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Abstract: The condition of electromagnetic relays is crucial to the safe and normal operation of
the high-speed train (HST). At present, there are no proper testing and assessment methods for
the condition of electromagnetic relays. Electromagnetic relays experience aging and failure over
their service time, which causes many potential security problems. To solve these problems, the
failure mechanisms of electromagnetic relays are analyzed. The Fick diffusion theory and the
Larson-Miller method are used to deduce the degradation models for contact resistance and closing
time. Based on these models, an approach to calculate relay life is proposed. To verify the effectiveness
of the proposed method, a test platform was designed and built. The accelerated life test was
carried out by using Siemens 3TH electromagnetic relays (3TH4244-OLF4, Siemens, Suzhou, China).
Contact resistance and closing time were measured using a test platform. The least squares fitting
was used to calculate the residual sum of squares and the unknown parameters in the degradation
models with the test data. The optimal degradation model was chosen according to the fitting results.
Relay life at four temperature stress levels was predicted by the optimal degradation model and
failure threshold of the relays. The result indicates that the life of the electromagnetic relays at
ambient temperature is 11,874 days and prediction error is about 5%, which provides important
guidance for the maintenance of electromagnetic relays.
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1. Introduction

The electromagnetic relay is an automatic switch with isolated function, which is widely used in
the high-speed train (HST). With the development of the HST, its safety and normal operation have
become very important. The electromagnetic relay is a crucial control element in electronic devices.
Relay failure endangers the safety of the HST, and even leads to accidents. Therefore, it is of great
significance to study the reliability assessment method for relays.

The reliability assessment method for relays includes the failure mechanism analysis,
the establishment and selection of the degradation model, and the accelerated life test. The purpose of
the failure mechanism analysis is to determine the characteristic parameters of the relay. The purpose
of the degradation model is to describe the changes of the characteristic parameters over time.
The accelerated life test is carried out to verify the effectiveness of the reliability assessment method.

Traditional failure mechanism analysis is based on observing the contact surface with the naked
eye, or using devices such as the optical microscope [1,2]. Using this method, the intuitive failure
information is obtained, but shucking the sealed relays is time-consuming, laborious, and sometimes
they are even inoperable. To address these problems, some scholars have made investigations into
the physical and chemical characteristics of the corrosion film between the contacts. The corrosion
film is caused by the diffusion of the contact region [3,4]. Most of these investigations have focused on
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the failure mechanism of the contacts. However, the time parameter is also important [5]. Therefore,
this paper analyzes the failure mechanism of the relay from two aspects: contact resistance and
closing time.

There has been much research on reliability assessment methods for aerospace relays in a storage
condition [6,7]. However, the research on relays in a storage condition is not in accordance with
the actual condition in the HST. The research on relays in a work condition is limited. In addition,
the degradation model is also proposed in the storage condition [8,9]. The analysis of the degradation
model is an independent incremental process using the linear mean [10,11]. However, because of the
impact of the contact material, structural parameters, environmental factors, and the complexity
of the failure mechanism, there is substantial difficulty in establishing a precise mathematical
model. Therefore, this paper deduces the degradation model for contact resistance and closing
time. The optimal degradation model is chosen by the residual sum of squares.

Since no or very few failures occur during the normal test, the relays are highly reliable over a
long time period. It is difficult to assess reliability using traditional life test methods in a short time
period [12,13]. For this reason, a low-cost test method that can be used in a short time period needs
to be studied. In recent years, the new method of the accelerated life test based on the degradation
parameter has been used widely. This test method has the advantage of shortening the test time, and
obtains more information than the traditional accelerated life test [14,15]. To date, the method has been
used in the areas of aerospace electronics, rolling bearings, and lithium batteries [16-18]. However,
there is only limited research on relays used in the HST.

The sections of this paper are organized as follows: The failure mechanism is analyzed in Section 2.
A reliability assessment method is proposed in Section 3. The contact resistance degradation model
and the closing time degradation model are derived in Section 4. In Section 5, verification of the
effectiveness of the proposed method is discussed, with a test platform designed and built to measure
contact resistance and closing time using the accelerated life test method. In Section 6, the optimal
degradation model is chosen according to the fitting results. Relay life at four temperature stress levels
is predicted using the optimal degradation model and failure threshold. Finally, relay life at ambient
temperature is calculated, according to the above life characteristics and the Arrhenius model.

