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ABSTRACT Solenoid valves are widely used to control fluid flow in various mechanical systems. If the
valves do not function properly, the mechanical systems can lose their ability to control the fluid flow. This
paper describes a fault detection method that can monitor coil burnout under dynamic thermal loading.
The method consists of three steps. First, an equivalent current model of the solenoid valves is derived
from Kirchhoff’s voltage law. Then, a predictive regression model is developed to describe the relationship
between the electric current and the dynamic change of operating temperature of the valves. Finally, a health
indicator of solenoid coil burnout is devised in conjunction with the derived model. To demonstrate the
validity of the proposed fault detection method, a case study is presented with solenoid valves taken from
real braking systems of urban railway vehicles. The case study confirms that the proposed method can detect
the coil burnout independent of the operating temperature. We anticipate that the proposed method can be
widely applicable to diagnose any electromagnetic actuator of engineered systems as well as solenoid valves
in various industrial applications.

INDEX TERMS Electromagnetic actuators, coil burnout, condition-based maintenance, fault detection,

regression.

I. INTRODUCTION
Solenoid valves are used to change the path of fluids and to
control fluid pressure or flowrate, depending on control volt-
age magnitudes. Due to their simple operating mechanism,
solenoid valves were widely adopted in a variety of industrial
applications [1]-[4]. If the valves do not function properly,
the system may not perform as intended, thus leading to
the potential for serious injuries and/or financial damages.
In recent years, to prevent unexpected faults, predictive main-
tenance strategies have received attention in various industry
sectors [5]-[9].

A system’s performance depends on its operating environ-
ment [10]-[12]. For example, Angadi et al. [13] reported that
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long operating times and high temperatures could lead to coil
overheating, thus accelerating insulation failures or causing
an electrical short. Kawashima et al. [14] experimentally
investigated how air temperature affects the characteristics
of the fluid flow rate in the valve. Despite the prior work,
it is still challenging to apply fault detection methods in real-
world applications where the system performance varies with
external temperature. Several types of fluid systems found
in real-world applications operate throughout the year and
in various climates. In these settings, system temperature
changes can result in deviations to the acquired data, thus
leading to errors in the results of the fault detection [15]-[17].

With this motivation, this paper proposes a model-based
fault detection method that can monitor coil burnout in
solenoid valves under dynamic thermal loading. The temper-
ature of the valve itself is determined by two factors; one is the
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external temperature environment; the other is the Joule heat-
ing of the coil during operation. The effects of these factors
on the supply current change are modeled. A physics-based
regression model is developed from Kirchhoff’s voltage law,
the resistance-temperature relationship, and Ohm’s law. With
the proposed regression model, it is found that the health indi-
cator proposed in this study is independent of the temperature
by compensating for the supply current change. Thereby,
the proposed method can precisely monitor faulty conditions
of the valve at any given temperature by comparing the health
indicator with a threshold. To the best of authors’ knowledge,
this research is the first attempt to diagnose solenoid coil
burnout under various operating temperatures through the use
of a physics-based predictive regression model.

The remainder of this paper is organized as follows.
Section II provides a brief review of fault modes and detection
methods for solenoid valves. Section III presents the pro-
posed model-based fault detection method for detecting coil
burnout. As a case study, Section IV demonstrates the exper-
imental setup and procedure to diagnose service-braking
valves used in braking systems of urban railway vehicles. The
validation of the proposed method is covered in Section V.
This paper concludes with future works in Section VI.

Il. A REVIEW OF FAULT DETECTION FOR SOLENOID
VALVES

This section provides a literature review of fault detection of
solenoid valves. Section A presents the failure mode, mecha-
nism, and effects analysis of valves. Section B describes the
state-of-the-art-fault detection methods for solenoid valves.

A. FAILURE MODE, MECHANISM, AND EFFECTS ANALYSIS
From maintenance histories provided by Seo et al. [18],
the dominant failure modes were identified as (i) solenoid
coil burnout, (ii) rubber seat damage, and (iii) debris accu-
mulation. In Table 1, the causes, effects, and related condi-
tion monitoring signals are summarized in accordance with
individual fault modes.

