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Abstract

In order to accurately grasp the operational state of DC protection devices in converter
stations, a DC protection device state assessment method based on the variable weight
theory and correlation degree analysis is proposed. Constructing condition assessment
indicators for DC protection device of converter stations containing overhaul in-formation,
operation information and defect information, when the actual value of the indicator
exceeds the specified range of values, the DC protection device is directly judged to be in
‘alarm’ status; when the actual value of the indicator is within the specified range of values,
Analytic Hierarchy Process (AHP) and variable weight theory are combined to adjust
variable weights of assessment indicators in real time. At the same time, the correlation
between the indicators and each state level is calculated, and the correlation of the indicators
and their corresponding weights are weighted and summed to obtain the comprehensive
correlation of each state level of the DC protection device, and the correlation of each state
level of the DC protection device is calculated, using the principle of maximum correlation,
the DC protection device status is obtained. Example analyses show that the method is
simple and easy to implement and can accurately assess the operational state of the DC
protection device in converter stations.

Keywords: DC protection device; state assessment; variable weight theory; correlation
degree analysis

1. Introduction

The reverse distribution of energy resources and load centers, a consequence of China’s
natural resource endowment, makes AC/DC interconnection of the national power grid
and large-scale power transmission between regional power grids an inevitable choice for
the development of China’s power grid [1]. In hybrid AC/DC power grids with large-scale
new energy integration, converter stations undertake the role of AC/DC power conversion.
These stations contain numerous DC equipment, each configured with corresponding
protection devices. Maloperation or failure to operate of these protection devices can have
a significant impact on the DC power transmission system. Therefore, accurately assessing
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the operational status of DC protection devices in converter stations is of great significance
for ensuring the safe and reliable operation of the DC power transmission system.

For the status assessment of protection devices, it is crucial to scientifically and ra-
tionally establish a status assessment indicator system and to determine the weights of
these indicators using scientific evaluation methods [2—4]. With the microprocessor-based
development of protection devices and the deployment of various types of sensors, the
operational status monitoring of these devices has become more comprehensive and de-
tailed; consequently, the variety of assessment indicators and the volume of data generated
have also increased. As the primary step in evaluating equipment operating status, con-
structing a status evaluation index system that conforms to the actual operating status of
the current equipment will directly affect the accuracy of the evaluation results [5]. Prior
literature [6,7] considered the conditions of “Cloud, Big Data, IoT, Mobile, and Intelligence”
and constructed a strategic indicator set for relay protection equipment including multi-
dimensional indicators such as reliability, safety, maintainability, supportability, testability,
and overall equipment effectiveness; Prior literature [8] proposed evaluating the operating
status of relay protection devices from four aspects: action, fast tripping, defects, and
responsibility; Prior literature [9] proposed assessing the status of protection devices from
three aspects: time performance, steady-state performance, and electrical performance.

The aforementioned construction of status evaluation index systems for protection
equipment mostly targets AC protection equipment, and a set of operating status evaluation
index systems that meet application requirements for DC protection devices has not yet
been established.

In the field of power systems, numerous scholars have already researched the status
evaluation of secondary equipment, with methods based on the cloud model [10,11] and
fuzzy comprehensive evaluation [12-14] being relatively common for their assessment.
Both of the above methods are based on fuzzy operators to perform weighted calculations
of the membership degrees and weights of indicators at the same level. Starting from the
lowest level indicators and calculating upwards level by level, this process achieves the con-
version of indicator level membership degrees to target level membership degrees, thereby
obtaining the protective equipment status assessment results. Based on the determined
state assessment indicators for secondary equipment, assigning appropriate weights to
each indicator is key to evaluating their operating status. Prior literature [15,16] used a
combination weighting method to calculate the assessment indicator weights. However,
there are still shortcomings in the process of obtaining secondary equipment weights; the
indicator weights calculated by the combination weighting are fixed weights, which do not
change with the variation in the actual values of the assessment indicators [17].

