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Abstract—A high proportion of renewable energy affects the
power quality of distribution networks, and surplus energy
will be sold to the upstream grid at a low price. In this
paper, considering peer-to-peer energy transactions, the energy
router-based multiple distribution networks are analyzed to solve
the above problems and realize collaborative consumption of
renewable energy. Presently, the investing cost of an energy router
is high, and research on the economic operation of energy routers
in distribution networks is little. Therefore, this paper establishes
a planning model for energy routers considering peer-to-peer
energy transactions among distribution networks, and explores
the benefits of peer-to-peer energy transactions through energy
router based multiple distribution networks. A structure of an
energy router suitable for peer-to-peer energy transactions is
selected, and a power flow calculation model based on a multi-
layer structure is established. The energy router’s scheduling
model is established, and unique functions of the energy router
and revenue of each distribution network are considered. A power
flow calculation model based on peer-to-peer interconnection of
multiple distribution networks through energy routers is also
established. Finally, simulation results verify the effectiveness
of the proposed planning model. Results show that peer-to-
peer energy transaction among distribution networks through
energy routers can effectively reduce the comprehensive cost of
distribution networks, significantly improve the power quality
of the distribution networks, and reduce the impact of power
fluctuation on the upstream grid incurred by the distribution
network.

Index Terms—Capacity allocation, energy router, multiple
distribution networks, peer-to-peer energy transaction, power
flow optimization.

NOMENCLATURE
A. Abbreviations

ER Energy router.

P2P, SDR Peer-to-peer, supply and demand relationship.
DN, SST Distribution network, solid-state transformer.
PET Power electronic transformer.

DG Distribution generation.

PV, WT Photovoltaic, wind turbine.
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AC, DC Alternating current, direct current.

MISOCP Mixed-integer second-order cone programming.
U-layer  User layer of the ER.

R-layer  Routing layer of the ER.

F-layer = Forwarding layer of the ER.

B. Parameters

1= Bus 7 is the parent of bus j, and j is the child.

L, Len;j, Electric line from bus j and k, and its length.

Nbusm AC bus set in the original DN,,,.

Ngfc"m Port set of the U-layer in ER m.

Ngf;’cm Port set of the new AC electric line closely to
filter inductor branch of the U-layer in DN,,,.

Ngg‘c’m Port set of the R-layer in ER m.

NE&m Port set of the F-layer in ER m.

CUacr CRae  Unit capacity cost of the U-layer and R-layer.

CPy. Unit capacity cost of the F-layer.

SER GER  Step capacity of the AC and DC converter
port.

dac, Yac Discount rate and lifetime of the U-layer.

&Uac,ErRac  Unit operation cost of the U-layer and R-layer.

&Fac Unit operation cost of the F-layer.

C’g{f}g, C’gé’g Unit investing cost of a single AC and DC
line.

Tacs Pac Discount rate and lifetime of AC electric line.

Tdes Pde Discount rate and lifetime of DC electric line.

Ap Penalty price of the energy loss.

Ty Operation hours of load and source.

Tij, Tij Resistance and reactance of branch L; ;.

i x5, Resistance and reactance of equivalent induc-
tor branch L; j, of the port at U-layer in ER,,,.

'}j’m, mfjm Resistance and reactance of new electric line
L; ; built for the U-layer in ER,,.

M; ~ M5  Positive big numbers for constraints.

NFE¥, N Maximal step values of the U-layer and R-
layer.

NPN N, Number of DNs and time slots.

Ny Number of buses in DN,,,

a] ~ as Parameters of the SDR-based clearing price.

C. Variables

m
ER,m
Canc ’

The index of the DN and the ER.

ER,m Capacity cost of the U-layer and R-layer.

Rdc
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Cline.m CHNe™  avesting cost of the new AC and DC
electric lines for connecting ER,,,.
Operation and maintenance cost of ER,,,.

Energy loss cost of the ER-based DN,,.

Com
Closs

ER,m _ERm T4 : : : .
TUacq s TRde g s Positive integer variables configuring ca

ER,m pacity of the port j at the U-layer, R-layer

Trdc,j . .
and F-layer in ER,,, respectively.

555&?, g]‘im Binary variables configuring AC and DC
lines.

5?{?5;”3 Binary variable indicating the power di-

’ rection of the R-layer.

Oip 55 6551’)’37 s Auxiliary binary variables calculating the
cost.

s, AT Scenario variable, and time step of sce-
nario s.

Lij s, Ui s Branch current from bus 7 to j, voltage
of bus 1.

Lijs, Us.s Denote I}, and U7, respectively.

Pik s, Qik,s Branch active and reactive power output
from bus j, and the electric line loss of
L is not included. The direction is from
jto k.

Pig s, Qig,s Active and reactive power of the source
at bus j.

Pyis, Qajs Active and reactive power of the load at
bus j.

Pg;:?fs, EECTS Active and reactive port power of the U-

/ ~ layer.

Pg{i’;'fs, " (ﬁ’ﬁs Port Power at the R-layer and F-layer.

Sggczn, Sg?c’zl Capacity of ports at the U-layer and R-
layer.

SE?CT Capacity of port 7 at the F-layer.

P&iﬁ“j:?ﬁ Auxiliary positive variables of ngc’zs.

PEROl_Jt,m

Rdc,j,s

P, Pop™ Auxiliary positive variables of P, , at
slack bus.

C;l));g,s’ Cs3l . Purchasing and selling prices of the P2P
market.

CE;;VS, C’ﬁfl’)l}s Purchasing and selling prices of upstream
grid.

fsyss m Total cost of the entire system, cost of
DN,,.

Koar m Index of exchanging power volatility of
DN,,.

Kol m Voltage deviation index of DN,,.

Relaxing gap of DN,, and the DC sys-
tem.

Kgap_m P Kgapdc

I. INTRODUCTION

high proportion of distributed generation (DG) installed

in a distribution network (DN) usually causes bus volt-
age violation and bidirectional power flow [1], [2]. Besides,
because of the randomness and volatility of DG and load,
energy shortage or surplus energy occurs within the DN. Thus,
a DN with energy shortage needs to purchase energy from the
upstream grid at a high price, and that with energy surplus will
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sell the surplus energy at a low price [3], [4]. Such a process
will reduce the benefits of installing DG. As the power of load
and DG within a DN in different regions vary enormously,
peer-to-peer (P2P) energy transactions are adopted to solve
the above issues in this paper. Then, energy fluctuation within
DN can be first alleviated among different DNs with the same
rated voltage, and revenue of DG can also be gained, and the
adverse impact of power fluctuations on the upstream grid will
also be reduced [5]-[7]. However, both the consumption of DG
within the DN and P2P energy transactions among different
DNs require the DN should have efficient and fast network
control methods [8], [9].