2. Failure Mechanism

2.1. Common Failure Mechanisms

Failure mechanism analysis is an important part of the reliability assessment. Electromagnetic
relays work in a variety of environments, differing in factors such as temperature, humidity,
and vibration. Temperature influences the parameter variation of relays, and leads to increasing
contact resistance. Moisture accelerates the oxidation of surface material, and leads to corrosion of the
contacts. In addition, mechanical vibration can cause the device to loosen. Taking into account these
various factors, we cannot directly establish the degradation model. Therefore, the principle of the
controlled variable method is used to carry out reliability research on the relays. The mechanism and
manifestation of failures of electromagnetic relays are shown in Table 1 [19].

Table 1. Mechanism and manifestation of failures of electromagnetic relays under single environmental stressors.

Stress Type Failure Mechanism Failure Manifestation
Temperature Oxidation, heat-aging Contact resistance increase
Moisture Adsorption, infiltration Accelerated corrosion

Vibration Loosening, abrasion Mechanical damage

Other Atmospheric corrosion Contact resistance increase
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2.2. Failure Mechanism Analysis

The contact system is the core of an electromagnetic relay. The contact and spring are important
components of the contact system shown in Figure 1. Contact failures of relays manifest mainly as
changes in the electrical parameter and time parameter. Therefore, the failure mechanism of relays is
analyzed from these two characteristic parameters.

Armature Spring

Coil

Figure 1. The components of the relay.

The oxidative corrosion of the surface material is one of the critical factors that influences electrical
reliability. When the relay is disconnected, an arc is generated and energy is lost. Because the relays
work in complex environments, their contact surfaces develop a corrosive film. The corrosive film
causes reduction of the electrical contact area and changes the contact resistance. When the whole
contact surface is covered by the corrosive film, conductivity decreases, and may even cause a serious
contact failure. The growth rate of the corrosion film is related to the ambient temperature of the
contact surface [20]. High temperatures accelerate the growth rate of the corrosion film. The growth
rate of the corrosion film directly affects the rate of change in contact resistance. Finally, the corrosion
film leads to the increase of contact resistance. Thus, the change in contact resistance caused by the
corrosion film is an important failure mechanism for the contact failures of electromagnetic relays.

In addition, the time parameter is also important. The electromagnetic relay works under the
resultant force of the magnetic force and reaction force. According to Faraday’s law, the electric coil
sets up the magnetic field. The magnetic field produces the force for the armature. The coil current is
essentially constant, so the magnetic force remains unchanged [21]. It can be assumed that relay failure
is not caused by the magnetic force. The reaction force is provided by the spring. It is necessary to
overcome the reaction force of the spring in the relay’s closing process. As a spring element, the spring
shows stress relaxation after long-term use. The spring stress relaxation is the conversion process of
the material from taking elastic strain to plastic strain. As a result, the reaction force of the spring
decreases, while the magnetic force is almost the same. The resulting combined force of the magnetic
force and reaction force becomes larger, leading to a reduction in closing time. Therefore, the change in
closing time as caused by the stress relaxation of the spring is another important failure mechanism of
electromagnetic relays.

3. Degradation Model

The degradation model is used to describe the change in characteristic parameters over time.
The selection of the optimal degradation model is key in this paper. This section deduces the
degradation models for the contact resistance and closing time of relays. Some common models
are taken as the alternatives for the optimal degradation model. The optimal degradation model is
selected from the degradation models, which provides a theoretical basis for the reliability assessment
of electromagnetic relays.
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3.1. Degradation Model of Contact Resistance

According to failure mechanism analysis, the corrosion film causes the contact performance
degradation of relays. According to the literature [22-25], the form of the corrosion film is mainly
related to the diffusion of the contact surface. The microcontact model of the metal contact is established.
The thickness of the corrosion film is negligible, so the three-dimensional Fick equation is converted
into the two-dimensional radial diffusion equation.