Based on this, this paper proposes a state assessment method for converter station
DC protection devices based on variable weight theory and correlation degree analysis. A
state assessment index system for converter station DC protection devices is constructed,
including maintenance information, operation information, and defect information. When
the actual value of a single index or multiple indexes of a DC protection device exceeds
the specified range of the index, the state of the DC protection device is directly judged
as “alarm”; when the actual values of the indexes are all within the specified range, the
variable weight theory is used on the basis of the analytic hierarchy process to achieve
real-time correction of the weights of each state assessment index. At the same time, a
correlation degree function for converter station DC protection device state assessment
indexes is constructed to calculate the correlation degree between the state assessment
indexes and each state level, and the state of the DC protection device is obtained using
the maximum correlation degree principle. The effectiveness of the proposed method is
verified through practical examples.
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2. Construction of Status Assessment Indicators for Converter Station DC
Protection Devices

2.1. Establishment of Assessment Indicators for DC Protection Devices

Compared to other protection devices in power systems, DC protection devices require
faster response speeds to handle sudden faults in DC transmission systems. Therefore,
it is necessary to construct status assessment indicators for DC protection devices that
meet application requirements, based on their operational characteristics. The operation
of DC protection devices is influenced by multiple factors such as their environment,
maintenance cycles, and operating time. Reasonable status assessment indicators are
the basis of status assessment research, and the selection of status assessment indicators
for DC protection devices directly determines whether the actual operating status of
converter station DC protection devices can be accurately represented. Starting from the
practical operational characteristics of DC protection devices, this paper screens status
assessment indicators by comparing relevant standards such as guidelines for DC protection
device status evaluation and technical requirements for DC protection devices, as well
as relevant standards like guidelines for relay protection equipment status evaluation
and operational evaluation procedures. Based on the nature of the indicators, they are
divided into maintenance information, operation information, and defect information. The
constructed status assessment indicators for converter station DC protection devices are
shown in Figure 1.

Maintenance information

Status Assessment Indicators
for Converter Station DC Defect information
Protection Devices

Operation information

Figure 1. Indicators for status assessment of DC protection devices in converter stations.

(1) Maintenance information
The maintenance information of the DC protection devices in converter stations is
shown in Figure 2.

— Protection reliable operation rate D,

. — Exceeding specified inspection period D,
Maintenance

information

— Number of unimplemented countermeasures Ds

— Device operating time Dy

Figure 2. The maintenance information of the DC protection devices in converter stations.

(2) The operation information of the DC protection devices in converter stations has
13 indicators, as shown in Figure 3. This mainly includes information on the device’s operating
status, operating environment information, device channel operating information, etc.
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r—1 Device operating time Ds

—1 Analog sampling error Dg

—Device operating status CPU load rate D;
— Device temperature Dg
— Working voltage Dy

— Operating environment | — 24-hour error Dy

Cetion — Time synchronization error Dy,

information

—1 Environmental temperature D),

—  Clock accuracy —

— Relative humidity D3

— Fiber optic transmit power D4

— Fiber optic receive power D;s

Channel
operational status

— Packet loss rate D

— Bit error rate Dy,

Figure 3. The operation information of the DC protection devices in converter stations.

(3) Defect information

The defect information of the DC protection devices in converter stations has four in-
dicators, as shown in Figure 4. Defect information mainly includes operational defects and
defect rectification records. Its key indicators are introduced in the following subsections:

—1 Timely elimination rate of general defects Dg

—1 Timely elimination rate of serious defects Djq
Defect

information

—1 Timely elimination rate of critical defects D,

— Unresolved potential hazards D,

Figure 4. The defect information of the DC protection devices in converter stations.

(1) Timely elimination rate of general defects D3
The timely elimination rate of general defects D1g, which is expressed as:

d
Dig = == 1)

ng t

where Ty is the number of general defects, and Ty is the number of general defects
completed within the specified time limit.

(2) Timely elimination rate of serious defects D19

The timely elimination rate of serious defects D19, which is defined as:

Tsd
Tsdt

Dy =
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where T,; represents the number of serious defects, and T,y represents the number of
general defects completed within the specified time limit.

(3) Timely elimination rate of critical defects Dy

The timely elimination rate of critical defects Dy is expressed as:

Tcd

Doy =
Tcd t

)

where T, is the number of critical defects, and T,z is the number of critical defects com-
pleted within the specified time limit.

Specifically, general defects should be resolved within a month, serious defects should
be resolved within seventy-two hours, and critical defects should be resolved within
twenty-four hours.