Recently, an energy router (ER) aims to solve issues such
as bi-directional power flow, voltage matching and energy
matching incurred by DG [10]. Such a device is a multi-port
converter with flexible energy flow controllability to facilitate
access and energy management of different devices. Typical
topology of an ER is based on a solid-state transformer (SST)
with three stages, so it is also called a power electronic
transformer (PET) [11], [12]. Presently, research on the ER
mainly focuses on its structure design, and transient control
strategy [13]-[15]. As a multi-port device with flexible en-
ergy management, a P2P energy transaction is also a vital
application of the ER, and its application in a DC network
has been studied. In [7], the ER acts as an agent, and a P2P
energy matching mechanism is proposed to carry out the power
transaction price, transaction pair and power transmission path.
In [16], a distributed P2P energy sharing strategy is proposed
to obtain the transmission path with minimum power loss.
The ER is regarded as the aggregator of electric energy in
the microgrid, dynamically changing the role between load
and source according to its energy balance. In [17], [18], a
distributed method for calculating the minimum loss path of
power transmission is proposed to promote P2P energy trans-
actions between source and load. This paper mainly focuses
on power flow optimization in ER-based DN, and studies an
optimal configuration scheme of multiple ERs considering P2P
energy transactions among multiple DNs.

Much research analyzes power flow optimization in the
ER-based electric grid. The power flow calculation model
of an ER with an isolation stage is established in [19], and
an ER is applied in the transmission network to replace a
branch transformer. Power regulation of the weak branch is
achieved in the network. In [20], the ER is deployed to
realize interconnection of the alternating current (AC) and
direct current (DC) transmission network and the integration
of DG. Device-level control strategy is considered in the power
flow calculation model. In [21], the ER is applied to the
DN. Replacing the critical bus with the ER and connecting
some vital buses through the ER are conducted, respectively.
Results show that it can improve power quality of the DN.
In [22], the ER internally integrated with a DC microgrid
is connected with multiple buses of the DN. Power flow
optimization of the ER-based DN is carried out to minimize
fuel cost of generators and network loss. An optimization
model is divided to solve in a distributed way. In [23], the
power flow calculation model of the DN with multiple ERs is
established, and a faster iterative method to solve the power
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flow calculation is proposed. In [24], considering the influence
of an integrated energy system on optimal operation of the DN,
the ER is used as a grid-connecting interface. Multiple ERs
share energy through medium-voltage DC electric lines, and
power flow optimization of the DN is also achieved. In [25],
a semi-definite programming-based power flow optimization
model of an ER-based DN is developed to solve it efficiently.
In [26], interconnection of the AC and DC microgrid system
is realized by multiple ERs, and power flow optimization and
energy sharing between different systems are realized. In sum,
the above research shows the ER can alleviate issues such
as voltage violation and network loss. However, the above
research considers little about economic operation of an ER,
and P2P energy transactions among DNs based on ERs needs
to be analyzed.

There are few studies about planning of the ER, and mainly
for planning of PET acting as a grid-connecting interface.
The optimal configuration of ER in DN, considering P2P
energy transactions, has not been found yet. In [27], the
optimal configuration of PET from the perspective of DN is
analyzed, and reactive power regulation capacities of medium-
voltage AC port and low-voltage AC port are fully exploited to
optimize network loss of DN. However, such an application
does not utilize the active power controllability of ER. The
economic configuration is also not considered. In [28], the ca-
pacity configurations of PET, photovoltaic (PV), wind turbine
(WT), energy storage and other equipment in the microgrid
are analyzed, and the PET acts as an interface. The output of
each device and real-time electricity price are considered, but
power flow of the DN is not involved. Thus, such a method
is difficult to apply to the DN.

The soft open point (SOP) has a similar function but is
mainly viewed as a substitution for a tie-switch to optimize
power flow of interconnected feeders, which differs from the
function of ER [29], [30]. In this paper, an energy router is
designed to optimize operation of the distribution network and
to achieve peer-to-peer energy trading. Location of the energy
router is according to its requirements. Thus, functions of the
energy router and SOP are different. When each distribution
network configures only one energy router to work alone, the
functions of the energy router and SOP are similar if the
energy router is not equipped with renewable energy. Such
a situation will be simulated in case A2 of Section IV.

Therefore, this paper will study the planning of multiple
ERs considering P2P energy transactions among different
DNs. Impact incurred by the ER on power quality and eco-
nomical operation of the DN will be the main focus. Optimal
configurations of ERs will also be obtained. In [31], a multi-
layer structure-based ER is designed to manage power flow of
the DN, and route energy between ERs, and forward energy
for other ERs. Thus, such a structure may be more suitable
for P2P energy transactions, and adopted in this paper.

In [32], [33], energy balance within the peer-to-peer energy
sharing system and trading price are targets, and a typical
optimization model is usually built to solve the problem. Such
studies have less consideration for the different requirements
of power quality between source and load. In [16]-[18], an
energy transmission path between source and load is the
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focus, and the shortest path algorithm such as Dijkstra is
usually deployed to solve such a problem. Considering the
price should be low if power quality of the source is poor,
different requirements of power quality between source and
load can be easily met. In this paper, for simplicity, power
quality of the source is ignored. The planning model of energy
routers belongs to an optimization problem, and thus it is more
appropriate to adopt the method shown in [32], [33] rather than
that in [16]-[18].

The configuration includes capacity of ports in the user-
layer, routing-layer and forwarding-layer of ERs. Configura-
tion of new electric lines for connecting the ER is also consid-
ered. Finally, the proposed planning model is transformed into
a mixed-integer second-order cone programming (MISOCP)
model to solve effectively [29]. The main contributions are as
follows:

1) The benefit of ERs-based multiple DNs with P2P energy
transactions is explored, which analyzes the economic value
for research on P2P energy transactions among ER-based DNs;

2) A planning model of multiple ERs considering P2P
energy transactions among DNs is established to obtain the
optimal configuration scheme of ERs. Such a scheme opti-
mizes power quality of DNs, collaboratively consumes power
fluctuations of DNs at the same rated voltage side, and
alleviates adverse impacts on the upstream grid;

3) A dispatching model of ER is proposed considering
transactions of electric energy in DN, considering the unique
structure and function of the ER and revenue of the DN. A
power flow calculation model considering P2P interconnection
of DNs through ERs is established;

4) Considering the ER includes user-layer, routing-layer and
forwarding-layer, the multi-layer structure based power flow
calculation model of an ER is established to facilitate P2P
energy transactions.

