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Abstract: To adapt to the growing scale of renewable energy and improve the consume ability of
the power system, it is necessary to design a highly adaptable planning scheme for high penetration
of the renewable energy integrated system. Thus, this paper firstly gives the conception of system
adaptability and designs an adaptability index system, which considers the supply and demand
balance, operation state, and network structure of the high penetrated renewable energy integrated
system. It can help to comprehensively evaluate the system ability towards uncertain shocks. Then, a
two-stage source-grid coordinative expansion planning model is presented. The adaptability indexes
of supply and demand balance are used as objection of the source planning stage, the adaptability
indexed of the operation state and network structure are used to guide the grid planning stage.
The model is further solved based on the coordination between the source and grid planning stage.
Finally, the case study verifies that the obtained optimal plan has good adaptability to the impact of
renewable energy on the power supply capacity and security operation.
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1. Introduction

1.1. Motivation

The pursuit of a sustainable low-carbon society has made renewable energy, represented by wind
power and photovoltaics, popularized and applied on a large scale. With the rapid development of
related technologies and the breakthrough of key issues, the penetration of renewable energy increases
each year [1]. The newly installed capacity of renewable energy units in the world reached 181 GW
by 2018, in which wind and photovoltaic power accounted for 83%, while the renewable energy
unit supplied more than 26% of load demand [2]. The obvious influence of natural resources and
seasonal climate cause the renewable energy unit to have strong volatility and randomness [3]. Variable
renewable energy sources, such as solar photovoltaic and wind power, not only change the patterns
of electricity utilization on the demand side, but also bring challenges for the balancing and security
of power supply on the source side [4]. Considering the scale effect, the uncertain characteristics of
multi-spatiotemporal differential distribution of renewable energy are coupled in the operation features
of the power system. That seriously impacts the safety and stability of the power system and brings
great challenges to the planning and operation. The limitation of network structure and shortage of
flexibility resources will further restrict the adaptability of the power system for renewable energy
integration. Thus, a source-grid coordinative planning scheme adaptable for the high penetration
system is crucial to improve the system adaptability to renewable energy [5].
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1.2. Previous Work

To reduce the impact of renewable energy uncertainties on the power system and maximize
its advantages of cleanliness, high efficiency, and environment friendly, existing research analyzes
the adaptability of high penetration of the renewable energy integrated system [6]. Flexibility is an
important theory that is currently widely studied and used to solve the uncertain impact of high
penetration of renewable energy. This theory mainly analyzes the ability of flexibility resources in the
system to copy with the demand under uncertain operating environments [7]. The characteristics of
flexibility such as directionality, time scale, and the key points of flexible assessment were summarized
in [8]. A quantitative assessment index of flexibility based on interval evaluation was established in [9].
Based on the flexibility assessment, the flexibility balance mechanism was explored in [10] and various
types of flexibility coordination planning models were established. Although flexibility assessment is
an important part of the scope of adaptability analysis, it pays more attention to the adaptability of
supply and demand balance and lacks consideration of the state of the power system. The impact
of high penetration of renewable energy is not only reflected in the supply and demand balance,
but also needs to consider the safety, stability, economic efficiency of system operation, and also the
affordability of the network structure. The system adaptability characterizes the ability to achieve
optimal development in the mutual influence and coordination between itself and external factors, it
can more fully reflect the consumption ability for renewable energy integration [11]. Hence, considering
the impact of high penetration of renewable energy on other aspects of the power system, [12] analyzed
the adaptability of the power system to integrated photovoltaic power plants from the perspective
of voltage stability and power flow safety and proposed adaptive expansion measures for reactive
power improvement. The influence of the centralized wind farm on the evolution of the self-organized
state of the power system is discussed in [13] based on the entropy theory. [14] further considered the
probabilistic operating characteristics of high penetration of the renewable energy integrated system
and proposed an adaptive evaluation index system from the prospects of safety, economy, and stability.
As far as current research is concerned, the system adaptability to the renewable energy integrated
system mainly focuses on the adaptability of existing power systems, which belongs to the category of
post evaluation and rarely works on the relevant application of adaptability evaluation to the source
and grid expansion planning of the power system [15].

1.3. Current Contribution

Based on the above, this paper proposed an adaptable source-grid coordinated expansion plan
for high penetration of the renewable energy integrated system with the help of the adaptability
evaluation. Firstly, an adaptability index system for high penetration of the renewable energy integrated
system towards source-grid expansion planning is presented in this paper, which covers three aspects:
adaptability of the supply and demand balance, adaptability of the operating state, and adaptability
of the network structure. Among them, the state evaluation model for supply and demand balance
is established considering the directivity of supply and demand regulation, diversity of time scale,
and complexity of network constraint, then the adaptability index comprising both the insufficient
rate and insufficiency of supply and demand is presented. Quantifying the fluctuation and variable
operation state of high penetration of the renewable energy integrated system, the weighted entropy
index of the expected line load rate that takes into account the safety and economic operation and
the weighted entropy index of the line power fluctuation rate to evaluate the stability operation are
proposed, then a comprehensive index is designed based on joint weighted entropy to evaluate the
rationality of the system operation state. Quantifying the electrical characteristics of the network
structure, the weighted entropy index that considers the safety of bus and branch is proposed, then
a joint weighted entropy index of the network structure is established to reflect the robustness of
the overall structure. Furthermore, based on the proposed index system and accounting for the
system safety constraints, power flow constraints, equipment operation constraints, and renewable
energy output volatility, an adaptable source-grid coordinative two-stage expansion planning model is
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proposed, which combines the source planning and the gird planning. While preserving the power
balance and regulation capabilities, the multiple attributes of the operation state and network structure
are optimized. The matching and adaptability between the source planning scheme and grid planning
scheme are enhanced, improving consumption ability of the system to high penetration of renewable
energy. The simulation and analysis carried out in the Garver-18 bus test system verify the practicability
and effectiveness of the proposed method.

1.4. Structure

The rest of this paper is organized as follows. Section 2 presents the system adaptability index
system. Section 3 introduces the adaptive source-grid coordinative expansion planning model and its
solution method. The case study is illustrated in Sections 4 and 5 concludes this paper.

2. Evaluation of the System Adaptability to High Penetration of Renewable Energy

Renewable energy is obviously restricted by natural resources and its essential feature is strong
uncertainty with multi-temporal distribution. Its large-scale integration will have a strong impact on all
aspects of the power system, as shown in Figure 1. It can be seen that under a new background, fast and
sufficient regulation resources are the key to ensuring the balance between supply and demand [16].This
paper defines the adaptability of the high penetration of the renewable energy integrated system as:
under the uncertain operating environment of high penetration of renewable energy integration, power
system calls for fast regulation resources to respond to the changes in demand and relies on a robust
topology to resist uncertain shocks. On the basis of the balance between the supply and demand under
various time scales, the ability to maintain the safe, efficient, and stable operation state of the power
system is always maintained. Combined with the above definition, we can see that the evaluation
perspective of the adaptability of high penetration of the renewable energy integrated system includes
three parts: multi-time scale power supply and demand balance, high-quality and reliable level of
operation state, and robustness of network topology.
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2.1. Adaptability Index System

The adaptability index system should take into account the typical characteristics of high
penetration of renewable energy, which is suitable for the new background with multi-spatiotemporal



Energies 2020, 13, 3304 4 of 26

uncertain characteristics and then effectively characterizes the adaptability to the uncertain impact of
renewable energy from multiple perspectives [17]. At the same time, the design of the index system
should be oriented to be a guidance criterion for source-grid planning. Here, the proposed index
system for the adaptability of high penetration of the renewable energy integrated system is given in
Figure 2.
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2.2. Adaptability of Supply and Demand Balance

Adaptability of supply and demand balance means the ability to maintain multi-time scale balance
of supply and demand, where the system responds to the regulation demand caused by the fluctuating
output of renewable energy by fast regulation resources. In this section, we firstly introduce the basic
characteristics, and the quantitative evaluation model of supply and demand balance considering
network constraints is proposed. Then, we give the indexes in detail to evaluate the probability and
average degree of supply and demand shortage.

