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Abstract: The collaborative planning of a wind-photovoltaic (PV)-energy storage system (ESS) is
an effective means to reduce the carbon emission of system operation and improve the efficiency
of resource collaborative utilization. In this paper, a wind-PV-ESS collaborative planning strategy
considering the morphological evolution of the transmission and distribution network is proposed.
Firstly, aiming at the optimal economy of transmission and distribution network and considering
the constraints of safe and stable operation of the system, the planning model of the transmission
network based on DC power flow and the planning model of the distribution network based on AC
power flow are constructed. Further, considering the coupling interaction between the transmission
and distribution networks, a collaborative planning model of transmission and distribution networks
based on second-order cone relaxation (SOCR) is constructed. Secondly, in order to reduce the
computational complexity of the model and ensure the global optimality of the model solution, a fast
model solution method based on heterogeneous decomposition architecture is proposed. Thirdly, the
multiple driving factors of the morphological evolution of transmission and distribution network
are analyzed, the morphological evolution path and typical characteristics of transmission and
distribution network are determined, and a wind-PV-ESS collaborative planning strategy considering
the morphological evolution of a transmission and distribution network is proposed. Finally, the
results show that, compared with the sprouting period, the overall economy of the development
period and maturity period is improved by 3342 k$ and 5751 k$ respectively, and the effectiveness
and necessity of the collaborative planning strategy proposed in this paper is verified.

Keywords: transmission and distribution network; morphological evolution; second order cone
relaxation; heterogeneous decomposition architecture; collaborative planning strategy

1. Introduction

New energy power generation has the characteristics of environment-friendly, low
carbon emission, and rich resources. In recent years, it has attracted extensive attention
from academia and industry [1]. With the proposal of the goal of carbon peak and carbon
neutralization, accelerating the construction of a new power system based on new energy
and promoting the transformation and upgrading of energy consumption and production
has gradually become one of the important strategic objectives of power grid development
and construction. However, considering the physical properties and dynamic character-
istics of new energy power generation, large-scale new energy access will increase the
randomness, volatility and uncertainty of the system, and bring severe challenges to the
safe, stable, clean and efficient operation of the power grid [2].
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In recent years, collaborative planning and operation optimization of an active distri-
bution network (ADN) considering large-scale new energy access has gradually become a
hot academic research topic. Ref. [3] established a day-ahead optimization model of ADN
considering different types of distributed generation, such as wind power generation, and
photovoltaic (PV) power generation. Ref. [4] takes the minimum net present value of the
total system cost as the optimization objective, and a joint multistage expansion planning
strategy of ADN based on mixed integer linear programming (MILP) is proposed. At the
same time, in order to further improve the model reliability and application value, the
new energy output uncertainty also needs to be considered in the model. Considering the
uncertainty of the PV and wind power generation, the energy dispatch strategy designed
by the method of the chance-constrained programming is proposed in [5]. Ref. [6] proposed
a probabilistic power flow calculation algorithm for ADN, in which the Taylor series and
Gram-Charlier expansion are used to improve the efficiency and convergence.

However, the disorderly access of large-scale distributed new energy sources may
lead to a series of problems, such as difficulties in energy consumption and operational
instability [7,8]. Ref. [9] presents an enhanced operation and control of DC microgrid
systems, which are based on photovoltaic modules, ESS, and DC load. To estimate the state
of charge and state of health of LiFePO4 batteries simultaneously, a reliable and robust
observer is proposed in [10]. For the adverse effects of PV module losses on power system
stability, ref. [11] proposes an optimum solution for fault finding, tracking, and clearing for
PV systems.

With the development of energy storage technology and cost reduction, the introduc-
tion of an energy storage system (ESS) provides a new way to solve the above problems [12].
Ref. [13] presented an overview on the employment of ESS technologies in the planning
and operation of distribution systems through the literature survey. Ref. [14] proposed a
direct control strategy to track the deviation of the wind power plan in order to improve
the overall economy of the wind-energy storage power station. Ref. [15] presents a unified
decision-making structure that consists of network partitioning and optimal operational
planning issues in order to determine the optimal allocation of wind farms (WFs), PV parks,
and ESS in each created partition. Ref. [16] studied the wind-PV-ESS control method with
the goal of smoothing out new energy fluctuations, promoting clean energy consumption,
and peak and valley reduction. Ref. [17] established a solution model of energy storage
dynamic planning and configuration based on a bi-objective approach with minimum
capacity and charging and discharging power and, then, the improved heuristic algorithm
is used to determine the multi-objective optimal planning configuration of the ESS.