Section II presents ERs-based interconnecting DNs. A plan-
ning model is presented in Section III. Section IV specifies
simulation cases and results analysis. Finally, conclusions are
summarized in Section V.

II. ERS-BASED INTERCONNECTING DNS
A. ERs-based P2P Energy Sharing Structure Among DNs

Based on an ERs system, a P2P energy sharing structure
of multiple DNs is shown in Fig. 1. First, each ER connects
with a DN through multiple buses to facilitate power flow
optimization of the DN and maximize consumption of DG.
Second, P2P interconnecting electric lines between the ERs
are built individually. Energy sharing between interconnect-
ing ERs is controlled through high-speed communication to
facilitate P2P energy transactions. Meanwhile, a P2P trader
should be constructed to coordinate P2P energy transactions
among DNs, and communicate with the ERs for information
exchange in a low-speed way.

A P2P transaction structure is shown in Fig. 1, and the ER
has three main functions: a) optimizing power flow of the DN;
b) selling surplus power to other ERs or purchasing energy
from other ERs [7]; c¢) forwarding energy from one path to
the target if the ER is in the energy transmission path of a
P2P trading pair formed by others.
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Fig. 1. Energy sharing structure among the ERs-based DNs.

B. Power Flow Calculation Model of the ER Applicable for
P2P Energy Transactions

In [31], the structure of multi-layer-based ER mainly
includes user-layer (U-layer), routing-layer (R-layer) and
forwarding-layer (F-layer), and is adopted in this paper. A
simplified structure is shown in Fig. 2. The U-layer connects
with the DN for optimizing power flow and improving power
quality of the DN. R-layer is in charge of P2P energy transac-
tions between different DNs. Surplus power of the DN is sold
to other DNs through R-layer, and energy support is also met
through the R-layer.
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Fig. 2. The ER structure applicable for P2P energy transactions.

F-layer is placed between ports of the R-layer, and thus it
can forward energy for R-layer or other ERs. Generally, the
capacity of electric lines is larger than ports of ER. When
expected output energy of one port at R-layer is larger than
its rated capacity, some of the energy can be output by other
ports at R-layer and forwarded to corresponding electric lines
by ports at F-layer. When the ER is in the routing path of
energy transactions between other DNs, F-layer rather than R-
layer forwards the energy directly from an electric line to the
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target. Such a design of the ER makes functions of each layer
work independently, and facilitates P2P energy transactions.

According to the ER model established in [19], [22],
converter loss is replaced by an equivalent resistor. Thus, an
equivalent model of the ER, adopted in this paper, is shown in
Fig. 3, and a proposed power flow calculation model is shown
below.

DC bus

ER,
B . T
= mor | AC | |DC Sl ER, |
| P DC DC ] El{l‘m i I i
T ! k P Fdok — i---o- i
Equivalent branch

| L, — DC ||
| | DC|i
' DN, ] : | 3 i
| i | |DbC m g i = 'ER. !
| | DC P
| | 1 | | |
! - AC . . o ‘
P DC . I

i ERm o . i

Fig. 3. Model of the ER applicable for P2P energy transactions.

1) Energy Balance of the DC Bus Inside the ER
Energy balance of the DC bus is kept by U-layer and R-
layer and is shown in (1).

ER,m ER,m . N—ER,m ER,m
E :PUac,i,s + § :PRdc,j,s - 0’ (A= Uac N
( J

J € Ngy(

(D

2) Modeling Ports at U-layer

Each port of U-layer consists of an AC/DC converter, and
its equivalent impedance branch includes a filter inductor and
equivalent resistor. (2) and (3) represent the energy balance of
a port of U-layer, and (4) calculates branch power from the
connecting point of a new AC electric line. (5) restricts volt-
ages between both ends of the equivalent impedance branch
of the port of U-layer. (6) denotes the capacity constraint of
the port of the U-layer.

er,m r2 _ pERm
E : (ijas - rjk Ijk:,s) - PUaC,k,s’

Jii—k
. ER, ER,
J € Nyp", k € Nyp™ 2
er,m r2 _ nERm
Z (ijas — Tk Ijk:,s) — ®Uac,k,s’
Jii—k
. ER, ER,
J € Nyph", k € Nyp™ 3
2 72 2 2 . <. ER,m . ER,m
Ui,slij,s = Pij,s + Qij,s’ t—> ), 1€ NUlac » J € NUac
4)
2 2 er,m er,m
Uj,s = Ui,s - 2(7“1']' Pijs + Lij Qij,s)"’
2 er,my?2 er,m\2 . L. ER,m . ER,m
I o [(Tij )7+ () Joi—7, i€ Ngp™s 7€ N
Q)
ER,m \2 ER,m \2 ER,m\2 - ER,m
(PUac,i,s) +( Uac,i,s) — (SUac,i ) y 1€ NUac (6)

New electric lines should be built for electrical connections
when ports of U-layer are far from their connecting buses in
the DN. Branches of such new electric lines are added to U-
layer to develop a general model of an ER. (7) and (8) denote
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the energy balance of the end of the new line connected with
U-layer. (9) denotes branch power from the other terminal of
the new line connected with the bus of the DN. (10) restricts
voltages between both ends of the new line, and (11) denotes
the capacity constraint of the new line.

D (P =m0 = Y Pk

7 Jij—k
. ER, ER,
VRS NUla;:m’ ke NUacm (7)
L,
Z (Qij,s - xijm]?j,s) = Z ij.,s»
7 Jij—k
. ER, ER,
VRS NUlalcm’ ke NUacm (8)
. .. . ER,
Uz%s]’izj,s = R’Qj,s + Q?j,s? t— 7, 1€ N;)gls’m, VRS NUlacm
©))
Uj2,s = Uz%s - Q(T}j’mpij,s + x%inj75)+
IQ L,m\2 L,m\2 . .o Nbus,m . NER’m
17,8 (rij ) + (xij ) y L=, € ac y J S Ulac
(10)
. S R,
(Pijs)? + (Qijus)® < (SN)?, i€ NES™ e Npw™ (11)

3) Modeling of Ports at R-layer

Power flow of R-layer is more complex than those of the
U-layer because of the P2P electrical connection. The port of
R-layer can be either a parent bus or a child bus. Therefore, it
is not easy to individually list the power flow relationship of
R-layer similar to U-layer. Only the capacity constraint (12)
is given. The power flow relationship of R-layer will be listed
in the P2P transaction part.

