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Abstract – The smart substation is the heart of a transmission system, which is particularly 
emphasized as the most significant composition of smart grids in China. In order to assess the 
functionality performance of substation technologies, this paper presents methods used to identify the 
most promising solutions for smart substation design and to evaluate the technical levels of available 
technologies. The multi-index optimization model is presented to address the issue of smart substation 
planning. A mathematical model of the planning decision problem is established with multiple 
objectives consisting of economic, reliability, and green key indices, and many kinds of concerns 
including physical and environmentally friendly operations are formulated as a set of constraints. With 
respect to the assessment of the technical level regarding integration of advanced technologies into a 
substation, a modified grey whitenization weight function is adopted to structure a novel grey 
clustering method. The proposed grey clustering approach is used to overcome the difficulty of 
insufficient quantitative assessment capacity for traditional methods. The evaluation of technical 
effects provides the classification definition for the development phase and the maturity level of the 
smart substation. The effectiveness of the proposed approaches in planning decision-making and 
evaluation of construction efforts is demonstrated with case studies involving the actual smart 
substation projects of Wenchongkou substation in China Southern Power Grid (CSG) and Mengzi 
substation in State Grid Corporation of China (SGCC). 
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1. Introduction 
 
The development of smart substations in China has led 

to the construction of smart transmission grids, which 
play an important role in demonstrating the performance 
effects of applied intelligent technologies and devices. 
Instead of a traditional substation, a smart substation 
enables information sharing and the interoperation of 
electrical equipment [1]. Besides the fact that a smart 
substation has the advanced features of a digital substation, 
more innovative technologies and equipment are brought 
into the integration of measurement, detection, control, and 
protection functionalities [2]. 

Although smart substations have an impact on power 
system automation, the uncertainties from advanced 
substation technologies may threaten the stability and 
reliability of smart devices, which then makes the 
determination of suitable technologies and equipment 
difficult for a smart substation design scheme. Hence, 
establishing a model for the evaluation of smart substations 
is not only meaningful but also critical for the planning 

decision-making of the whole smart grid. 
Meanwhile, it is also significant to evaluate the technical 

level and maturity of a built smart substation. In view of 
the large-scale investment, long-term construction, and 
uncertain outcome of a demonstration project, it is 
necessary for the post-analysis to assess the benefits from 
the pilot project, which is also beneficial for the decision 
maker to identify the problems faced in the construction of 
smart substations.  

In the early days of smart substations, U.S. EPRI 
delivered a technical report about the preliminary 
assessment of smart substations [3] in which an approach 
was proposed to evaluate and analyze the developments in 
transmission substation equipment and concepts, and the 
current trends and further suggestions for the project were 
also reviewed. Recently, U.S. EPRI focused on the specific 
technological functionalities, such as cyber security and 
control-system remote-access strategies [4]. In [5], a novel 
whole-view approach for onsite commissioning of the 
secondary system in a smart substation was presented to 
evaluate the complexity of digitally networked information 
flows. A study of the construction and evaluation of a smart 
substation information integration scheme was reported in 
[6], in which the real-time performance and reliability of 
the proposed scheme were assessed to provide a new way 
of building an intelligent substation automation system. 
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As concluded by previous scholars, the analysis and 
evaluation of a smart substation is a complex matter. To 
analyze the impacts of available substation technologies 
and equipment, this paper will conduct the modeling for a 
design scheme and performance assessment of a smart 
substation project using the evaluation methods from ex 
post and ex anti perspectives. The proposed algorithms can 
help in the decision-making process for planning the 
substation networks and components and provide a 
qualitative assessment to classify the development phase of 
a smart substation. 

The remainder of this paper is structured as follows. 
Section 2 presents the methodologies used to evaluate the 
design scheme and the technical performance. The results 
and more application scenarios are described in Section 3, 
and Section 4 concludes this paper.  