With the large-scale access of distributed new energy, ESS and power electronics, the
distribution network is gradually changing from traditional distribution network to ADN.
Therefore, the concept of considering distribution network as a transmission network load
node is no longer applicable to the active distribution network, and it is urgent to adopt the
transmission-distribution cooperative approach for power system optimization planning
to improve the efficiency of cooperative resource utilization and overall system economy.
In view of this, some of the literature has studied transmission and distribution coopera-
tive optimization algorithms. The current ideas of solving transmission and distribution
cooperative optimization problems can be broadly divided into two branches: central-
ized optimization algorithms and distributed optimization algorithms [18]. Aiming at the
transmission and distribution coordinated economic dispatch (TDCED) problems, ref. [19]
proposed a heterogeneous decomposition algorithm based on the locational marginal
prices (LMPs) and boundary load injection. However, the heterogeneous decomposition
algorithm may have the defects of low solution efficiency and convergence difficulty in the
solution process. To solve this problem, ref. [20] proposed two modification methods of a
heterogeneous decomposition algorithm which are based on a penalty function and the
sensitivity of LMP to the load injection. At the same time, ref. [21] proposed a non-iterative
decoupled method for the coordinated solution of the robust optimal power flow in the
transmission and distribution networks. The above research mainly focuses on transmission



Energies 2022, 15, 1481 3 of 17

and distribution cooperative day-ahead dispatching, real-time dispatching and optimal
power flow problems. With the increasing coupling of power grids and the increasing
abundance of adjustable resources in the system, the coupling interaction of transmission
and distribution networks at the planning level also has certain research value.

In addition, the above studies all focus on the current form of the power grid and
fail to take into account the impact of the evolution of the grid form on the system opti-
mization planning results, an oversight which has strong limitations. Ref. [22] analyzed
the composition of the morphological development drivers of the power grid and the
typical paths of the evolution of the grid morphology, and explored the complex effects
of the compounding of multiple drivers on the planning problem. Ref. [23] provided an
outlook on the future multiple morphologies of the power system and discussed the impact
and changes of power system planning in the future morphologies. It is of theoretical
importance to accurately characterize the mapping relationship between grid morphology
evolution and optimal planning, and to develop a collaborative planning scheme for the
system that takes into account the multiple driving paths of morphology evolution.

In summary, the existing literature provides a certain research basis for the transmis-
sion and distribution network cooperative optimization problem. However, the existing
studies on transmission and distribution cooperative optimization mainly focus on the
optimal power flow and day-ahead dispatching level, and fail to fully consider the impact
of transmission and distribution network coupling interaction on the planning results. In
addition, the current research on power system planning is mainly focused on the current
system form, and there is little literature to study the impact of the evolution of transmis-
sion and distribution network form on the system planning strategy driven by multiple
factors, which lacks relevance and foresight.

To address the above problems, this paper proposes a wind-photovoltaic-energy
storage system collaborative planning strategy considering the morphological evolution of
transmission and distribution networks.

The contributions of this paper are summarized as follows:

(1) A DC power flow-based transmission network planning model and an AC power
flow-based distribution network planning model are constructed. The transmission
and distribution network wind-PV-ESS cooperative convex optimization model is
then obtained by second-order cone relaxation (SOCR).

(2) A model-solving framework based on heterogeneous decomposition is designed to
ensure the convergence and global optimality of the model.

(3) The typical stages of transmission and distribution network morphology evolution
are divided and the quantitative characteristics of each typical stage are analyzed.

(4) A cooperative planning strategy for scenery storage that takes into account the trans-
mission and distribution network morphology evolution is proposed.

This paper is organized as follows. Section 2 describes the wind-PV-ESS collaborative
planning model for transmission and distribution networks. Then, Section 3 analyzes the
typical stages of transmission and distribution networks, and wind-PV-ESS planning strate-
gies in transmission and distribution network considering the morphological evolution
is proposed. Numerical simulations with the T6D7D9 system are performed to show the
effectiveness of the proposed strategy.