ER,m
75Rdc,j

4) Modeling of Ports at F-layer

In Fig. 3, each converter of F-layer has two ends, and
energy balance and capacity limit are shown in (13) and (14),
respectively. An equivalent resistor of the converter is placed
at one side of the converter.

PER,m < SER,m

ER,m
Rdc,7,s — ~Rdc,j’ N

< J € Nggc 12)

ER,m __ ER,m
E :Pch,k,s =0, k € Ngg.; 13)
%
ER,m ER,m ER,m ER,m . ER,m
—Skdei < Prack.s < Sraci» ¥ € Npaci » © € Npge
(14)

III. PLANNING MODEL OF ERS CONSIDERING P2P
ENERGY TRANSACTIONS AMONG DNS

A. Comprehensive Annual Cost of a Single ER-based DN

Comprehensive annual cost (f,,) of an ER-based DN,,
includes: a) capacity investing cost of ports at U-layer, R-layer
and F-layer; b) investing cost of new AC electric lines for U-
layer; c) investing cost of new DC electric lines for R-layer;
d) operation and maintenance cost of the ER; e) network loss
cost of the DN; f) energy transaction cost with the upstream
grid; g) energy transaction cost in the P2P market with other
DNs. f,, is shown in (15). Note the energy forwarding cost
of F-layer is not considered in this paper.

_ ~ER,m ER,m ER,m line,m line,m
fm - CUac + C’Rdc + C1ch + Cac + Cdc

+ Cc?)rrln + Clglss + Ctn;ade + }gp (15)
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1) Capacity investing cost of ports at U-layer

ER,m _ ~U dac(1+dac)¥2e ER,m
C’Ua‘c - CUac (1+dac)¥ac —1 EjeNgi’m SUaC,j (16)
SER,m _ ER,mSER
Uac,j — "Uac,j ~ac
2) Capacity investing cost of ports at R-layer
ER,m _ ~U ddc1(1+dgc1)¥del ER,m
CRdc — YRdc (14dgey)¥del —1 ZjeNE’ii’m SRdc,j (17)
SER,m _ ER,mSER
Rde,j = “Rdc,j ~dc

3) Capacity investing cost of ports at F-layer

The converter of F-layer consists of two ends, but they
belong to the same converter. Thus, (18) denotes that capacities
of both ends are the same. To derive a general model, investing
cost shown in (19) is divided into two parts.

ER,m _ _ER,m oER
Sch,j - ﬂ—ch,j Sd(, (18)
ERm _ oERm . ER,m . ER,m
Skdcj = Srdek> Ik € Npgei » 1 € Npge
ER,m __ U dch(l + ddCZ)yd02 ER,m
Cch - 0'5Cch (1 ¥ dd )Zldcz 1 Z Sch,j (19)
c2 . ER,m
JE€Npac i

4) Investing cost of new AC electric lines for U-layer
A new AC electric line consists of three lines denoting three-
phase, and a coefficient of three is multiplied in (20).

chngac(l + TaC)%C

i ER,m . ER,m
Clinem Z(g ML, j € NER
Uac, 2,7 Ulac
(I Tag)#ee =1 0o
(20)
5) Investing cost of new DC electric lines for R-layer
cimen
line Tde (1+7dc)¥de ER,m o P ER,m
Cpde T ray?ac—T 2vimsj Oac,s Lenij, if i€ Ny,
line Tde (14-7ac) #de ER,m o e ER,m
decm Zi—>j Oge,i Lenig, if j € Ny,
(21

Interconnected DN shall bear half the investing cost of new
DC electric lines for their own R-layer. The port of the U-layer
can be the parent bus or the child bus, and the relationship is
shown in (21).

6) Operation and maintenance cost of the ER

Operation and maintenance cost listed in (22) of the ER

consists of the cost at U-layer, R-layer and F-layer.

m ER,m ER,m
C’om - gUaC E : SUac,j + ngC 2 : SRdc,j

jENG™ JENER™
ER,m
+ 0~5§ch § Schyj (22)
JENERM

Fdc,i

7) Energy Loss Cost of the DN

Energy loss costs listed in (23)—(29) include loss of DN,,,
new AC electric lines, new DC electric lines, and U-layer,
R-layer and F-layer of ER,,. Considerable network loss will
accelerate ageing of the above devices, and thus a penalty
should be imposed. (26) indicates that energy loss of the DC
lines is half shared by the interconnected ERs.

C]ZLSS = )‘PThAT( x:z’tloss + Pz:?loss + P(ﬁloss + Pl];ioRS;m
+ Priose + Priosr’) (23)
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m _ E 72 s g bus,m
netloss — Tl]Iij,s, %) € Nac (24)
S,4—]
m _ LIQ = Nbus,m i € NER,m (25)
acloss — Tij 17,87 ? ac )y J Ulac
s,0—]
1y rid2 ., ifi—j
2 Zus, ieNER™ Tijdij s J
Pm = » 1€Nge (26)
dcloss 1 ) 4]—2 1
32, ieNERm Tigly; 5o CISE
ER,m __ E : er 72 . ER,m ER,m
PUloss - T.jinj,sﬂ (S NUlac WS NUaC (27)
5,1—]
72 i ER,m
PERJW _ Zs,i%j TUIiJ}S’ ifi e NRdc (28)
Rloss Z "12 if 7 ¢ NER,m
S,0—] TU 17,87 7 Rdc
ER,m __ 72 . ERm . ER,m
Prloss = E : Tijlie T € Npige » J € Npge 29

8,5—]
8) Energy transaction cost with the upstream grid

Exchanging power between DN, and upstream grid is split
into two parts in (31) to calculate the energy cost in (30).

m _ § buy pin,m sell pout,m
Ctradc - ThAT (Cup,spup,s - Cup,sPup,s ) (30)
s
__ pinm out,m slack,m
Pig,s _Pup,s _Pup,s , 1€ Nac (31)

