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Abstract

Smart substations are the key to the intelligent construction of the power grid. Efficient data processing and inspection
optimization are of great significance for the safe and stable operation of the power grid. However, current data - processing
in smart substations suffers from problems such as the mismatch between processing and loading time and long redundant
time, which restricts its in-depth digital development. To address these issues, this paper first analyzes the relationship
between the types and capacities of data in smart substations and identifies the main causes of redundant data - processing
time. Based on this, a cache partitioning strategy is formulated according to the data capacity characteristics, and the
relationship among the inspection sequence, cache space, and redundant time is further explored. Combining the
importance of equipment and historical failure rates, ascreening scheme for the inspection sequenceis established to reduce
data-processing redundancy and optimize the inspection duration. Finally, taking the data capacity of a 500 kV smart
substation as an example, the feasibility of this scheme is verified.
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Introduction protection of substation equipment [1-3]. [4]

points out that in the face of the continuous
Smart substations are characterized by a high expansion of the power grid scale and the rapid
degree of automation, informatization, and growth of power demand, smart substations can
intelligence. They serve as the core hubs in the play a crucial role in meeting the requirements
architecture of modern power systems, of improving grid operation efficiency,
ensuring the safe, stable, efficient, and reliable optimizing resource allocation, and enhancing

supply of electricity. As key nodes in grid the grid’s ability to handle complex faults.
intelligentization, smart substations can utilize

advanced sensing, communication, and
information technologies to achieve real-time
monitoring, intelligent control, and precise

During the digital advancement of smart
substations, sensor monitoring technology and
video monitoring technology, as crucial pillars
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for condition monitoring and security
protection, have been deeply integrated into
every aspect of smart substations [5-7]. [8]
reveals that visible-light, thermal-infrared,
ultraviolet, and acoustic imaging sensors offer
the advantages of large-scale, non-contact, and
precise measurement, and they have been
widely adopted for the condition monitoring
and diagnosis of substation equipment under
various conditions. [9] points out that after video
cameras are installed to cover important
equipment and areas in the substation, the real-
time video information collects on equipment
operation status, environmental conditions, and
personnel operation behaviors provides
important evidence for equipment fault early-
warning, environmental anomaly monitoring,
and operation standard assessment. Meanwhile,
it effectively enhances the intelligent operation
and maintenance level and safety management
capabilities of the substation.[10] further
clarifies that such rich video data can provide
strong support for inspectors to promptly
detect potential equipment faults and abnormal
events, which is of great significance for
ensuring the safe and stable operation of the
substation.

Yet, smart substations amass a vast amount of
data during the execution of diverse detection
projects. When performing inspection tasks,
real-time data retrieval can significantly
increase data acquisition time due to limited
read - write speeds of storage devices and
complex data retrieval processes, severely
hampering  inspection  efficlency. Data
acquisition delays not only extend inspectors’
working hours and intensify their workload but
may also lead to delayed fault detection, posing
risks to the substation ‘s safe operation.

To tackle this issue, cache partitioning
technology, an effective data storage and
management strategy, has drawn growing
attention. It divides storage devices into

separate areas and pre- stores frequently
accessed data according to factors like usage
frequency, type, or time range, enabling rapid
data access [11-13]. [14] details that cache
partitioning  technology  offers notable
advantages in boosting data access speed,
reducing storage device load, and optimizing
system performance. In video monitoring, its
proper application can effectively address the
long real-time retrieval issue of video data,
accelerate video processing, and enhance the
timeliness of video information handling [15].

In summary, data processing in smart
substations suffers from large redundancy and
resource waste, which restricts the optimization
of inspection time and calls for immediate
solutions. This paper starts by analyzing the
relationship between the types and capacities of
smart substation data to identify the main
causes of redundant data - processing time.
Based on this, a cache partitioning strategy is
developed according to the data capacity
characteristics. Moreover, the relationships
among inspection sequence, cache space, and
redundant time are further explored. Finally, an
inspection sequence screening scheme is
analyzed by considering the importance of
equipment and historical failure rates. The aim
of these measures is to reduce data - processing
redundancy in smart substations and optimize
inspection time. The feasibility of the proposed
scheme is verified using the data capacity of a
500 kV smart substation as an example.

