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Abstract
As a critical component of the present day power system, a few studies have been conducted on the optimization and 
future prediction for quality reliability of relay protection devices during their production stage of intelligent testing. 
Therefore, in this study, a Markov model of multimodal hierarchical spatial states is proposed (1) to calculate the station-
ary probability and comprehensive availability of different spatial state transfers (2) to predict the quality reliability of 
the device during production intelligence testing and (3) to infer and calculated the integrated availability of the relay 
protection device for its future operation during testing. Statistical results from the theoretical findings of this study are 
highly relevant when compared to the actual operation of relay protection device systems. The correctness of the model 
calculation method proposed in this study is verified, which provides a feasible method for reliability assessment of relay 
protection device intelligence tests. In addition, it was also found that the failure rate of the device internal module CPU 
has a relatively large impact on the comprehensive availability. It is therefore recommended to focus on CPU module 
detection and timely replacement during the maintenance cycle of on-site operations and maintenance. Finally, the 
CPU module failure rate threshold for production intelligence testing was amended, which is a valuable indicator for the 
evolutionary optimization of quality problems in actual smart manufacturing and testing.

Article highlights

•	 A Markov model of multi-modal hierarchical spatial 
states is created.

•	 The analytical expression of comprehensive availabil-
ity for the reliability index of the prediction device is 
derived.

•	 The CPU module failure rate threshold for intelligent 
production testing is amended.

•	 A theoretical basis for determining the type of key 
modules to be employed in field service installations 
is provided.

•	 The rationality and accuracy of the prediction model 
are verified by comparing the actual working condi-
tions.
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1  Introduction

With the development of the “Independent and control-
lable new generation of intelligent substation secondary 
system” by State Grid Corporation of China [1], the intel-
ligent manufacturing level of relay protection devices 
is also being continuously improved, which plays a cru-
cial role in the quality and reliability of the production 
of intelligent tests. If the relay protection system once 
occurs the incorrect action, which easily triggers a series 
of abnormal operating conditions, it will not only bring 
out unpredictable losses for national economy, but also 
have a hazardous impact on our society [2–5].

At present, the Markov model [6], the Go model [7, 8] 
and the fault tree model [9] are used by numerous research-
ers to evaluate the reliability of relay protection devices. 
Due to the large number of relay protection devices in the 
test process of production and on-site operation states, 
thus the Markov model is a relatively stronger predictor 
to analyze the reliability of relay protection devices. The 
reliability of relay protection has been evaluated by several 
researchers, however, the Markov model state space built is 
not fully enumerated or the state transfer relationship is too 
complex [10]. Spatial state models of relay protection have 
been constructed to carry out calculations of protection 
system reliability indicators, however, without considering 
economic losses [11]. Although the relationship between 
reliability and economic indicators of relay protection 
devices has been studied, as well as the optimal mainte-
nance cycle proposed; however, there is no specific analy-
sis of the impact factor [12, 13], or a method for the state 
overhaul of relay protection systems with the failure rate 
of a component produced as an impact factor has been 
proposed, with insufficient generalization power [14, 15].

Therefore, in this study, on the basis of the above-men-
tioned studies on the reliability assessment of relay protec-
tion device. In Sect. 1, the significance of the study on reli-
ability of relay protection device test quality is explained 
from the viewpoint of advanced digital whole machine 
intelligent test system; In Sect. 2, a Multi-Markov model of 
hierarchical multimode spatial state is developed to solve 
the transfer smooth probability and comprehensive avail-
ability in different spatial states; In Sect. 3, the accuracy of 
the model formulation is verified by combining arithmetic 
examples; In Sect. 4, the relationship between integrated 
availability and CPU failure rate is discussed, on which 
an actual improvement strategy is proposed. Finally, the 
main findings of this study are summarized to provide an 
effective method for assessing the quality and reliability 
of intelligent testing of relay protection devices under pro-
duction test systems.