2. Transmission and Distribution Network Wind-PV-ESS Collaborative Planning Model

The construction of the wind-PV-ESS collaborative planning model for transmission
and distribution networks is the basis for planning strategy development, and its general
expression form can be written as follows:

min fT−D = min[ f trans
(

Xtrans,i,Mtrans,i
)
+ f dis

(
Xdis,j,Mdis,j

)
] (1)
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gtrans

(
Xtrans,i,Mtrans,i

)
≤ 0

htrans
(

Xtrans,i,Mtrans,i
)
= 0

(2)


gdis
(

Xdis,j,Mdis,j
)
≤ 0

hdis
(

Xdis,j,Mdis,j
)
= 0

(3)


gcon

(
Mcon,k

)
≤ 0

hcon
(

Mcon,k
)
= 0

(4)

where fT−D is the general objective function of the transmission and distribution co-
operative planning model; f trans, f dis are the general objective function of the transmis-
sion network and the general objective function of the distribution network, respectively;
Xtrans,i,Xdis,j are the optimization decision variables (wind power, PV, energy storage unit
installation location, ratio, thermal power unit output, etc.) of the ith transmission network
and the jth distribution network, respectively; Mtrans,i,Mdis,j,Mcon,k are the general decision
variables (system voltage magnitude, phase angle, power delivered by the contact line, etc.)
of the ith transmission network, the jth distribution network and the kth transmission and
distribution contact power, respectively.

Considering the structural characteristics of the transmission and distribution net-
works and the overall computational efficiency of the model, this paper constructs the
transmission network scenic storage cooperative planning model considering DC power
flow constraint and the distribution network scenic storage cooperative planning model
based on AC power flow, further considers the transmission and distribution network
coupling, and uses SOCR to perform convex relaxation on the non-convex terms of the
distribution network model and, finally, the SOCR-based transmission and distribution
cooperative convex optimization model is obtained.

2.1. Transmission Network Planning Model
2.1.1. Objective Function

The transmission network scenery storage synergy planning model optimization
objective is system economic optimization, which is mainly achieved by considering the
transmission network thermal unit output cost, distribution network power purchase
cost, wind power, photovoltaic, energy storage investment completion cost and wind-PV
abandonment penalty. The specific expressions are as follows.

objtrans = objtrans
gen + objtrans

rev + objtrans
inv + objtrans

aba (5)

objtrans
gen = ∑

t∈T
∑

i∈NG

(ai + biPtrans
i,t,g + ci(Ptrans

i,t,g )
2
) (6)

objtrans
rev = ∑

t∈T
∑

i∈Nroot

ltrans
i,t Proot

i,t (7)

objtrans
inv = ∑

i∈Ntrans

kdep(ctrans
i,w + ctrans

i,pv + ctrans
i,c ) (8)

objtrans
aba = ktrans

pub (Ptrans
w,aba + Ptrans

pv,aba) (9)

kdep = (1− kc)
i(1 + i)n

(1 + i)n − 1
(10)

where objtrans is the objective function of the transmission network planning model;
objtrans

gen , objtrans
rev , objtrans

inv , objtrans
aba are the transmission network generation cost, distribution

network power purchase cost, equipment installation cost and wind-PV abandonment
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penalty, respectively; ci, bi, ai are the quadratic, primary and constant coefficients of the
transmission network thermal unit generation cost, respectively; the set of transmission
network generator nodes, NG, Nroot, Ntrans, are the set of root nodes connected to the dis-
tribution network, the set of all transmission network nodes, and the set of transmission
network nodes, respectively; Ptrans

i,t,g , Proot
i,t are the power output of thermal units and the

power transmitted to the distribution network at node i time t; ltrans
i,t is the price of electricity

sold in the transmission network at node i time t; kdep, ktrans
pub are the depreciation coefficient

of equipment and the penalty coefficient of abandoned scenery in the transmission network;
ctrans

i,w , ctrans
i,pv , ctrans

i,c are the installed capacity of wind power, PV and ESS in the transmission
network at node i; Ptrans

w,aba, Ptrans
pv,aba are the total amount of abandoned wind and PV in the

transmission network, respectively; kc is the residual value rate of equipment; i represents
the bank interest rate,; and n represents the life cycle of equipment.

2.1.2. Constraint Condition

The transmission network wind-PV-ESS cooperative planning model constructed in
this paper is divided into the optimization planning layer and the operation and scheduling
layer, and the specific expressions of its constraints are as follows.

(1) System investment capacity constraint
ctrans

i,w ≤ ctrans
i,w,max

ctrans
i,pv ≤ ctrans

i,pv,max

ctrans
i,c ≤ ctrans

i,c,max

(11)

where ctrans
i,w,max, ctrans

i,pv,max, ctrans
i,c,max are the maximum installed capacity of wind power, PV units

and ESS at node i, respectively [24].