Analysis of data composition and
scale in 500 kV smart substations

with the continuous development and
improvement of the digitalization process in
smart substations, the scope and accuracy of
data collection have been expanding and
increasing respectively, leading to a sharp rise in
data volume. When dealing with massive data
during the inspection process of smart
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substations, the mismatch between data loading

speed and data processing speed creates
redundant time, which affects inspection
efficiency.  Dynamic cache  partitioning

technology can divide the cache space according
to the importance of data and loading
requirements and adjust the storage allocation
of data in each area in real-time. By using this
technology, data can be pre-loaded within the
limited cache space, getting the data ready for
processing in advance. This not only effectively
reduces redundant time but also saves
computing resources.

Dynamic cache partitioning begins with an
analysis of data types and corresponding
capacities in smart substations. Take a 500 kv
smart substation as an example. It mainly
consists of primary and secondary equipment.
Primary equipment, such as transformers and
circuit breakers, is directly involved in the
production, transmission, and distribution of
electrical energy. Secondary equipment,
including relay protection devices and
measurement - control devices, is primarily
used for monitoring, controlling, protecting, and
regulating primary equipment to ensure the
stable operation of the power grid. Based on the
data sources and uses of primary and secondary
equipment, the data types in a 500 kV substation
can be classified into four categories: real-time
monitoring, protection actions, control
commands, and video surveillance. The real-
time monitoring, protection action, and control
command data are all text - based, while the
video surveillance data is in video format. The
volume of each type of data per second can be
calculated according to the data type, and the
corresponding calculation formulas are shown
in Table 1.

InTable 1, nrepresents the number of sensors, m
denotes the number of bytes occupied by the
fault information recorded in each protection
action, k stands for the average number of
protection actions occurring per day, and pis the

average number of control commands sent per
day. Regarding video data, its pixels are defined
as axb, with a frame rate of f frames per second,
where each pixel occupies c bytes, and s

represents the number of cameras.
Table 1: Formulas for data

Data type Formulas

Real-time monitoring D, =4
Protection action D,, =m 3k/86400

Control command D, =20 ®p

Video surveillance D;=a % & f s

Taking the configuration of a typical 500 kv
substation as an example, the relevant
coefficients for data capacity calculation are
shown in Table 2.

Table 2: Parameter configuration table

n m a b f c s
10000 500 1920 1080 25 3 76

Assume that one protection action occurs and
100 control commands are sent per day. Based on
the formulas in Table 1 and the parameters in
Table 2, the data capacities within one hour can
be calculated. The comparison graph is shown as
follows.
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Figure 1: Data capacity comparison chart
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From the data in the table, it can be seen that the
video surveillance data capacity within one hour
is4.16 1010 bytes, which is 289 times that of the

sensor real - time monitoring data. Meanwhile,
the total capacity of the four data types within
one hour is 4.17 1010 bytes, and video data

accounts for 99.76% of the total. Such a high
proportion fully indicates that video data plays
a central role in the data composition of smart
substations. Its large volume not only poses
extremely high requirements for data storage,
transmission, and processing but also becomes a
key factor affecting the overall operating
efficiency of smart substations. To effectively
improve the inspection efficiency of smart
substations, targeted processing strategies for
video data must be designed.

Dynamic allocation strategy for
cache space

Dynamic cache partitioning breaks through the
limitations of traditional static partitioning,
which allocates cache space in a fixed manner. It
can dynamically adjust the cache space size for
each loaded item according to the real - time
operating requirements of the system. The
specific logic for configuring the dynamic cache
space is as follows.

1. Cache initialization
Construct a cache structure and add status
markers to each cache group (e.g., in use or
processing completed). Set the initial status of
all cache groups to unused.

