault in the belt and in the
rectifier. In this paper, we only calibrate thresholds %, and hs,
while assuming for residual thresholds 3, and A3 qown Values
of (0.04) and (—0.04), respectively.

To apply the threshold selection methods introduced previ-
ously, an extensive number of experimental tests were conducted
to generate the estimation of a residual pdf. Thresholds /; and
hs are selected by the statistical optimal threshold method, and
their final values are 0.053 and 0.13, respectively (see Fig. 15).
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C. Electric Power Generation and Storage Diagnostics
Experimental Results

In this section, we present experimental results of the diag-
nosis of two components of the alternator (belt slip and diode
bridge rectifier). Experimental evaluation results were obtained
for diagnosis of the three faults. However, because of article size
limitation, only diode and belt faults have been discussed. Reg-
ulator fault and corresponding threshold calibration are more
straightforward than the other two faults.

After threshold calibration is performed, effectiveness of the
EPGS diagnosis strategy and the selected threshold needs to
be experimentally validated. The experimental validation of the
fault diagnosis algorithm is carried out offline and following the
scheme in Fig. 16.

In the validation phase, it is important to check diagnostic sys-
tem performance under all possible operating conditions both
normal and faulty. A DOE methodology is adopted to validate
performance of the system and selected threshold values. In this
paper, because of size limitation, only one example of valida-
tion was shown and discussed. In particular, a combined 180 s
experimental data are used as a diagnosis validation example.
Input profiles, which are shown in Fig. 17, are composed of
three identical sections.

load current -A
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Fig. 17. Experimental validation of the EPGS diagnosis: Load current input

profile (top) and motor speed input profile (bottom).

For the first 60 s, no fault happens; during 60—120 s, a short
belt slip fault is introduced from 80 to 88 s; from 120 to 180 s,
the diode fault is injected on the whole period. The generated
fault residual and corresponding fault signature are shown in
Fig. 18. Checking with fault isolation logic given in Table II,
we can conclude that for the first 60 s, no fault is detected; from
80 to 90 s, a belt slip fault is detected; and from 120 to 180 s,
a diode fault is detected. The conclusions match exactly with
the experimental setup. Correct FDI of this validation shows
effectiveness of the fault diagnosis algorithm and threshold se-
lection methods.
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V. CONCLUSION AND FUTURE WORK ACKNOWLEDGMENT

This conclusive section presents a summary of the main ac-
complishments presented in this paper, and a description of fur-
ther investigations of this research. Main contributions of this
paper are as follows:

1) development and experimental validation of an accurate

2)

3)

4)

EPGS system model;

development and experimental validation of an equivalent
simplified model of the alternator and, then, of the EPGS
system;

design, implementation, and experimental validation of a
robust diagnostics for belt and diode faults;

application of an optimal threshold selection and calibra-
tion method based on statistical analysis of experimental
tests.

Experimental results showed that the diagnosis strategy is
effective in detecting and isolating the belt slipping fault and the
diode bridge rectifier fault.

Main future work that should be conducted in this research
includes the following:

1y
2)
3)
4)

5)

expansion of the diagnostic system to include other alter-
nator faults, such as winding and bearing faults;

design a hierarchical diagnosis algorithm that takes into
account sensor and battery faults;

integration of alternator diagnosis with other diagnostics,
including battery and sensors;

development of a supervisory diagnostics system for the
vehicle power system;

validation of the diagnostics algorithm onboard in a real
vehicle environment.
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