2 � Reliability of intelligent test system 
for relay protection device

The quality and efficiency of in-plant testing is central 
to intelligent testing of relay protection devices. The 
improvement and prediction of quality problems in the 
testing process plays a crucial role in improving the reli-
ability of relay protection device [16].

During the production process, functional tests will 
be carried out on each electrical circuit of the board and 
device. Firstly, the intelligent board test system can auto-
matically collect a large number of quality detection data, 
and periodically calculate the failure rate of each board in 
the whole factory according to the test report uploaded 
by the test terminal, so as to provide data support for sub-
sequent reliability control and prediction. Secondly, the 
production tests for relay protection devices are complex, 
in order to improve the quality and reliability of the relay 
protection device intelligent test process, it is necessary (1) 
to improve the test method, (2) to comprehensively analy-
sis the flexible intelligent test mode and test condition of 
the information system combination, (3) to optimize the 
production test process, and (4) to dig deeper into the hid-
den multi-dimensional information by using the big data 
from production process. Thus, the process creates a digital, 
visual and flexible set of intelligent testing and commis-
sioning workshops for the whole machine [17, 18], which 
allows for an increase in the quality and reliability testing of 
the intelligent testing process for relay protection devices.

Figure  1 shows the whole process flowchart of the 
intelligent complete machine test of the relay protection 
device. The whole machine flexible intelligent test and 
commissioning workshop mainly includes three parts: 
(1) relay protection device intelligent assembly and initial 
inspection test system, (2) relay protection device intel-
ligent high temperature aging test system, and (3) relay 
protection device intelligent whole machine re-inspec-
tion test system. The whole process of intelligent whole 
machine testing is shown in Fig. 1.

Fig. 1   The whole process flowchart of the intelligent machine test 
of the relay protection device
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3 � Establishment of Multi‑Markov model 
for relay protection device

Due to the incomplete and repeated enumeration of the 
state space when evaluating the relay protection reliabil-
ity by the Markov state space method, a establishment 
of Multi-Markov model with the combination of the base 
layer and the upper layer is proposed.

3.1 � Establishment and calculation of the base layer 
Multi‑Markov model

The internal key modules of the relay protection device are 
established as the base layer space. Due to the large number 
of internal modules of the device, four key modules are selected 
for quality reliability prediction, BI, BO, CPU and PWR. There 
are some hidden fault defects in the intelligent testing of the 
device. Assuming a fault rate (probability of failure of equip-
ment or system in unit time after time t) of�a,�b,�c , �d in CPU, BI, 
BO, PWR, a self-detection rate (failure probability that are unable 
to be tested out) of�a,�b,�c,,�d , a testable detection rate (failure 
probability that are able to be tested out) of�e,�f,�g,�h , and a 
probability of internal component failure being tested out ofca
,cb,cc,cd . Therefore, there are nine main possible states in which 
the relay protection device may exist as shown in Table 1.

The internal modules of the device have uncertain 
states during testing and the transition rate between 
states is random, thus the internal state space of the 
device is shown in Fig. 2.

The transition matrix within the device is calculated 
from Markov’s spatial state matrix as shown in Eq. (1):

(1)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 −W (1 − ca)�a �a (1 − cb)�b �b (1 − cc)�c3 �c (1 − cd)�d �d
�a 1 − �a 0 0 0 0 0 0 0

�b 0 1 − �b 0 0 0 0 0 0

�c 0 0 1 − �c 0 0 0 0 0

�d 0 0 0 1 − �d 0 0 0 0

�e 0 0 0 0 1 − �e 0 0 0

�f 0 0 0 0 0 1 − �f 0 0

�g 0 0 0 0 0 0 1 − �g 0

�h 0 0 0 0 0 0 0 1 − �f

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

where, W is calculated as follows:

P is the state transition density matrix of the system 
within the device, then the probability P(n) at 9 states is 
calculated as follows:

