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ABSTRACT Solenoid valves are important electromagnetic devices which are used widely in various fields.
Considering the uncertainty of failure mechanisms in practical operation, a thermal-structure coupled model
of a direct action solenoid valve is constructed by using the finite element method. The coupled model
provides useful information such as temperature distribution and stress distribution for failure mechanism
study of the solenoid valve. The model results predict that the failure of the solenoid valve is closely related
to the thermal expansion inside the coil, which means the high temperature generated by thermal expansion
melts the insulation layers. Under the combined action of high temperature and coupled stress, the shorting of
coils occurs and the resistance decreases whichmay cause the eventual failure of the solenoid valve. To verify
the prediction of the finite element model, a degradation experiment is designed. The results suggest that
the failure of the solenoid valve is a gradual degradation process, and there are several mutations of coil
temperature and resistance. The high temperature melts the insulation layers and causes the shorting of
coils, which further decreases the resistance and increases the current. Later more heat is generated to rise
coil temperature and melt insulation layers, which will short out the coils and drop the resistance.With such a
relationship, as the temperature rises alternately, the resistance decreases alternately until the solenoid valve
completely fails. The model provides a reference for failure mechanism study and life prolonging research
of solenoid valves.

INDEX TERMS Failure mechanism, thermal-structure finite element model, degradation experiment,
solenoid valve.

I. INTRODUCTION
A solenoid valve (SV) is a kind of basic automation com-
ponent with extensive application in industry, agriculture,
transportation, aviation, and living facilities [1]–[4].
As momentous actuators, solenoid valves (SVs) are light in
weight, small in size, various in type, fast in action, easy to
connect with computer [5]–[8]. But once a SV fails, it will
directly affect the normal operation of the engineering sys-
tem, even may cause a catastrophic consequence. Therefore,
timely and accurate identification, diagnosis, and isolation
for SV fault are important to improve the reliability and
safety of the whole system. At present, how to diagnose and
isolate SV fault efficiently and accurately has been widely
concerned [9]–[11].
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With the rapid development of computer technology
and increasingly perfect finite element theory, the current
research on SV reliability mainly uses ANSYS and some
general finite element software to analyze temperature,
magnetism, stress, and other physical quantities [12]–[14].
To provide reference for fault diagnosis and optimization
design of SVs, ANSYS is used to analyze three-dimensional
temperature characteristic and power loss of SVs [15], [16].
Besides, to evaluate effectiveness, the electromagnetic force
and induction strength of SVs are calculated by constructing
finite element model (FEM) [17], [18]. Furthermore, coil
turns, electric current, air gap, electromagnetic materials, and
other factors are analyzed to research reliability and perfor-
mance of SVs in practical operation [19]–[21].

Until now,many studies get one ormore clear failuremech-
anisms of SVs by analyzing a single variable such as electric
current, temperature, and coil turns. However, many research
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conditions do not accord with actual operating environment
of SVs [22], [23]. In practical work, the actual service envi-
ronment of SVs is complex and changeable. The failure of
SVs is usually a coupled action of temperature, stress, and
other quantities rather than a simple linear superposition of
several quantities [14], [24], [25]. Angadi et al. [14], [24] used
a thermo-mechanical model to study the reliability of valves,
which facilitates the characterization of the solenoid valve
performance. However, it is still rare to study coupled actions
of multiphysics so far. Considering that the failure mecha-
nism of SVs is not clear, and SVs are lack of effective fault
diagnosis methods, a thermal-structure FEMof a direct action
SV is constructed and the sequential coupling method is used
in this paper. Furthermore, a degradation experiment of direct
action SVs is designed, and relative life-cycle data of key
characteristic parameters are gathered such as temperature,
current, and resistance. By analyzing the FEM results and the
degradation experiment results, a kind of failure mechanism
of SVs is obtained.

II. THERMAL-STRUCTURE FINITE ELEMENT MODEL
A. GEOMETRIC MODEL
This section introduces the thermal-structure finite element
model of a direct action SV and the sequential coupling
method.

In this paper, a kind of direct action SV called two-
position-two-pass SLP is used as a prototype for the fol-
lowing model calculation and the degradation experiment.
In the modeling section, the steady-state temperature field
and coupled stress field are solved to predict possible failure
mechanisms of the SV. The change rules of coil temperature
and resistance characteristics are discussed in the degradation
experiment section. The simplified geometric structure and
the cross-section of the SV are shown in Fig. 1-2.