(2) Active balance constraint

∑
i∈Ntrans

(Ptrans
i,t,w + Ptrans

i,t,pv + Ptrans
i,t,c − Ptrans

i,t,load) + ∑
i∈NG

Ptrans
i,t,g − ∑

l∈NL

Ploss
l,t − ∑

i∈Nroot

Proot
i,t = 0, ∀t ∈ T (12)

where Ptrans
i,t,w , Ptrans

i,t,pv , Ptrans
i,t,c , Ptrans

i,t,load are the wind turbine output, PV generator output, ESS
output and load of the system at time t of node i, respectively, and considering that there
may be two states of charging/discharging in the ESS it is assumed that the output of
the energy storage system is negative when it is in charging state and positive when it is
in discharging state, and the ESS can only be in one of the charging/discharging states
at any time; NL is the set of transmission network branches; Ploss

l,t is the network loss of
transmission network branch l at time t.

(3) New energy unit constraints Ptrans
i,t,w ≤ Ptrans

i,t,w,ava

Ptrans
i,t,pv ≤ Ptrans

i,t,pv,ava

(13)

where Ptrans
i,t,w,ava, Ptrans

i,t,pv,ava are the maximum available power of wind and PV units at node i
of the transmission network at time t, respectively.
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(4) ESS constraints



−ptrans
i,c,max ≤ Ptrans

i,t,c ≤ ptrans
i,c,max∣∣∣∣ ∑

t∈T
Ptrans

i,t,c

∣∣∣∣ ≤ ctrans
i,c

Strans
i,t,c − Strans

i,t−1,c =
Ptrans

i,t,c ηc

ctrans
i,c

Strans
c,min ≤ Strans

i,t,c ≤ Strans
c,max

(14)

where ptrans
i,c,max is the invested power of ESS at node I; ctrans

i,c is the invested capacity of
ESS at node i of the transmission network; ctrans

i,c,max is the upper limit of ESS at node i
of the transmission network; Strans

i,t,c is the State of Charge(SOC) of ESS at node i; ηc is the
charging/discharging efficiency of ESS, where charging/discharging efficiency is reciprocal;
and Strans

c,max, Strans
c,min are the upper/lower limit of SOC of ESS.

(5) System security and stable operation constraints

Utrans
min ≤ Utrans

i,t ≤ Utrans
max , ∀i ∈ Ntrans (15)

0 ≤ Itrans
l,t ≤ Itrans

l,max, ∀l ∈ NL (16) Ttrans
i,on ≥ Ton,min

Ttrans
i,o f f ≥ To f f ,min

(17)

where Utrans
i,t is the voltage of the transmission network node at node i in period t, and

Utrans
max , Utrans

min are the upper and lower voltage limits of the transmission network node,
respectively; Itrans

l,t is the load capacity of transmission network branch l, and Itrans
l,max is the

upper limit of load capacity of branch l; Ttrans
i,on , Ttrans

i,o f f are the start-up time and shutdown
time of the ith unit of the transmission network, and Ton,min, To f f ,min are the minimum
start-up/shutdown time of the thermal units of the transmission network, respectively.

2.2. Distribution Network Planning Model
2.2.1. Objective Function

The optimization objective of the distribution network wind-PV-ESS planning model
is also the optimal system economy, which mainly includes the cost of power purchase in
the distribution network, the cost of equipment installation and the penalty of wind-PV
abandonment, and the specific expressions are as follows.

objdis = objdis
up + objdis

inv + objdis
aba (18)

objdis
up = ∑

t∈T
ltrans
i,t Pdis

i,t,con, i ∈ Ndis
con (19)

objdis
inv = ∑

i∈Ndis

kdep(cdis
i,w + cdis

i,pv + cdis
i,c ) (20)

objdis
aba = kdis

pub(Pdis
w,aba + Pdis

pv,aba) (21)

where objdis is the objective function of the distribution network; objdis
up , objdis

inv, objdis
aba

are the cost of power purchase, equipment installation cost and wind-PV abandonment
penalty of the distribution network, respectively; Pdis

i,t,con is the power purchase at time t
of the distribution network, for the convenience of analysis this paper only considers the
scenario that only one node of the distribution network is connected to the transmission
network; Ndis

con is the node of the distribution network connected to the superior transmission
network; kdis

pub is the depreciation coefficient of the distribution network equipment and
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the transmission network denotes the wind and light abandonment coefficient of the
distribution network; cdis

i,w, cdis
i,pv, cdis

i,c are the installed capacity of wind power, PV and ESS

at node i of the distribution network; and Pdis
w,aba, Pdis

pv,aba are the total amount of wind and
PV abandonment of the distribution network, respectively.

2.2.2. Constraint Condition

For the operation and dispatching layer, the distribution network no longer considers
only the active power balance, but the active-reactive power balance constraint and the AC
power flow constraint, and the specific expressions are as follows.