 
 

2. Methodologies and Modeling 
 

2.1 Review smart substations in china 
 
Since 2009, when the concept of the smart grid was 

first presented in China, smart substations have been 
recognized as the most significant parts of the smart grid, 
which has led to a rapid increase in the number of smart 
substations. According to a survey from SGCC [7], there 
were 46 newly-built and 28 renovated smart substations 
in the pilot stage of smart grids. The future planning 
objective is that all the newly-built substations and typical 
substations in operation will fully meet the standards and 
rules of smart substations. CGS achieved the remarkable 
result of establishing two smart and green substations, 
which represent the state of the art, on Hengqin Island of 
Guangdong province [8]. 

In contrast with conventional substations, the typical 
features of smart substations are summarized as follows [9]. 

Ÿ More intelligent components and equipment are applied 
in reliable physical networks. 

Ÿ The logical network architecture in Fig. 1 is composed 
of process level, bay level, and substation level. 

Ÿ Information flow satisfies the attributes of real-time, 
reliable and efficient transmission of data. 

 
The substation development shows a trend from 

conventional to digital substations and then from digital to 
smart substations. Simply generalized, physical and logical 
integrations are the major properties of the technological 
progress of substations [10]. 

 
2.2 Modeling planning design scheme 

 
A multi-index optimal model is proposed to implement 

the planning design scheme of a smart substation. The 
concept of multi-index self-approximate-optimal operation 

for a smart grid has been presented in [11]. In this paper, a 
multi-index is the index set consisting of economic, 
reliability, and green key indices. The objective is to 
minimize the costs of substation devices, to maximize the 
benefits from green operation and maintenance, and to 
increase the reliability of physical and cyber systems. The 
optimization problem can be formulated by the following 
model with the objective function, constrained network 
topology, and green development:  

 

 1 1
min  ( , ) ( , )

. .   ( , ) 0,  [1, ]
       ( , ) 0,  [1, ]

T N

it i t t
t i

it t t

it t t

F X U f x u

s t h x u t T
g x u t T

w
= =

=

= " Î

³ " Î

åå
  (1) 

 
where  

itw  the weight of the index fi(×) at the tth time slot,  
tx  state variable at the tth time slot, 
tu  network variable at the tth time slot,  
( )th ×  network structure constraints at the tth time slot,  
( )tg ×  reliability and economic investment limit constraints 

at the tth time slot, 
T total number of planning time slots, 
N overall number of indices. 
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The subscript s denotes the sth device in a substation. 

The variable r represents the discount rate. Eqs. (2) and (3) 
are the investment and operation costs, where ats and mts 
are the investment cost and the operation and maintenance 
cost for the sth item of equipment at the tth time slot. In (4), 
Ls(×) is the outage loss cost of the sth device, where lts 
indicates the loss due to the outage of the sth device and vt 
represents the loss cost at the tth time slot.  

For the constraint sets, the equality constraints indicate 
the interconnection interface with a substation automation 
system, by which the current status of information flow 
can also be reflected. In Fig. 1, various pieces of devices 
are scattered over the process, bay, and substation levels. 
The interfaces from one item of equipment to another 
and from level to level form an overall network topology 
structure. The inequality constraints indicate a smart 
substation composed of a variety of advanced equipment, 
all of which should satisfy the green planning requirements 
such as efficient use of land and water and the protection 
of the environment. In addition, reliability and economic 
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investment limitations related to the equipment are also 
embraced in the inequality constraint sets. 

In summary, an optimal planning scheme should be 
selected from all candidate design schemes. A comprehensive 
analysis including reliability and economic evaluation will 
support the final solution. It ensures that a reliable physical 
network, available logical system, real-time information 
flow, and economic investment and operation will be 
considered in the designed substation. 

 
2.3 Evaluation of technical performance  

 
In order to reflect the technical level and functional 

characteristics of the substations, it is necessary to present 
an evaluation method. However, for traditional comprehensive 
assessment methods such as the Analytic Hierarchy 
Process (AHP), it is difficult to explicitly give the maturity 
of a substation in a quantitative manner. To handle such a 
technical problem, the new grey cluster analysis method, 
which is based on the modified whitenization weight 
function, is developed in this paper. According to grey 
system theory [12], it is through the organization of raw 
data that development laws, if any exist, can be sorted 
out. In other words, this is a path of finding out realistic 
governing laws from the available data. Hence, for a 
pilot substation, a suitable grey classification law can 
qualitatively assess the substation technology advances in 
the context of data deficiency and uncertain information, 
both of which are frequently encountered in the initial 
construction phase. The proposed evaluation method as an 
available approach with the ability to perform quantitative 
and qualitative assessment is proven to solve the problem 
of the evaluation of the technical progress of substations 
through the definition of grey classes which comprise 
traditional, digital, and smart substations.  