FIGURE 1. Simplified geometric structure of the SV.

The SV consists of the coil, piston, spring, iron core,
insulation layers, and other components. To simplify the
model, the key components which are symmetric in the
geometric model such as the coil, iron core, and insulation
layers are selected as main research objects. In the process of
solving the thermal-structure FEM, several assumptions are

FIGURE 2. Cross-section of the SV.

made to facilitate model calculation: (1) The SV dissipates
heat by natural convection without external stress; (2) The
operating environment temperature is stable without obvious
mutation; (3) The materials of all components in the SV are
isotropic. (4) Themechanical properties of mainmaterials are
invariable.

B. FINITE ELEMENT MODEL
1) MESH DISTRIBUTION
Meshing, as one of the most important steps in the modeling
process, directly affects the solution accuracy and speed [26].
The higher the accuracy is, the slower the meshing speed
will be. To balance the contradiction of the two factors,
some important parameters are defined based on the structure
characteristic of the SV in Table 1. The meshing of the SV is
realized in Design Modeler module in Workbench, and the
three-dimensional mesh distribution of finite element model
is shown in Fig. 3.

TABLE 1. Parameters characteristic.

2) CALCULATION OF TEMPERATURE FIELD
For the direct action solenoid valve, the Joule heat of various
components is mainly generated by energizing the coil, and
is exchanged with surrounding mediums by heat conduction,
convection, and radiation. Joule heat is calculated by the
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FIGURE 3. Mesh distribution of the direct action SV.

following equations [14]:
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where I is the electric current, R is the resistance, U is the
driving voltage, n is the coil turns, ϕ is the flux linkage, Q
is the total heat, Q′ is the heat of per unit volume, V is the
volume, S is the cross-section of the coil, ρ is the electrical
resistivity, l is the length of wire.
For heat conduction, the conductivity based on Fourier’ s

law between two different mediums can be represented as
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where q is the density of heat flow, λ is the thermal conduc-
tivity, S is the heat transfer area, φ is the heat flux, T is the
temperature.

For heat convection, the outside surface of the SV in direct
contact with air is defined as the heat dissipation boundary.
The heat convection follows Newton’s cooling formula as

qcon = hS1T = hS
∣∣Tsurface − Tambient ∣∣ (6)

where qcon is the density of heat flow, S is the surface area,
Tsurface is the outer surface temperature of the SV, Tambient
is the ambient temperature, h is the convection coefficient
calculated by the following equation [27]:

h =
λ

D

{
0.60+

0.387R1/6a[
1+ (0.559/Pr )9/16

]8/27
}2

(7)

Ra =
g∂(1T )D3

ηδ
g (8)

where D is the diameter of cylinder, Ra is the Rayleigh
number, Pr is the Prandell number, g is the gravity constant,
∂ is the coefficient of thermal expansion, η is the kinematic
viscosity, δ is the coefficient of thermal diffusion.
For heat radiation, based on Stephen-Boltzmann’s

law [28], the energy of heat radiation between two mediums

can be expressed as

Qrad = σεS1F12(T 4
1 − T

4
2 ) (9)

where Qrad is the radiation heat, σ is the Stefan-Boltzmann
constant about for 5.67 × 10−8, ε is the radiance, S1 is the
area of radiant surface 1. F12 is the shape coefficient from
radiant surface 1 to radiant surface 2, T1 and T2 are the abso-
lute temperature of radiant surface 1 and radiant surface 2.
Considering that the ultimate temperature difference between
radiant surfaces is very small, which causes the radiation
energy is very weak. Thus, the thermal radiation generated
from the coil can be ignored [29].

3) CALCULATION OF COUPLED STRESS FIELD
The Joule heat generated from the coil is transferred to each
component by heat conduction. Due to the difference of mate-
rial properties, each component generates thermal stress and
deformation in different degrees. Considering the coupled
effect of thermal stress and mechanical stress, Hooke’ s law
is extended and applied to the stress and strain states of the
SV. Meanwhile, In static structural analysis, the temperature
distribution is defined as a kind of new load added to the
mechanical field, which forms a coupled stress field. In Carte-
sian coordinates, the linear strain and the shear strain based
on mesh distribution can be expressed as εXεY

εZ

= 1
E

 σXσY
σZ

− v
E

 σY + σZσX + σZ
σY + σX

+ θ1T
E
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1
1
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G
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 (11)
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E
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where E is the elasticity modulus, σ is the primary stress,
v is the Poissons ratio, ε is the linear strain, 1T is the
temperature variation of the material, θ is the coefficient of
thermal expansion, γ is the shear strain, τ is the shear stress,
G is the shear modulus. To facilitate the model calculation,
Cartesian coordinates (x, y, z) can also be transformed into
cylindrical coordinates (r, θ, z).