2.2.1. Basic Characteristics

(1) Directivity of Supply and Demand Regulation

The regulation demand of traditional power systems mainly comes from the power shortage
caused by faults. Specifically, when the power system lacks power supply, spare capacity is required to
fill the power gap in time to ensure the supply and demand balance. So, the fault regulation demand
has a single directionality, i.e., up-regulation. However, under the high penetration of renewable
energy integration, renewable energy sources have become the main source of the power supply and
will bear most of the load demand. Due to the strong fluctuation and intermittency of renewable
energy, its output power will continuously change with time and the direction of change is uncertain.
In this situation, the system needs to be able to quickly adjust the resources to match it, respond to
changes in the renewable energy, form a complementary relationship of upward and down-regulation,
and ultimately ensure reliable power supply and efficient consumption of renewable energy. Therefore,
the high penetration of the renewable energy integrated system has the regulation demand coming
from the renewable energy power change and its directionality has the upward and downward
bidirectional characteristics.
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(2) Diversity of Time Scale

When there is a generator and transmission line failure, it will cause up-regulation demand.
However, with the improvement of the safety and reliability of the power system, the probability of its
occurrence is very low and the frequency of the up-regulation demand is the same as the frequency of
the failure. At the same time, the response time of its regulation is usually required to be within 10–30
min, which is a medium-long regulation time scale. However, because the output power of renewable
energy varies with natural resources, the fluctuation is relatively frequent and there are extreme cases of
steep drop and steep increase. Therefore, the frequency of upward and down-regulation requirements
resulting from changes in the output of renewable energy is relatively higher. Similarly, the response
time of the regulation resources is shorter, which belongs to the short-term regulation time scale.
Comparing with the temporal characteristics of traditional reserve regulation, the regulation demand
caused by renewable energy has a higher frequency and shorter time scale.

(3) Complexity of Network Constraint

The actual regulation capability of the power system is determined by the capacity of the system
configuration regulation resource and network structure, the capacity of the regulation resource
configuration determines the upper limit of the system regulation capability. In the operation of the
system, due to the limitation of network transmission, the actual regulation capability of the power
system is often less than the regulation capacity. Therefore, in the analysis of the power supply and
demand balance relationship between source and demand, it is not possible to simply use the sum
relationship to determine whether the available regulation resources can match the demand. On the
one hand, the quantitative relationship can theoretically reflect whether the upper limit of regulation
capability can meet demand; on the other hand, when further analyzing the balance between supply
and demand, power flow constraint should be added to consider the support of the network.

2.2.2. State Evaluation Model

(1) Demand Regulation Model

In high penetration of the renewable energy integrated system, the fluctuation of renewable energy
output power is the main reason for the regulation demand. Compared with changes in load power, the
fluctuation of renewable energy power is larger and more frequent and there is no corresponding rule
to follow. This paper mainly considers the regulation demand caused by the fluctuation of renewable
energy, the relevant regulation demand is formulated as [18]:

Pup
D (t, τ) =

∑
Pi,REG∈ΩREG

∣∣∣Pi,REG(t + τ) − Pi,REG(t)
∣∣∣ Pi,REG(t) > Pi,REG(t + τ)

Pdown
D (t, τ) =

∑
Pi,REG∈ΩREG

∣∣∣Pi,REG(t + τ) − Pi,REG(t)
∣∣∣ Pi,REG(t) < Pi,REG(t + τ)

(1)

where PD
up(t, τ) and PD

down(t, τ) represent the up- and down-regulation demand respectively; Pi,REG(t)
and Pi,REG(t + τ) represent the output power of the renewable energy unit i at the time t and t + τ;
ΩREG is the set for the renewable energy unit.

It can be seen from (1) that when the output power of renewable energy decreases at t + τ,
up-regulation demand will be generated. If the fast regulation resources can match this demand,
the power supply reliability can be maintained continuously. Otherwise, there will be a load
shedding. Similarly, when the output power of renewable energy increases at t + τ, there will be
a down-regulation demand. If the fast regulation of resources cannot be matched, there will be a
curtailment of renewable energy.
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(2) Resources Regulation Model

The regulation resources include various types of generators with rapid regulation capabilities,
such as rapid regulation units, energy storage devices, etc., and various regulation methods, such
as demand-side response, rapid load shedding. However, as far as the technical level and practical
application of the above-mentioned various measures are concerned, energy storage devices are
expensive to build and have limited capacity and are mostly used in distribution networks and below.
Demand-side responses are similar. Two types of regulation measures, such as rapid load shedding
and curtailment of wind and photovoltaic, are contrary to the original intention of reliable power
supply and efficient consumption of renewable energy and are often used as the last level of security
control. Therefore, at the transmission grid level, large-capacity fast regulating units are currently the
most important regulation resource. For such resources, its ability to regulate can be expressed as [18]:

Pup
S (t, τ) =

∑
Pi,G∈ΩG

min
[
Rup

i,G·τ, Pmax
i,G − Pi,G(t)

]
Pdown

S (t, τ) =
∑

Pi,G∈ΩG

min
[
Rdown

i,G ·τ, Pi,G(t) − Pmin
i,G

] , (2)

where PS
up(t, τ) and PS

down(t, τ) represent the up- and down-regulation capability and the subscript S
refers to “Supply”; ΩG is the set of fast regulating units; Pi,G(t) is the output power of the fast regulating
units i at time t; Pi,G

max and Pi,G
min are the upper and lower output of the fast regulating generator

units respectively; Ri,g
up and Ri,g

down respectively represent the maximum up and down ramp rate of
the fast regulation units.

As can be seen from (2), that the regulation capability of the fast regulation unit is determined by
the current operating state and regulation capability of the unit. Taking the up-regulation capability as
an example, the actual regulation capability is the smaller of the maximum climbing regulation rate,
the upper limit of the output power, and the difference between the actual output power.

(3) Condition Evaluation Model for Supply and Demand Balance

 Pup
M (t, τ) = Pup

S (t, τ) − Pup
D (t, τ)

Pdown
M (t, τ) = Pdown

S (t, τ) − Pdown
D (t, τ)

, (3)

s.t. −Bθ(t, τ) + Pg(t, τ) + PG(t, τ) + PREG(t, τ) = PL(t, τ), (4)

where PM
up(t, τ) and PM

down(t, τ) represent the upper and lower regulation resource margins and
the subscript M refers to “Margin”; B is bus admittance matrix; θ, Pg, PG, PREG, PL are voltage angel
vector, the output vector of the conventional generator unit integrated bus, the output vector of the fast
regulation generator unit integrated bus, the output vector of the renewable energy unit integrated bus
and the power vector of the load bus.

The presented state evaluation model of the supply and demand balance consists of two parts. (3)
can be used to judge whether the upper limit of system regulation resources is sufficient or insufficient,
so as to indicate whether the regulation resources allocated by the system can meet the demand of
regulation. (4) requires that the operation calls of each unit meet the network transmission constraints.
Therefore, (3) and (4) can be used to comprehensively reflect the satisfaction relationship between the
actual available regulation capacity and the demand. To sum up, when PM

up(t, τ) or PM
down(t, τ) are

greater than 0, it indicates that the system can maintain the balance of power supply and demand at
this time; on the contrary, there is a lack of fast regulation in the system, which will lead to a certain
degree of forced load shedding or curtailment of renewable energy [18].

2.2.3. Evaluation Indexes

Based on the state evaluation model for supply and demand balance, further construct the
adaptability indexes of supply and demand balance, which are described below.
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(1) Insufficient Rate of Supply and Demand Balance (IRSD)

IRSD is introduced to characterize the ratio of the time when the power supply and demand
balance is insufficient to the total operation time, i.e., the probability of the insufficient supply and
demand balance [18]:

Rins =
Tins

Ttotal
, Tins =

∑
t∈Ttotal

tPM(t,τ)<0, (5)

where Tins and Ttotal represent the time of insufficient supply and demand balance and the total
running time; tPM < 0 represents the moment when the supply and demand balance is insufficient.