First, solenoid coil burnout can occur when the coil is
corroded or the wire coating is partially peeled off. These
factors result in changing the magnitudes of both the effective
resistance and the supply current. Therefore, the coil burnout
triggers errors in feedback systems; excessive or deficient
current prevents air from being supplied to other components.

Second, the magnetized armature and the valve bar move
up and down repeatedly whenever the valve is on and off,
thereby applying fatigue loads to the top surface of the rubber
seat. Repeated contact forces make a line hole on it and lead
to a leakage of the input pressure due to an oscillation of
the rubber seat. Therefore, it confuses the feedback control
system.

Last, metallic debris, created by the friction between met-
als in other systems, can be flowed inside the valve. Then,
the debris can accumulate on the top surface of the rubber
seat, resulting in continuous leakage of the output pressure.
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It thus leads to providing other components with insufficient
pressure.

B. FAULT DETECTION METHOD FOR SOLENOID VALVES
Existing fault detection methods often use vibration sig-
nals. Tsai and Tseng [19] developed a dynamic model-based
method to detect surface damages on the valve bar and seat
for electronic diesel fuel injection systems. After updating
model parameters, representing surface damage characteris-
tics, from vibration signals, artificial neural networks were
used to classify normal and faulty conditions. Guo et al.
[20] proposed a data-driven method to detect solenoid coil
degradation in brake systems. A fault was detected when the
acceleration, which was denoised by a wavelet algorithm, was
less than a threshold. Despite the high detection sensitivity
of the vibration signal-based methods, the installation of
invasive sensors in target valves can be a burden in real-world
applications.

On the other hand, the noninvasiveness of fault detec-
tion methods based on current signals can be a consider-
able advantage over methods based on vibration signals.
Borner et al. [21] developed a model-based method to detect
abnormal behaviors of the armature. Health conditions were
evaluated by calculating the residual between the mechanical
position of the armature from the electromagnetic model
and the reconstructed model using electric signals in faulty
valves. Guo et al. [22] demonstrated a data-driven method to
classify failure modes of valves. Current signal characteris-
tics for six failure modes were extracted by using empirical
mode decomposition. Classification results using the pro-
posed multi-kernel support vector machine showed the high
accuracy of 98.9 %.

Previous studies are limited in that experiments were per-
formed at a fixed temperature. Dynamic changes of ambient
temperature can make physical parameters of valves deviate
from nominal values. The effect of dynamic changes should
be thus incorporated into fault detection models. Besides,
according to the experts in the field of valve systems, the coil
burnout is the most dominant among fault modes. This moti-
vates to develop a model-based fault detection method that
can capture the coil burnout in solenoid valves under various
operating temperatures.

The contributions of this study can be summarized into
three aspects. First, a new health indicator is proposed. Unlike
the previous study [18], it can be calculated by only elec-
trical current without pressure signals. It is more efficient
in practical applications. Second, this method considers not
only the effect of Joule heating during the operation but also
that during external temperature changes that arise from the
valve’s environment. In [18], only the effect of Joule heating
is taken into account. Last, the proposed regression model
shows the severity of coil degradation quantitatively.

1ll. SIMULATION MODEL
This section describes the simulation model used to detect
the burnout of the solenoid valve coils. The effect of dynamic
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TABLE 1. Failure mode, mechanism, and effect analysis of the solenoid Valve.

Condition monitoring

Part Failure mode Mechanism Effect ]
signals
Solenoid coil Coil burnout Corrosion Excessive current Supply current
Damage Fatigue Air leakage Input pressure
Rubber seat
Debris accumulation Air leakage Output pressure

Current and Temperature Signals

'

Equivalent circuit model

Step 1: Calculate the maximum supply current I,

v

v

Predictive regression model (Current-Temperature) > Step 2: Calculate coefficients of the regression model
ViR |\ T}
Ea= cmRuu [ 0 ] -
(Rex (T, )+ R (T3 )
A 4
N Step 3: Compensate the reduction of the maximum supply
current I, ..
— Step 4: Calculate the health indicator It

Iy=I_ (t)+Ke(T(1)-T,)

v v

Faulty Condition [ Normal Condition

FIGURE 1. A flowchart of the proposed model-based fault detection method for coil burnout in solenoid valves subjected to dynamic thermal loading.

thermal loads on the supply current to the coils is considered
in the simulation model.