2.2. Classification of Status Levels for DC Protection Devices

The operational status of DC protection devices can be classified into levels based
on the State Grid Corporation’s regulations and standards for evaluating the condition
of protection equipment, as well as expert opinions in the field. The operational status of
converter station DC protection devices is divided into five levels [18]: I-Good, II-General,
III-Attentive, IV-Serious, and V-Alarm. When a DC protection device is in a Good state,
it indicates that all its status indicators are within the good range, and the DC protection
device can operate continuously and stably. When a DC protection device is in a General
state, it indicates that the value of a single or multiple status assessment indicators for the
device has slightly exceeded the good range, but is still within the specified range. The
device can still operate normally, but monitoring during operation should be strengthened.
When a DC protection device is in an Attentive state, it indicates that the values of multiple
status assessment indicators for the device have significantly exceeded the good range,
but are still within the specified range. Operation should be monitored, and maintenance
should be arranged in due course. When a DC protection device is in a Serious state, it
indicates that the values of multiple status assessment indicators for the device are very
close to the specified boundary of the indicator values. Maintenance should be arranged
as soon as possible at this point. When a DC protection device is in an Alarm state, it
indicates that the value of a single or multiple status assessment indicators for the DC
protection device has exceeded the specified range of the indicators. Maintenance should
be arranged immediately.

3. Calculation of State Evaluation Indicator Weights for Converter Station
DC Protection Devices

3.1. Calculation of Initial Weights

State evaluation of DC protection devices is a hierarchical, multi-indicator, compre-
hensive assessment. Objectively and reasonably allocating the weight of each indicator
based on its relative importance is the key to quantitative evaluation. This paper adopts
the Analytic Hierarchy Process (AHP) to determine the weights of indicators at each level.
The calculation of initial indicator weights using AHP is divided into the following 3 steps:

(1) Construct the comparison judgment matrix

A 1-9 scale method is adopted to represent the relative importance between indicators.
Multiple experts are invited to score the state evaluation indicators for the DC protection

device selected to obtain the comparison judgment matrix A = (a;;), . The specific scale

nx
and its meaning are shown in Table 1.
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Table 1. Meaning of scales 1 to 9.

Relative Importance Scale
Indicator i is equally important as indicator j 1
Indicator i is slightly more important than indicator j 3
Indicator i is clearly more important than indicator j 5
Indicator i is strongly more important than indicator j 7
Indicator i is extremely more important than indicator j 9
importance level between adjacent scale values 2,4,6,8
unimportance level between adjacent scale values 1/2,1/4,1/6,1/8

(2) Calculate the initial relative weight vector

Calculate the eigenvector corresponding to the maximum eigenvalue Amax of the
comparison judgment matrix A. Then, normalize this eigenvector to obtain the initial
relative weight vector of the state evaluation indicators w® = (09, @3, ..., ).

(3) Consistency check

To eliminate the differences in judgment on the relative importance of various factors
by different experts and the influence of the matrix order on the matrix, a consistency check
needs to be performed on the normalized weight vector. If the consistency check is passed,
the weight vector obtained in step (2) is the initial weight vector, and each element in the
vector is the initial weight of the corresponding indicator. If the consistency check is not
passed, the comparison judgment matrix needs to be rebuilt, and then steps (2) to (3) should
be repeated until the consistency check is passed [19].

3.2. Calculation of Variable Weights

The weights of the state evaluation indicators determined by the Analytic Hierarchy
Process (AHP) are fixed weights and do not change with the actual values of the state
evaluation indicators. In the state evaluation of converter station DC protection devices, if
the value of a certain state evaluation indicator for a DC protection device severely deviates
from the good value, but only the fixed weight of the indicator is used for the DC protection
device’s operating state evaluation, the overall assessment might still indicate a good level
because the weight of this indicator is small relative to the total. This would prevent
personnel from timely detecting potential hidden dangers in the DC protection device,
leading to the inability of the DC protection device to respond promptly to faults occurring
in the DC transmission system. Variable weight theory was proposed by Academician
Peizhuang Wang [17] in 1985 to address the issue where fixed weights can sometimes
be too small and affect the final state evaluation result. Variable weight theory not only
considers the relative importance of each evaluation indicator but also takes into account
the changes in the actual values of the indicators, allowing the effects of both aspects to be
reflected in the variable weights simultaneously. To solve the problem where fixed weights
cannot reflect the true operating state of a DC protection device when an indicator with a
small fixed weight severely deviates from its good value, this paper introduces the variable
weight theory [12]. In addition to the state variable weight functions for benefit-type and
cost-type indicators already proposed in the existing variable weight theory, a state variable
weight function for interval-type indicators is added to achieve real-time correction of the
initial weights of the state evaluation indicators. The specific implementation steps are
as follows:

(1) Calculate the state variable weight coefficients S; for state evaluation indicators

The state evaluation indicators for the converter station DC protection system selected
in this paper can be divided into benefit-type, cost-type, and interval-type according to
their nature.
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For benefit-type indicators, a larger indicator value indicates a better equipment state,
such as protection, reliable operation rate:

Vimin10;

SV S0

§i=4 u_ = (4)
1,0, > vi

For cost-type indicators, a smaller indicator value indicates a better equipment state,
such as analog sampling error:

Uimax (5)

S‘ B vimax‘l'vilvl, Z Uin
i =
1,0; <vpp

For interval-type indicators, the equipment state is considered good when the indicator
value is within a certain range, such as protection device temperature and operating voltage:

Pmin 0, v; < vj3
Si = 1,03 < v; < vy (6)
Skl g, > vy
where v; is the actual value of the indicator, v;,,x and v;min are the maximum and minimum
limits of the state evaluation indicator, respectively, v;; and v;, are the good values for
benefit-type indicators and cost-type indicators, respectively, v;3 and v, are the upper and
lower limits of the good value range for interval-type indicators.
(2) Combining the variable weight coefficients of the state assessment indicators,
calculate the variable weight of each state assessment indicator according to the definition
formula of the indicator variable weight:

inS,v

n
Y w"Sk
k=1

(7)

w; =

where w; refers to the variable weight value of indicator i.

Through the aforementioned processing, the weights of indicators deviating from
optimal values can be revised on the basis of fixed indicator weights. This enables a more
accurate status assessment of the converter station’s DC protection device and allows for
the timely detection of potential abnormalities within it.

4. Correlation Degree Analysis of State Evaluation Indicators for
Converter Station DC Protection Devices
4.1. Determination of the Prescribed Value Range and the Value Ranges for the First Four State
Levels for State Evaluation Indicators

The state of the DC protection device can be reflected by the actual values of the
selected state evaluation indicators. When the actual values of all indicators are within
their prescribed range, the correlation degree between each state evaluation indicator and
the first four state levels is calculated based on the actual values of the state evaluation
indicators. Then, the state of the DC protection device can be obtained by the weighted sum
of the correlation degrees of all indicators with their corresponding weights. To calculate
the correlation degree between each state evaluation indicator and the first four state levels,
it is first necessary to determine the prescribed value range for the protection equipment
state evaluation indicators and the value ranges belonging to the first four state levels. Due
to the different characteristics of each state evaluation indicator, their prescribed value
ranges are also not entirely the same.
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According to relevant national standards, the matrix of the prescribed value ranges for
the state evaluation indicators of converter station DC protection devices can be determined
and is denoted as Rp:

U1p (alprblp)
V2p (a2p, bap)

Ry=1.|= , (®)
Onp (anpr bnp)

where U1p, V2p, - - -, Unp are respectively the prescribed value ranges for 7 state evaluation
indicators, 4, and bnp are respectively the lower and upper bounds of vy).

Based on relevant national standards and the literature, the value range matrix for
the j-th state level (among the first four: 'I-Good, II-General, III-Attentive, and IV-Serious’)
corresponding to the state evaluation indicators for converter station DC protection devices
can be determined and is denoted as R;:

01 (a1, byj)
Uyj (a2, baj)

Ri=1.1= . )
Unj (anjz bnj)

where v, refers to the value range for the n-th state evaluation indicator belonging to the
j-th state level, a,,; and b,; are respectively the lower and upper bounds of v,;.