The transition matrix A is therefore shown in Eq. (4):

(2)W = 2 ∗

4∑
i=1

�i −

4∑
i=1

ci�i

(3)P(n) =
[
P0, P1, P2, P3, P4, P5, P6, P7, P8

]

Fig. 2   9 state space diagrams of the internal modules of the device
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According to the Markov state space method, the sta-
tionary state probability P(n) and the transition matrix A 
are calculated as follow:

Substituting Eq.  (5) into Eq.  (1) in combination with 
Eq. (4), and calculating the equation system, the result is 
calculated as shown in Eq. (6):

(4)A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−W (1 − ca)�a �a (1 − cb)�b �b (1 − cc)�c3 �c (1 − cd)�d �d
�a −�a 0 0 0 0 0 0 0

�b 0 −�b 0 0 0 0 0 0

�c 0 0 −�c 0 0 0 0 0

�d 0 0 0 −�d 0 0 0 0

�e 0 0 0 0 −�e 0 0 0

�f 0 0 0 0 0 −�f 0 0

�g 0 0 0 0 0 0 −�g 0

�h 0 0 0 0 0 0 0 −�h

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(5)
[
P0, P1, P2, P3, P4, P5, P6, P7, P8

]
∗ A = 0 where, P0 becomes the key indicator of the quality reliabil-

ity prediction of system within relay protection device, 
namely availability(the probability that the equipment or 
system is still in normal operation at time t under the initial 
normal operation condition), which is the probability of 

(6)

P0 =
1

1 +
(1−ca)�a

�a

+
�a

�b

+
(1−cb)�b

�c

+
�b

�d

+
(1−cc)�c

�e

+
�c

�f

+
(1−cd)�d

�g

+
�d

�h

Table 1   Nine main possible 
states of the base layer Multi-
Markov model

State Definition

State 0 All 4 modules work normally
State 1 The CPU has a fault that cannot be tested, and the rest of the modules are normal
State 2 The CPU has a fault that can be tested, and the rest of the modules are normal
State 3 BI has a fault that cannot be tested, and the rest of the modules are normal
State 4 BI has a fault that can be tested, and the rest of the modules are normal
State 5 BO has a fault that cannot be tested, and the rest The module is normal
State 6 The BO has a fault that can be tested, and the rest of the modules are normal
State 7 The PWR has a fault that cannot be tested, and the rest of the modules are normal
State 8 The PWR has a fault that can be tested, the rest of the modules are normal

Table 2   Seven main possible states of the device in the 3 systems

State Definition

State 0 The relay protection device has passed all the tests in the three test systems
State 1 Fault occurs when and only when passing the intelligent assembly and initial test system: the relay protection device cannot be 

detected
State 2 In the intelligent assembly and initial test system, the relay protection device has a fault that can be tested, and the rest of the test 

systems pass the test
State 3 In the intelligent high temperature aging test system, the relay protection device has a fault that cannot be tested, and the test 

passes in the rest of the test systems
State 4 In the intelligent high temperature aging test system, the relay protection device has a fault that can be tested, and the other test 

systems pass the normal test
State 5 In the whole machine intelligent re-inspection test system, the relay protection device has a fault that cannot be tested, the tests 

pass normally in the rest of the test systems
State 6 In the whole machine intelligent re-inspection test system, the relay protection device has a fault that can be tested, and the tests 

pass normally in the rest of the test systems

RETRACTED A
RTIC

LE



Vol.:(0123456789)

SN Applied Sciences            (2023) 5:86  | https://doi.org/10.1007/s42452-023-05309-8	 Research Article

the stationary P0 = A . In addition, Pi =
�i−1

�i

P0 ( i is an even 

number); Pi =
(1−ci−1)�i

�i

P0 ( i is an odd number).