(1) Active-reactive power balance constraint


Pdis

i,t,w + Pdis
i,t,pv + Pdis

i,t,c + Pdis
i,t,con − Pdis

i,t,load − ∑
l∈NL(i)

Pdis
l,t = 0

Qdis
i,t,svc −Qdis

i,t,load − ∑
l∈NL(i)

Qdis
l,t = 0, ∀t ∈ T, i ∈ Ndis

(22)

where Pdis
i,t,w, Pdis

i,t,pv, Pdis
i,t,c, Pdis

i,t,con, Pdis
i,t,load are the wind turbine output, PV generator output,

ESS charging and discharging power, active power purchased from the transmission
network, and active load power of the distribution network at node i, time t; Pdis

l,t is the
active power of branch l; Qdis

i,t,svc, Qdis
i,t,load are the SVC reactive power and load reactive

power of the distribution network at node i; NL(i) is the active power and reactive power
of branch l; and Ndis is all branches of the distribution network containing node i which
denotes the set of all distribution network nodes.

(2) AC power flow constraint

Considering the distribution network structure characteristics, the AC power flow
constraint is used to characterize the active power balance and reactive power balance of
the distribution network, and its specific expressions are shown below: Pdis

l,t = Gdis
l (Udis

i,t )
2 − Gdis

l Udis
i,t Udis

j,t cos θdis
l,t − Bdis

l Udis
i,t Udis

j,t sin θdis
l,t

Qdis
l,t = Bdis

l Udis
i,t Udis

j,t cos θdis
l,t − Bdis

l (Udis
i,t )

2 − Gdis
l Udis

i,t Udis
j,t sin θdis

l,t

(23)

where i, j denote the first node and end node of branch l, respectively; Gl , Bl are the
conductance and susceptance value of branch l of the distribution network, respectively;
Ui,t is the voltage amplitude of node i at time t, respectively, and θdis

l,t is the phase angle of
branch l of the distribution network at time t.

For the distribution network, the new energy unit constraint, ESS constraint and
system safety and stability operation constraint are the same as those for the transmission
network, so they are not repeated here. Since thermal units are not considered in the
distribution network, the start-stop time constraint of thermal units is not involved in the
safe and stable operation constraint of the distribution network.

2.3. Transmission and Distribution Network Collaborative Planning Model

For the transmission and distribution network, in addition to the operational con-
straints of each subsystem, it needs to satisfy the transmission and distribution network
power interaction constraints:

PT−D
t ≤ PT−D

max , ∀t ∈ T (24)

where PT−D
t is the transmission and distribution network transmission power matrix

at time t, corresponding to the transmission network optimization variables Proot
i,t and

distribution network optimization variables Pdis
i,t,con, respectively; and PT−D

max is the upper
limit of transmission and distribution network transmission power.
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At the same time, in view of the non-convex constraints involved in the distribution
network scenic storage planning model, such as AC tidal current constraints, to ensure
the solvability of the model in this paper, SOCR is further introduced to convert the
distribution network AC tidal current constraints into second-order cone constraints that
can be solved directly by mature commercial software after relaxation through variable
definition, constraint equivalence deformation and relaxation [25].

In summary, this paper takes the overall economic optimality of transmission and
distribution network as the goal and considers transmission network operation constraints,
distribution network operation constraints and transmission-distribution coupling con-
straints, and constructs a transmission and distribution network wind-PV-ESS cooperative
planning model. The specific expression form is as follows:

obj = min ∑
i∈Mtrans

objtrans
i + ∑

i∈Mdis

objdis
j

s.t eq(6)− (13), (18), (19)a f ter SOCR
(25)

3. Wind-PV-ESS Planning Strategies in Transmission and Distribution Network
Considering the Morphological Evolution
3.1. Study on the Typical Characteristics of Transmission and Distribution Network Morphology
Evolution Driven by Multiple Factors

With the new concept of the power system, the transmission and distribution network
has been developed rapidly in recent years. Compared with the traditional power system,
the future power system will undergo significant changes in the source-grid-load side, and
the role of each subject in the traditional power system will be further transformed. The
current transmission and distribution network planning research is mainly focused on
the current morphology; it fails to consider the changes in the proportion of source-load
resources with different types and characteristics, and does not analyze the impact of the
changing role of transmission and distribution networks on the planning scheme, which is a
significant limitation. Therefore, there is an urgent need to study the typical characteristics
of transmission and distribution network morphology driven by multiple factors in order
to determine the optimal planning scheme for a power system that takes into account the
morphological evolution of transmission and distribution networks.