The distance of the corrosion film that infiltrates into the contact surface is

® =27, /Dyt 1)

where 7 is the erosion coefficient and ¢ is the material diffusion time.
The diffusion coefficient of the corrosion zone is

Df — DOE*QIJ/(RTW) (2)

where D) is the frequency factor, Q, is the activation energy, R is the gas constant, and T, is the Kelvin
temperature of the contact spot.
According to the Holm electrical contact theory:

uZ

T2 — To? = i

®)

where T is the environment temperature, U is the contact voltage drop, and L is the Lorentz constant.
Substituting Equation (2) into Equation (1):

® = 2v\/Doe—a/ (RTm) ¢ 4)

According to the literature [26], the activation energy Q, can change into the effective activation
energy Q, — Ja®. Therefore, the transformation of Equation (4) is:

b = 2"}/\/D067(Qﬂ7]“3)/(RTm)t (5)

where | is the contact stress and « is the atomic size of the surface.
According to the Holm electrical contact theory, the contact resistance at time ¢ is

R = ;2 = £12 (6)
a;(t) :

HMS

where p; » denotes average conductivity, 4; is the diameter of the conductive spot, n is the number of
conductive spots, and A; is the average diameter of the conductive spot at time .
The contact resistance at time zero is

_ P1,2 _ P12
Rp = N 7)
a;(t =0)

»—lMS

where A is the average diameter of the conductive spot at time zero.
The relationship of Ap and Ay is
Ap = Ap —2® 8)
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Equation (5) is transformed into Equation (8):

At = AO — 4’)’\/D08_(Qﬂ_]“3)/(RTm)t (9)
Based on the above equations, the degradation model of contact resistance is

Re Ao _ Ao
Ko A Ao — 4')’\/D0e—(Qn—]vc3)/(RTm)t

(10)

where R; is the contact resistance at time ¢, R is the contact resistance at time zero, A is the average
diameter of the conductive spot at time zero, and A; is the average diameter of the conductive spot at
time ¢. )

We define 11%) as Yand 47A, 1D07 as ¢. Equation (10) is transformed into Equation (11):

Y = 1 — e (Qu /) /2RTuy} (11)

where Y is the ratio of the contact resistance and ¢ is the coefficient to be determined.
Combined with the data of the contact resistance in the Section 6, the least squares fitting was
used to calculate the unknown parameters.

3.2. Degradation Model of Closing Time

The degradation model of closing time is derived by the Larson-Miller analysis method.
Larson and Miller set up an empirical equation for the analysis of stress relaxation. The Larson-Miller
parameter 6 is

6 =T(Int+C) x 1073 (12)

where T is the Kelvin temperature, ¢ is the test time, and C is a constant related to the steel material
(C=20).

The Larson-Miller analysis method is used to describe the stress relaxation of the spring.
A F, is the remaining percentage of the reaction force:

AF, = =X =60 =T(nt+20) x 1073 (13)

where F, is the reaction force of the spring at time x and F is the reaction force of the spring at
time zero.

Based on this associated relationship, the ratio of the closing time is

Ty Fy
AT, = 2 =g 1} 14
=g =apt (14)

where ATy is the ratio of the closing time at time x and zero, T is the closing time at time x, and T is
the closing time at time zero.

Equation (13) is substituted into Equation (14). The degradation model of the closing time is

T
ATy = ?" =aT(Int+20)+b (15)
0
where a and b are the coefficients to be determined.
In combination with the data of closing time in Section 6, the least squares fitting was used to
calculate the unknown parameters.
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3.3. Common Model

The characteristic parameters change with time, according to Equations (10) and (15). Only the
rate and trajectory of the degradation are different. The degradation model is the main factor affecting
prediction accuracy. Thus, we must determine the form of the degradation model, and then calculate
the unknown parameters. To compare the pros and cons of the degradation models, the common
models are taken as the alternatives for the optimal degradation model.

(1) Linear function:

G=ay+ayt (16)
(2) Parabolic function:
G=a+at+ ﬂ3t2 (17)
(3) Exponential function:
G = a;e™! (18)
(4) Power function:
G = at"™ (19)
(5) Logarithmic function:
G=a;+aylnt (20)

In combination with the data in Section 6, the least squares fitting was used to calculate the
unknown parameters and the residual sum of squares. The residual sum of squares was used to select
the optimal degradation model from the proposed models. The smaller the residual sum of squares,
the closer the fitting curve fits the actual data. Sixteen residual sums of squares were selected to reflect
the approximation degree between the fitting curve and the actual data. The model with the smallest
residual sum of squares was chosen as the optimal degradation model.