4.2. Calculation of the Correlation

A correlation function can be used to describe the linear correlation between two
variables. Its value ranges from —1 to 1. When the value of the correlation function is 1,
it indicates the maximum correlation between the two variables. When the correlation
function is equal to —1, it indicates the minimum correlation between the two variables.
The correlation function expresses the degree to which things possess a certain property.
Reference [20] defines the calculation formula for the correlation function on the real axis.
The concept of distance in real variable functions is extended to “distance interval” (ju),
and the distance between a point x on the real axis and the interval Xy = (a, b) is defined as:

p(x, Xo) = [x = (a+b)/2[ = |(b—a)/2] (10)

Based on this, a correlation function for the state evaluation indicators of the converter
station DC protection devices was established:

p(vivij) & v
P, vip)—p (00 Ui & Vil
Kj(vi) = _Z(Uifvij) ] (1)
——,0; € Uj;
0] !

In the formula, p(v;,v;j) and p(v;,v;y) are defined respectively as the distance from
the actual value of the i-th indicator to the value range of its first four status levels,
and the length of the indicator’s prescribed value range. They are calculated by the
following formula:

(v, vij) =

(12)
P('Ui, ZJip) =

v; — 3 (a; + bij)‘ — 3 (bij — ay)
1
)

0; — %(aip + bip)‘ - (bip - aip)
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Based on the established correlation function, combining the actual value of the state
evaluation indicator with its specified value range and the value range corresponding to
the j-th state level allows for calculating the correlation value between the state evaluation
indicator and the j-th state level among the first four state levels.

4.3. DC Protection Device Status Assessment Process

The status assessment flowchart for the DC protection device is shown in Figure 5.
First, the actual values of the indicators are obtained. It is then determined if any indicator’s
actual value exceeds its prescribed range. If any indicator exceeds its specified range, the
status of the DC protection device is directly judged as “alarm.” If no indicator exceeds its
prescribed range, the initial weight of each indicator «! is first determined based on the
Analytic Hierarchy Process (AHP). Then, according to the actual values of the indicators
and variable weight theory, the variable weight of each indicator w; is determined. The
correlation degree function is used to determine the correlation degree of the indicators
K;j(v;) with the first four status levels. Subsequently, the correlation degrees of the status
assessment indicators belonging to the same status level and their corresponding indicator
weights are subjected to a weighted sum to obtain the comprehensive correlation degree of
the DC protection device with the first four status levels:

n

i(0) =) wiK;(v;) (13)

i=1

START

Construct status evaluation
indicators for DC protection
devices in converter stations

Initial weights of indicators
(Analytic Hierarchy Process)

i

Obtain the actual values
of the indictors

Determine if any indicator's actual
value exceeds its prescribed range

Status of the DC protection
device is judged as "alarm"

!

Calculate the status variable
weight coefficients of indicators

Initial Weights of indicators Calculate the correlation of indicators
\ \

Comprehensive correlation degree
with the first four status levels

Determine the specified value range
of indicators and the value ranges
belonging to first four status levels

’ Good, General, Attention, Serious ‘

The principle ofmaximk!mcorrelation degree

’ Status of DC protection devices ‘
T

Figure 5. Flowchart of DC protection device status assessment of the converter station.
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Finally, according to the principle of maximum correlation degree, the maximum
value is selected from the comprehensive correlation degrees of the converter station DC
protection device with the first four status levels. The status level corresponding to this
maximum value is determined as the status of the converter station’s DC protection device.

5. Case Study Analysis

To verify the effectiveness of the proposed method, multiple DC protection devices
within a converter station were selected as evaluation objects. These devices were assessed
based on the state evaluation index system constructed in this paper and the proposed
method. The state information of these DC protection devices, the evaluation results
obtained using the proposed method, and the actual operational status of the devices are in
Table 2. Compared to the specified ranges for the DC protection device status evaluation
indicators in Table 3, the value of indicator D14 for DC protection device B falls outside
its prescribed range. According to the method in Figure 5, this DC protection device is in
an “alarm” state. For the other DC protection devices, all their status evaluation indicator
values are within their specified ranges. Following the method in Figure 5, the status of
these other DC protection devices can be determined by calculating the weighted sum of
the correlation degrees of all indicators with their corresponding weights.

Table 2. The state information of multiple DC protection devices within a converter station.