Different components of the SV are made of different
materials. The properties of these materials such as coil,
insulation, iron core, housing, plunger, and air used in the
study are shown in Table 2.

Considering the coupled effect of thermal stress and
mechanical stress, the sequential coupling method is used in
Toolboxes to solve the thermal-structure module. The proce-
dure of the coupled model is shown in Fig. 4, and the details
is as follows:
(1) Choose modules and input geometry. To solve the tem-

perature field and stress field, the steady-state ther-
mal module and static structural module are chosen.
Besides, because the structure of the SV is symmetric,
we select a quarter geometric model of the SV as the
research object to improve computational efficiency.
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TABLE 2. Materials properties.

FIGURE 4. Mesh distribution of the direct action SV.

(2) Define materials. Materials of different parts in the
solenoid valve are various, so material properties of
each component such as λ, E , v are needed to be
defined.

(3) Meshing. Meshing determines the accuracy and speed
of the model solution. The finer the mesh is, the more
accurate the results will be. But computing time
increases dramatically if the mesh is too fine. Thus,
moderate parameters are chosen to reconcile this
contradiction. The mesh test is carried out shown
in Table 3. When relevance exceeds 14, the average
value of element quality shows alomost no growth.
Thus, we define the value of relevance is 14, smoothing
is high, transition is fast, relevance center is medium,
and span angle center is medium.

(4) Apply loads and solve temperature field. If the meshing
is successful, we apply loads such as thermal conduc-
tivity and electrical resistivity to solve the temperature
field, and read the temperature distribution of iron core,
coil, and insulation. Otherwise, back to step (3).

(5) Add new loads and solve stress field. If the temperature
field is solved successfully, then add the temperature

TABLE 3. Mesh test.

FIGURE 5. Temperature distribution of the SV with 0.25A input.

obtained in the step (4) as a new load to solve stress
field, and read the stress distribution of each part.
Otherwise, back to step (3).

(6) Output data results and display nephograms, then end
the procedure.

III. RESULTS AND DISCUSSION OF THE FINITE
ELEMENT MODEL
Based on the modeling and calculating of the thermal-
structure FEM in the section II, the three-dimensional tem-
perature distribution and stress distribution of the SVs with
different currents are obtained and analyzed in the following
sections.

A. TEMPERATURE DISTRIBUTION
To analyze the possible failure mechanism of the SV, differ-
ent currents from 0.25A to 1.25A are input. The results of
the three-dimensional FEM are shown in Fig. 5-8. Take the
input current 0.6A as an example, the result shows when the
SV is energized and works steadily, the temperature rise of
coils is the highest followed by the insulation layers, iron
core, and housing. The highest temperature rise of the SV
is 110.24◦C located inside coils and the lowest temperature
rise is 88.304◦C located at the junction between the insulation
layers and the housing.
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FIGURE 6. Temperature distribution of the SV with 0.6A input.

FIGURE 7. Temperature distribution of the SV with 1A input.

FIGURE 8. Temperature distribution of the SV with 1.25A input.

The results suggest that after the solenoid valve is ener-
gized, the heat causes the coil temperature to rise.Meanwhile,
heat is transferred to the other parts by the way of conduction
such as insulation and iron core. Because the material param-
eters in the SV such as thermal conductivity are different,
the temperature rise of various components is also different.
The coils are contact with the insulation rubber. After the coils
are energized, the heat will be transferred to the insulation
rubber directly. Thus, the temperature of the insulating rubber
is higher than the other parts in the SV. Moreover, the plunger
and the housing are exposed to the outside air with quick heat
dissipation by convection, which causes much heat loss and
gains the smallest temperature rise.

The predicted temperature distribution of the coils with
different input currents is shown in Fig. 9-12. The maximum

FIGURE 9. Temperature distribution of the coils with 0.25A input.

FIGURE 10. Temperature distribution of the coils with 0.6A input.

FIGURE 11. Temperature distribution of the coils with 1A input.