4. Reliability Life Test

4.1. Reliability Assessment Method

The contact and spring are essential components of the contact system. A reliability assessment
method is proposed for adaptation to the relays used in the HST, as shown in Figure 2. Firstly, the
Fick diffusion theory [27] and the Larson—-Miller method [28] are used to deduce the degradation
models of contact resistance and closing time. In addition, several common models are selected as
candidates for the optimal degradation model. Closing time and contact resistance were measured
on the test platform. The unknown parameters of the degradation models were calculated by the
least squares fitting in MATLAB (R2010a, MathWorks, Natick, MA, USA). To compare the degradation
models, 16 residual sums of squares were calculated. The optimal degradation model was chosen
by having the smallest residual sum of squares. Combined with the failure threshold of the relays,
relay life at four temperature stress levels was predicted by the optimal degradation model. Finally,
relay life at ambient temperature was calculated according to the above life characteristics and the
Arrhenius model.
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Degradation Model
Fick Contact
Diffusion resistance
model
Common Models
arson- Closing
Miller time
etho model
Common Models |

v v

Least Squares Fitting T Sum of Squared Residual

The Optimal Model of Contact Resistance and Closing Time

L]

The Life of Relay

Figure 2. The reliability assessment method.

4.2. Test Platform

To provide data supporting the selection of the optimal degradation model and assess the
reliability of relays with the optimal degradation model, a test platform was designed and built.
The accelerated life test was carried out using Siemens 3TH relays. Without changing the failure
mechanism of the relays, the degradation rate of the relays was accelerated using a temperature
chamber to make the relays degrade or even fail in a short time period, in order to obtain more life
information. The test platform structure is shown in Figure 3.

Tested Relay
MOS Relay Condition
Control Relay Feedback Circuit

A
PC6407 Board PCI8326A Board PCI8326A Board
Switch Output Digital Output Digital Input
A
Industrial

Computer

A

vy ¥

Adjustable Resistance
Power Supply Tester

Figure 3. Test platform structure.
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The test platform includes an industrial computer (IPC-610L, Advantech, Beijing, China),
resistance tester (TH2516, TongHui, Changzhou, China), adjustable power supply (APS24, DiPai,
Hangzhou, China), oscilloscope (3000, Tektronix, Shanghai, China), high temperature chamber
(GDWX-150-880-40, AODEMA, Shenzhen, China), hardware circuit (PCI8326A, ZTIC, Beijing, China),
and LabVIEW Software (2012 SP1, National Instruments, Austin, TX, USA). The test platform is shown
in Figure 4.

Temperature

Test Chamber
Software

Interface

%
Resistance
]

Tester

Tested
relay

| Adjustable
power

Industrial
computer

A
Figure 4. Test platform.

4.3. Stress Analysis

Temperature is the stressor in the accelerated life test. To accelerate the failure rate of the relays,
it was necessary to determine the temperature stress levels. In order to satisfy the requirements of
the data analysis, four temperature stress levels were chosen. Contact resistance and closing time
were measured on the test platform. The Arrhenius model was selected as the acceleration model
for the life test. Based on this model, the temperature was increased to obtain more life information.
Thus, the minimum temperature stress was set to 60 °C. Taking into account the limit of the relay
material (T < 125 °C), the maximum temperature stress was set to 125 °C.

The middle temperature stresses were calculated using Equation (21):

1 1 1 1 1 1
A_Tl PR e A TL/<L 1) (21)
where A is the temperature stress reciprocal interval, L is the number of stress level, T; is the minimum
Kelvin temperature stress level, and T is the maximum Kelvin temperature stress level.
The middle temperatures were 79.5 °C and 102.5 °C. Thus, the 16 relays were divided into four
groups to carry out the accelerated life test at the four temperature stress levels. Contact resistance and
closing time were measured every 24 h until the relay had cooled to the ambient temperature.
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4.4. Methods for Test Systems

4.4.1. Test Method of Contact Resistance

The contact resistance test is shown in Figure 5. The relays P_K2 and C_K1 were to be closed.
The adjustable DC was 110 V. When the MOS tube was conducted, the relay coil was energized.
The relays C_K2 and C_K3 were to be closed. The contact resistance had been measured using the
resistance tester. The operations were repeated 10 times to determine average contact resistance.

110V Switching P‘K_l
Power Supply
110V
GND2

RS232

Adjustable DC
Power Supply

illOV
GND

1

MOS
Drive Circuit

C.K3 i i C_K4

DGND
110V
oND1Y

110V
GND2 = DGND

Figure 5. Test method of contact resistance.

4.4.2. Closing Time Test Method

When conducting closing time tests, a set of open contacts was selected. The contacts connected
the 5 () resistor to the 5 V DC source. The closing time test is shown in Figure 6.