DC Protection DC. DC. DC. DC. DC. DC.
Device Protfectlon Protfectlon Protfectlon Prote-ctlon Prote.ctlon Prote:ctlon
Device Al Device A2 Device A3 Device B Device C Device D
D /times per year 1 2 1.5 0 0.3 2
Dy /% 99.3 99 99.1 99.8 99.8 98.7
D3 /month 1.5 2 2.5 0 0 7.5
D, /times per year 1.5 1 1.8 0 0 1.5
Ds/year 7 7 7 45 2 9
D¢/ % 0.48 0.42 0.45 0.24 0.11 0.72
D7/% 56 52 54 53 45 74
Dg/°C 45.2 44.8 454 44.8 37.2 55.0
Do/V 234 231 233 232 221 238
Dqp/°C 24 24 24 24 25 24
D11/ % 78 78 78 72 73 70
D1y/s 1 0.9 0.8 0.5 0.05 1.1
Di3/ms 0.12 0.17 0.16 0.1 0.02 0.70
D14/dBm —16.32 —15.82 —16.13 —21.02 —15.01 —16.38
D15/dBm —26.05 —25.01 —23.16 —24.05 —20.03 —28.01
D16/ % 0.28 0.14 0.20 0.28 0 0.25
D17/ % 0.49 0.51 0.46 0.29 0 0.45
D1g/% 98 98.3 98.1 100 100 97.9
D19/ % 100 99 100 100 100 96.5
Do/ % 100 100 100 100 100 99.5
D51 /times per year 1.5 1 2 0 0 3.5
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Table 3. A converter station DC protection device state assessment indicators belong to the first four

state levels of the value range and the prescribed value range.

Indicator Good General Attentive Serious Prescribed
Value Range Value Range Value Range Value Range Value Range
Dy 0,0.5) (0.5,1.5) (1.5,2.5) (2.5,3.0) (2.5,3.0)
D, (99.5,100) (99,99.5) (98.5,99) (98, 98.5) (98, 98.5)
D3 0,1) (1,3) (3,12) (12,24) (12,24)
D, 0,1 (1,2) (2,4) (4,6) (4,6)
Ds 0,5) (5,10) (10, 15) (15,20) (15,20)
Ds 0,0.4) (0.4,0.6) (0.6,0.85) (0.85,1) (0.85,1)
Dy (0,50) (50, 70) (70, 80) (80,95) (80,95)
Dg (35, 40) (40, 50) (50, 60) (60,70) (60, 70)
Dy (209, 231) (193,209) U (231, 236) (187,193) U (236, 241) (176,187) U (241, 253) (176,187) U (241, 253)
Dy (5,30) (0,5) U (30, 45) (=5,0) U (45, 50) (=10, —5) U (50, 55) (=10, —=5) U (50, 55)
Dy (5,75) (0,5) U (75, 80) (80,90) (90, 95) (90, 95)
D1 (—=15,1.5) (—=3,-1.5)U(1.5,3) (—4,-3)U((3,4) (—5,-4)U(4,5) (—=5,-4)U4,5)
Dy3 (—0.3,0.3) (—0.6, —0.3) U(0.3,0.6) (—0.8, —0.6) U (0.6,0.8) (=1,-0.8)U(0.8,1) (=1,-0.8)uU(0.8,1)
Dyy (—18,-14) (—18.5,-18) (—19, -185) (=20, -19) (—20, -19)
Dis (—25,—14) (—27,-25) (—29, -27) (—31,-29) (—31,-29)
D1 0,0.3) (0.3,0.6) (0.6,0.8) 0.8,1) 0.8,1)
D1y (0,0.4) (0.4,0.6) (0.6,0.8) 0.8,1) (0.8,1)
Dig (99, 100) (97,99) (96,97) (95,96) (95,96)
Dy (99, 100) (98,99) (97,98) (96,97) (96,97)
Dy (99, 100) (98,99) (97.5,98) (97,97.5) (97,97.5)
Dn ©,1) (1,2) (2,5) (5,8) (5,8)

5.1. Calculation of Variable Weights for State Evaluation Indicators

For DC protection device D in Table 2, using the Analytical Hierarchy Process
(AHP), the initial weight matrix for the DC protection device D can be obtained as

w% = [0.2 0.4 0.4], the initial weight matrix for the maintenance information is

Wl = [0.4193 0.2314 0.1832 0.1661} , the initial weight matrix of operational informa-
tion indicators is w%z = [0.3077 0.0769 0.3077 0.3077} , the initial weight matrix for
the equipment operational status wgl = [0.0743 0.4143 0.1350 0.1350 0.2414} , the
initial weight matrix for the operating environment indicators is wocz = [0.5 0.5} , the

initial weight matrix for the clock accuracy indicators is w2, = [0.3333 0.6667} , The initial

weight  matrix for the channel operational status indicators is

“’0(34 = {0.1667 0.1667 0.3333 0.3333}, the initial weight matrix for defect informa-

tion indicators is w%3 = |0.0887 0.2388 0.4337 0.2388|. The last-level indicators are
processed with variable weighting based on formulas (4) to (7), the variable weight

matrices are wg = [0.4346 02868 014% 0.1291},%1 - [0.0608 0406 01357 01362 02647},