FIGURE 12. Temperature distribution of the coils with 1.25A input.

rise of temperature is usually in the center of coils. As is
known that the steady work of the SV can’t continue without
the normal operation of the coil. In contrast, an inappro-
priate input current can cause the coil temperature to rise,
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FIGURE 13. Stress distribution of the SV with 0.25A input.

FIGURE 14. Stress distribution of the SV with 0.6A input.

and once the temperature exceeds the tolerance value of coils,
the temperature difference and the uneven distribution of heat
will cause the coils to degrade gradually. For instance, there
are two classes of coils for the direct action SV, namely
class F and class H. The temperature tolerance values of
class F and class H is 155◦C and 180◦C respectively. As is
shown in Fig. 11 and 12, when the input current exceeds 1A,
the coil of class F will gradually degrade. Similarly, when
the input current exceeds 1.25A, the coil of class H will
gradually degrade. Therefore, choosing proper input current
and insulation rubber based on the material properties of the
coil has much influence on the performance of the SV.

B. COUPLED STRESS DISTRIBUTION
The temperature of each node in the solenoid valve is applied
to the mechanical field as a new load to solve the coupled
stress. The three-dimensional coupled stress distribution of
the SV with different input currents is shown in Fig. 13-16.
Take the input current 0.6 A as an example, the result shows
that when the SV is energized and works steadily, the highest
stress is 14.733MPa appeared in the junction between the
coils and insulation. The high stress mainly appears in the
housing and insulating layers, and the low stress mainly
appears in the iron core. Besides, due to the difference of
material properties in the SV such as elastic modulus, the cou-
pled stress distribution inside the coil assembly is very uneven
which easily causes the coils and adjacent insulation layers to
squeeze each other.

FIGURE 15. Stress distribution of the SV with 1A input.

FIGURE 16. Stress distribution of the SV with 1.25A input.

The above predicted results suggest that the coil is one of
the core components in the SV, which aggregates the highest
temperature and relatively high stress. The temperature toler-
ance value of the coil is 155◦C in class F and 180◦C in class H.
During the constant work of the solenoid valve, the coil will
gradually degrade once the temperature exceeds the critical
value.Meanwhile, the uneven stress inside the coils will cause
extrusion between coils and adjacent insulation layers. When
part of degenerate coils directly contact each other without
the protection of insulation layers, these coils will short out
and then influence the normal operation of the SV. To verify
the prediction based on the thermal-structure finite element
model, a degradation experiment of the direct action SV is
designed and relative life-cycle data of key characteristic
parameters are analyzed in the following section.

IV. DEGRADATION EXPERIMENT
A. DESIGN OF THE DEGRADATION EXPERIMENT
For the direct action SV, the life-cycle of the coil is about
4a to 10a, and the remaining life will be reduced twice for
every 8-10◦C increase in temperature [30]. Thus, the change
of coil temperature has great influence on the remaining life
of the SV. In order to verify the proposed method in the
section II, a degradation experiment of the SV is designed,
as is shown in Fig. 17 and 18.

In the experiment, the hardware includes sensors, com-
puter, PXI device, power supply, delay switch and thermocou-
ples. Parameters, such as temperature, driven current, and coil
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FIGURE 17. Block diagram used in the degradation experiment.

FIGURE 18. Hardware used in the degradation experiment.

resistance, need to be monitored. However, these parameters
can’t be directly obtained by the computer. Thus special
sensors are needed to convert these parameters information
into voltage and then to be processed by AD. To acquire the
current information, a hall current sensor (WHB-LSP5S2) is
used which can measure various AC signals with the fre-
quency up to 100KHz as well as a maximum 2A current.
Besides, WHB-LSP5S2 can output the voltage (2.5±2V)
with a linear relationship with current, and the linearity is
equal or less than 1%. To obtain the temperature, E type of
PT100 thermocouples are used during their cycling process,
and the resistance increase of the thermocouples is linear
with temperature. The specific procedure of the degradation
experiment is shown in Fig. 19.

Firstly, The configuration of operation condition is needed.
Specifically, the AD configuration includes channel selec-
tion, sample rate, and sample number. The IO configuration
includes time interval, repeat count, and digital waveform.
Secondly, measure coil resistance before powering up the
coil, and then start IO to make the SV access to on-off cycles.
Thirdly, start AD. Based on the configuration, we collect
sample data of current and temperature for at least a complete
cycle. Finally, reback to the step of resistance measurement
unless the IO is finished.

The procedure is designed with NI LabView, and a graph-
ical user interface (GUI) is designed to configure operating
condition and observe the changes of parameters. Under
normal room temperature, the operating conditions are given
in Table 4.