P_K1

110V Switching
Power Suppl:

N 110V
GND2

contact circuit

Adjustable
Power Supply

L

P_K2
CH2 Channel C_K1 C_K2
110V 3

GND1

T_K1 T K1 T K1

Oscilloscope
CK1 Qsv
'H1 Channel | I— C K3 C_K4
— - -

MOS e~ MOS1
Drive Circuit |———

DGND

110V
GNDlv

110V

GND2 = DGND

Figure 6. Test method of closing time.
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The waveforms of the coil current and the contact voltage were measured using the oscilloscope.
The CH1 connected to the differential voltage probe recorded the contact voltage. The oscilloscope was
set to the falling edge of the single trigger. The trigger voltage was 4 V. When the relay was operating,
the contact voltage dropped from 5 V to 0.3 V, as shown by the blue lines in Figure 7. The CH2
connected to the current probe recorded the coil current. The coil current began to grow exponentially,
as shown by the green curve in Figure 7. The closing times were measured by adjusting the cursor on
the oscilloscope. Finally, the operations were repeated 10 times to determine the average closing time.

Te i—
2 0 . . :
g © 0.000s 5.600 V
® 36.91ms 5.120 v
: : : A36.91ms A480.0mV
L yContact Voltage 5V ... o o
. K I )
/Coil Current
= ) .

@ 200V 2 20.0mA ) 40.0ms 2.5M/S [ Y
M 4.00V

Figure 7. The waveforms of coil current and contact voltage measured using the oscilloscope.

5. Life Prediction of Electromagnetic Relay
5.1. Test Result of Characteristic Parameter

5.1.1. Test Result of Contact Resistance

We collected the values of contact resistance at four temperature stress levels (125 °C, 102.5 °C,
79.5 °C, and 60 °C). The values of contact resistance are shown in Figure 8.

1 ! T T T T T T T = 1255C
58 i 3 i " 5 g N g —<—102.5C
oo LN | T 795
S 4 g : g ¥ ¥ . . —6— 60°C
= 5 5 : : " : i ; 3 5 3
= 08 |-
@
i 7 LN, S o I r R TR BN i
O] . - A - H ¢ L
'z-é : . : . : : X . . . d r
5 0.6 [Fr-vierrteente e\t s AT
© 05 [roie il el e g
B~

0.4 1 3 1 1 H H H i H 1 3

0 24 48 72 96 120 144 168 192 216 240 264 288
Time/h

Figure 8. The test values of contact resistance.
The ratio Ry/R; decreases over time, which means that the contact resistance increases.

Thus, the increase in temperature will aggravate growth of the corrosion film, and lead to the increase
of contact resistance.
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5.1.2. Test Result of Closing Time

We collected the values of the closing time at four temperature stress levels (125 °C, 102.5 °C,
79.5 °C, and 60 °C). The values of the closing times are shown in Figure 9.

1 (o T T T T T
? : : : : i : : —<—1025TC
098 F\:- - 2Ng - T [ ——795C
=} . o
= DOOONUD D N— —o— 60C
B 096 [\ NG T T L
S : : : : ] - : : : ] :
= . : y s ; : : : : . :
2094 b\l T TS A S, S|
2 § . X . . . . : . . .
Rl s W o -
= 3 i 3 : ; : ; i i i :
E 0.90 R RNy T S R L
‘g A : ; : : : : A . 4 ;
[-¥ 0.88 ..... ..... . :._
° : : : : : : : ; : g
A~ . . . . . . . . i . i
0.86 i i i i H i i i i i i

0 24 48 72 96 120 144 168 192 216 240 264 288
Time/h

Figure 9. The test values of closing time.

The relay closing time decreases gradually over time. Thus, the stress relaxation will influence the
reaction force of the spring, and lead to the reduction of closing time.

5.2. Fitting Result

Closing time is approximately 40 ms and contact resistance is approximately 0.2 (). According to
the Siemens technical manual for the relays, the failure thresholds for contact resistance and closing
time are as follows:

(1) The contact resistance is more than doubled, which is ﬁ—(’) > 2, when the relay has failed.
(2) The closing time is less than 0.85, which is % < 0.85, when the relay has failed.

In order to compare the degradation models, the least squares fitting was used to calculate
16 residual sums of squares from the test data. The model with the smallest residual sum of squares

was taken as the optimal degradation model for contact resistance. The residual sums of squares are
shown in Table 2.

Table 2. The residual sums of squares.