Wy = [02272 0.7728},%4 — [0.1257 02606 02473 03685], Wis = [0.1213 03336 03037 02404}.

Since the state variable weighting coefficients for the operating environment indicators
are all 1, there is no need to apply variable weighting to these indicators, meaning their
weights do not change. The weights of the indicators before and after the change are shown
in Figure 6.

As can be seen in Figure 6, when the indicator values are within their good range, the
difference in the weights of the indicators before and after the weight adjustment is not
significant. However, when the equipment status assessment indicators show abnormalities,
such as Djg, the weights of these indicators are greater after the adjustment. This is
because the weights established by the variable weight method are related to the values
of the indicators. For example, D19 has a large value, while D14 has a small value. This
demonstrates the sensitivity of the variable weight method to information about abnormal
states, which is conducive to identifying hidden equipment problems.
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Figure 6. Comparison of indicator weights before and after adjustment.

5.2. The Calculation of the Correlation Between State Evaluation Indicators and the First
Four State Levels

(1) Determine the value ranges for the first four status levels and the specified value
range of the status assessment indicators.

The value ranges for the first four status levels and their prescribed value range
for the status assessment indicators (D1—-Dj1) of converter station DC protection de-
vices are determined based on relevant national standards [18,21-25] and the related
literature [2,9,26,27]. The determined value ranges for the first four status levels and the
indicator specified value range for the status assessment indicators of a certain converter
station’s DC protection device are shown in Table 3.

(2) Calculate the correlation between the status assessment indicators and the first
four status levels.

First, respectively, calculate the distance between the status assessment indicators and
the value ranges for the first four status levels and the specified value range. Then, obtain
the correlation degree between the status assessment indicators and the first four status
levels, as shown in Table 4.

As can be seen from Figure 7, most of the indicators with larger correlation values for
DC protection device D fall into Level III. This indicates that the values of most indicators
for the DC protection equipment are primarily within the attention range, suggesting
that the overall status of the DC protection equipment is not very good. This finding is
consistent with the final evaluation result of DC protection device D in Table 5.

Figure 7. Indicator correlation values with the first four status levels.
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Table 4. Indicator variable weights and correlation values with the first four status levels.
Degree of Degree of Degree of Degree of
Indicator Correlation with  Correlation with  Correlation with  Correlation with ~ Variable Weight
Level I Level II Level III Level IV
Dy —0.6 —0.3333 0.5 —0.3333 0.0869
D, —0.5333 -0.3 0.4 —0.2222 0.0574
Ds —0.4643 —0.375 0.5 —0.375 0.0299
Dy —0.25 0.5 -0.25 —0.625 0.0258
Ds —0.3077 0.2 —0.1 —04 0.0075
Dg —0.5333 -0.3 0.48 —0.3171 0.0496
Dy —0.5333 -0.16 0.4 —0.2222 0.0167
Dg —0.5 —0.25 0.5 —0.25 0.0168
Dg —0.3182 —0.3884 0.4 —0.4697 0.0326
Dqp 0.24 —-0.2711 —0.4201 —0.4697 0.0154
Dy 0.0714 —0.2857 —0.4444 —0.4444 0.0154
Di» 0.1333 —0.2465 —0.42 —0.4966 0.0280
D3 —0.5714 —0.5096 0.5 —0.5417 0.0951
Dyy 0.405 —0.405 —0.4711 —0.524 0.0152
D5 —0.5017 —0.2525 0.495 —0.2487 0.0324
Di¢ 0.1667 —0.1677 —0.5833 —0.6875 0.0307
Dyy -0.1 0.25 —0.25 —0.4375 0.0446
Dig —0.3437 0.45 -0.3 —0.475 0.0490
D9 —0.8333 -0.75 -0.5 0.5 0.1334
Do 0.5 -0.5 -0.75 -0.8 0.1215
Dy —0.4167 —0.3 0.5 -0.3 0.0961

Table 5. The comprehensive correlation degree for the multiple DC protection devices belonging to
the first four state levels and assessment results.