The overall procedures to detect the coil burnout using the
simulation model are shown in Fig. 1. At first, a predictive
regression model between the supply current and temperature
is quantitatively derived from equivalent circuit modeling
and effects of temperature on electrical resistivity. As shown
in Fig. 1, with the inputs of current and temperature signals,
a health indicator determines whether the valves are in faulty
conditions (or not) by comparing with a threshold. Additional
details are provided in the following subsections.

Section A presents an equivalent circuit model to derive
the explicit form of the supply current. Section B describes
the effect of the thermal loads on the supply current. The
mathematical relation between the coil temperature and the
supply current is derived. In conjunction with the derived
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model and current-temperature relation, Section C proposes
a health indicator for the solenoid coil burnout.

A. EQUIVALENT CIRCUIT MODELING OF A SOLENOID
VALVE

This subsection presents the equivalent circuit model of the
valve to describe the relation between the control voltage
and the supply current. Fig. 2 presents a circuit diagram of
the coil that consists of the inductance and internal electri-
cal resistance of the coil itself, and the external electrical
resistance that is connected to the circuits. The mechanical
positions of the subcomponents were elucidated by multi-
physics mechanisms; electromagnetic, fluidic, and dynamic
forces were coupled [23]. Likewise, the voltage-current equa-
tion was derived from the Kirchhoff’s voltage law, that allows
consideration of the effects of mechanical positions on the
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FIGURE 2. A circuit diagram of the coil in a solenoid valve.
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potential difference [24]:

Va(t) = (Rext(T (1)) + Rint(T (1)) (2)
dl (1) dx(t)
+ L(x(1), I(t))T + E(x(2), I(t))7 (H

where Vy(¢) and I(¢) are the control voltage and supply
current, respectively; Rexi((T(#)) and Rin (T (¢)) represent the
external and internal electrical resistances as a function of
the temperature 7(¢) of the solenoid coils; L(x(t), 1(¢)) is
the incremental inductance of the coil; E(x(¢), I(¢)) is the
motional electromotive force; and x(¢) is the distance between
the center of the armature and the coil.

The control voltage is the summation of (i) the potential
difference due to the resistances Rex¢(7'(¢)) and Rjn (T (1)), (ii)
the induced voltage due to the incremental inductance L(x(%),
I(1)), and (iii) the motional electromotive force due to the
movement of the armature. Among three terms, the third one
can be considered insignificant, since the voltage induced by
the motional electromotive force is less than 2% of the control
voltage Vq4(¢), under the assumption that the velocity of the
armature is negligible [25]. Therefore, (1) can be rewritten
as:

Va(t) = Rext (T (1)) + Rine (T (2))) I (1)
dI ()
+Lx(@),1) e ()

The incremental inductance L(x(t), I(¢)) is the differentia-
tion of the flux leakage A(x(¢), I(¢)) with respect to the supply
current /(¢), as shown in (3).

oA (x (1), 1())
Lx@®,I(t)=——>==" 3

(x (@), 1)) ol () 3)
The flux leakage A(x(z), I(t)) can be expressed as the multi-
plication of the turns of the coil N and magnetic flux ¢(x(¢),
1(t)). The magnetic flux is the surface integral of the normal
component of the magnetic field B(x(¢), I(¢)) through the
cross-section S of the coil [26].

K(X(t),l(t))=Nj§B(X(t),1(t))-dS “
S
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When the radius R.q; of the coil is comparable to the length
lcoi1 Of it, the magnetic field B(x(t), I(¢)) can be derived from
Biot-Savart’s law as

Bx (1), 1(1))

lc01]
_moNL@ | rn =
et leoit 2 2
(x (1) — 2) +R2,
l .
x () + 2

&)