In theory, the concept of grey number is employed to 
create a range indicating the boundary of incomplete 
information. The whitenization weight function is used to 
describe the preference of a grey number for taking values 
in its range. For a general interval grey number [ , ]a aÄÎ  

, ,a aÄÌ a whitenization value Ä  denotes the simulative 

truth information of Ä . The kth whitenization weight 
function F is formulated by the following: 

 
 ( ) ( ) ( ):  { }k k kfÄ Ä ®%   (6) 

 
which has a critical impact on the evaluation results for the 
grey cluster method. 

In general, the triangular whitenization weight function 
in Fig. 2 is widely applied in grey system analysis. There 
are n grey classes, and accordingly lk denotes the 
whitenization value of the kth grey number. Supposing 
there is a point sequence { }0 1 2 1, , , , ,n nl l l l l +L , k

jf is a 
triangular whitenization weight function for the interval 

1 1[ , ]k kl l- + .  

For the index j, in terms of grey class k, the 
whitenization weight function follows the piecewise linear 
equations given below: 
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The whitenization weight function has been applied 

widely in many fields. For the evaluation problem, there 
are some technical challenges for its successful application. 
For example, when the sample value of an upper grey class 
is more than the center point, the triangular whitenization 
weight function and the center points are negatively 
correlated, which is not in accordance with the reality that 
the greater lk should have the better f (k).  

Therefore, an improved triangular whitenization weight 
function is presented as follows. For the upper grey class, 
the triangular whitenization weight function is defined and 
displayed in Fig. 3: 
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Similarly, for the lower grey class, the equations can be 

formulated as 
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Based on the principle that the sum of all grey classes is 

equal to one, the whole modified triangular whitenization 
weight function is shown in Fig. 4. The modified 
whitenization weight functions displayed in Fig. 4 not only 
have intrinsic advantages but can also solve specific 
evaluation problems. From the perspective of quantitative 
evaluation, the monotony of the improved functions 
ensures that the evaluation results truly reflect the objective 
law.  

The evaluation procedure for a substation based on the 
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grey cluster analysis method is described in brief: 

Step 1. Establish a grey class evaluation set of substations 
{I, J, K}, in which I denotes the substation set, J 
denotes the evaluation index set, and K denotes the 
grey class set. 

Step 2. Calculate the evaluation indices, and perform the 
standardization. 

Step 3. Select the whitenization weight functions for the 
standardized indices to obtain the grey classes. In this 
step, lk is often given an initial value by expert 
marking. 

Step 4. A grey cluster evaluation matrix is developed. For a 
grey class k, the grey cluster evaluation element sk in 
the matrix can be described as follows. 
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where hk is the weight vector, which can be obtained 
by the AHP evaluation method [13]. 

Step 5. The grey cluster analysis is performed and the 
evaluation results can be acquired. For the ith 
substation, the evaluation results are given below: 

 
 1 2 3[ , , ]i i i is s s s=   (11) 

 
Based on Eq. (11), the technical level of a substation can 

be classified. Suppose that  
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Then the ith substation belongs to the grey class k*. 

When k* is equal to one, the technical level is defined as 
traditional substation; when k* is equal to two or three, the 
technical level can be regarded as digital or smart 
substation. 

 
 

3. Case Study 
 
Two case studies have been used in this paper to analyze 

the proposed approaches. First, for the Wenchongkou 
substation in CGS, the technical and economic 
requirements for a smart substation have been given in the 
bid documents [14], and an optimal multi-objective 
planning design scheme is presented here. The second case 
study is the technical-level evaluation for substations, 
which includes the Mengzi smart substation and other 
digital and traditional substations in SGCC. 