3.2 � Establishment and calculation of the upper 
layer Multi‑Markov model

The upper layer of spatial state is the division of the spa-
tial state of the whole flexible intelligent test system. In 
the three independent systems of the intelligent assem-
bly and initial inspection test system, the intelligent high 
temperature aging test system, and the whole intelligent 
re-inspection test system, the relay protection device as a 
whole presents a test failure rate of ��

a
 , �

�

b
 , ��

c
 , a self-test rate 

that is unable to be tested of ��

a
 , �

�

b
 , ��

c
 , the self-test rate 

that is able to be tested of �
�

d
 , ��

e
 , �

�

f
 , and the probability of 

the relay protection device as a whole failing completely in 
the test being tested is c�

a
 , c

�

b
 , c�

c
 . The main possible states of 

the device in the 3 systems are mainly as shown in Table 2.
The relay protection device as a group is uncertain 

during testing and the transition rate between states is 
random, thus the state space of the device in the test 
system is shown in Fig. 3.

The transition matrix of the tested state for the relay 
protection device is shown as follows:

(7)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 −W (1 − c
�

a
)�

�

a
�

�

a
(1 − c

�

b
)�

�

b
�

�

b
(1 − c

�

c
)�

�

c
�

�

c

�
�

a
1 − �

�

a
0 0 0 0 0

�
�

b
0 1 − �

�

b
0 0 0 0

�
�

c
0 0 1 − �

�

c
0 0 0

�
�

d
0 0 0 1 − �

�

d
0 0

�
�

e
0 0 0 0 1 − �

�

e
0

�
�

f
0 0 0 0 0 1 − �

�

f

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

where, W is calculated as follows:

P
′ is the state transition density matrix of the device 

as a whole in the test system, then the probability P′ is 
calculated as follows:

Thus, the transition matrix A′ is shown in Eq. (10):

According to the Markov state space method, the sta-
tionary state probability P�

(n) and the transition matrix 
A

′ are calculated as follow:

Substituting Eq. (11) into Eq. (7) in combination with 
Eq. (10), and calculating the equation system, the result 
is calculated as shown in Eq. (12):

(8)W = 2 ∗

3∑
i=1

�
�

i
−

3∑
i=a

c
�

i
�

�

i

(9)P�(n) =
[
P

�

0
, P

�

1
, P

�

2
, P

�

3
, P

�

4
, P

�

5
, P

�

6

]

(10)

A
�

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

−W
�
1 − c

�

a

�
�

�

a
�

�

a

�
1 − c

�

b

�
�

�

b
�

�

b

�
1 − c

�

c

�
�

�

c
�

�

c

�
�

a
−�

�

a
0 0 0 0 0

�
�

b
0 −�

�

b
0 0 0 0

�
�

c
0 0 −�

�

c
0 0 0

�
�

d
0 0 0 −�

�

d
0 0

�
�

e
0 0 0 0 −�

�

e
0

�
�

f
0 0 0 0 0 −�

�

f

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

(11)
[
P

�

0
, P

�

1
, P

�

2
, P

�

3
, P

�

4
, P

�

5
, P

�

6

]
∗ A = 0

Fig. 3   State space diagram of device test in three test systems

Table 3   Calculation parameters of PCS-9XX high voltage series 
relay protection device

Module Failure rate
%

Self-test rate
%

Component 
failure rate
%

CPU 0.2 12.5 99.5
PWR 0. 37 12.6 99.4
BI 0. 28 13 99.5
BO 0.01 12.9 99.6

Table 4   Calculation parameters of PCS-96XX low-voltage series 
relay protection device

Module Failure rate
%

Self-test rate
%

Component 
failure rate
%

CPU 0. 23 12.7 99.5
PWR 0.29 12.8 99.3
BI 0.16 12.8 99.8
BO 0.08 13.1 99.5
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where, P
′