The splitting process in (32) is by adding binary variables.
Then, the cost calculating model between DN,, and the
upstream grid becomes linear. Such a conversion is a typical
way to tackle a problem with bidirectional power. If no binary
variable is added, a cost calculating model between DN,,, and
the upstream grid should be a piecewise nonlinear function
of Pig, S

up,max up,s

O < Pout,m < Pout,m 6m

up,s

< Pin,m < Pin,m 1—gm
{o_ i < (1-33.0) )

up,max-up,s

9) Energy transaction cost with other DNs
Cost calculation of the P2P energy transactions is similar,
and is shown in (33)-(35).

m 2 : buy,m pERin,m sell,m pERout,m
CP2P - ThAT (C PRdC,j,s -C PRdc,j,s ’

p2p,s p2p,s
jys
. ER,m
j € NER (33)
ER,m _ pERinm ERout,m . ER,m
Pracjs = Prac,js — Pracy,s + J € Nrae (34)
ERin,m in,m ER,m . ER,m
0 S PRdc,j,s S PRup,max(l - 6Rup,j,s)’ J € NRdc
ERout,m out,m ER,m . ER,m
0 < PRdc,j,s < PRup,maX Rup,j,s’ J € NRdC
(35)

B. Configuration and Operation Constraints of the ER

1) Constraints of U-layer and its new AC lines
Each port of U-layer and its corresponding new AC electric
line are deployed together by constraints (36)—(37).

ER,m max cER,m . .. ERm . ER,m
7-‘-Ua»(:,j < NUaC (SUac,i y L] 1 E NUlac » J € NUac
(36)
ER,m ER,m . . ERm . ER,m
6Uac7i S 71-Uac,j y =], 1 E NUlac VS NUaC (37)

Besides, only when the new AC electric lines and ports of
U-layer are configured, can branch currents be allowed.

S I < MAERT. i N ke VB

ac Ulac
iii—k

(38)

NER,m

- ER,m
Ulac > J €N

I, < Myt i€ DR (39)
11—
2) Constraints of R-layer and its new DC lines
Each port of R-layer and its corresponding new DC electric
line should be deployed together. Since the port of R-layer
can be a parent bus or a child bus, the relationship between
the port of R-layer and its new DC electric line is identified

by connecting resistance in (40)—(41).

ER,m max cER,m . ERm . ER,m
< Nrde 0 rij 70, 1€ Ngal s J € Nyyae

TRdc,i Rdc,j

(40)
ER,m ER,m o . ERm . ER,m
ORde; < TRdeyi» Tij 70, 1€ Ngge 5 J € Njge (4D

Similarly, only when the new DC electric lines and ports of
R-layer are built, can branch currents be allowed.

2 ER,m ¢ . ER,m

i lis < Midgyly,  if i € Nyl (42)
2 ER,m ¢ . ER,m

i lis < Midgyls, if j € Nyl
2 ER,m ¢ . ER,m

Zi%j I56 < Mamgyly,  if i € Ny (43)
2 ER,m ¢ . ER,m

i lis < Mampyls,  if j € Npy,

3) Special operational constraints of R-layer

As designed above, R-layer is only used for energy trans-
actions between its own DN and other DNs, and F-layer helps
to forward the trading energy of other DNs. Thus, power flow
directions of ports at R-layer should be limited to be the same
in each scenario s. Such a process is modeled by adding binary
variables in (44) in this paper.

ER,m ER,m . ER,m

Pracjs < M30gqcp. s J € Nryl (44)
ER,m ER,m . ER,m

PRdc,j,s Z M3(6Rdcp,s - 1)7 J e NRdc

4) Special operational constraints of DN m

For ensuring willingness of energy sharing among DNs, a
P2P energy transaction should not impair the benefit of any
individual DN first. In other words, only when there is surplus
energy in DN,,, can energy of DN,, be sold to other DNs
through R-layer. Meanwhile, only when an energy shortage
occurs in DN,,,, can energy is purchased from other DNs
through R-layer. Thus, in DN,,,, energy exchanging directions
with the upstream grid and with other DNs in the P2P market
should be limited to the same by (45).

ER,m - slack,m
{ Pig.s < MyShg,., i€ NSk

45
C1), i Ngsekm )

ER,m
Pig,s 2 M4(5Rdcp,s

5) Constraints of F-layer
Only when ports of F-layer are configured, can branch
current be allowed.

2 ER,m
D15 < Mamegly

=]

NER7m

. ER,m
Flde » J €V,

i€ Fde (46)

C. Modeling of a P2P Energy Transaction

According to the modeling process in [32], [33], conven-
tional P2P energy transactions mainly include two parts: a)
designing a mechanism of P2P clearing price; b) purchasing
energy should be strictly the same as selling energy at any
dispatching period.



1032

1) The mechanism of P2P clearing price

In this paper, two kinds of mechanisms will be implemented
to test the proposed planning model.
2) Fixed gap based clearing price

In this mechanism, clearing price is floating within the price
provided by the upstream grid, and ignores the state of energy
balance among DNs. The fixed gap based mechanism is shown
in (47), and 0 < 8 < 1. The P2P trader will benefit more along
with decreasing 3.

buy sell
sellm __ ysell Cuprs—Clp,s
CPQI%S - CUP;S +8 oy 2 N 47)
u, se
Cbuy,m _ Cbuy _ Bcup,ys_cup,s
p2p,s T up,s 2

3) SDR based clearing price

The SDR based mechanism considers the relationship be-
tween supply and demand in the entire system [32], [33].
More surplus energy means a lower trading price; otherwise,
a higher trading price will be made. First, supply and demand
relationship (SDR) is calculated by (48)—(50).

SDR, = TSP,/TDP, (48)
NDN
NP; = Z (Puj,s + Pretioss — Pig.s) s
m=1
j € Nbusm ¢ NDGm (49)
{ TSP, = —NP,, if NP, <0 50
TDP, = NP, else

The SDR based clearing price is carried out by (51)—(52).
(Csell +O¢1)~(Cbuy 7042)

up,s up,s

(CoSY, —as—C3ell —a1)SDR+C5el 4ay

up,s up,s

Csell,m _

pP2p,s 0 S SDRg S 1
el + ay, SDR, > 1
(51)
(CRuY, — az)(1 — SDRy)
Oy = HCEY™SDR, + a3, 0< SDR, <1
C;ZI;’,ZL + as, SDR, > 1
(52)

Considering the price of the upstream grid, a;, a2 and as
are additionally added to ensure the P2P energy transaction
is still attractive. When SDR is high, a; ensures that surplus
energy sold in the P2P market gains more profit. as ensures
that demand met in the P2P market has less cost when SDR
is low. a3 ensures the P2P trader has profit when the SDR is
high or low. The SDR based mechanism is shown in Fig. 4.