3.1 Planning scheme of the Wenchongkou substation 
 
In the bid documents of the 110 kV Wenchongkou 

substation, the topology of the network shows the 
connection status for nodes in the process level, bay level, 
and substation level. At the substation level, the electronic 
transformers and intelligent primary equipment will be 
applied in the substation. The mean time between failure 
(MTBF) index for the cyber system is limited to the 
maximum level. Three candidate schemes are presented to 
evaluate the planning effects. The main information 
including the transmission mode, network structure, and 
equipment application is displayed in Table 1 and Figure 5. 

In Table 1, the element of the equipment number set 
｛L..., M..., S..., T..., Q..., F..., K...｝in sequence denotes 
the allocation number of the logical, measurement, 
supervision, transformer and sensor, quality of electricity, 
functional, and mechanical nodes in the designed 
substation. Moreover, the elements in Table 1 have been 
allocated in Fig. 5 for three candidate schemes. The 
networks in Schemes 1 and 2 are designed based on IEC 
61850 Edition 1.0 [15] in Figs. 5(a) and 5(b), and a new 
standard named IEC 61850 Edition 2.0 [16] is applied to 
the design of Scheme 3 in Fig. 5(c). Other network nodes 
and their meanings are described in [17] in detail. 

The proposed optimization model in Eq. (1) is a 
nonlinear and mixed-integer programming problem in 
mathematics. In order to implement the ex-post evaluation 
for the substation, a classical heuristics optimization 
algorithm, that is, particle swarm optimization (PSO) [18], 
is used to obtain the solution. Based on the main data given 
for the abovementioned evaluated substations, the planning 
results in different scenarios are shown in Tables 2 and 3. 
The cases in Table 2 illustrate the economic (Ec.), 
reliability (Re.), and comprehensive (Co.) index values in 
different scenarios. The Ec. index includes the investment 
and operation cost. The Re. index indicates the outage 
loss cost considering the line outage in the network 
structure of a substation. The Co. index result can be 
obtained from the sum of the weight for both index Ec. and 
index Re.. If the weights of the Ec. indices are higher than 
those of Re. indices, the optimal plan will be not reliability-
oriented. As for the three planning design schemes, higher 
comprehensive evaluation values are obtained by Scheme 3. 
The best planning design for a smart substation should 
comply with Scheme 3. Furthermore, Scheme 3 is composed 
of more smart devices, redundant logical nodes, and a 
robust network topology structure, which indicates the 
development direction of smart substation. 

The AHP method is used by the decision maker to 
address the smart substation planning problem with 
multiple objectives in this paper. The AHP approach has 
been proven to be effective in solving multi-criteria 
problems including planning, selecting the best among the 
alternatives, and allocation of resources [19]. It is helpful 
for making decisions where conflicting evaluation criteria 
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exist. Thus, the AHP method is used as the decision-
making technique for the proposed approach because of its 
efficiency in coping with quantitative and qualitative 
criteria for the resolution of the problem. The steps of the 
AHP algorithm are described briefly as follows. 

1) The hierarchical model of the metrics for the attributes 
is structured. 

2) The judgment matrix is set up. The elements in the 
judgment matrix represent the decision-maker’s 
knowledge about the relative importance of any pair 
of attributes. An intensity scale of importance is used 
to show how to transform the linguistic terms into 
numerical intensity values [20]. 

3) The maximum eigenvalue and its corresponding eigen-
vector of the judgment matrix can be calculated. 
Moreover, the weight vector including weight values 
for all attributes is equal to the normalized eigenvector. 

4) The index of consistency ratio (CR) [21] is used to 
check the effectiveness of the established judgment 
matrix. 

 
The AHP method is implemented to obtain the following 

judgment matrix of indices:  
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Eq. (13) shows that f1 is less important than f2, and f3 is 

more significant than f2 in the view of experts. Thus, the 
weights of the three objective functions are determined. 
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The planning results obtained though the AHP method 

are displayed in Table 3. In the scenario, the comprehensive 
evaluation results are also from the weighted sum of the 
three indices, but the indices have been normalized. As 
shown in Table 3, considering that the reliability plays an 
important role in the intelligence property for a smart 
substation, the higher weight value is given to the 
reliability objective function. Therefore, Scheme 3 can 
be regarded as the best design as it has the largest 
comprehensive evaluation value. The comprehensive 
results listed in Tables 2 and 3 together demonstrate that a 
smart substation should have more reliability. 