(2) Insufficient Rate of Up-Regulation (IRUR)

IRUR is introduced to characterize the ratio of the time between insufficient supply and demand
balance due to lack of up-regulation resources and the total time of up-regulation demand, i.e., the
probability of the supply and demand imbalance and load shedding due to lack of up-regulation
resources [18]:

Rup
ins =

Tup
ins

Tup
total

, Tup
ins =

∑
t∈Tup

total

tPup
M (t,τ)<0, (6)

where Tins
up and Ttotal

up are the time when the up-regulation resources are insufficient and the total
operation time when the up-regulation demand occurs respectively, tPM

up < 0 is the time when the
up-regulation is insufficient.

(3) Insufficient Rate of Down-Regulation (IRDR)

IRDR is introduced to characterize the ratio of the time when the supply and demand balance is
insufficient due to the lack of down-regulation resources and the total time when the down-regulation
demand occurs, i.e., the probability of the supply and demand imbalance and renewable energy
curtailment due to the lack of down-regulation resources [18]:

Rdown
ins

=
Tdown

ins

Tdown
total

, Tdown
ins =

∑
t∈Tdown

total

tPdown
M (t,τ)<0, (7)

where Tins
down and Ttotal

down represent the time when the down-regulation resource is insufficient
and the total operation time when the down-regulation demand occurs; tPM

down < 0 represents the
time when the down-regulation is insufficient.

(4) Average Insufficiency of Up-Regulation (AIUR)

AIUR is introduced to characterize the average shortage of up-regulation resources per minute,
due to the mismatch of up-regulation resources and requirements [18]:

Eup
ins =

∑
t∈Tup

ins

∣∣∣∣Pup
M (t, τ)

∣∣∣∣
Tup

ins

, (8)

where the numerator represents the total insufficiency of up-regulation resource.

(5) Average Insufficiency of Down-Regulation (AIDR)

AIDR is introduced to characterize the average shortage of down-regulation resources per minute,
due to the mismatch of down-regulation resources and requirements [18]:
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Edown
ins

=

∑
t∈Tdown

ins

∣∣∣∣Pdown
M (t, τ)

∣∣∣∣
Tdown

ins

, (9)

where the numerator represents the total insufficiency of down-regulation resource.

2.3. Adaptability of Operation State

The adaptability of operation state refers to the ability to stabilize power disturbances, resist
uncertain shocks, and maintain a safe, efficient, and stable operating state by relying on its own network
structure. Aiming at the uncertain operating environment of high penetration of the renewable energy
integrated system, the expected load rate and line power fluctuation rate of the line are proposed
and the actual operating state of a single line is characterized from both the load level and the degree
of fluctuation. Furthermore, based on the weighted entropy and joint weighted entropy theory, the
operating state characteristics of each single line are integrated to obtain the overall operating state of
the power system, so as to achieve a comprehensive assessment of the safety, efficiency, and stability of
the actual operating state of the power system from the spatiotemporal dimension.

2.3.1. Basic Characteristics

(1) Operational Security

System operation security refers to the safety degree of the overall state, which can be quantitatively
characterized by measuring the safety distance between the current operating state and the fault
state. Self-organized critical theory is a typical evaluation method based on the above ideas [19].
The self-organized critical state represents the marginal state of the system operation. In this state,
any disturbance may cause system failure or even large-scale cascading failure. Since the traditional
operation mode of the power system is relatively fixed, the self-organized critical theory mainly starts
from the spatial dimension and evaluates the safety of the system by analyzing the concentration
and order of the load levels between lines under a certain operation mode. However, due to the
superposition of the fluctuations of the renewable energy output, the load level of lines shows
spatiotemporal differences. In addition, the traditional self-organized critical theory emphasizes
that the lower the load rate, the safer it is and ignores the economics of operation. Therefore, in
high penetration of the renewable energy integrated system, when the operating state of each line is
concentrated and orderly at a reasonable load level recognized by the operator, the actual operating
state of the power system is safer.

(2) Operational Efficiency

The operational efficiency refers to the economic utilization level of power system transmission
equipment and reflects the reasonable degree of the power system investment, planning, and operation.
If the utilization efficiency is too low, it will cause a large number of transmission equipment to be
idle and redundant, indicating that the grid investment is too large and there is a lot of waste of
resources. The high utilization efficiency of the power system improves the economics of power
system investment and operation, but this situation often has a limited safety margin and there is a
risk of safe operation. Existing operational efficiency indexes just reflect the average utilization level
of transmission equipment and cannot reflect the penetration of lines with high or low utilization
efficiency and the impact on overall efficiency. In addition, for the operation state with reasonable
utilization efficiency, the operational efficiency of the system cannot be simply characterized by the
load level. Therefore, in an uncertain operating environment where high penetration of renewable
energy is integrated, operation state with good efficiency and adaptability means that each line is
always operating within a reasonable range as determined by the planner. The utilization level of each
line is similar, so that the overall operation state is efficient and reasonable.
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(3) Operational Stability

The stability of the operating state can be understood as the adaptability of the operation state to
power fluctuations such as renewable energy or the ability to maintain the operation state in a dynamic
environment. The uncertainty of the integrated renewable energy unit is coupled with the overall
operation state and there will be a phenomenon where the power flow distribution is continuously
shifted and the system operating state changes rapidly. At this time, if the ability to maintain the
operation state is poor, it will result in a large difference in the safety and efficiency characteristics
of the system state under the flow section at different times. This will not only lead to poor safety,
low utilization efficiency, or heavy overloading, but also the evaluation index cannot cover the above
extreme scenarios, which ultimately leads to the ambiguity of the index and reduces the accuracy of
the overall assessment. In the face of various power fluctuations and shocks coupled in the operation,
the operating state of the various lines has a low degree of change and the fluctuation range of the
transmission power is small. The power disturbance is suppressed to the greatest extent and eventually
it will not cause a huge change in the overall operating state. Therefore, when the load level of all
lines is concentrated and orderly within the reasonable operating range recognized by the operating
personnel, it indicates that the safety and security of the current operating state is at a good level. In
other words, showing good adaptability to the uncertainty of the complex spatiotemporal distribution
of renewable energy.

2.3.2. State Evaluation Model

(1) Expected Line Load Rate

The high frequency and large range of output power changes of renewable energy, the
superimposition of spatiotemporal characteristic lead to the continuous transfer of the state. For each
line, the transmission power fluctuates and changes, which can be understood as a time series. The
line undertakes the corresponding power transmission task at different times according to the power
flow distribution. Therefore, this paper first defines the expected line load rate to describe the average
load level of the transmission power in each scenario [18]:

Fi =

∫ +∞

−∞

∣∣∣Piϕ(Pi)
∣∣∣dPi

Si,max
, (10)

where Pi andϕ(Pi) represent the actual transmission power of line i and the probability density function
respectively; the numerator represents the expected value of the transmission power; Si,max represents
the rated transmission power capacity of the line.

(2) Line Power Fluctuation Rate

Fluctuation is a typical characteristic of high penetration of renewable energy integrated systems
compared with traditional grids. The line power fluctuation rate is used to characterize the deviation of
the actual transmission power of the line at different times from the average load level in each scenario.
This index represents the fluctuation range of the actual transmission power from the average load
level and reflects the dispersion degree of the transmission power [18]:

Bi =

√
E(P2

i ) − E(Pi)
2

min
{∣∣∣Si,max − E(Pi)

∣∣∣, ∣∣∣E(Pi)
∣∣∣} , (11)

E(Pi) =

∫ +∞

−∞

Piϕ(Pi)dPi, (12)

E(P2
i ) =

∫ +∞

−∞

P2
i ϕ(Pi)dPi, (13)
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where E(·) is the expected value of the relevant parameters; the numerator is the fluctuation value of
the transmission power; the denominator is the allowable power fluctuation range, i.e., the power
fluctuation capacity.