0
 becomes the key indicator of the quality reliabil-

ity prediction of the relay protection device as a whole in 
the test system, namely availability, which is the steady 

state probability (State0, P
�

0
= A

� ). In addition, P
�

i
=

�
�

i−1

�
�

i

P
�

0
  

( i is an even number), P
�

i
=

(1−c
�

i
)�

�

i

�
�

i

P
�

0
 ( i is an odd 

number).
The stationary state probability based on the spatial 

state of the base layer mainly depends on the state of 
key modules inside the relay protection device; and the 
stationary state probability of the spatial state of the 
upper layer mainly depends on the test state in the three 
major test systems of the device. The quality and reliabil-
ity of relay protection device products are more stable 
only if the internal module test passes and the device 
passes the test without faults in the three major systems, 
a comprehensive multimodal-based availability of key 
R=P0P

′

0
 is proposed. As everyone knows, comprehensive 

availability is a key indicator employed to evaluate the 

(12)
P

�

0
=

1

1 +
(1−c�a)�

�

a

�
�

a

+
�
�

a

�
�

b

+

(
1−c

�

b

)
�
�

b

�
�

c

+
�
�

b

�
�

d

+
(1−c�c)�

�

c

�
�

e

+
�
�

c

�
�

f

reliability of relay protection devices. It indicates the 
long-term state probability of the device being in normal 
operation and can be used to assess the reliability level 
of the relay protection device during field operation [19].

4 � Case analysis

4.1 � Calculation and analysis of Multi‑Markov 
models

Commercial products PCS-9XX high-voltage series relay 
protection device and PCS-96XX low-voltage series relay 
protection device are employed as an example in this 
study to establish a state space based on the state of the 
key modules within the relay protection device, determine 
the spatial states of three entire flexible intelligent test sys-
tems, and make reliability predictions and analyses based 
on the relationships between them. With reference to the 
analysis of real-time data from intelligent manufacturing 
production in recent years, the failure rates �a , �b , �c , �d of 
the key modules CPU, BI, BO, PWR of the PCS-9XX high-
voltage series relay protection device, the self-detection 
rates that cannot be tested out are �a , �b , �c , �d , and the 
probability of internal component failure being tested out 
are ca , cb , cc , cd , as shown in Table 3 and Table 4.

Applying the above data into Eq. (6) to obtain the sta-
tionary probability for each state in the base layer Markov 
spatial state of PCS-9XX high-voltage series relay protec-
tion device and PCS-96XX low-voltage series relay protec-
tion device, as shown in Table 5 and Table 6.

The calculation gives 99.978% availability of PCS-9XX 
high-voltage series relay protection device internal sys-
tem and 99.943% availability of PCS-96XX low-voltage 

Table 5   Stable probability of each module state of PCS-9XX high-voltage series relay protection device

State 0 1 2 3 4 5 6 7 8

probability 99.9095% 0.0040% 0.0040% 0.0075% 0.0008% 0.0007% 0.0004% 0.0087% 0.0040%

Table 6   Stable probability of each module state of PCS-96XX low-voltage series relay protection device

State 0 1 2 3 4 5 6 7 8

Probability 99.9097% 0.0046% 0.0043% 0.0077% 0.0012% 0.0013% 0.0003% 0.0087% 0.0045%

Table 7   Comprehensive 
availability evaluation of relay 
protection device system with 
two-layer state space

Serial number Product Comprehensive avail-
ability

Average availability

1 PCS-9XX high voltage series 99.94% 99.89%
2 PCS-96XX low voltage series 99.84%

Table 8   System protection availability statistics of State Grid Corpo-
ration (2016–2017)

220 kV line 
protection
%

Bus protection
%

Main trans-
former protec-
tion
%

Average 
availability
%

2016 99.985 99.463 99.794 99.788
2017 99.974 99.726% 99.783
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series relay protection device internal system. Similarly, 
coupled with the three intelligent assembly and initial 
inspection test systems, the intelligent high temperature 
aging test system, and the intelligent re-inspection test 
system of the whole machine in recent years, the test 
failure rates are ��

a
 , �

�

b
 , and ��

c
 ; the self-test rates are ��

a
 , �

�

b
 , 

and ��

c
 ; the probability of the electrical protection device 

being completely failed during the test is c�

a
 , c

�

b
 , and c�

c
 . 