 
3.2 Performance evaluation of the substations 

 
In this section, eight substations including the Mengzi 

substation (Substation F) in SGCC are evaluated based on 
the methodologies proposed in Section II. It is necessary 

to establish an evaluation index system for a substation 
before the technical performance assessment is conducted. 
Therefore, 16 indices indicate that the functional 
characteristics of substation technologies are used to 
implement the evaluation process. They are, respectively, 
the ratio of smart plug and play devices, the success rate 
of interoperability of smart devices, the communication 
success rate, the network bandwidth, the rate of Ethernet 
coverage, the average number of daily staff, the average 
time of switching operations, the average maintenance 
cycle of devices, the yearly outage time, the yearly rate of 
operation accidents, the equipment failure rate, the mean 
time to repair, the success rate of protection operations, 
the area covered by the substation, the total length of cable 
of the secondary system, and the photovoltaic power-
generation capacity. In the whole assessment procedure, 
the evaluation indices represent the intelligence, reliability, 
efficiency, and greenness, and can be calculated based on 
the actual data. 

Table 4 gives the calculation results from the application 
of the proposed modified grey clustering analysis method. 
Figure 6 shows the evaluation results of grey clustering for 
the eight substations. Substations B, D, and E can be taken 
as traditional substations, Substation C and H are digital 
substations, and Substations A, F, and G have reached the 
technical level of smart substations. In addition, any 
substation can be ranked with others in accordance with 
their evaluation values. For example, for the digital 
substation set, Substation H has a higher technical level 
than Substation C. 

Considering the advantage of the AHP method, that is, 
that multiple evaluated objects can be dealt with 
conveniently and effectively in the weight calculation 
procedure, the analysis results from the grey clustering 
analysis approach can be verified by the AHP algorithm. 

In comparison with the data in Fig. 6, the results 
calculated by the AHP approach are displayed in Fig. 7. 
The sorting of the substations obtained with the AHP 
algorithm has the same trend as that given by the approach 
proposed in this paper, which indicates that neither of 
methods can render the paradox about the technical 
advance assessment of the substations. Hence, the modified 
grey clustering analysis method may be used to evaluate 
the technical performance of substations. Although AHP 
has been employed widely in various fields, this method 
can only provide comprehensive evaluation results, which 
means AHP, as a classic evaluation approach, is more 
suitable for carrying out qualitative assessment than 
quantitative analysis. However, the grey clustering analysis 
method can not only obtain qualitative results in the 
evaluation process to identify the sequence of technical 
progress of substations but also classify the maturity rating 
of the evaluated substations based on the quantitative 
results. 

A further discussion about the application of the 
modified grey clustering analysis method in this paper is 
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presented. In terms of the fundaments of the proposed 
abovementioned method, the whitenization weight function 
plays a significant role in the correction of the evaluation 
results. As a result, a sensitivity analysis of grey class k is 
performed to reflect the influence. Three substations are 
selected to display the change of evaluation results with 
different k values in Fig. 8. From the picture, the evaluation 
sequence of substations is not transformed with the 
increase in the values of k, but the diversities of the 
evaluation results from the selected substations will be 
weakened, which means the reliability of the quantitative 
analysis will be damaged. In other words, supposing that a 
higher k value is set, it will be disadvantageous to employ 
the modified grey clustering method in the procedure 
evaluating the technical progress. In the authors' opinion, 
the value of grey class k should be taken as a tradeoff 
between a quantitative and qualitative evaluation analysis. 
Although the reliability of the qualitative evaluation can be 
improved when k becomes larger, the difference in results 
compared to the quantitative analysis will not be seen as 
clearly as in the case of smaller k. Therefore, when the 
requirements of qualitative evaluation can be met, a choice 
of smaller k may be suitable and feasible. 