2.3.3. Evaluation Indexes

The above evaluation model can characterize the safety margin, efficiency level, and stability of
each line, the actual operating state should be an overall evaluation of all lines, and the operating state
of each line will constitute the overall operating state. Therefore, based on the weighted entropy [20]
and joint weighted entropy theory [21], this paper proposes adaptability evaluation indexes for the
operation state of overall system.

(1) Weighted Entropy of Expected Line Load Rate (WEELLR)

The operating state is regarded as the system as a whole and each load rate interval is regarded as
a system event. The ratio of the number of lines in each interval to the total number of lines is regarded
as the probability of occurrence of events in this interval. The weights of each interval are subjectively
determined according to planners, and set the optimal operating interval weight to the minimum.
The weighted entropy theory can be used to establish WEELLR to evaluate the concentration and
rationality of the operating state distribution.

The load rate interval is expressed as a set M = [M1, M2, . . . , M5], where interval M1 indicates
that the load rate interval is (0, 20%] of the rated capacity and so on, M5 indicates (80%, 100%]. NMi is
the number of lines whose expected load rate belongs to the interval. Then, the probability that the
line is in the ith expected load rate interval can be expressed as [20]:

p(FMi) =
NMi

5∑
i=1

NMi

. (14)

The weight of the expected load rate interval of each line ω(FMi) can be determined according to
the planner’s comprehensive consideration of the grid efficiency and safety margin. For example, the
rational ranking of the load rate interval is: M3 > M2 > M1 > M4 > M5, where the “>” symbol indicates
that the left side of the symbol is more reasonable than the right-side object. The above sorting method
shows that the planner thinks that when the line load rate in (80%, 100%] of the rated capacity is the
most reasonable and its weight is the smallest. Therefore, WEELLR is expressed as [20]:

HF = −
5∑

i=1

ω(FMi)p(FMi) ln p(FMi). (15)

This index reflects the concentration and rationality of the distribution of the average load levels
between lines from the spatial dimension. The smaller the index value, the more the expected load
rate of the line is concentrated in the range that the operator believes is more reasonable. The overall
average state has both safety and efficiency and has good adaptability.

(2) Weighted Entropy of Line Power Fluctuation Rate (WELPFR)

Due to fluctuations of renewable energy output, the operating state will shift from the average
state. When the offset is large, it will cause the safety and efficiency of the running state to not maintain
the average state. Therefore, WELPFR is introduced to quantify the degree of this deviation and to
evaluate the stability of the system operating state.

The operating state is still regarded as the system as a whole and each power fluctuation rate
interval is regarded as a system event. The ratio of the number of lines existing in each interval to the
total number of lines is regarded as the probability of occurrence of events in this interval. Because
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the smaller the line power fluctuation, the more stable the overall system state, so the weight of the
operating interval with the smallest power fluctuation rate is set to the minimum. The weighted
entropy theory can be used to establish WELPFR to evaluate the stability of the grid operating state
distribution. The power fluctuation rate interval is expressed as a set V = [V1, V2, . . . , V10], where
interval V1 represents the power fluctuation rate value interval is (0, 10%] and so on, V10 indicates
(90%, 100%]. NVj is the number of lines whose line power fluctuation rate belongs to the interval Vj.
Then, the probability that the line is in the jth power fluctuation rate interval can be expressed as [20]:

p(BV j) =
NV j

10∑
j=1

NV j

. (16)

The smaller the power fluctuation of each line is, the more stable the system is. Therefore, the
smaller the weight of the power fluctuation rate interval, the higher the rationality and the average
value of the line power fluctuation rate of each interval can be directly used as the weight of the interval.
Let k denote the line whose line power fluctuation rate is in the interval Vj, the weights is calculated as
follows:

ω(BV j) =
1

NV j

∑
k∈V j

Bk. (17)

Thus, WELPFR can be expressed as:

HB = −
10∑

j=1

ω(BV j)p(BV j) ln p(BV j). (18)

This index considers the fluctuation of the transmission power of all lines and can reflect the
stability operating state from the time and space dimensions. The smaller the index value, the more
the line power fluctuation range is smaller, power system has better adaptability and smoothing ability
to the renewable energy power fluctuation, and shows high inertia operating characteristics.

(3) Joint Weighted Entropy of Operation State (JWEOS)

WEELLR evaluates the safety and efficiency operating state, WELPFR evaluates the stability of
the operating state. The above two indexes and three attributes jointly determine the adaptability and
rationality of the system operating state. However, in practical applications, it is often more desirable
to use an index to directly assess the adaptability and rationality of the operation state. Therefore, this
paper combines the two indexes and further propose JWEOS to comprehensively evaluate the safety,
efficiency, and stability of operation state.

The operating state of high penetration of the renewable energy integrated system can be
characterized by the expected line load rate and line power fluctuation rate. If the grid operating state
is regarded as the whole system, the expected line load rate and line power fluctuation rate can be
regarded as the two types of events that constitute the overall system, the concentration and rationality
jointly determine the adaptability operating state. Because, under the considered operation scenario
and corresponding operation mode, the expected load rate and power fluctuation rate distribution are
obtained through simulation. Therefore, JWEOS is formulated as [21]:

HFB = −
5∑

i=1

10∑
j=1

ω(FMi)ω(BV j)p(FMi)p(BV j) ln
[
p(FMi)p(BV j)

]
. (19)

The smaller the index value, the more lines in the system are operating within the load level
interval that the planner thinks reasonable and the more line with smaller power fluctuation range.
Combined with the definition of adaptability of operation state, it can be seen that the system considers
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both safety and efficiency in this operating state, with strong robustness and a comprehensive high
level of adaptability.

2.4. Adaptability of Network Structure

The adaptability of network structure means that in an uncertain operating environment where
high penetration of renewable energy is connected to the grid, the power system will ultimately improve
the ability components and the overall structure to withstand uncertain impacts by optimizing the
network topology and reducing weak links. According to the complex network theory and vulnerability
theory, bus and branch electric betweenness indexes are used to characterize the importance and
robustness of a single component [22]. Based on the uniformity theory, weighted entropy and joint
weighted entropy theory, the impact of buses and branches on the topology is integrated. From a
single element to the overall power system, the weak links are identified and the ability of the overall
network structure to withstand uncertain shocks.

2.4.1. Basic Characteristics

In the power system analysis model, buses and branches are the most basic components that
make up the network structure. The rationality of the connection relationship between buses and
branches will directly determine the ability of the network structure to resist the impact of uncertain
factors. In the context of high penetration of the renewable energy integrated system, if there are weak
buses or branches, it is very easy to cause large-scale cascading failures from renewable energy power
shocks. Therefore, evaluating the robustness of buses and branches is the key to understanding the
ability of the overall structure to withstand uncertainties.

(1) Bus Robustness

On the one hand, bus robustness is determined by the load level and the integrated generator
capacity, on the other hand, by the spatial position of bus in the power system topology. Bus that
bears important loads or bus with important generators often has a high importance level and needs to
pay special attention to ensure reliable power supply of the critical load. Bus with more complicated
contact relationships in the system also tends to have a higher importance level. Once this type of bus
withdraws due to various uncertain shocks or reduces its contribution to the operation, it has a wide
range of coverage and is often easy to cause larger failures. Therefore, bus with higher criticality tends
to become weak links, it is of great significance to improve the robustness of the network structure to
identify the key bus and reduce its weakness through reasonable planning.

(2) Branch Robustness

The transmission line assumes the key role of connecting various types of generator and load
buses, which is the basic platform to ensure the reliable power supply. On the one hand, branch
robustness is determined by the importance of buses connected by the transmission corridor, on the
other hand, by the transmission capacity undertaken by the transmission corridor in the system power
supply and demand balance. The transmission lines with more complicated contact relationships and
contact buses belonging to important buses often have higher importance levels. Once such lines exit
the system due to various uncertain impacts, it is easy to cause large-scale chain failures and large-scale
power outages. Therefore, identifying the weak links of the power transmission line and on this basis,
reducing the number of weak links and reducing the degree of weakness is the key to improving the
robustness of network structure.