FIGURE 19. Procedure of the degradation experiment.

TABLE 4. Operating parameters of being tested SVs.

A total of 32 identical solenoid valves are tested with
four different DC voltages and two different duty cycles.
The actuation frequency is 10Hz and the coil resistance is
set to 39.1�. Meanwhile, in order to prevent excessive heat
loss of SVs, we use seal boxes sized 12cm × 8cm × 13cm
to wrap solenoid valves. Each SV in the experiment works
continuously unless the valve completely fails or there is
something wrong happened to experimental equipment.

B. RESULTS AND DISCUSSION
To analyze the performance and study the reliability of
solenoid valves, four crucial outputs of SVs in the failure
process are extracted (see Table 5). These crucial outputs are
the work cycles, the maximum temperature of coils, the resis-
tance value at the moment of failure, and the maximum
current. Based on the different operating DC voltages and
duty cycles, a total of 32 SVs are divided into eight groups and
each group has four identical SVs. The relationship among
the maximum temperature, operating voltages, the resistance,
and the maximum current is shown in Fig. 20.

We can observe from Fig. 20 that the maximum tem-
perature rises generally with the increase of the operating
voltage, and the failure cycles decrease with the increase of
the operating voltage and duty cycle. This suggests that when
the operating voltage increases, the current of the coil will
increase, and then the coil generates more heat to rise the
maximum temperature. Besides, the duty cycle determines
the continuous operating time of solenoid valves in a pulse
cycle. That means when the duty cycle increases, solenoid
valves will operate for a more continuous time in a pulse
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TABLE 5. Test data of a total of 32 SVs.

FIGURE 20. Variation of maximum temperature in regard to various
operating voltages, cycles, and duty cycles.

cycle, then the heat can not be transmitted timely to the other
parts and accumulated constantly in coils, which is easier to
cause higher temperature.

The four plots in Fig. 21-24 show a clear change of elec-
trical resistance in regard to the maximum temperature with

different operating voltages and duty cycles. The coil resis-
tance of each new SV is 39.1�, but with the continuous
operating, a significant decrease of coil resistance finally
appears when the SV fails. Furthermore, a useful observation
by comparing the four plots is that with the same operating
voltage and duty cycle, there is a possible tendency that the
higher the maximum temperature is, the more the coil resis-
tance drops. This result indicates that the coil temperature and
the resistance are likely to have a relationship that directly
influences the degradation and failure of SVs.

For the SVs tested in the experiment, the type of the coil
is class H, which means the temperature tolerance is 180◦C.
As is shown in Fig. 21, when the operating voltage is 18V,
although the maximum temperature of each SV does not
exceed the temperature tolerance value of coils, the resistance
still has a obvious decline and each SV finally fails. Thus it
is believed that the failure of SVs is not simply caused by the
overheat of coils. Meanwhile, the material of coil insulation
layers in the tested SVs is chemigum that the temperature
resistance is 131◦C. This suggests when the temperature of
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FIGURE 21. Variation of resistance of the coils with 18V input.

FIGURE 22. Variation of resistance of the coils with 21V input.

FIGURE 23. Variation of resistance of the coils with 24V input.

coils exceeds the critical value, the insulation layers will melt.
Furthermore, once without the protection of insulation layers,
the shorting of coils is easy to happen.

Fig. 25-28 shows the change of electrical current in regard
to the maximum temperature reached in the process of each

FIGURE 24. Variation of resistance of the coils with 27V input.

FIGURE 25. Maximum current of the coils with 18V input.

FIGURE 26. Maximum current of the coils with 21V input.

test. We can observe that the maximum current of each SV
is positively correlated with the maximum temperature. It is
well known that when the operating voltage keeps constant,
the current is negatively correlated with the resistance. That
means once the temperature of coils exceeds the critical value
of insulation layers, the coil resistance will decline with the
further increase of temperature, and the higher current will

VOLUME 8, 2020 58365



J. Li et al.: Failure Mechanism Study of Direct Action SV Based on Thermal-Structure FEM

FIGURE 27. Maximum current of the coils with 24V input.

FIGURE 28. Maximum current of the coils with 27V input.

FIGURE 29. Variation of coil temperature with cycles for SV #27.

be reached correspondingly (as predicted by the thermal-
structure model in section III).