To facilitate the arithmetic analysis, this paper mainly considers three typical stages
of transmission and distribution network morphology: the evolution-sprouting period,
development period, and maturity period [26]. The multiple drivers and quantitative
characteristics of the typical stages of grid morphology evolution are analyzed from three
dimensions of source-grid-storage, respectively. First, the source-side morphological evolu-
tion is mainly reflected in the structural transformation of the power system from a thermal
power generation-based power system to a new energy-based power system, which is
mainly characterized by the increasing proportion of new energy in each typical stage
of the system. At the same time, the evolution of the network side is mainly reflected in
the transition of the distribution network from the traditional distribution network to the
active distribution network, whose role and behavior will be fundamentally changed: the
traditional distribution network (sprouting period) can be simply regarded as a transmis-
sion network load node, while the active distribution network (development period and
maturity period) may have large-scale distributed new energy, and the power system grad-
ually tends to flatten. In addition, unlike the traditional distribution network, the energy
data coupling between the ADN and the transmission network is closer, so the necessity of
transmission and distribution cooperative planning is also further highlighted. Finally, the
evolution of the energy storage side is mainly reflected in the following: compared with
the sprouting period of the grid, the development and maturity periods need to further
consider the impact of ESS and other flexible regulation resources to the grid, while at
the same time taking into account the development of energy storage technology; as the
evolution of the transmission and distribution network continues to advance, the way in
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which the energy storage access system operates will gradually change from the traditional
large-scale centralized access to centralized and distributed access at the same time.

In summary, this paper summarizes the main quantitative characteristics of each
typical period of transmission and distribution network morphology evolution, as can be
seen in Table 1.

Table 1. Comparison of characteristics of three typical morphological evolution periods of transmis-
sion and distribution network.

Sprouting Period Development Period Maturity Period

Distribution network Form Conventional distribution network ADN ADN
Percentage of new energy 0% 20% 50%

Percentage of ESS / Small-scale, distributed access Large-scale, centralized,
distributed access

Objective function Consider economics only Consider economics and
environment factors

Consider economics and
environment factors

3.2. Wind-PV-ESS Collaborative Planning Strategy in Transmission and Distribution Networks
Based on Heterogeneous Decomposition Architecture

Based on the above research, this paper further proposes a cooperative planning strat-
egy for wind-PV-ESS in transmission and distribution networks based on heterogeneous
decomposition architecture. The upper layer is the optimization planning layer, which
simultaneously determines the installation location and capacity of wind power, PV and
ESS in the transmission and distribution network, and provides feedback to the lower
layer on the site selection and capacity determination results. The lower layer is the oper-
ation scheduling layer, which determines the optimal power output scheme of multiple
types of units in the transmission and distribution network and the interaction power of
transmission and distribution network. Both the upper and lower layers achieve global
optimization through the interaction of transmission and distribution network boundary
information, and their specific optimization processes are as follows:

Step 1: Initialization of the program, importation of load data, initialization of transmission
and distribution network structure and base variables, number of iterations ite = 1.

Step 2: Determination of the typical periods of the transmission and distribution network
under study and their quantitative characteristics, obtaining the boundary conditions
of the optimization procedure.

Step 3: Optimization planning layer model solving to obtain the transmission and distribu-
tion network wind-PV-ESS siting and capacity setting scheme.

Step 4: Solve the model of operation and dispatching layer, obtain the optimal power plan
of multiple types of units in the transmission and distribution network, and determine
the coupling power matrix of the transmission and distribution network for the whole
period.

Step 5: Solve the full-time power sales price of the transmission network, which can be
characterized by the Lagrangian multiplier based on Locational Marginal Price (LMP),
including marginal generation cost, loss cost and network blockage cost. Then, the
model convergence judgment condition is constructed as follows:{

‖PT−D
t − PT−D

t−1 ‖ ≤ λ

‖LMPT−D
t − LMPT−D

t−1 ‖ ≤ λ
(26)

Step 6: When the model satisfies the constraints shown in Equation (26), the optimal
cooperative planning scheme for transmission and distribution network is output and
the iteration ends; otherwise, iter = ite + 1 and returns to Step 3.