2.4.2. State Evaluation Model

Complex network theory is an abstract description of complex systems composed of different
nonlinear basic units. Its core idea is to abstract complex systems into complex networks composed of
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buses and branches and use graph theory, statistical theory, etc. The classic index of the method to
quantify the network structure characteristics of complex systems. Among them, buses of the complex
network represent the basic units that make up the system and branches reflect the association between
the basic units. In the analysis of complex networks in power systems, the electric betweenness is the
most commonly used. This index is based on the network intermediary index and combined with the
improvement of the actual characteristics of the power flow distribution. It is divided into electric
betweenness of buses and branches. Then, clarify the network’s weak links and their weaknesses.
It means that any power generation and load bus pair in the power system is selected, the power
generation and load power of the bus pair are used as power weights and then the unit current is added
between bus pairs and Kirchhoff’s law solves the current in the entire network After the traversal
considers all bus pairs, the current through a bus or branch is weighted and accumulated and the
electric betweenness of bus or branch can be obtained. The index can reflect the power capacity of the
different power generation and load bus pairs by adjusting the weights and can accurately characterize
the occupancy of each bus and branch element based on Kirchhoff’s theorem.

(1) Electric Betweenness of Bus

Electric betweenness of bus characterizes the occupancy of all bus components by each power
transmission path of the grid, i.e., the contribution of different bus in the power transmission. The
larger the electric betweenness of bus, the greater the contribution and importance of bus in the
power transmission of the whole network and the more easily and disturbed the system power is. By
obtaining the electric betweenness values of all buses in the power system, the weak ranking of buses
can be obtained. The electric betweenness of bus i can be calculated as [22]:

Di =
∑

a∈Ge,b∈Lo

√
ωaωbBe,ab(i), (20)

where a, b respectively represent the number of generator and load bus; Ge and Lo represent the set
of generator and load bus; ωa, ωb represent the weights of generator and load bus, their values are
denoted as the actual power; Be,ab(i) is the current distribution of bus i, after add a unit current element
between pairs of generator load bus (a, b), which can be calculated as [22]:

Be,ab(i) =


1
2
∑
j

∣∣∣Iab(i, j)
∣∣∣ i , a, b

1 i = a, b
, (21)

where Iab(i, j) is the current of branches (i, j) after adding the unit current element between the generator
load bus pair (a, b) and bus j represents the remaining buses directly connected to bus i. When bus
i is one of the generator load bus pairs, the current value passing through bus is regarded as the
unit current.

(2) Electric Betweenness of Branch

Electric betweenness of branch characterizes the occupancy of all power system components
by each power transmission line, i.e., the contribution of each branch in the power transmission of
the entire network. The greater the electric betweenness of branch, the greater the contribution and
importance of branch in the power transmission. It also indicates that branch is more susceptible to
system power disturbances and has less robustness. The easier it is to become the weak link in the
overall grid. The electric betweenness of branch m can be calculated as [22]:

Lm =
∑

a∈Ge,b∈Lo

√
ωaωb

∣∣∣Iab(m)
∣∣∣, (22)

where Iab(m) is the current of branch m after the unit current element is added between the generator
load bus pair (a, b).
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2.4.3. Evaluation Indexes

(1) Weighted Entropy for Electric Betweenness of Bus (WEEBBus)

Although the electric betweenness of bus can clarify the order of the weakness of each bus within
the power system, it cannot compare the robustness of different network structures from the perspective
of the overall bus. Therefore, this paper proposes WEEBBus to clarify the difference in robustness of
different network structures. The network topology is regarded as the system, the electric betweenness
interval of each bus is regarded as event. The ratio of the number of buses in each interval to the
total number of buses is regarded as the probability of occurrence of events in this interval. Since the
smaller the electric betweenness of bus, the more robust the component and the overall structure, the
interval weight with the smallest electric betweenness is set to the minimum. Thus, the weighted
entropy theory can be used to establish WEEBBus and the robustness of network structure can be
evaluated from the perspective of bus.

Represent the interval for electric betweenness of bus as a set O = [O1, O2, . . . , O5], NOi is the
number of bus whose electric betweenness is in the interval Oi. Then, the probability that the electric
betweenness of bus belongs to the ith interval Oi can be expressed as [20]:

p(DOi) =
NOi

5∑
i=1

NOi

. (23)

The smaller the electric betweenness of bus, the less the weak links of the network, the better the
robustness of the structure. Therefore, the smaller the electric betweenness value is, the smaller the
weight value of interval is. Here, let k denote bus whose electric betweenness belongs the interval
Oi, the average value of the electric betweenness for each interval is used as the weight value of the
interval [20]:

ω(DOi) =
1

NOi

∑
k∈Oi

Dk. (24)

Thus, WEEBBus can be formulated as [20]:

HD = −
5∑

i=1

ω(DOi)p(DOi) ln p(DOi). (25)

The smaller the index value, the more buses in the power system are concentrated in a smaller
value interval. This shows that from the perspective of buses, the overall structure is balanced, robust,
and has few weak links and is not easily affected by power disturbances. Network structure has higher
adaptability and stronger ability to withstand uncertain shocks.

(2) Weighted Entropy for Electric Betweenness of Branch (WEEBBra)

When the electric betweenness of all branches is concentrated in a relatively small range, it
indicates that there is no weak link in the branch of the network structure. The topological structure is
regarded as the system as a whole, the electric betweenness interval of each branch is regarded as a
system event and the ratio of the number of branches in each interval to the total number of branches
is regarded as the probability of occurrence of events in this interval. The interval weight with the
smallest electric betweenness is set to the minimum and so on. In this way, the weighted entropy
theory can be used to establish WEEBBra and the robustness of the network structure can be evaluated
from the perspective of the branch.
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Represent the interval for electric betweenness of branch as a set Z = [Z1, Z2, . . . , Z5], NZj is the
number of branches whose electric betweenness belongs to interval Zj. Then, the probability that the
electric betweenness of bus belongs to the jth interval Zj can be expressed as [20]:

p(LZ j) =
NZ j

5∑
j=1

NZ j

. (26)

On this basis, determine the weight ω(LZi) of the interval for electric betweenness of each branch.
Similarly, the smaller the electric betweenness is, the smaller the weight setting. Let k denote the branch
whose electric betweenness belong the interval Zj, the average value of electric betweenness of the
branch for each interval is used as the weight of the interval [20]:

ω(LZ j) =
1

NZ j

∑
k∈Z j

Lk. (27)

Thus, WEEBBra can be formulated as [20]:

HL = −
5∑

j=1

ω(LZ j)p(LZ j) ln p(LZ j). (28)

The smaller the index, the more branches are concentrated in the smaller value interval of electric
betweenness. This shows that from the perspective of branch circuit, the overall structure is balanced,
robust, and not easily affected by power disturbances. Network structure has higher adaptability and
stronger ability to withstand uncertain shocks.

(3) Joint Weighted Entropy of Network Structure (JWENS)

From the above analysis, we can see that buses and branches are the most basic components of the
power network and their respective robustness will directly affect the ability of the overall structure
to withstand uncertain shocks. Although the above two weighted entropy indexes can describe the
robustness of all buses or all branches separately, they cannot describe the robustness of the overall
structure. Therefore, this paper further proposes JWENS. Based on the overall consideration of all the
basic components, the robustness topology is comprehensively evaluated and then the adaptability of
network structure to uncertain shocks is reflected.