+
leoil 2 2 2
x (1) + T + Rcoil

where o is known as the permeability in a vacuum [27].
Under the assumptions that the constant voltage is applied
as a reference voltage and the mechanical position x(#) of
the armature reaches a steady-state, a constant magnetic field
B(x(t), 1(t)) results in the flux leakage remaining constant
in (4); furthermore, the incremental inductance L(x(z), 1(t))
is also constant as a reference inductance in (3). To avoid
potential confusion, the incremental inductance L(x(¢), 1(t))
and control voltage V4(t) are denoted as Ly.r and Vi, respec-
tively. From (2), the control voltage can be rewritten as
dl (1)

Vel = (Rext (T (1)) + Rine (T (1)) I (1) + LrefT (6)

The original equation (1), reduced to a first-order ordi-
nary linear differential equation with constant coefficients,
is shown in (6). The exact solution of (6) can be obtained
using Laplace transform and inverse Laplace transform as

Rext (T (1) +Rin (T (1))
Vew el - #t )
Rext (T () + Rine (T (1))

The inverse of the coefficient of the time ¢ is a so-called time
constant. In the case of the solenoid valve under considera-
tion, the internal electrical resistance Rjn(7'(¢)) is several hun-
dreds of 2, while the reference inductance Lyt is several hun-
dreds of mH. Then, the time constant has an order of 107 sec-
ond. Therefore, the supply current /(¢) reaches a steady-state
in an order of milli-seconds. Based on the modeling assump-
tions, the supply current /(¢) can be regarded as the ratio of
the control voltage V. to the summation of the external and
internal electrical resistances Rex((7'(¢)) and Rin (T (¢)) as

1= Vo ®)
Rext (T (1)) + Rin (T (1))

When the electrical resistances Rext(7(¢)) and Rin (T (¢))
subjected to thermal loading deviate from nominal values in
a single cycle, the electrical resistances cannot be regarded as
constants. However, the electrical resistance can be assumed
to be constant when the thermal loads are negligible. To this
end, the external and internal electrical resistances Rex¢(7'(t))

1(t) =
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FIGURE 3. Service braking valve configuration: (a) external view and (b) cross sectional view.
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FIGURE 4. A schematic view of a service braking valve: (a) supply mode and (b) exhaust mode.

and Rin (7' (¢)) are denoted as Rex(Tp) and R (Tp) as

V.
)i ( t) — ctrl (9)
Rext(To) + Rin(To)
where T is the initial temperature of the solenoid coils. The
initial temperature at # = 0 is called a reference temperature

in this study.

B. EFFECT OF TEMPERATURE ON SOLENOID COIL
RESISTIVITY

The equivalent circuit model in previous section can be used
when the amount of thermal load to the solenoid coils is not
significant. For example, when solenoid valves operate in a
single cycle, the increase of solenoid coil temperature will be
negligible. However, when solenoid valves operate continu-
ously, the increase of the solenoid coil temperature by Joule
heating cannot be ignored. The Joule heating can increase
solenoid coil resistivity, thereby increasing the resistances
that are functions of resistivity, cross-section, and length of
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the conducting wires. The prior assumption of constant tem-
perature does not hold any more. Thus, the effect of thermal
loads on solenoid coils should be incorporated.

In (9), the supply current is inversely proportional to the
summation of the electrical resistances of the coil so that the
supply current will decrease with the increase of the temper-
ature. The supply current reduction with respect to the tem-
perature (or time) not only lowers the reliability of the fault
detection method but also results in a wrong decision about
the health conditions. Therefore, it is required to quantify the
degree of the supply current reduction and compensate for it.

It is assumed that the external electrical resistance is
exposed to the external temperature environments and also
that the Joule heating of the coil does not affect the temper-
ature of the external electrical resistance. The initial external
and internal electrical resistances are denoted as Rex((Tp)
and Rin (7o), respectively. These initial resistances are called
reference resistances in this study. It is known that the internal
resistance change is linear to the temperature change 7'(¢)-Ty
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FIGURE 5. Testbed setup: (a) testbed configuration and (b) design of experiment.

with the coefficient aR;n(7p), as
Rint (T (1)) = Rint(To) + oRine(To) (T (t) — To)

where T'(t) is the ambient temperature at time ¢, and the
reference temperature T is identical to the initial external
temperature. By substituting (10) into (9), the supply current
change can be expressed as
lo—I(t) = Vel
Rext(To) + Rint(To)
. Vel