To further specifically analyze the failure mechanism of
SVs in the tests, the solenoid valve #27 is taken as an example
to discuss. Fig. 29 and 30 show the variation of coil tem-
perature and resistance with cycles for solenoid valve #27.
The results suggest that the failure of the solenoid valve is
a gradual degradation process rather than a direct process.

FIGURE 30. Variation of coil resistance with cycles for SV #27.

As Fig. 29 shows, the coil temperature is about 131◦C when
the SV operates normally, but there are three mutations of coil
temperature and resistance. The specific degradation process
of the SV is as follows:
(1) When the SV works normally, the temperature of coils

is about 130◦C that is close to the temperature tolerance
of insulation layers. Thus heat is likely to be accumu-
lated in the coils with the continuous operating of the
SV, which can cause the temperature to rise. Once the
temperature mutation happens, and coil temperature
exceeds the critical value, the insulation layers will
gradually degrade causing partial insulation layers to
melt. Meanwhile, the stress during the operating of SVs
can squeeze coils. When the partially degenerate coils
squeeze each other, the first mutation of resistance will
occur with the shorting of coils.

(2) After the resistance suddenly drops, the current will
rise correspondingly and generate more heat. However,
the coil can not transfer heat to the other parts as
fast as it generates, so the heat will accumulate and
cause the temperature to rapidly rise to about 146.4◦C
that the second mutation of temperature happens. The
higher temperature caused by the second mutation will
further accelerate the melt of insulation layers. Along
with the impact of coupled stress, more coils will short
out, and the resistance will quickly decline to about
31� that the second mutation of resistance occurs.

(3) Similarly, the drop in resistance will cause the current
to rise again and generate more heat. When the heat
accumulates to a certain extent, the coil temperature
will have a sharp rise that the third mutation of temper-
ature occurs. The higher temperature will further melt
more insulation layers and short out of a large number
of coils, which means the third mutation of resistance
occurs. When the resistance decline to 8.19�, the SV
#27 completely fails.

In the same way, the other failed SVs also have several
mutations of coil temperature and resistance. Based on the
analysis of SV #27, we can observe that the failure of SVs is
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not a direct process but a gradual degradation one. Besides,
during the failure process of SVs, the coil temperature and
resistance do not influence SVs respectively but interact with
each other.

FIGURE 31. Comparison of a new SV and a failed SV.

Fig. 31 shows a comparison of a new SV and a failed SV,
and we can clearly observe that the melted rubber in the valve
surface. During the operating of the SV, heat is generated
and transferred to different parts, and thermal diffusion effect
makes the rubber surface temperature rise quickly. According
to thematerial parameters provided bymanufacturer, the tem-
perature tolerance of the surface rubber is about 147◦C,which
means once the temperature rise exceeds the melting critical
value, the rubber surface will gradually melt.

V. CONCLUSION
To explore failure mechanisms of SVs, in this paper a
thermal-structure finite element model of direct action
solenoid valves is constructed that is able to predict the tem-
perature and stress distribution. The results indicate that the
high temperature and uneven stress in coils will occur when
the operating parameters slightly exceed the critical values of
materials. On the one hand, the high temperature can melt
the insulation layers and expose coils. On the other hand,
the thermal stress generated by thermal expansion along
with the mechanical stress can squeeze coils. When the
degenerate coils with partial melted insulation layers squeeze
each other, the shorting of coils occurs to decrease the resis-
tance of the SV and finally cause partial even complete failure
of the SV.

To verify the prediction of the model, a degradation exper-
iment of the direct action solenoid valve is designed. The
experimental results show that there are several mutations
of coil temperature and resistance during the failure process
of SVs, which suggests that the failure of SVs is a gradual
degradation process. When the coil temperature exceeds the
tolerance of insulation layers, the insulation layers melts and
the shorting of coils will occur, which decreases the resistance
of the SV and increases the current. With the rise of elec-
tric current, more heat is generated to rise coil temperature,

and more insulation layers melt to short out the coils and drop
the resistance again. With such a relationship, as the temper-
ature rises alternately, the resistance decreases alternately.

As the relevant research field deepens, this study could
also be expanded. This study was mainly concerned on the
effect of temperature and stress to SVs by constructing finite
element model and changing the driven voltage, current,
and duty cycle. However, it could also consider the residual
magnetism, leak of seals, and aging of materials, which are
likely to cause the failure of SVs. Therefore, in future work,
we plan to explore more reasonable and accurate coupling
methods for finite element model, and design accelerated life
tests for variable environments and loads.
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