The data gives 99.965% availability of the PCS-9XX high-
voltage series relay protection device in the test system. 
The data gives 99.901% availability of the PCS-96XX low 
-voltage series relay protection device in the test sys-
tem. Thus, the comprehensive availability R (R = P0P

′

0
 ) of 

the relay protection device system is shown in Table 7. 
The comprehensive availability of PCS-9XX high-voltage 
series and PCS-96XX low-voltage series devices were 
99.943% and 99.844%, respectively, which compared 
with the average availability statistics of the State Grid 
Corporation in 2016–2017 in Table 8 [20], the average 
availability (99.788%) was in good agreement and veri-
fied the validity of the present model and calculation.

4.2 � Analysis of future availability forecasts for relay 
protection device

Based on the Multi-Markov model, the comprehensive 
availability R of the device is calculated for two-layer of 

state space. As the CPU main control board is the core of 
the entire relay protection device, it is necessary to ana-
lyze the extent to which the CPU failure rate affects the 
reliability of the device’s operational quality when the 
CPU self-detection rate and the measured rate of compo-
nent failure have essentially the same value. This section 
develops an accelerated life prediction for CPU failures 
to derive the relationship between comprehensive avail-
ability and CPU failure rate. By analyzing the failure rate 
of CPU board returned from engineering maintenance in 
recent years, the failure rate for each year is assumed to 
be a variable which is 1.01 times larger than that in the 
previous year. The PCS-9XX high-voltage series and PCS-
96XX low-voltage series device fault probability data were 
progressively optimized into the model, and the second-
year comprehensive availability inference calculation was 
relaunched to reason about the comprehensive availability 
of relay protection devices in the next 10 years. The com-
prehensive availability of PCS-9XX high-voltage series and 
PCS-96XX low-voltage series relay protection devices for 
the next ten years were calculated respectively as shown 
in Table 9. The change in comprehensive availability and 
the average comprehensive availability [21, 22] (98.5%) 
are shown in Fig. 4. The comprehensive availability of PCS-
9XX high-voltage series and PCS-96XX low-voltage series 
devices after ten years is 99.016% and 98.866% respec-
tively, which is in line with the average comprehensive 

Table 9   Changes in the comprehensive availability of PCS-9XX high voltage series and PCS-96XX low voltage series in the next 10 years

Product Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10

PCS-9XX high voltage series 99.94%
3%

99.83
3%

99.83
4%

99.75
4%

99.64
4%

99.55
1%

99.47
1%

99.33
2%

99.11
1%

99.01
6%

PCS-96XX low voltage series 99.84
4%

99.73
5%

99.63
5%

99.54
2%

99.33
2%

99.33
0%

99.22
8%

99.11
2%

98.97
4%

98.86
6%

Fig. 4   10-year change in 
comprehensive availability and 
the average comprehensive 
availability [21, 22] of the relay 
protection device system
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availability (98.5%) of the relay protection device system 
during the maintenance cycle stage, indicating that the 
prediction results are reasonable. The comprehensive 
availability of the two-layer state space system of relay 
protection devices developed in this paper is verified to be 
credible for predicting the quality and reliability of future 
relay protection device operation in the field.

5 � Discussion

5.1 � Determining the type of key modules for field 
service relay protection device

The failure rate of the device in field operation causes a 
range of effects on the reliability of the relay protection 
system after it has gradually accumulated over time. It is 
therefore necessary to discuss and analyze the relationship 
between comprehensive availability and device failure 
rates, with a view to providing guidance on production 
quality control and field operation maintenance. Due to 
the fact that the annual failure rate unfolds according to 
the increasing assumptions, the change in the annual fluc-
tuation difference in the calculated annual comprehensive 
availability is shown in Fig. 5.