Relay Contact Linear Parabolic Exponential Power Logarithmic

Number Resistance Model Function Function Function Function Function
1 0.1228 0.1103 0.1098 0.1102 0.1081 0.1082
2 0.2743 0.1356 0.1356 0.1365 0.1810 0.1689
3 0.0719 0.0818 0.0683 0.0789 0.0575 0.0596
4 0.5181 0.3802 0.3373 0.3683 0.2657 0.2407
5 0.0260 0.0408 0.0163 0.0365 0.0065 0.0041
6 0.2051 0.2321 0.0783 0.3776 0.4118 0.2236
7 0.00388 0.00095 0.00077 0.00102 0.00853 0.008385
8 0.00156 0.00133 0.00133 0.00133 0.00254 0.00252
9 0.0245 0.0336 0.0176 0.0311 0.0044 0.0030
10 0.00914 0.00557 0.0049 0.005332 0.02264 0.02187
11 0.0086 0.00212 0.000849 0.002293 0.01461 0.01443
12 0.0123 0.01133 0.01113 0.01133 0.01097 0.01097
13 0.0148 0.0249 0.0092 0.0228 0.0047 0.0033
14 0.0735 0.1052 0.0736 0.4368 0.2578 0.0496
15 0.26719 0.2811 0.3526 0.1739 0.2505 0.0721
16 0.1856 0.2369 0.5546 0.0896 0.2554 0.1069

SUM 1.81927 1.6838 1.772179 1.883505 1.86269 1.098175
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The smaller the 16 residual sums of squares, the better the degenerate model. According to Table 2,
the model with the smallest residual sum of squares is the logarithmic function. Thus, the logarithmic
function was chosen as the optimal degradation model. Combined with the failure threshold of contact
resistance, life was predicted using the logarithmic function as shown in Table 3.

Table 3. Contact resistance degradation model and life prediction for different temperature stresses.

Temperature Degradation Model Failure Threshold Life Prediction
125°C G = Ro/R¢ =0.9334 — 0.0618In ¢ Ro/Rt <05 46
1025 °C G = Ro/R; =0.9745 — 0.0593 In t Ro/R; <05 124
79.5°C G = Rg/R; =0.9876 — 0.05417 In t Ro/R; <05 338
60 °C G = Ry/R; = 0.9937 — 0.04987 In t Ro/R; £0.5 830

Similarly, the residual sums of squares are shown in Table 4. The model with the smallest residual
sum of squares was taken as the optimal degradation model of closing time.

Table 4. The residual sums of squares.

Relay Closing Linear Parabolic Exponential Power Logarithmic
Number Time Model Function Function Function Function Function

1 0.0106 0.0103 0.0063 0.0102 0.0108 0.0106
2 0.0071 0.0028 0.0026 0.0028 0.0072 0.0071
3 0.0032 0.0029 0.0024 0.0029 0.0033 0.0032
4 0.0042 0.0013 0.0011 0.0013 0.0043 0.0042
5 0.00033 0.0038 0.0025 0.0037 0.000346 0.00033
6 0.0035 0.0058 0.0039 0.0055 0.0074 0.0035
7 0.0056 0.0072 0.0049 0.0037 0.0066 0.0056
8 0.0033 0.0208 0.0325 0.0213 0.0095 0.0033
9 0.0025 0.0015 0.0002 0.0014 0.0026 0.0025
10 0.0021 0.0002 0.0002 0.00023 0.002146 0.0021
11 0.0024 0.0008 0.0008 0.00075 0.00238 0.00235
12 0.0011 0.0009 0.0009 0.00086 0.0011 0.0011
13 0.0018 0.0001 0.0009 0.00011 0.0018 0.0088
14 0.0095 0.0127 0.0296 0.0253 0.0377 0.0095
15 0.0078 0.0093 0.0059 0.0103 0.0145 0.0078
16 0.0069 0.0117 0.0031 0.0136 0.0038 0.0099

SUM 0.071881 0.09206 0.0969 0.10394 0.115472 0.08188

As shown in Table 4, the model with the smallest residual sum of squares is the closing time
model. Therefore, the closing time model is chosen as the optimal degradation model. Combined with
the failure threshold of closing time, the life of the electromagnetic relay is predicted using the closing
time model as shown in Table 5.

Table 5. Degradation model and predicted life of closing time at different temperatures.