Correlation Values with

DC Protection Devices the First Four Status Levels As;:ssnll:nt Actual Result
Good General Attentive Serious esu

DC protection device Al —0.0948 —0.0191 —0.4790 —0.6508 General General

DC protection device A2 —0.0697 —0.1485 —0.3829 —0.6045 Good Good

DC protection device A3 —0.0968 —0.1762 —0.4166 —0.6232 Good Good

DC protection device C 0.1683 —0.7382 —0.8206 —0.8515 Good Good

DC protection device D —0.3220 —0.3197 0.0063 —0.3298 Attentive Attentive

5.3. Determination of the State of the DC Protection Device

By performing a weighted summation of the correlation values of the indicators
belonging to the same state level and their corresponding weights, the comprehensive
correlation degree for the multiple DC protection devices belonging to the first four state
levels and assessment results are shown in Table 5.

From Table 5, it can be seen that the DC protection equipment status evaluated using
the method proposed in this paper is consistent with the actual status of the DC protection
equipment. This demonstrates that the proposed method can accurately assess the status
of DC protection equipment.

5.4. Evaluation of Assessment Method Comparison

To verify the effectiveness and advanced nature of the evaluation algorithm proposed
in this paper, three other evaluation models were selected for comparative experiments.
The evaluation results of DC protection device D are shown in Table 5. Since the relevance
values of the method in this paper range from —1 to 1, while the relevance values of the
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fuzzy logic method and cloud model method range from 0 to 1, conversion is required
using Equation (14). The relevance values obtained after conversion with the first four state
levels are shown in Table 5.

Coreon = 2Cororgimzl -1 (14)

where Corop refers to the converted correlation value, and Cor,yiging refers to the original
correlation value.

From Table 6, based on the results of the first two sets of comparative experiments,
it’s evident that the Analytic Hierarchy Process (AHP) method for calculating indicator
weights has limitations, often leading to evaluation results that are inconsistent with actual
conditions. While the assessment method based on the cloud model and fuzzy logic can
yield evaluation results consistent with actual conditions, the correlation value to “General”
and “Attentive” status levels is almost the same. This makes the identification of equipment
status rather ambiguous and can easily lead to incorrect judgments.

Table 6. Comparison of different assessment method results.

Correlation Values with

No Assessment Methods the First Four Status Levels Assessment Actual
. Result Result
Good General Attentive Serious
1 Afp' Correlation —0.2377 ~0.3149 —0.0406 ~0.3928 Good Attentive
egree analysis
2 (AHP + Variable weight) — ~0.3220 ~0.3197 0.0063 —0.3298 Attentive Attentive
Correlation degree analysis
3 (AHP + Variable weight) — —0.8190 —0.1696 —0.1664 —0.845 Attentive Attentive
Cloud model
4 (AHP + Variable weight) — —0.7528 —0.2854 —0.2802 —0.6816 Attentive Attentive
Fuzzy logic

6. Conclusions

To accurately grasp the operational status of DC protection devices in converter sta-
tions, a status assessment indicator system for these devices, incorporating their operational
information, has been established in accordance with relevant technical specifications and
standards. When the actual value of a single indicator or multiple indicators of a DC protec-
tion device exceeds its specified range, the device’s status is directly determined as “alarm.”
Conversely, when the actual values of all indicators are within their prescribed ranges,
variable weight theory is introduced to achieve real-time correction of indicator weights.
This accurately reflects the impact on the protection device’s status assessment when some
indicators seriously deviate from their optimal values. Furthermore, a correlation degree
function is utilized to calculate the correlation between the status assessment indicators
and the status levels of the DC protection device, thereby making the determination of the
degree to which the DC protection device belongs to a certain status level, based on its
actual indicator values, more objective. Taking multiple DC protection devices in a certain
converter station as an example, this approach has achieved accurate assessment of its
operational status, solved the problem of initial indicator weights being too small and thus
affecting assessment results, and can provide timely and effective scientific guidance for
the condition-based maintenance of DC protection devices in converter stations.
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