The most basic components topology includes two types of buses and branches. If the power
system topology is regarded as the system as a whole, then buses and branches can be regarded as
two types of events that constitute the system as a whole. The rationality together determines the
adaptability of the network structure. For a certain network structure, the connection relationship
between its internal buses and branches is fixed and the distribution of electric betweenness of buses
and branches is also independent and determined. Therefore, the joint weighted entropy model of the
decoupling calculation is used to establish JWENS as follows [21]:

HDL = −
5∑

i=1

5∑
j=1

ω(DOi)ω(LZ j)p(DOi)p(LZ j) ln
[
p(DOi)p(LZ j)

]
. (29)

The smaller the index value, the more buses and branches have smaller electric betweenness. In
other words, the fewer weak links in system, the smaller the impact of power disturbance, the better
the overall robustness, and the higher the adaptability to uncertain shocks.
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3. Adaptable Source-Grid Expansion Planning Model

From the source side, the upper limit of the system regulation capability is determined by the
capacity and regulation rate of the power supply regulation resources. However, due to the limitation
of network transmission, the actual regulation capacity of the system is often less than the regulation
capacity of the source. In the process of power supply and demand balance, although it does not
provide or consume regulation resources in essence, the power system plays a supporting role in
the process of supply and demand balance. Therefore, the establishment of a grid structure that is
compatible with the process of supply and demand distribution of source and load power can ensure
the full utilization and efficient transmission of regulation resources and maximizes the release of
system regulation capabilities.

From the grid side, the transmission network not only needs to support the basic task of power
supply and demand balance, but also needs to maintain excellent operation state and resist renewable
energy during the above process. The impact of energy power fluctuations on the operating state
ensures the safety, stability, and efficiency of the operating state. On the one hand, the state depends
on the reasonable degree of network structure, on the other hand, it is also greatly affected by the
power supply and system operation mode. Therefore, the establishment of a network structure that is
compatible with power supply transformation and operation schemes is also the key to ensuring an
efficient and reliable actual operating state and improving the adaptability of network structure.

Based on the above analysis, it is known that designing mutually source-grid coordinated planning
schemes is the key to comprehensively improving the adaptability of high penetration of renewable
energy integrated systems. Therefore, this paper proposes a two-stage expansion planning method. In
the first stage, the current supply and demand balance of the system is evaluated. If the supply and
demand balance adaptability meet the threshold preset by the planner, then the power supply does
not need to be upgraded and directly entered into the second stage and the power system is adapted
through the adaptable grid planning model planning and reconstruction to optimize the structure and
operation state. If the supply and demand balance adaptability index does not meet the threshold set
by the planner, the first stage adopts the adaptable source planning model to upgrade the technical
parameters of the existing units. Then, the optima source plan is utilized as input in the second stage
planning. On this basis, the adaptable grid planning model is applied to obtain the optimal grid plan.
The details are as follows.

3.1. Obective Funuction

3.1.1. Adaptable Source Expansion Planning Model

The objection function is to minimize the comprehensive cost of source transformation, which
includes transformation cost for the quick regulation unit, curtailment cost for renewable energy power,
and load shedding cost, as shown below:

minF = CG + CWR + CWL, (30)

CG = (k1 + k2)
∑

i∈ΩG

zi·(c1,ixi + c2,iyi), (31)

k =
r(1 + r)n

(1 + r)n
− 1

, (32)

CWR = D
∑
s∈S

p(s)
∑

t∈Tdown
ins

cREG·

∣∣∣∣Pdown
M (t, τ)·τ

∣∣∣∣, (33)

CWL = D
∑
s∈S

p(s)
∑

t∈Tup
ins

cLOAD·

∣∣∣∣Pup
M (t, τ)·τ

∣∣∣∣, (34)
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where CG is the cost of regulation capacity transformation, CWR is the annual cost of renewable energy
generation, CWL is the annual load shedding cost; k1, k2 are the fund recovery factor and the project
fixed operating rate, which are used to allocate the one-time investment cost to each year of life span, r
is the discount rate, n is the economically applicable year of project; ΩG is set of fast regulating units; zi
is the sign for transformation, xi is the transformation capacity of unit, yi is the transformation quantity
of regulation rate; c1,i is the unit cost for capacity transformation, c2,i is unit cost for transformation
of regulation rate; D is the number of days of operation per year, S is the set for typical scenarios of
renewable energy outputs, p(s) is the probability of typical scenarios s, cREG is the unit cost of renewable
energy curtailment, and Tins

down is the time of renewable energy curtailment; |PM
down(t,τ)·τ| is the

curtailment power of the renewable energy, cLOAD is the cost of load shedding, Tins
up is the time of

load shedding, |PM
up(t,τ)·τ| is the power of load shedding.

3.1.2. Adaptable Grid Expansion Planning Model

Considering the economy of grid planning, adaptability of operation state, and adaptability of
network structure, the objective function is to minimize the cost of grid expansion, joint weighted
entropy index of operation state, and joint weighted entropy index of network structure. Due to
the dimensional differences between the various objectives, the objection function is expressed as a
multi-objective function in vector form:

minF = min(CN, HFB, HDL), (35)

CN = (k1 + k2)
∑
i∈Ωl

cinili, (36)

HFB = −
5∑

i=1

10∑
j=1

ω(FMi)ω(BV j)p(FMi)p(BV j) ln
[
p(FMi)p(BV j)

]
, (37)

HDL = −
5∑

i=1

5∑
j=1

ω(DOi)ω(LZ j)p(DOi)p(LZ j) ln
[
p(DOi)p(LZ j)

]
, (38)

where CN is the cost of grid expansion; HFB is JWEOS; HDL is JWENS; Ωl is the set of expanded lines,
ci is the unit investment of reconstructed line, ni is the circuit number of expanded lines, li is the total
length of the reconstructed line.

3.2. Constraints

3.2.1. Constraints for Source Expansion Planning

The constraints of adaptable source expansion planning model include power balance constraints
(39), unit output constraints (40) and (41), unit ramp constraints (42), power flow constraints (43),
and insufficient rate index of supply and demand balance constraints (44). The specific formulas are
as follows. ∑

i∈Ωg

Pi,g(s, t) +
∑

i∈ΩG

Pi,G(s, t) +
∑

i∈ΩREG

Pi,REG(s, t) =
∑

PL(s, t), (39)

Pmin
i,G ≤ Pi,G(s, t) ≤ Pmax

i,G , i ∈ ΩG, (40)

Pmin
i,g ≤ Pi,g(s, t) ≤ Pmax

i,g , i ∈ Ωg, (41)

−Rdown
i,G ·τ ≤ Pi,G(s, t) − Pi,G(s, t− τ) ≤ Rup

i,G·τ, i ∈ ΩG, (42)

−Bθ(s, t) + Pg(s, t) + PG(s, t) + PREG(s, t) = PL(s, t), (43)

Rins ≤ α, (44)
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where ΣPL(s,t) is the total load at time slot t in scenario s; Pi,g(s, t), Pi,G(s,t), and Pi,REG(s,t) are the actual
output power of the conventional unit, the fast regulating unit, and the renewable energy unit at time
slot t in scenario s; Ωg, ΩG, ΩREG are the sets of the corresponding units; Pi,G

max and Pi,G
min are the

upper and lower limits for the output power of fast regulating unit; Pi,g
max and Pi,g

min are the upper
and lower limits for the output power of the conventional unit; Ri,G

up and Ri,G
down are the maximum

ramp up and down rate of the fast-regulation unit under the time scale τ; B is the admittance matrix; θ
is the voltage phase angle vector; Pi is the transmission power of line i; Si,max is the rated transmission
capacity of line i; Rins is the insufficient rate index of supply and demand balance; α is the set threshold
value.

3.2.2. Constraints for Grid Expansion Planning

The constraints of adaptable grid expansion planning model include the integer constraint for
the circuit number of new lines, the rated conditions, the N−1 conditions, and the safe operation
constraints in each scenario. The specific formulas are as follows.

nmin
i ≤ ni ≤ nmax

i , i ∈ Ωl ni ∈ Z, (45)
−Bθ+ Pg + PG + PREG = PL

|Pi| ≤ Si,max, i ∈ ΩL

Pmin
i,g ≤ Pi,g ≤ Pmax

i,g , i ∈ Ωg

Pmin
i,G ≤ Pi,G ≤ Pmax

i,G , i ∈ ΩG

, (46)


−BN−1θN−1 + PN−1

g + PN−1
G

+ PN−1
REG

= PN−1
L∣∣∣PN−1

i

∣∣∣ ≤ Si,max, i ∈ ΩL

Pmin
i,g ≤ PN−1

i,g ≤ Pmax
i,g , i ∈ Ωg

Pmin
i,G ≤ PN−1

i,G ≤ Pmax
i,G , i ∈ ΩG

, (47)



−Bθ(s, t) + Pg(s, t) + PG(s, t) + PREG(s, t) = PL(s, t)∣∣∣Pi(s, t)
∣∣∣ ≤ Si,max, i ∈ ΩL

Pmin
i,g ≤ Pi,g(s, t) ≤ Pmax

i,g , i ∈ Ωg

Pmin
i,G ≤ Pi,G(s, t) ≤ Pmax

i,G , i ∈ ΩG

−Rdown
i,G ·τ ≤ Pi,G(s, t) − Pi,G(s, t− τ) ≤ Rup

i,G·τ, i ∈ ΩG

, (48)

where ni
min, ni

max are the upper and lower limits of the circuit number of lines; the superscript “N−1”
represents the variable in the case of N−1 condition.