A
buy 1 .
Cup.s
buy,m sell,m
- Cpr.x - Cpr.x
8
£ )
v
A
Csell ,,,,,,,,,,,,,,,,,,,,,, vy
up,s
>
0 1 2

Fig. 4. The SDR based clearing price.
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4) The DC network for P2P energy balance

In this paper, the transferring energy of P2P transactions is
implemented through P2P-based DC electric lines and ERs.
Thus, P2P energy balance will be met if the power flow
constraints of the P2P-based DC network are met. A power

flow calculation model combined with R-layer and F-layer is
shown in (53)—(55).

2
D (Pijs =I5 5) + Pyjs
i
ER,m ER,m
= D Praliet D Pradis
JENRa" JENga"
. . b S
+Pys+ Y Pike iy j k€ NR© (53)
k:j—k
J,s 0,8 Tijtj,s 1j757””, 7 7, 1] de
2 72 2 Co b
Ui,SIij,S = Pij,87 1 _>j, Z7j c Ndéls (55)

Line capacity limit, branch current limit and voltage limit
constraints are shown in (56)—(58), respectively.

I < Ly < Iff, i.j € N©° 7
Ul <U; s <UP, i€ Nb™ (58)

D. AC Power Flow Calculation Model of DN,

A power flow model of the AC network in DN,, is
conventional. Equality constraints are shown in (59)—(62).

Z (Pij,s — riinQj’s) + Pyjs = Pyjs + Z Pj.s,

ii—j kij—k

i, j € Nbusm (59)
> (Qijs — i I5 ) + Qgjs = Qajs + >, Qjkss
i j kij—k

i, j € Nbusm (60)
Uly = Ul = 2(rijPijs + 21 Qujs) + 15 4255,

i — j, i,j € Nbwsm (61)
Ul Q% =Ph +QF,, i—j, i,j€ Nus™ (62)

Line capacity limit, branch current limit and voltage limit
constraints are shown in (63)—(65), respectively.

(Pijs)? + (Qij.s)* < (SF)?, 0,4 € N2™™  (63)
IILJI S Iij,s S IE» ia ja k S N:cus}m (64)
Ul <Uis <UJ, i€ Nos™ (65)

E. The MISOCP-based Planning Model Conversion

Assume that NPN DN participate in the P2P energy trans-
action market. Then, the total cost of NPN DNs is shown
in (66), and is the final objective function of the proposed
planning model in this paper. Decision variables are the
capacity of ports at U-layer, R-layer and F-layer in each ER.
Variables controlling construction of new AC and DC electric
lines are also decision variables. Therefore, in this paper, the
proposed planning model of energy routers considering P2P
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energy transactions among multiple DN is entirely shown in

(1)—(66).

NDN
ER,m _ER,m _ER/m

min feys = E , fm (WUac,ijRdc,jﬂTch,j )
m=1

ER,m ¢ERm
6Uac,j ’ 5Rdc,j )

(66)

For linearizing the proposed planning model, variables U fé
and Iin,s in the above equality and inequality constraints are
denoted as Uj,s and fz-jys, respectively. However, the model
is still nonlinear because of equality constraints (4), (9), (55)
and (62). Capacity limit constraints are second-order cones
such as (63). For solving the planning model in a way of
conic programming, equality constraints (4), (9), (55) and
(62) are relaxed as rotated quadratic cones shown in (67)-
(70), respectively. Thus, the planning model is converted as
a MISOCP-based model, and can be solved by commercial
solvers such as XPRESS and CPLEX. The detailed relaxation
process refers to [29], and the detailed model is in Appendix A.

TS . .. ER, . ER,
Uj75‘[ij15 2 ‘Pizj,s + Q?j,sv t—=7, 1€ NUlacmv J € NUaCm
(67)
Ujslijs > PL + Q% ., i —j, i € NIV™, j e Ny
(68)
Ujlijs > P, i —j, i,j € N3 (69)
Uj,inj,s > Pz'zj,s + Q22J4757 T — j, Z,] € N;)CUS,m (70)

F. Evaluation Indexes of the Planning Results

Five indexes are set to evaluate derived results: a) total cost
fsys of all DNs; b) comprehensive cost f,,, of DN,,; c) power
volatility K.y , between DN, and its upstream grid; d)
voltage deviation Kyqj », of DN,,; e) relaxation gap indexes
Keap m and Kgapae of AC and DC network, respectively.
Smaller relaxation gaps indicate that relaxed equalities are
tight in the MISOCP-based model and derived solutions are
those of the original planning problem. fsys and f, refer to
(66) and (15), respectively. The rest are shown in (71)-(74).

— _ 2
1 s=Ng s=Ng P, ek
19,8 .
Kvar_m = ﬁ Z Pig,s - Z Nig , 1€ N:cac "
S s=1 s=1 $

(71)

S s

S S (W — 12/(NELNL), i € NEs

s=1 1

K. vol_m =

1033

3 7 2 2
Ujslijs — P;

ij,s  Wij,s

boivg e Np
(74)

Keapde = max {
gap i—j,s

IV. CASE STUDY

To verify effectiveness of the proposed planning model,
four IEEE-33 systems-based hybrid systems is taken as the
test benchmark shown in Fig. 5. The four AC systems
are DN;~DNy, respectively. Each AC system contains 41
buses, i.e., bus 1~41. For example, bus indexes in DN; are
bA;~bAy;. Bus indexes of the other DNs are prefixed with
bB, bC and bD, respectively, and the number of buses is
consistent. For the DC system, candidate buses are dC;~dCyg,
and the prefix is dC. Therefore, the total initial bus number of
AC and DC systems is 212. Impedance and load parameters of
the IEEE-33 system are from Matpower 7.0. The base capacity
is 10 MVA, and base voltage is 12.66 kV. Total active load is
3.715 MW, and reactive load is 2.3 Mvar.

Each DN is equipped with an ER. Each ER has four
candidate ports at U-layer, three candidate ports at R-layer
and F-layer. For example, in DN, candidate ports of U-layer
of ER; are bAss, bAs7, bA3g and bA41, and candidate ports
of R-layer are dC;, dC3 and dCs. F-layer is placed between
the ports of R-layer. Only one end of the converter at F-layer
is stated to denote the port at F-layer. Thus, candidate ports
are dC;, dCgy and dCq;.