Rext(To)+Rin(To)(1+a(T (1) —To))
where [y is the initial supply current of the coil. For a con-
ductor material, the temperature coefficient of the resistivity
« is the constant in several ones of 1/mK [27]. Equation (11)
can be thus rewritten as follows using the Taylor series with
a negligible error:

(10)

1)

VetrRint (To) o

(Rext (To) + Rine (Tp))
= Ko (T (1) — To)

Iy—1() =

5 (T (t) = To)
(12)

where K is the proportional constant. The degree of supply
current reduction over time is derived mathematically. This
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indicates that the supply current change has linear relation-
ship with the temperature change.
Rearranging (12) with respect to the time 7,

Io=1@t)+Ka (T (t) — To) (13)

Equation (13) provides a method that can estimate the
initial supply current of the coil over time. For example, atr =
0, Ip can be measured without (13), while at t = 10, Iy can
be estimated from (13) with the measurement of /(r = 10)
and 7 (¢t = 10). The initial supply current Iy of the coil can
be calculated at any time of interest. This gives an idea that
Ip in (13) can be a health indicator independent of time.

C. PROPOSED HEALTH INDICATOR Iy,
The proposed health indicator, denoted as Iy, is expressed as

Int = Iep(t) + Ko (T(2) — To) (14)

where Irep is the representative supply current at time f.
As shown in Fig. 7 (a), the supply current value changes over
time within a single cycle. Therefore, it is needed to determine
the representative supply current value at each cycle. For
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TABLE 2. Standard for external temperature environment (KS R 9156).

Low-temperature test

Classification Operation guarantee

Performance guarantee

High-temperature test

Operation guarantee Performance guarantee

temperature (°C) temperature (°C) temperature (°C) temperature (°C)
Type A 0 5
55 40
Type 1 Type B
-10 -10
Type C 60 55
Type A 5
55 40
Type 2 Type B -20
-10
Type C 60 55

FIGURE 6. A solenoid valve deployed inside the temperature and
humidity chamber.

example, Irep(?) can be the maximum value (i.e., Imax) of the
supply current at the cycle which the time corresponds to.

The proposed health index eliminates the effect of tem-
perature change on the representative supply current at
time ¢. Therefore, the proposed health index is independent
of temperature change, i.e., temperature-independent health
indicator for coil burnout in solenoid valves.

When solenoid coils are degraded, the electrical resistance
of degraded coils is smaller than that of normal coils. This
leads that the health indicator will deviate from the nominal
value that is calculated when the solenoid coils are in a normal
condition. Therefore, if a health indicator Iy of a solenoid
valve exceeds a threshold /g, the valve can be considered
to be in faulty conditions. The threshold Iy 1 is defined using
the first rule in statistical process control charts (i.e., Nelson
rule) as follows:

Inr,th = mHI + 30H1 (15)
where puyp and oyp stand for the mean and the standard
deviation of health indicators Iy of new and/or normal
valves, respectively. A failure occurs if the health indicator
Iy exceeds three standard deviations from Iy of new and/or
normal valves.
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The proposed health indicator /Iy is different from the sup-
ply current at 10% output pressure in the previous study [18].
The proposed health indicator Iy can be calculated with only
electrical current waveforms that flow through the solenoid
coil. The proposed health indicator /gy does not require the
measurement of outlet pressure that was required in [18].

IV. EXPERIMENT
This section presents the experimental setup of the research,
which examined solenoid valves under various thermal load-
ing conditions. The specimens, called service braking valves,
are real solenoid valves taken from the braking systems of
urban railway vehicles operated by the Seoul Metropoli-
tan Rapid Transit Corporation. Six specimens were used in
the study, including: (i) four used and normally functioning
valves (“‘normal valves”), (ii) one new valve, and (iii) one
faulty valve. The external view of a service braking valve is
shown in Fig. 3 (a) while the cross-sectional view of the valve
is illustrated in Fig. 3 (b). The key components of a service
braking valve include solenoid coils, two springs, a mag-
netized armature, a valve bar, and a rubber valve seat. The
volume of the valve is less than 65 mm x 70 mm x 105 mm
and a cover encloses the inner space to prevent air leakage.