3.3. Model Solution

The proposed adaptable source-grid expansion planning model consists of two-stage planning. The
source expansion planning model is a single objective mixed integer linear programming problem [23],
which can be easily solved by a commercial solver, the Yalmip toolkit with CPLEX solver is utilized
in this paper. The gird expansion planning model is a multi-objective mixed integer nonlinear
programming problem, the multi-objective particle swarm optimization algorithm is utilized to search
the pareto non-dominated solution set, the data envelopment analysis and analytic hierarchy process
(DEAHP) decision method is used to comprehensively evaluate the optimal solution set to obtain the
final optimal plan [24]. The flowchart of the detail process is shown in Figure 3.
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4. Results and Discussion

4.1. Basic Parameters

The Garver-18 bus power transmission system is used as a test system [25]. The network structure
is shown in Figure 4. The remaining parameters are set as follows: a centralized wind farm is integrated
at bus 16 and a centralized photovoltaic power plant is integrated at bus 14. The installed capacity
of renewable energy unit is 20% of the conventional unit. The typical output scenario is given in
Figures 5 and 6; the system runs for 360 days, totaling 8640 h; the threshold of insufficient rate index of
supply and demand balance is set as 10%; the investment cost of transmission line construction is set
to 800,000 yuan/km; the discount rate is set to 10%; the service life of the project is set to 15 years; the
fixed operation rate of the project is set as 5%.
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4.2. Model Validation

By solving the proposed adaptable source-grid two-stage expansion planning model, the optimal
source-grid planning scheme is given in Table 1, and the economic optimal plan is also given in the last
column as comparison.

Table 1. Optimal adaptable source-grid planning scheme.

Integrated Bus of
Conventional Unit

Expanded Capacity of
Ramp Rate/MW·15 min−1

Expanded Circuit
Number of Lines

Branch of Expanded Lines

Comprehensive
Optimal Plan Economic Optimal Plan

2 7.6
1

1-2, 3-7, 4-7, 4-16, 6-13,
7-13, 7-15, 9-16, 10-18,

11-12, 11-13, 16-17;

1-11, 4-16, 5-12, 6-13, 6-14, 7-8,
7-15, 9-16, 10-18, 11-12, 16-17;5 6.4

10 6.1
11 5.5

2 1-11, 5-12, 6-14, 7-8, 14-15; 6-7, 7-13, 8-9, 9-10, 14-15, 17-18
14 5.8
16 5.9 3 8-9, 17-18, \

18 7.6 4 9-10 \

4.2.1. Optimal Adaptable Source-Grid Plan

From the optimal source planning results in Table 1, it can be seen that in order to make the system
regulation ability meet the threshold condition of insufficient supply and demand balance rate of less
than 10%, the optimal scheme has been modified and improved the regulation rate parameters of each
conventional generator set, but the unit has not been expanded. This is because the power capacity
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resources of the system are relatively abundant and the sum of the theoretical output of conventional
power generation resources and renewable energy resources far exceeds the load power supply
requirements of the system. At the same time, even if there is an extreme situation where the output of
renewable energy is zero, the upper limit of the capacity allocation of conventional power generation
resources can meet the load power. The main contradiction that causes the supply and demand balance
to remain unmaintained is that the system cannot compensate for the regulation demand brought
about by changes in renewable energy power in a relatively short time scale. Therefore, the planning
model optimizes the regulation capability parameters of the conventional generator set, so that the
regulation capability of the system can be improved. It can follow the magnitude and rate of the
response to the regulation demand and truly releases the capacity advantage of the system. Therefore,
under the new background of renewable energy grid connection, the main demand for power system
regulation has changed from capacity demand to demand for rapid regulation capability.

The objective value of optimal grid planning scheme in Table 1 is given in Table 2. As can be
seen from the results that although the economically optimal scheme can guarantee various safety
constraints operation and meet the power supply requirements of the load, its power system status
and structural adaptability indexes are weaker than the comprehensive optimal scheme. This can
be understood as that although the comprehensive optimal scheme sacrifices part of the economy,
it effectively considers the operating state and adaptability of the structure in the planning process
and has a more reasonable operating state and a more robust grid structure. It can better adapt to
the development trend of large-scale grid connection of renewable energy. At the same time, the
comprehensive optimal plan and the power supply construction and operation plan have a better
matching degree. The following is a further analysis of the specific differences between the operating
state and the network structure.

Table 2. Objective value for optimal grid planning scheme.

Items Comprehensive Optimal Plan Economic Optimal Plan

cost of grid expansion/Ten thousand yuan 52,583.84 34,668.75
joint weighted entropy index of operation state 1.02 2.75

joint weighted entropy index of network structure 9493.70 10,668.53

4.2.2. Comparison for Adaptability of Supply and Demand Balance

The adaptability index of supply and demand balance is shown in Table 3. As we can see, the
technical parameters have been improved, which has significantly improved the balance between
supply and demand in the system. Before the transformation, the insufficient supply and demand
balance rate of each typical scenario exceeded 20%. In the scenario where the demand for renewable
energy regulation is relatively frequent, this index reaches a maximum of 46.87%. At the same
time, the indexes of the upward and downward balance of supply and demand balance before the
transformation are both large, indicating that there are frequent cases of urgent load or the curtailment
of renewable energy. After the power supply adaptability evaluation and transformation, IRSD of
each typical scenario are reduced to below 10%. Further analysis shows that due to the threshold
constraint, all scenarios need to meet the supply and demand balance shortage rate of less than
10%. Therefore, the transformation result needs to ensure that the scene with the most stringent
regulation requirements satisfies this condition and also makes the index far less than 10% in the
remaining scenes, which is about 5%. Secondly, IRUR decreased by an average of 86.09% compared
with that before the transformation, indicating that the improvement of the unit’s regulation capability
reduced the urgent load phenomenon caused by the insufficient power up-regulation capability
and improved the reliability of power supply. Similarly, IRDR decreased by an average of 80.99%,
indicating that the improvement of the unit’s regulation capability reduced the phenomenon of
renewable energy curtailment due to insufficient power down-regulation and increased the level of
renewable energy consumption.
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Table 3. Comparison for adaptability index of supply and demand balance.

Items Scenario IRSD IRUR IRDR

Before expansion

1 46.87% 48.94% 45.83%
2 30.21% 36.17% 25.00%
3 22.92% 21.28% 25.00%
4 46.87% 56.25% 38.30%

After expansion

1 9.37% 4.26% 14.58%
2 5.21% 4.26% 6.25%
3 3.12% 4.26% 2.08%
4 6.25% 8.51% 4.17%

4.2.3. Comparison for Adaptability of Operation State

Table 4 shows the specific distribution of the expected load rate in the two optimal plans. The first
column is the load rate interval, which is used to evaluate the reasonable degree of line load level. In
this example, the rational ranking of each interval is set as: (40–60%) > (20–40%) > (0–20%) > (60–80%)
> (80–100%). It can be seen from the results that the comprehensive optimal scheme does not have
lines running in the last two intervals of the rational order of load levels and the economically optimal
scheme has lines distributed in each interval and the penetration of lines above 80% load rate is as high
as 19%. It can be seen that the economic optimal plan has a situation where the load level of individual
lines is too high and the concentration of its overall operating state is significantly weaker than the
comprehensive optimal plan. From the self-organized critical theory, it can be seen that the safety level
of the grid state of the economically optimal solution is poor. On the contrary, the comprehensive
optimal scheme not only makes the grid state more orderly, but also ensures the efficiency of grid
operation to the greatest extent. A total of 54% of the lines in the comprehensive optimal plan operate
in the most reasonable load rate range preset by planners, while the data for the economically optimal
plan is only 25%. This shows that the running state of the comprehensive optimal scheme is more
reasonable, taking into account the running efficiency and safety and is more in line with the running
ideal state preset by the planning operator. Although the absolute value of efficiency is higher in the
economically optimal solution, it is actually because some heavy-load lines increase the overall value
and its true efficiency is significantly worse than the comprehensive optimal solution. It can be seen
that the comprehensive optimal scheme has higher operating quality.