The algorithm flow chart is shown in Figure 1.
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4. Simulation Results

In this section, the simulation model of the transmission and distribution network
wind-PV-ESS collaborative planning model considering morphological evolution is estab-
lished. In this paper, the transmission and distribution network system shown in Figure 2
is selected as an example for simulation analysis. The transmission network contains a total
of six nodes, three generators and one load node; distribution network 1 has a total of nine
nodes, including one root node and three load nodes; distribution network 2 has a total of
seven nodes, including one root node and four load nodes. Both the transmission network
and distribution network load use the proportional distribution mode, and the basic pa-
rameters of the grid and wind power, PV, and ESS are shown in the literature [27–29] and
Tables 2–4, where the system multi-type units can be accessed via nodes which are extended
by using the data of the literature [27]. The wind-PV-ESS can be accessed at all nodes, except
the transmission network connection node and the root node of the distribution network.
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Table 2. Transmission network parameters.

Starting Node Termination Node Impedance (p.u) Power Limit/MW

1 2 0.021 + 0.170j 200
1 4 0.032 + 0.258j 200
2 3 0.004 + 0.037j 190
2 4 0.025 + 0.197j 200
3 6 0.002 + 0.018j 180
4 5 0.005 + 0.037j 190
5 6 0.018 + 0.140j 180

Table 3. Distribution network 1 parameters.

Starting Node Termination Node Impedance (p.u) Power Limit/MW

B3 1 0.07 + 0.20j 60
1 2 0.06 + 0.19j 60
2 3 0.07 + 0.21j 30
2 7 0.07 + 0.21j 30
3 4 0.07 + 0.20j 40
4 5 0.06 + 0.18j 20
4 6 0.06 + 0.18j 30
7 8 0.06 + 0.19j 20
8 9 0.06 + 0.19j 20



Energies 2022, 15, 1481 12 of 17

Table 4. Distribution network 2 parameters.

Starting Node Termination Node Impedance (p.u) Power Limit/MW

B4 1 0.08 + 0.20j 70
1 2 0.05 + 0.15j 70
2 3 0.08 + 0.20j 90
3 4 0.05 + 0.16j 70
4 5 0.06 + 0.18j 40
4 6 0.06 + 0.18j 50
6 7 0.05 + 0.16j 40

4.1. Wind-PV-ESS Planning Example in Distribution Network Considering the Morphological Evolution

To analyze the impact of the grid in different periods of morphological evolution on
the system wind-PV-ESS planning scheme, this paper first takes the distribution network1
as the research object and solves the system planning scheme in the sprouting period,
development period, and maturity period, respectively, as can be seen in Table 5 and
Figure 3.

Table 5. Planning scheme for wind-PV-ESS of distribution network 1 in different periods.

Sprouting Period Development Period Maturity Period

Total system cost (k$) 3931.6 2657.2 2949.8
ESS construction (MW) 0 50.48 49.99

Total wind abandonment (MW·h) 0 5098.6 64,643
Total PV abandonment (MW·h) 0 5187.7 50,359

Power interaction (MW·h) 1054.3 309.85 −117.32
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As can be seen from Table 5, in the single distribution network planning scenario, with-
out considering transmission and distribution coordination, the total system cost shows a
“U” shaped distribution and the total system cost is the lowest in the development period
of the distribution network; in the sprouting period, the distribution network needs to pur-
chase a large amount of power from the transmission network to meet the system’s active
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balance because there are no distributed wind and PV units; and, because the grid structure
and source-load distribution cannot fully support the high proportion of new energy access,
the distribution network in the maturity period will have a large amount of wind and PV
abandonment, which affects the system’s economy and environmental protection.

At the same time, Figure 3 shows the power interaction between the distribution
network root node and transmission network, and it can be concluded that the power
grid in the development and maturity periods can make full use of the transmission
channels to return excess power to the transmission network in order to achieve the
purpose of improving the system economics and promoting the safe consumption of clean
energy in the grid.

4.2. Wind-PV-ESS Collaborative Planning Example in Transmission and Distribution Network
Considering the Morphological Evolution

To further demonstrate the advantages of transmission and distribution network co-
operative planning, this paper further solves the transmission and distribution network
wind-PV-ESS cooperative planning model, taking into account the morphological evolu-
tion, and the specific solution results are shown in Figures 4–6 and Table 6. It is worth
mentioning that, since the cost of power purchase from distribution network is reflected in
the cost of thermal unit output of transmission network in the transmission and distribution
synergistic planning scenario, the cost of distribution networks 1 and 2 only takes into
account the cost of equipment commissioning and the penalty of wind and PV abandon-
ment, and does not consider the cost of power purchase from the distribution network to
higher levels.
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Table 6. Collaborative planning scheme for wind-PV-ESS of transmission and distribution network
in different periods.