In the field, the service braking valves are controlled to
offer four operating modes: (i) supply, (ii) supply standby,
(iii) exhaust, and (iv) exhaust standby. The operating modes
can be selected by controlling the input voltage. Under the
supply and exhaust modes, as depicted in Fig. 4, the air
flows in and out, respectively. Under the supply mode and
the supply stand-by mode, an electromagnetic force actuates
the armature and valve bar in a downward direction. The
armature, valve bar and the valve seat come into contact; thus,
they can be regarded as one object. This movement gives
rise to the inflow of air. On the other hand, in the exhaust
mode and exhaust standby mode, a small amount of voltage
is supplied to allow a so-called air gap. Since the armature
and valve bar put distance from the valve seat they move as
one object. The air gap gives rise to the outflow of air.

The braking systems in an urban railway are operated
throughout the year; thus, they are exposed to different
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FIGURE 7. Input current and temperature profiles for first four cycles at room temperature: (a) input current and (b) temperature.
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FIGURE 8. Supply current profile obtained from both the simulation and
experiment.

temperatures (e.g., throughout the four seasons in the
Republic of Korea). KS R 9156 is used to define the external
temperature environments to test electronic devices used in
railway vehicles. As shown in Table 2, Types 1 and 2 corre-
spond to the cases in which the minimum value of the storage
temperature of the device is -10 °C and -25 °C, respectively.
Types A, B, and C indicate the indoor device, outdoor device,
and outdoor device housed in another device, respectively.
The service braking valve is classified as Type 1 and Type C.
Since this study examines the performance degradation dur-
ing operation, the external temperature of the valves was set
to be -10 °C and 55 °C in the low- and high-temperature
tests, respectively. In both tests, the external temperature
should increase (or decease) to the performance guarantee
temperature until reaching an equilibrium state within 3 °C
of the temperature, while maintaining this equilibrium state
for one hour. During the temperature regulation process,
the room temperature in the laboratory was fixed to be 24 °C
to avoid the possibility of the external temperature affecting
the control performance.

The testbed configuration and design of experiment are
presented in Figs. 5 (a) and (b), respectively. To con-
trol the operating performance of the valve, the software
LabVIEW2008 was used. A voltage-control algorithm in
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FIGURE 9. Relationship between maximum supply current /max and
temperature in both the simulation and experiment.

LabVIEW2008 applied the voltage to the solenoid coil
through a power supply (BK Precision, 1710A). The solenoid
coil was deployed inside the temperature and humidity cham-
ber (ESPEC Corp., SH-241); this chamber controlled the
dynamic thermal loading, as shown in Fig. 6. An air com-
pressor (ACOM, OS100) provided air into the air receiver
tank (GA Korea, GAT-0020). In the supply mode, the com-
pressed air was supplied to the solenoid valve and the air
reservoir. In the exhaust mode, the stored air in the air reser-
voir was released. Throughout this process, a data acqui-
sition device (National Instruments, USB-6009) put digital
signals controlled by LabVIEW into the power supply and
stored the measured data. The air receiver tank, reservoir,
and chamber were used due to challenges in mimicking the
actual operating environments and components of the real-
world braking system.

The measured data included the supply current from an
attached terminal on the external electrical resistance of 1
connected to the coil and temperature from thermocouples
(MiraeTech, MR-2320) attached to the surface of the coil.
The reference resistances of the solenoid coils were mea-
sured using LCR Meters (Keysight Technologies, E4980A).
A voltage-control algorithm was developed; 37 V, 22 V,
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FIGURE 10. The maximum input current Imax and temperature profile in the time domain under different external temperature
environments: (a) maximum supply current /max at low temperature (-10 °C); (b) temperature profile at low temperature

(-10 °C); (c) maximum supply current Imax at room temperature (24 °C); (d) temperature profile at room temperature (24 °C);
(e) maximum supply current /Imax at high temperature (55 °C); and (f) temperature profile at high temperature (55 °C).