2. Caching new data
Upon the arrival of new data, first check if there
are any cache groups with processed (releasable)
data. If so, store the new data in such a group and
update its status to in use. If no releasable cache
groups are found, search for an idle cache group.
If one is found, store the new data and update its
status. If neither releasable nor idle cache
groups are available, handle it as required (e.g.,
reject caching or apply an eviction strategy).

3. Dataprocessing and release

When data processing in a group starts, mark its
status as being processed. After processing is
completed, mark the group’s status as processed
and release its cache space for subsequent use.

4. Cyclic operation
Continuously repeat steps 2 and 3 to achieve
dynamic management of cache space and handle
continuously incoming new data. If the cache
space is insufficient, all remaining uncached
data need to be loaded.
Based on the basic rules of dynamic cache
partitioning, a dynamic cache partitioning logic
for intelligent inspection video data of
substations can be further developed. The
inspection items are numbered sequentially as
ali=1,2,...,N) according to the inspection order,
and the number of cameras corresponding to
each inspection item is denoted as Na;. Assuming
that the inspection time for the video data of
each camera is Tp, the duration of each camera’s
video should also be T,. To achieve the goal of
processing the current inspection item while
loading the next one, this study first divides the
cache space into Nu+N,;, equal - sized cache
structures according to the first step. A parallel
data loading method is employed to load each
data. After the inspection of item a;is completed,
its corresponding cache space is released for the
use of inspection item as;. Similarly, after the
inspection of item a, is finished, its space is
released for item as, and this process continues
cyclically for subsequent items. If there is a
shortage of cache space during the process, all
the remaining uncached data need to be loaded.
Under the provisions of the aforementioned
rules, the current cache space demand C(t) can
be calculated. When O0<t<T,, the calculation
formula for C(t) is as follows.

C(ty=tN, #N,,i £2,..N 1 (1)

To denotes the necessary detection time for the
detection process of the video captured by a
single camera during the inspection. N;
represents the number of cameras in the i-th
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inspection item, and Dv stands for the cache
space required per second of video.

After calculating C(t), compare it with the total
cache space Swta. If Clt)<Siwwa, the cache space is
sufficient and there is no need to interrupt the
caching process. Conversely, if G(t)> Swr , it
indicates that the cache space is insufficient, and
the remaining video data R needs to be
continuously loaded from the storage space
during subsequent processing.

R=(T, -0(N, N.) Fa N

j= 2

(2)

The corresponding redundancy time T; can be
expressed as

T- 0N, ) A N
se )

Ti:
\

In the above equation, v represents the speed at
which video data is loaded from the storage
space. Using Equation 1-3, the redundancy time
caused by video loading under any inspection
and cache - space conditions can be calculated.

Optimization strategy for inspection

sequence
In actual inspection tasks, the inspection
sequence should be arranged by

comprehensively considering the importance
and failure rate of equipment. Moreover, the
cache space cannot always meet the maximum
requirement. Building on the calculation of
redundancy time under any inspection
sequence, this section further explores the
inspection sequence corresponding to the
minimum redundancy time while taking into
account factors such as equipment importance,
historical equipment failure rate, and limited
cache space.
Define the comprehensive inspection score, and
its formula is

S=w: w P (4)
Here, Lrepresents the importance level of the i-
th device, where i=1,2,.., N and N is the total

number of devices. F denotes the historical
failure rate of the i-th device. wl and w2 are the
weights of the device importance level and the
historical failure rate respectively, and they
satisfy

w+w 3,0 & 10 we 1 (5)
Traditional inspection sequence arrangements
often rely on experience or fixed rules, lacking
scientific optimization of the weights of these
two factors. This deficiency results in sub-
optimal inspection times. Therefore, this study
aims to determine the optimal weight
combination of device importance and historical
failure rate using an optimization algorithm to
minimize the inspection time.
The specific process of the optimization
algorithm is as follows:
Initialization:

9 Set the value range of the weight wl as
[0,1] with a step size of Aw.

9 [Initialize the importance L historical
failure rate F, and inspection time Tj(i=1,2,E ,N) of
the devices.