The main simulation parameters are shown in Table I [20],
[23], [29], [34], [35]. New AC electric lines are laid based
on the path with minimum total resistance of the existing
line (including the tie switch branch). Impedances of the new
AC lines are the sum of the impedances of existing lines
on those paths. Unit resistance of the new line is set as
0.3 Q/km, and length of the new line is roughly estimated
by total resistance of the new line. Connection resistance of
between the energy router itself and its locating bus is set to
0.001 €, ignoring reactance. Meanwhile, for a branch with
no impedance between the port of the ER and bus in Fig. 5,
0.001 € is set as the connection resistance.

Table II shows the parameters of candidate AC and DC
lines. For example, in DNy, ER; itself is placed beside bus
bAgg. Impedance of line Lyg 33 between the port of U-layer
and bus bAsg is almost 0, and 0.001 is set as the connection
impedance of the port at U-layer. Similarly, in DNy, ER»
itself is placed beside bus bB33. Impedance of line Lig 34
between U-layer and bus bBg3 is almost 0, and 0.001 is set
as the connection impedance of the port at U-layer. In the DC

(72)  system, equivalent resistances of ports at R-layer and F-layer
K. — max. . {‘U i o_p2 _02 } are 0.0321 €2, and six candidate DC lines are listed.
gap-m e |88 uhs sl ) For the IEEE-33 system, buses with PVs are bus 7, 13
i, j € NPusm U NGE™ U Ny (73) and 27, and the rated capacities are 500, 300 and 400 kVA,
TABLE I

THE MAIN PARAMETERS CONFIGURATION

Parameter Value  Parameter Value Parameter Value
Th 1095 Yacs> Ydcls> Ydc2 20 )\p(¥/kWh) 0.3
SER SER (kVA) 50 cY. ., CYi. CY,. (¥/kVA) 800 EUac) ERdes EFde 0.01
ZTer () 0.539  7er () 0.0321  dac,ddc1, ddc2 0.08
Pac, Pdc 20 Tac, Tde 0.08 Cline (y/km) 9600

pac
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| Tie-switch line
|
| ®PV e WT

DN»2

DC link of the ER DC/DC [4 AC/DC

—— DC line

(b)

DC system —— AC line

Fig. 5. The modified structure of the ERs-based IEEE-33. (a) The IEEE-33 system based DN. (b) The ERs-based DNs system with P2P interconnection.

TABLE II
PARAMETERS OF CANDIDATE NEW ELECTRIC LINES IN AC AND DC SYSTEM

AC system (prefixed by bA, bB, bC and bD)
ER32 is beside bus bB33 in DN2 ER3 is beside bus bCyg in DN3

ER; is beside bus bAsg in DNy ERy4 is beside bus bDag in DNy

Candidate lines  Impedance (£2)  Candidate lines  Impedance (£2)

Candidate lines  Impedance (£2)  Candidate lines  Impedance (£2)

Lig,34 2.63+j2.61 Lis,34 0.5+j0.5
L25,40 0.5+j0.5 L25,40 2.634j2.61
La2g, 38 0.001 L2g 38 2.13+j2.11
L33,36 2.13+j2.11 L33,36 0.001

Lis.34 0.001 L1834 2.63+j2.61
L25,40 313+]311 L25740 05+J05
Lag,38 2.63+j2.61 Lag 38 0.001
L33.36 0.5+j0.5 L33,36 2.134j2.11

DC system (prefixed by dC)

Candidate lines  Resistance (£2)
Lﬁ’ 14 2.5
Lig,28 2

Candidate lines  Resistance (£2)
L2 30 3
L4 ,40 6.5

Candidate lines  Resistance (2) - -
Lis,3s 7 - -
Lag,42 3.5 - -

respectively. Buses with WTs are bus 10, 16, 17, 30 and 32,
and rated capacities are 500, 200, 150, 200 and 300 kVA,
respectively [29]. Different capacity coefficients will be tested.

Multiple scenarios are considered in this paper to evaluate
variations of load and distributed generation. How many sce-
narios should be selected depends on practical requirements.
In [29], the number of selected scenarios derived according to
probability is twenty-five. If the optimization problem contains
energy storage devices, the multiple scenarios should be time-

sequential, and duration is usually 24 hours [36]. If variations
of the load and renewable energy will be ignored, then only
one scenario will be selected.

In this paper, eight scenarios are derived from a typical day.
Curves of load, PV and WT are obtained by superposition of
typical output curves and random fluctuations. Considering
that the planning model with four distribution systems is
relatively complex in the case study, this paper simplifies data
and prices of a typical day in 24 hours [3]. As shown in Fig. 6,
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Fig. 6. The reduced 8 typical scenarios in four DNs. (a) The load curve. (b) The output of PV. (c) The output of WT. (d) The trading price in both markets.

eight scenarios are obtained by averaging every three adjacent
data to denote a typical day. Each scenario is represented by
one point of data. In Fig. 6, eight points of data represent eight
scenarios. Such a definition is similar to [29] and different
from [30]. In [30], each scenario contains 24 points of data.
The number of scenarios will not impair the generality of the
proposed model in this paper [29].

The MISOCP-based planning model is solved by the
XPRESS solver in GAMS 28.2.0 platform. The computer
configuration is “17-6700 CPU@3.40 GHz (8§ GB RAM)”.

A. Effectiveness Verification of the Proposed Planning Model

A fixed gap based clearing price is adopted in Case A, and
electric prices in both markets are shown in Fig. 6(d).

Three subcases are conducted: A1) regular operation of four
DNs without any ER; A2) operation of the ERs-based DNs
system without P2P energy transactions; A3) operation of the
ERs-based DNs system with P2P energy transactions. Thus,
in subcase A2, operation of ER is similar to that of SOP.
Allocation differences between SOP and ER can be concluded
from results in subcase A2 and A3. The capacity coefficient
of DG in each DN is shown in Table III. DN; is a PV town,
and DNy is a WT town. DN3 and DN4 have PV and WT, but
DNy only has the basic configuration of DG.