Figure 5 shows that annual fluctuations in the compre-
hensive availability of the relay protection device increase 
with the CPU module failure rate, showing a tendency to 
decrease and then increase when the relay protection 
device is operated in the future power system, which 
indicates a relatively small impact of CPU module failure 
rate on the comprehensive availability of the device fluc-
tuations in the first few years of relay protection device 
operation. However, the comprehensive availability of the 
relay protection device fluctuates suddenly and maintains 
a high fluctuation difference year by year when the opera-
tion time exceeds 5 years. Therefore, in the maintenance 
cycle of field operation and maintenance, it is necessary 
to focus on the CPU module performance testing of the 

relay protection device, For example, the detection per-
sonnel has found that the CPU module out of the pad 
aging and cannot be repaired, so it is recommended to 
judge whether to replace it in a timely manner.

5.2 � Optimization of CPU module failure rate 
thresholds for production intelligence testing

The failure rates of the CPU modules for the PCS-9XX high 
voltage series and PCS-96XX low voltage series units in year 
5 were viewed as 0.21% and 0.24% respectively. Considering 
the above projected failure rate of 0.21% and 0.24% for the 
CPU module in the fifth year as the failure rate that occurs 
after 10 years, the same reasoning algorithm as above is 
applied to obtain that the failure rate of the PCS-9XX high 
voltage series and PCS-96XX low voltage series units in the 
smart test process should be 0.16% and 0.18%. Therefore, 
the CPU module failure rate of 0.16% is regarded as the fail-
ure rate threshold of PCS-9XX high-voltage series devices 
in the intelligent test; the CPU module failure rate of 0.18% 
is regarded as the failure rate threshold of PCS-96XX low-
voltage series devices in the intelligent test, which not only 
provides a certain scientific and effective target for the 
production process to focus on solving problems such as 
processor false soldering, SMD device standing tablet, and 
bridging of solder joints in the network port, but also allows 
for classification and management of CPU failure rate. Relay 
protection device with low CPU failure rate is invested in 
major national power projects to effectively ensure optimal 
operation of relay protection system.

6 � Conclusion

In this study, a Markov model of multimodal hierarchi-
cal spatial states is proposed to establish the internal key 
modules of relay protection devices as the base layer space 
which determines the upper layer in three intelligent test 
systems. The detailed state partitioning of the base and 

Fig. 5   Annual fluctuations in 
the comprehensive availability 
of relay protection devices
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upper multimode spatial states is conducted to derive 
the stationary probability and comprehensive availability 
of different spatial state transfers in production tests. In 
conclusion, according to the transfer stationary probability 
calculated by the model, the comprehensive availability 
of its future operation is analyzed, which is more consist-
ent with the statistical results of the actual protection sys-
tem operation. The correctness of the model calculation 
method proposed in this study is verified, which provides 
a feasible method for reliability assessment of relay protec-
tion device intelligence tests. In addition, it was also found 
that the failure rate of the device internal module CPU has 
a relatively large impact on the comprehensive availabil-
ity. It is therefore recommended to focus on CPU module 
detection and timely replacement during the maintenance 
cycle of on-site operations and maintenance. Finally, the 
CPU module failure rate threshold for production intelli-
gence testing was amended. The failure rate of CPU mod-
ules for high-voltage relay protection devices should be 
lower than 0.16%, and the failure rate of CPU modules for 
low-voltage relay protection devices should be lower than 
0.18%. The CPU failure rate is categorized for management 
according to the size of the CPU produced. Relay protec-
tion devices with a low CPU failure rate are invested in 
major national power projects to effectively ensure opti-
mal operation of relay protection systems. The limitation 
of this study is that we only focus on high-voltage and 
low-voltage relay protection device. In future study, it is 
necessary to further explore other protection products 
such as DC protection device, measurement, control pro-
tection device, and so on.
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