1 Initialize the minimum total inspection

time Twn and the optimal weight combination
(Wl,optyWZ,opt)=(Oy1)~
Traversing weight combinations:
Starting from wy=0, increment w; by the step size
Aw until wi=1, and calculate the corresponding
wy=1-w. For each weight combination (wl,w2),
perform the following operations:

1 Calculate the comprehensive score:
Compute the comprehensive score S; of each
device using the formula S=wxI+w,xF;.

9 Determine the inspection sequence: Sort
the comprehensive scores S; in descending order
to obtain the inspection sequence.

1 Calculate the redundant time T
Compute the corresponding redundant time
according to formulas 1-3.

Updating the optimal result:

If the current redundant inspection time Textra iS
less than the minimum redundant inspection
time Tmin, update Tmin=Tiota and record the
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current weight combination(w ey, Waepd=(wr,
W)

Outputting the result:
After traversing all weight combinations,
output the optimal weight
combination(wi sp, Wy epe), the  corresponding
minimum redundant inspection time Tmin, and
the inspection sequence.

Simulation verification

START

Set the step sizzv of wy
Input parameterslevice importancé,
hlstoncal failure ratd=;, etc

Wy =Wy +aan

Wo=1-Wy
S=wyli+w,F

v

SortS descending Determine inspection orde
Number devices by ordew, 2, ,n

¥

Initialize time variablg,
j=j+1, calculateCi(t)

Calculate T_extra
i=i+1

Filter the minimum value of;
Output corresponding opiWop) @and
inspection sequence

Figure 2: Logic block diagram of inspection sequence
screening

Based on the discussion in Chapter 3, a dynamic
cache space allocation method under the
combined influence of device importance,
historical failure rate, and limited cache space,
along with a method for screening the
inspection sequence corresponding to the

minimum redundant time, have been obtained.
The flowchart is shown in the figure above.
First, weight factors are assigned according to
device importance and historical failure rate.
Then, the comprehensive scores under each set
of weight factors are calculated to obtain the
inspection sequence for the current weight
factors. Next, the minimum redundant time
under limited cache space is analyzed based on
the rearranged inspection sequence. Finally, by
comparing the minimum redundant times under
all weight factor conditions, the weight factor
allocation condition corresponding to the
minimum redundant time and the optimal
inspection sequence are determined. The size of
the cache space is a key factor in determining
the minimum redundant time. To analyze the
impact of cache space size on the minimum
redundant time, the following verification is
conducted.

Taking the video captured by a Full HD (1920
1080) camera as an example, the space occupied
by one - second video data is 155,520,000 bytes.
The corresponding installation locations and the
number of cameras are shown in the following
table.

Table 3: Quantities of video cameras

Monitoring
TR CB BB C
Items
Number of
12 50 6 8
Cameras

The inspection items in the above table can be
grouped into four categories: transformers (TR),
circuit breakers (CB), busbars (BB}, and capacitors
(C), numbered 1-4, respectively. The
corresponding numbers of cameras are 12, 50, 6,
and 8. Assume the processing time T, for each
video data is 2 minutes and set the video loading
speed at 500 MB per second. Without
considering the influence of equipment
importance and historical failure rates, the
minimum redundant times corresponding to
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different arrangement orders under a 10-GB
cache space are shown in Fig.3.
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Figure 3: Redundant time & sequence of inspection
The above arrangement orders refer to
classifying the four inspection items through
permutations and combinations, resulting in a
total of 24 inspection schemes. Among them, the
minimum redundant time is 0.698 h, and there
are four types of corresponding inspection
schemes, as shown in Figure b. The
corresponding inspection serial numbers are 9
and 10. In the inspection items corresponding to
these serial numbers, the items to be processed
first are all circuit breakers, and the items to be
processed last are transformers or capacitors.
The maximum redundant time is 0.745 h, and the
corresponding inspection serial numbers are 15
and 16. The items to be processed first are
busbars, and the items to be processed last are
transformers and capacitors respectively. The
difference between the minimum and maximum
redundant times is 0.047 h, with a percentage
difference of 6.51%. The reason for the small
difference between the maximum and minimum
redundant times under this cache - space
condition is that according to the dynamic cache
partitioning rule, there is a minimum limit for
the cache space. The cache space must be at least
larger than the space required for the two
smallest inspections; otherwise, insufficient
cache space will make the caching effect
ineffective.