Table 4. Distribution of expected line load rate.

Interval of Load Rate
Comprehensive Optimal Plan Economic Optimal Plan

Number of Lines Penetration Number of Lines Penetration

0–20% 11 27% 10 31%
20–40% 8 20% 3 9%
40–60% 22 54% 8 25%
60–80% 0 0% 5 16%
80–100% 0 0% 6 19%

Table 5 shows the specific distribution of the power fluctuation rate of each line of the two schemes.
Lines whose actual maximum load rate is less than 10% are not considered, because the absolute load
level of such lines is too low and small changes in power will cause a large power fluctuation rate
index, but the absolute magnitude of the change in load level is still small. It can be seen from the table
that the fluctuation rate of 86% line in the comprehensive optimal scheme is below 20% of its allowable
fluctuation interval, of which the line power fluctuation rate is less than 10% and the penetration
of lines is 71%. The two data corresponding to the optimal economic plan correspond to 71% and
21%, respectively. In summary, the operating state of the optimal scheme is more stable, which can
better resist the impact of renewable energy power fluctuations on the system state under uncertain
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operating environments and always maintain the safety and efficiency of the operating state during
actual operation. At the same time, it can be found that the two schemes still have a small amount of
line power fluctuation rate, which is because the line mainly undertakes the task of renewable energy
transmission. Large fluctuations in the output of renewable energy have led to large fluctuations in the
power of these lines, but they have not had a significant impact on the overall operating state.

Table 5. Distribution of line power fluctuation rate.

Interval of Fluctuation Rate
Comprehensive Optimal Plan Economic Optimal Plan

Number of Lines Penetration Number of Lines Penetration

0–10% 24 71% 6 21%
10–20% 5 15% 14 50%
20–30% 3 9% 6 21%
30–40% 0 0% 0 0%
40–50% 2 6% 1 4%
50–60% 0 0% 0 0%
60–70% 0 0% 1 4%
70–80% 0 0% 0 0%
80–90% 0 0% 0 0%
90–100% 0 0% 0 0%

4.2.4. Comparison for Adaptability of Network Structure

Tables 6 and 7 show the distribution of the interval of the electric betweenness of buses and
branches of the two schemes. The first column in the table is the interval of the electric dielectric value,
which is the objective standard used to evaluate the robustness degree of branch and bus. The higher
the ratio of the number of components in the smaller area is, the more reasonable and robust network
structure is. The results show that 88% of the total number of branches in the comprehensive optimal
scheme are distributed in the range of (0–80) low electric medium and 81% in the economic optimal
scheme. In the same way, 72% of the total buses of the comprehensive optimal scheme are distributed
in the (0–80) low electric medium range, while the data of the economic optimal scheme are only 56%.
In conclusion, in the comprehensive optimal scheme, the electrical mediums of branches and buses are
more centralized and orderly distributed in the range of low severity, the rationality of its network
structure is obviously superior to the economic optimal scheme and its resistance and adaptability to
uncertain impact are stronger.

Table 6. Distribution of electric betweenness of bus.

Interval of Electric Betweenness
Comprehensive Optimal Plan Economic Optimal Plan

Number of Buses Penetration Number of Buses Penetration

0–40 7 39% 7 39%
40–80 6 33% 3 17%
80–120 1 6% 4 22%

120–160 4 22% 4 22%
160–200 0 0% 0 0%
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Table 7. Distribution of electric betweenness of branch.

Interval of Electric Betweenness
Comprehensive Optimal Plan Economic Optimal Plan

Number of Lines Penetration Number of Lines Penetration

0–40 20 49% 16 50%
40–80 16 39% 10 31%

80–120 1 2% 4 13%
120–160 4 10% 2 6%
160–200 0 0% 0 0%

5. Conclusions

From the perspective of adapting to the security integration of renewable energy, this paper firstly
proposes the adaptability indexes system and applies it to the two-stage adaptable expansion planning
of the transmission grid. The following conclusions can be draw:

(1) The adaptability of supply and demand balance not only evaluates the power balance of the
system, but also focuses on the adequacy of the system regulation capacity and rate, which can
reflect the level of renewable energy consumption and the risk of being urgently loaded; the
adaptability of operation state consider the characteristics of power flow distribution change
caused by renewable energy output fluctuation and the security, efficiency and stability of the
actual operation of system; the adaptability of network structure evaluation the balance and
robustness of system based on the order and severity of the electric betweennesses.

(2) The weighted entropy index can evaluate the adaptability state and network structure based
on the given objective criteria. Not only can it achieve the ranking of relative advantages and
disadvantages between the programs, but also it can refine the specific differences of program
states and structures based on the objective standards. The objective evaluation criteria can be
set by planner according to different considerations in different development periods, which
improves the flexibility and applicability of the indexes. The application of joint weighted
entropy can combine the physical meaning of each index to achieve dimensionality reduction and
integration of indexes, so as to comprehensively measure the security of the state and structure
with a single value. It is more suitable for the analysis safety adaptability under multi-dimensional
influence factors and the multi-objective planning.

(3) The expansion planning of the high renewable energy penetrated system is vital and decisive for
the actual consumption capacity in the operation stage, both the planning of the power plant in
the source side and transmission line in the grid side are interrelated. For the improvement of
safe integration of renewable energy in the planning stage, it is suggested to comprehensively
consider the adaptability of supply and demand balance, operation state, and network structure
in source-grid planning issues.
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Nomenclature

PD
up, PD

down up- and down-regulation demand (MW)
Pi,REG output power of the renewable energy unit i (MW)
ΩREG the set for renewable energy units
PS

up, PS
down up- and down-regulation capability (MW)

ΩG the set of fast regulating units
Pi,G output power of the fast regulating units i at time t (MW)
Pi,G

max, Pi,G
min upper and lower output of the fast regulating generator units (MW)

Ri,g
up, Ri,g

down maximum up and down ramp rate of the fast regulation units (MW/15min)
PM

up, PM
down upper and lower regulation resource margins (MW)

Tins
up the time when the up-regulation resources are insufficient

Ttotal
up the total operation time when the up-regulation demand occurs

Tins
down the time when the down-regulation resource is insufficient

Ttotal
down the total operation time when the down-regulation demand occurs

Pi the actual transmission power of line i
Si,max the rated transmission power capacity of the line
ωa, ωb the weights of generator and load bus
Be,ab(i) the current distribution of bus i
Iab(i, j) the current of branches (i, j)
CG the cost of regulation capacity transformation
CWR the annual cost of renewable energy generation
CWL the annual load shedding cost
CN the cost of grid expansion
ΣPL(s,t) the total load at time slot t in scenario s
IRSD insufficient rate of supply and demand balance
IRUR insufficient rate of up-regulation
IRDR insufficient rate of down-regulation
AIUR average insufficiency of up-regulation
AIDR average insufficiency of down-regulation
WEELLR weighted entropy of expected line load rate
WELPFR weighted entropy of line power fluctuation rate
JWEOS joint weighted entropy of operation state
WEEBBus weighted entropy for electric betweenness of bus
WEEBBra weighted entropy for electric betweenness of branch
JWENS Joint weighted entropy of network structure
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