 
 

4. Useful Hints 
 

4.1 Figures 
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Fig. 1. Logical structure and main components for a 

substation 
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Fig. 3. Graph of improved whitenization weight function 
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Fig. 4. Graph of improved whitenization weight functions 

for upper, middle and lower grey classes 
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Fig. 5b. The network structure of substation in Scheme 2 
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Fig. 6. The quantitative grey clustering evaluation results 
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Fig. 7. The evaluation results from the application of the 

AHP method for eight substations 

The Evaluation Results
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Fig. 8. The evaluation results of smart substations in 

different scenarios based on the change of k value 

4.2 Tables 
 

Table 1. The plan of equipment allocation in the schemes 

 Design 1 Design 2 Design 3 
L… 2 2 8 
M… 7 8 13 
S… 4 4 11 
T… 3 5 20 
Q… 0 0 6 
F… 0 0 9 
K… 0 0 5 

 
Table 2. The planning results of three schemes in different 

weight scenarios 

Planning design schemes 
Scheme 1 Scheme 2 Scheme 3 

 

Ec. Re. Co. Ec. Re. Co. Ec. Re. Co. 
2:3:5 2.99 1 20.0 3.76 1.8 27.8 5.10 1.5 33.0 
3:4:3 3.27 0.9 25.6 3.92 1.5 31.9 5.53 1.4 42.9 
4:3:3 3.56 0.8 27.3 4.13 1.2 32.5 5.66 1.2 43.2 
2:2:6 2.73 1.2 19.9 3.48 1.9 25.3 4.82 1.9 30.7 

 
Table 3. The planning results of three schemes based on 

the AHP method 

Design schemes Weights from 
AHP (w1:w2:w3) 

Comprehensive  
evaluation results 

1 0.32 
2 0.26 
3 

 
0.1:0.26:0.64 

0.67 
 

Table 4. The grey clustering analysis results from eight 
evaluated substations 

Substation Lower grey cl
ass value 

Middle grey c
lass value 

Upper grey cl
ass value 

A 0.0000 0.2822 0.7178 
B 0.6976 0.2721 0.0303 
C 0.1389 0.5706 0.2904 
D 0.8457 0.1135 0.0408 
E 0.7493 0.2157 0.0350 
F 0.0000 0.2368 0.7632 
G 0.1148 0.2777 0.6075 
H 0.0393 0.5908 0.3699 

 
 

5. Conclusion 
 
This paper has presented methodologies for evaluating 

smart substations in China from the ex post and ex ante 
perspectives. In the ex ante evaluation process, for a smart 
substation, the proposed approach develops a multi-index 
optimization model to design the planning scheme. The 
assessment solution shows the tradeoff between reliability 
and economic cost of substation equipment. The simulation 
results show that a design scheme that integrates more 
advanced substation technologies and has redundant 
logical nodes and a robust network topology structure can 
enhance the reliability of operation, although it will have a 
much higher economic cost. The proposed methodology, 
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which is used to evaluate the plan of a substation, can 
provide an optimal solution for the decision-maker based 
on multicriteria analysis. Through the comparison of the 
results obtained with different weight combinations, it is 
illustrated that the difference of optimal solutions for the 
candidate schemes based on AHP can be shown more 
obviously than when using the given fixed weights. The 
reason is that the AHP method relies on the options chosen 
by the decision-maker when considering different attributes, 
and it is beneficial to provide an optimal solution with 
consideration of the characteristics of the attributes on 
which the decision-maker focuses. 

As for the ex post evaluation, a modified grey clustering 
analysis method is proposed to assess the technical 
progress of a substation, by which the maturity levels of 
substation technologies can be determined. Novel triangular 
whitenization weight functions are defined to formulate the 
proposed evaluation approach. Through the whole of the ex 
post assessment procedure, the evaluated substation can be 
classified as a traditional, digital, or smart substation. 
Moreover, the sorting of the substations obtained with the 
proposed modified grey clustering analysis method has 
the same trend as that given by the AHP algorithm, which 
demonstrates the effectiveness and correctness of the 
application of the presented methodology. However, the 
AHP method, as a typical evaluation method, only performs 
the sorting of substations qualitatively. It is difficult to 
classify substations into corresponding categories using 
AHP. Hence, the proposed ex post evaluation method is a 
practical way to identify the technical advancement of 
substations. 
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