In the above simulation, the two inspection
items requiring the least cache space are busbar
inspection and capacitive - reactance inspection,
with the corresponding minimum space being.

S_min=T (N, +N,) R (6)

In the above simulation, N; and N, represent the
number of cameras required for busbar
inspection and capacitor inspection
respectively. By substituting the data from the
table, the minimum required cache space is
calculated to be 243.3 GB. Similarly, the
maximum cache space is

S_max=T (N +N)D (7)
N, and N, denote the number of cameras
required for transformer inspection and busbar
inspection respectively. Substituting the data
from the table, the maximum cache space is
calculated to be 1077.6 GB. The following shows
the distribution of the corresponding redundant
time when the cache space varies from 100 GB to
1100 GB.

09
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Figure 4: Redundant time distribution for different
cache spaces under dynamic partitioning

When the cache space ranges from 100GB to
300GB, the percentage difference between the
maximum and minimum redundant times
gradually increases but remains below 50%.
This is because 100GB and 300GB are close to the
minimum cache space, and insufficient data
caching leads to excessive redundant time. As
the cache space increases from 400GB to 900GB,
the difference between the minimum and
maximum redundant times grows. The
percentage difference rises from 81.11% to
959.67%. Meanwhile, the minimum redundant
time decreases from 0.401h to 0.063h, and the
maximum redundant time drops from 0.727h to
0.672h. When the cache space exceeds the upper
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limit of the  cache-restricted space
Smax=1077.6GB, the maximum and minimum
redundant times stabilize at 0.494h and 0.05h
respectively. Beyond this upper limit, the
redundant time only accounts for the initial
loading time. The remaining videos are cached
during processing, eliminating additional
redundant time. Compared with the redundant
time of 0.75h required for directly loading all
videos from storage without cache technology,
the cache partition strategy can reduce the
redundant time by up to 93.33% and at least
34.13%.

On the other hand, the importance levels and
historical failure rates of the equipment are
presented in the table. Based on the research
findings in Section 3.2, a comprehensive analysis
can be conducted on the equipment's
importance, historical failure rates, cache space
size, and weight w; to optimize the inspection
sequence.

Table 4: Importance levels and historical failure rates
of equipment

Inspection Importance Historical
items of equipment  failure rate
Transformer 0.95 0.02
Circui
reuit 0.9 0.05
breaker
Busbar 0.9 0.01
capacitor- 0.7 0.08
reactor

—o— 100—o— 200—o0— 300—o— 400 500 600
700—o— 800—o— 900 1000 1100 Data uriit GB|
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Figure 5: Influence of different cache capacities and
weight factors on redundant time

Considering the different effects of the
influence factors w; and ws, the calculation
results of the redundant time under varying
conditions of wyare as Fig.5. shows.

After considering the equipment importance
and historical failure rate, the redundant time
under different cache spaces and different
distributions of the weight factor wiis shown in
the Figure above. When the hybrid storage space
is the same and the weight factor w;increases
from zero, when the cache space size is less than
the cache upper limit S_max, the redundant time
corresponding to the same cache space remains
basically the same, with an error range within
0.05h. As the cache space gradually increases
from 100 GB to 1000 GB, the redundant time
reduces from 0.70h to 0.21h. When the cache
space is greater than the cache upper limit
S_max and the weight factor is greater than 0.4,
the redundant time can be reduced to 0.12h.
Compared with the random arrangement
without considering the equipment importance
and failure rate, considering the equipment
importance and failure rate does not guarantee
that the maintenance order will be consistent
with the random arrangement corresponding to
the minimum redundant time under the current
cache space condition. This is because after
considering the equipment importance and
failure rate, under the adjustment of the weight
factor, when the weight factor wais greater than
Wi, the arrangement order with the highest
score tends to a fixed order. Here, wy, refers to
the standard value of the weight factor wy under
the combined effect of the importance and
failure rate. Different weight factors and failure
rates correspond to different wy, values. For
example, for the data in the table, w;,=0.4. When
the weight factor wy is greater than 0.4, the
maintenance order is fixed as transformer,
circuit breaker, busbar, and capacitor-reactor.
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Figure 5: Comparison chart of screening results