Temperature Degradation Model Failure Threshold Life Prediction
125°C G = Ty/Tp = —0.0174(20 + Int) + 1.3251 Ty/Ty <0.85 62
102.5°C G = Ty/Ty = —0.01989(20 + In t) 4 1.4137 Ty/Ty <0.85 174
79.5°C G = Ty/Tp = —0.0228(20 + Int) + 1.5074 Ty/Ty < 0.85 286
60 °C G = Ty/Tp = —0.0234(20 + Int) + 1.5693 Ty/Ty <0.85 902

When comparing physical models to mathematical models, the least squares fitting is used to
calculate the residual sum of squares and unknown parameters from the test data. The optimal
degradation model is chosen according to the smallest residual sum of squares. The smaller the
residual sum of squares, the closer the fitting curve fits the actual data. Therefore, relay life was
predicted using the mathematical model. Relay life at 125 °C was 46 days (1104 h), relay life at 102.5 °C
was 124 days (2976 h), relay life at 79.5 °C was 286 days (6864 h), and relay life at 60 °C was 830 days
(19,920 h).
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5.3. Reliability Assessment

The reliability of electromagnetic relays is very high at ambient temperatures, so it is difficult to
obtain enough data to predict relay life. In order to get more life information, the accelerated life test
was carried out. The Arrhenius model is .

¢ = Aekli (22)

where { denotes life under T; stress, T; is temperature in Kelvin, E is the activation energy, K is the
Boltzmann constant, and A is the coefficient.
Taking the logarithm on both sides of the equationa = In A,b = £:

1
Ini=a+b(=) (23)
T;
The life prediction values of four temperature stress levels were substituted into Equation (23).
The parameters a and b were calculated to obtain the relationship between the relay life and the
temperature stress level:
1
Ing = —9.5427 + 6586.65(T) (24)

1

Using Equation (24), the life prediction curve of the relays was obtained at each temperature
stress level, as shown in Figure 10.

According to the Siemens technical manual, the mechanical life of Siemens 3TH electromagnetic
relays is approximately 100 million cycles and the electrical life is approximately 10 million cycles.
During the daily operation of the HST, the electromagnetic relays in the electrical cabinet usually
operate at least eight times, from when the train leaves the station to after the process of running
back. Combined with the electrical life of 10 million cycles, the relay life is approximately 12,500 days.
As shown in Table 6, the life of the electromagnetic relays at ambient temperature is 11,874 days.
The prediction error of the reliability assessment method is approximately 5%. Therefore, it is verified
that the proposed reliability assessment method for electromagnetic relays is correct and effective.

12000 . . . Y
(298K 11874 days) - Life prediction curve|
11000 - - - - * 398K (125 C)
10000 +t- - - - u 376K (1025 C)
o VS e N I ikt
@ : . . v
> A (303K 8245 days). .-
_g 8000 +---- Y * 308K (25 °C)
2 7000 : : . : . A 303K (30 C)
> 6000 ® 298K (35%)
25000 ..... -
4000 F-- - - ..... P
00 [\
2000 N\ b ]
i H i i i i i

280 300 320 340 360 380 400 420 440 460 480 500
Temperature stress (K)

Figure 10. The life prediction curve of the relay at each temperature stress level.
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Table 6. Prediction of relay life at ambient temperature.

Temperature Stress Life Prediction
25°C 11,874
30°C 8245
35°C 5793

6. Conclusions

In this paper, the failure mechanisms of electromagnetic relays were analyzed from two aspects:
contact resistance and closing time. The method analyzed the characteristics of relay life. A reliability
assessment method has been proposed. The contact resistance degradation model and the closing
time degradation model were derived to establish the mathematical model of relay life. To verify
the effectiveness of the proposed method, a test platform was designed and built to measure contact
resistance and closing time, using the accelerated life test method. The least squares fitting was used to
calculate the residual sum of squares and the unknown parameters in the degradation models from
the test data. The optimal degradation model was chosen according to the fitting results. The relay
life at four temperature stress levels was predicted using the optimal degradation model and failure
threshold of the relays. Finally, relay life at ambient temperature was calculated, according to the above
life characteristics and the Arrhenius model. The result indicates that the life of electromagnetic relays
at ambient temperature is 11,874 days and that the prediction error is approximately 5%. The reliability
assessment method provides important guidance for the maintenance of electromagnetic relays.
In addition, the method can save maintenance time, reduce maintenance costs, and can be easily
generalized to other types of HST.
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