5V, and 13 V were applied in the supply, supply standby,
exhaust, and exhaust standby modes, respectively. Each mode
was tested for three seconds. 70 cycles were taken to com-
plete one experiment. As a representative sample of one
normal valve, the supply current and temperature profiles
for the first four cycles at room temperature are shown
in Figs. 7 (a) and (b), respectively. As shown in Fig. 7 (a),
a relatively high current was obtained due to the high volt-
age in the supply and supply standby modes. In addition,
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temperature increases were observed due to Joule heating as
shown in Fig. 7 (b).

V. RESULT AND DISCUSSION

This section describes the results and discusses the effec-
tiveness of the proposed method for solenoid coil burnout.
Simulation results are compared with experiment results for
the room temperature scenario. Supply current profiles from
simulation and experiment are compared for the first cycle at
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FIGURE 11. Relationship between maximum supply current Imax and temperature under different external temperature
environments: (a) low temperature (-10 °C); (b) room temperature (24 °C); and (c) high temperature (55 °C).

room temperature. Under the assumption that the temperature
change was not significant during a single cycle, the initial
temperature of the valve was set to be at the room temper-
ature of 24 °C. The supply current profile in the numerical
simulation was obtained from (9). As shown in Fig. 8, it was
observed that two profiles overlap with negligible gap from
visual inspection.

During 70 cycles of solenoid valve operation, the maxi-
mum supply current Iryax was extracted in the supply mode
at each cycle. It should be noted that the health indicator Iy
stands for the maximum supply current after compensating
for the degree of supply current reduction by using (12);
on the other hand, I« stands for those without the com-
pensation task. The relationship between the maximum sup-
ply current I« and temperature of the valve is depicted
in Fig. 9. Blue solid and red dotted lines indicate results
of the numerical simulation and experiments, respectively.
Simulation results were obtained from (12). It is worth noting
that the results from the numerical simulation are in good
agreement with those from the experiments. This implies that
the equivalent circuit modeling with the assumptions and the
developed regression model can demonstrate the operating
performance of the valve.

The same procedures were repeated for another valves
under different temperature environments. The trends of
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maximum supply current Inax at low, room, and high tem-
peratures are shown in Figs. 10 (a), (c), and (e), respectively;
the x-axis indicates the number (or order) of obtaining the
maximum supply current Iiyax per three cycles. The tempera-
ture in the time domain at low, room, and high temperatures
is shown in Figs. 10 (b), (d), and (f), respectively. Lines or
circles colored with blue, black, red, green, magenta, and
cyan indicate the quantities (i.e., maximum supply current
Imax and temperature) for the one new, one faulty, and four
normal valves, respectively.

There are three key points from this work. First, when
investigating the absolute values of maximum supply current
Imax in Figs. 10 (a), (c), and (e), the maximum supply current
Imax, satisfies the modeling assumptions in Section III, and
presents indicators for the faulty valve that are higher than
the others in all cycles. Moreover, from the perspective of the
trend in terms of cycles, the maximum supply current Ipax
decreases due to the Joule heating as the valve keeps working
in each temperature environment. Last, when examining the
value of initial health indicator Iy at the first cycle, it is
different in the three different temperature environments that
were examined. For example, when the external temperature
goes down to the low temperature of -10 °C, the overall
resistance increases and the supply current decreases. This
shows that the experimental results are in good agreement
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FIGURE 12. Comparison of the compensated health indicator I;; under different external temperature environments at: (a) low
temperature (-10 °C); (b) room temperature (24 °C); and (c) high temperature (55 °C).

TABLE 3. Coefficient K« of the temperature to the maximum supply current Imax (mA/°C).

Valve Type New Faulty Normal 1 Normal 2 Normal 3 Normal 4
Measurement 1.3213 1.4054 1.3368 1.3342 1.3342 1.3355
Curve Fitting 1.3427 1.4167 1.3331 1.3166 1.3380 1.3380

with our physical interpretation. This supports the need to
develop a method for detecting solenoid coil burnout under
various operating temperatures.