If it takes 2 minutes to analyze each video, for
the 76 videos in Table 3, a total of 2.53 hours is
required. Combining with the calculation of the
redundant time, the distribution relationship of
the processing time under different cache
spaces is as Fig. 6. follows. The maximum and
minimum times refer to the sums of the
maximum and minimum redundant times
considering only the dynamic cache partitioning
and the total analysis time. The screening
results are obtained by considering the
equipment's importance and historical failure
rate based on dynamic cache partitioning. It can
be observed that when the cache space is
between 100-300GB, the difference between the
maximum and minimum times does not exceed
0.2h. When the cache space ranges from 300GB
to 1000GB, the difference between the
maximum and minimum processing times
gradually increases, from 0.122h to 0.376h. The
difference between the arranged time and the
minimum time also increases, from 0.03h to
0.23h, and the difference degree increases from
1.10% to 8%. When the cache space is greater
than S_max, the difference between the
arranged time and the minimum time is 0.06h,
and the difference degree drops to 2.2%.
Although  considering the  equipment's
importance and failure rate does not necessarily
result in the minimum time, the difference
between them can be reduced to 10%. Moreover,

the expected failure time is calculated by
considering the failure rate and the number of
detection cameras.

EM=47T 10 B) B ®

In the formula, Ti represents the total time
required to detect the k-th detection point, P,
represents the probability of a fault occurring at
the first m points, and P; represents the
probability of a fault occurring at the k-th point.
By substituting the data, it can be calculated that
it only takes 0.79h to detect a fault. This means
that a fault can be detected 1.86h earlier than
the minimum time obtained by considering the
dynamic cache space allocation, and 2.49h
earlier than the total processing time without
using the cache. It can be seen that, on the basis
of the dynamic cache space allocation strategy,
even if considering the equipment importance
and historical failure rate may not result in the
minimum time, the maximum difference from
the minimum time does not exceed 10%.
Moreover, compared with the case without
using the dynamic cache allocation mechanism,
it has a significant effect on the detection time.

Conclusion

Reducing the inspection duration is a significant
advantage and an important goal for smart
substations. However, in the face of massive
data, existing data-processing systems in smart
substations encounter problems such as large
redundant data-processing space and wasted
processing resources, which impede the
optimization of inspection duration. This paper
starts by analyzing the types of data in smart
substations and delves into the quantitative
relationships among different data capacities. It
is found that video data is the primary factor
leading to excessive redundant data - processing
time. Given the large - capacity characteristics
of video data, this paper further analyzes the
differences in video data of different inspection
items in substations, explores the logic of
dynamic  cache partitioning and the
corresponding  calculation  method  for
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redundant time, and finally formulates a cache
partitioning strategy.

Based on this cache partitioning strategy, this
paper studies the influence of inspection order
and cache space size on redundant time and

obtains the redundant time wunder any
inspection order. Meanwhile, in the results of
dynamic cache partitioning, by

comprehensively considering the equipment
importance and historical failure rate, the paper
explores the screening effect of weight factors
on the inspection order and finally formulates
the configuration of weight factors for the
inspection order and the screening scheme for
the optimal inspection order.

Taking a 500-kV smart substation as an
example, the inspection order formulated by
considering equipment importance, historical
failure rate, and the dynamic cache partitioning
strategy takes 0.06h more than the minimum
processing time with dynamic cache
partitioning and 0.375h less than the maximum
processing time. Moreover, if a fault occurs
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