Sprouting Period Development Period Maturity Period

Total system cost (k$) 24,738 21,396 18,987
Transmission network costs 24,681 19,667 15,583
Distribution network1 costs 1.87 805.42 1613.7
Distribution network2 costs 55.23 923.28 1790.4

ESS construction (MW) 28.2801 68.7389 127.8679
Total wind abandonment (MW·h) 0 0 1213.2
Total PV abandonment (MW·h) 0 0 1056.9

Power interaction (MW·h) 3459.1 2366.4 1367.7

As can be seen from Table 3, unlike the scenario of independent planning for distribu-
tion network 1, the overall system economy in the system planning scenario considering
transmission and distribution coupling is continuously improved as the period of grid form
evolution advances, and the transmission and distribution collaborative planning scenario
can better improve the system economy, reasonably allocate system redundant resources,
fully dispatch system flexibility regulation resources, promote safe consumption of clean
energy, and realize the global optimization of the transmission and distribution network.

At the same time, from Figure 4 to Figure 6, it can be seen that compared with the
system in the sprouting period, the system in the developmental and maturity periods can
make better use of distributed wind power and PV units, which are more economically ad-
vantageous, and through the construction of a large number of centralized and distributed
ESS and more adequate scheduling of ESS to achieve the purpose of promoting the safe
consumption of clean energy, suppressing the uncertainty and the anti-peaking characteris-
tics of wind-PV units. In addition, compared with the traditional distribution network in
the sprouting period, the ADN with trendy returns can greatly relieve the pressure of new
energy consumption in the distribution network, promote the system redundant power
consumption the premise of ensuring the active balance of the distribution network during
the low load period, reduce the cost of thermal power generation units in the transmission
network, improve the efficiency of the system dispatchable resources in the heterogeneous
decomposition architecture, and improve the overall efficiency of the transmission and
distribution network. The efficiency of system dispatchable resources in the heterogeneous
decomposition structure is improved, and the benefits of the transmission and distribution
network are fully manifested.

4.3. Algorithm Comparison

To further highlight the advantages of the collaborative planning strategy proposed
in this paper, the proposed architecture and the transmission and distribution separation
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optimization architecture were used to solve and compare for the system in the maturity
period, respectively, and the specific results are shown in Table 7.

Table 7. Comparison of transmission and distribution collaborative planning/transmission and
distribution separation planning strategy.

Transmission and
Distribution Separation

Planning

Transmission and
Distribution Collaborative

Planning

Total system cost (k$) 24,088 18,987
Transmission network costs 16,039 15,583
Distribution network 1 costs 6359.3 1613.7
Distribution network 2 costs 4748.3 1790.4

Total wind abandonment (MW·h) 1689.3 1213.2
Total PV abandonment (MW·h) 1567.2 1056.9

From the above results, it can be seen that, compared with the traditional transmission
and distribution separation planning scheme, the system planning scheme which takes
into account the transmission and distribution collaboration improves the economy of the
transmission network by 456 k$, the economy of distribution network 1 by 4745.6 k$, and
the economy of distribution network 2 by 2957.9 k$. Therefore, the planning scheme con-
structed in this paper can fully take into account the transmission and distribution network
synergy interaction to improve the system economy and promote the safe consumption
of clean energy, and the transmission and distribution collaborative planning architecture
built in this paper has obvious advantages over the traditional planning architecture.

5. Conclusions

The SOCR-based wind-PV-ESS collaborative planning model for transmission and
distribution network is constructed, and a fast model solving architecture based on hetero-
geneous decomposition is proposed to finally determine a collaborative planning strategy
for wind-PV-ESS that takes into account the morphological evolution of the transmission
and distribution network driven by multiple factors. The results show that, compared with
the traditional transmission and distribution cooperative optimization algorithm based on
DC power flow, the cooperative planning model established in this paper can fully consider
the structural characteristics of the transmission and distribution network and ensure the
computational efficiency and convergence ability of the model while ensuring solution
accuracy. Compared with the traditional algorithm, the total operating cost of the trans-
mission network, distribution network 1 and distribution network 2 under the proposed
transmission and distribution cooperative planning scheme is reduced by 456 k$, 4745.6 k$,
and 2957.9 k$ respectively. At the same time, the proposed architecture can fully take
into account the cooperative interaction of transmission and distribution networks, and
promote the complementary advantages of uncertain clean energy and flexible adjustable
resources in the system. It has a wide application space for the future grid form in which the
information and data of transmission and distribution networks are increasingly coupled,
and the proportion of clean energy and ESS access to the system is increasing.

Future work may focus on trying to improve the computational speed and convergence
of algorithms and to further enrich the application scenarios of models and algorithms.
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