The maximum supply current Ir,« in terms of the temper-
ature are presented in Figs. 11 (a), (b), and (c) at low, room,
and high temperature conditions, respectively. The maximum
supply current Iy« linearly decreases for the temperature.
Therefore, (12) enables compensation for the degree of the
maximum supply current Iy, reduction as a standard of the
initial value of the maximum supply current /. When per-
forming the compensation tasks in each external temperature
environment, it can be found that the health indicator Iy is
independent of the temperature change that is caused by the
Joule heating. However, it can be difficult to standardize an
absolute fault criterion, since the compensated values rely on
the external temperature environments. It is thus required to
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perform compensation tasks for the overall operating temper-
ature conditions.

This paper attempted to develop a fault detection method
that uses only the data types being acquired in indus-
trial fields, without the need for any additional sensors.
To use (12), the values of internal resistances are required;
however, in real-world settings, no sensor can be available to
measure these resistances [28]. In this case, it is necessary
to perform curve fitting using the proposed linear regression
model of (12). In the case of the constant term, the first health
indicator Iy at room temperature can be considered. Table 3
summarizes the coefficients of the linear model obtained from
measuring the resistances and those estimated from curve
fitting. It was found that the coefficients obtained from the
proposed linear regression model are in good agreement with
those estimated from curve fitting for all six valves. This
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FIGURE 13. Fault detection results of solenoid coil burnout for six service braking valves subjected to dynamic thermal loading: (a) maximum supply
current Imax without compensation; (b) compensated maximum supply current Imax considering only the Joule heating of the coils under each

temperature environment; and (c) proposed health indicator /y,.

indicates that the curve fitting in the experiments represents
the physical domain knowledge, not signal processing. There-
fore, if the internal resistances are unknown for an arbitrary
time in the field, curve fitting can still enable solenoid coil
burnout detection. The compensation results are presented
in Figs. 12 (a), (b), and (c) under the low, room, and high
temperature conditions, respectively. As a result, the value
of the health indicator Iy for each valve is almost identical,
independent of external temperature environments and Joule
heating of the valve itself.

Figs. 13 (a), (b), and (c) show histograms for the following
three cases, respectively: (i) maximum supply current Ipax
without any compensation task, (ii) compensated maximum
supply current Ir,ax considering only the Joule heating of the
coils under each external temperature environment, as the
previous study [18] did, and (iii) the proposed health indicator
Iyr. In Figs. 13 (a) and (b), due to temperature effects, it is
difficult to determine whether solenoid valves are in a faulty
condition or not. In Fig. 13 (c), however, the proposed health
indicator gy enables to precisely detect the fault conditions
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with the threshold Iy of 367.0 mA, which was obtained
by (15) where the mean uy and the standard deviation oy
of new and normal valves were calculated as 358.5 mA and
2.832 mA, respectively. It can be found that health indicators
Iy of the faulty valve are always larger than the threshold
Inr,m, irrespective of the temperature. Therefore, the pro-
posed physics-based method is capable of detecting faulty
conditions of service braking valves in a braking system of
an urban railway vehicle at any operating temperature.

VI. CONCLUSION

This study proposed a model-based fault detection method for
oil burnout in a solenoid valve subjected to dynamic thermal
loading. An equivalent circuit model of the valve was derived
to express the explicit form of the supply current by intro-
ducing Kirchhoff’s voltage law. Then, the temperature effects
on the health indicators were considered by introducing the
resistance-temperature relationship and Ohm’s law. Finally,
a new health indicator of solenoid coil burnout was devised
in conjunction with the derived model.
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A case study of real solenoid valves used in braking sys-
tems of urban railway vehicles was presented to demonstrate
the validity of the proposed method. The proposed method
outperformed the existing method with the fault detection
accuracy of 100%. Nonetheless, it should be noted that the
accuracy was obtained with a limited number of test samples.
The method does not require the installation of additional sen-
sors. It is non-invasive. The new health indicator performed
robust in real-time by compensating the effects of thermal
loading fluctuations attributed by external temperature envi-
ronments and Joule heating of the valve itself. Solenoid coil
burnout can be monitored regardless of the operating temper-
ature.

In the future, the proposed health indicator will be vali-
dated with additional test samples. We anticipate that the fault
detection method can be used for various industrial applica-
tions. A couple of examples are (i) condition monitoring of
solenoid valves in the braking systems of urban railway vehi-
cles and (ii) inspection of defective electromagnetic actuators
for product qualification.
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