TABLE III
THE CAPACITY CONFIGURATIONS OF EACH DN IN CASE A

Generator Type ~ DN7p DNs> DNj3 DNy
PV 5 0 3.5 1
WT 0 5 4 1

1) Analysis of the Derived Schemes of ERs

The derived schemes of ERs in A2 and A3 are shown in
Tables IV and V. In A2 and A3, four candidate ports of the U-
layer of four ERs are all configured. Thus, all four candidate

TABLE IV
CONFIGURATION RESULTS OF ERS IN SUBCASE A2

ER; (kVA) ER»> (kVA) ER3 (kVA) ER4 (kVA)
Port capacity of U-layer
bA35 (350)  bB3s (900) bC35 (700)  bD35 (200)
bA3z7 (200)  bB37 (650) bCz7 (500)  bD37 (200)
bA3zg (800) bB3g (400) bC39 (300) bD3g (650)
bA41 (650) bByy (1100)  bCyq (900)  bDy4y (300)
TABLE V

CAPACITY CONFIGURATIONS OF ERS IN SUBCASE A3

ER; (kVA) ER2 (kVA) ER3 (kVA) ER4 (kVA)
Port capacity of the U-layer

bA3s (450) bB3s (1400) bCss (950) bD35 (200)

bA37 (200) bB37 (950) bC37 (550) bD37 (200)

bA3zg (1000) bB3g (500) bC3g (550) bD3g (900)

bA41 (400) bB41 (700) bCya1 (550) bD4; (700)
Port capacity of R-layer

dCy (0) dCy3 (1600)  dCas (1200)  dC3z7 (500)

dCs (0) dCy5 (250) dCa7 (200) dCsg (0)

dCs (1550) dCy7 (600) dCag (0) dCy41 (1000)
Port capacity of F-layer

dCr (0) dCig (0) dCs; (0) dCys3 (0)

dCy (0) dCa1 (150)  dCss (0) dCys (0)

dCyi1 (0) dCas (50) dCss (0) dCy7 (150)

new AC electric lines at each DN will be built for connection
of U-layer. In A3, port capacities of U-layer increase slightly
as a whole, compared with those in A2. For example, in A2,
ports of U-layer in ER; are bAss, bAs7, bAsgg and bAy;, and
capacities are 350, 200, 800 and 650 kVA, respectively. In A3,
corresponding port capacities of ER; become 450, 200, 1000
and 400 kVA, respectively.

For R-layer in A3, in ERq, only port dCs is configured
among candidate ports dC;, dCs and dCs, and configuration
capacity is 1550 kVA. Thus, new candidate DC lines excluding
L 30 and Ly 49 will be built in the DC system. For F-layer,
capacity configuration of candidate ports dC7, dCy and dCy;
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in the ER; are 0, which means they will not be deployed. F-
layer of ERj is configured with ports dCs; and dCsg3, with a
capacity of 150 and 50 kVA, respectively. Besides, port dC47
is configured in F-layer of ERy4.

Note the configuration capacity of two interconnection ports
may not be the same. For example, ports dCs and dC;3 have
one step capacity differences. That is reasonable because line
loss is significant under considerable exchanging energy, and
the step capacity is 50 kVA. Besides, F-layer can realize
capacity sharing of R-layer in the same ER. Such a process
will be analyzed in the P2P transaction part.

Relaxing gap indexes are shown in Table VI. Most of the
maximum relaxation gaps of the three subcases are within
error le-6, which means the relaxing equalities are tight [37].
Thus, derived results of the three subcases are effective.

Therefore, the above simulation results verify the proposed
planning model can obtain configuring schemes of ERs for the
P2P energy sharing among multiple DNs.

2) Comprehensive cost analysis of the DN

In A2, fos is 1.880e7 ¥, and is 11.40% lower than in
Al. Cost reduction means that configuring ER can bring loss
reduction in DN and benefits increase. For example, when
DNy is not equipped with ERs in Al, fy is —0.222e7 ¥,
which means revenue is 0.222e7 ¥. For operation of DNy in
A2, fo is —0.318e7 ¥, and the increase rate is 43.24%.

In A3, foys is 1.597¢7 ¥, which is 24.74% lower than in
Al. Thus, P2P energy transactions bring the best benefits for
the ERs-based DNs system. For operation of DNy in A3, f5
is —0.400e7 ¥, and the increase rate is 80.18%.

Compared with A2, cost reduction rates of f; and f; in A3
are 6.07% and 2.91%, respectively. Revenue increase rates of
fo and f3 in A3 are up to 36.94% and 9.35%, respectively.
Such results show that each participating DN gains benefit
from P2P energy transactions. Besides, according to results
shown in Fig. 7(b) and 7 (c), DNy and DN3 mainly sell surplus
energy in the P2P market, and DN; and DN, mainly purchase
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energy. Such results show that energy sellers benefit more from
the P2P market.

Thus, the simulation results show that configuration of ER
can reduce the total cost of DNs. All participating DNs can
benefit from ERs-based P2P energy transactions, and DNs with
more surplus energy benefit more.

3) Volatility analysis of exchanging power with the upstream
grid

In Table VI, volatility K, of exchanging power in A2
increases slightly as a whole because the ER reduces network
loss of the DN. Thus, demand from the upstream grid is
reduced, or more surplus energy is sold. For example, the
power curve of DN, in Fig. 7(b) in s; moves down compared
with that in Fig. 7(a). Selling power between DN, and its
upstream grid in s; in Al and A2 are 2128 and 2300 kW,
respectively. Meanwhile, at s, the power curve of DNy in
Fig. 7(b) moves down compared with that in Fig. 7(a). The
purchasing powers between DNy and the upstream grid at ss
in Al and A2 are 1256 and 1208 kW, respectively.

As shown in Fig. 7(c) and Table VI, excluding DN,4, power
volatility between the DN and upstream grid is significantly
reduced in A3. Direct consumption of surplus energy of the
DG is achieved among DNs with the same rated voltage,
and overall adverse impact of DNs on the upstream grid
is significantly alleviated. Ky, 4 of DNy increases, but ex-
changing power of DN, decreases, obviously. At s5 and sg,
purchasing power of DNy is almost reduced to 0. Besides,
peak-valley power differences of DNy in Al and A3 are
1416 and 1485 kW, respectively. They are almost the same.
Therefore, in A3, DN, does not increase the regulatory burden
of the upstream grid.

Therefore, simulation results verify that exchanging power
volatility between DNs and their upstream grids is significantly
reduced as a whole by the proposed ERs-based P2P system.
Besides, surplus energy of DG is consumed among ERs-based
DNs with the same rated voltage directly.

TABLE VI
EVALUATION INDEXES OF SIMULATION RESULTS IN CASE A
Subcase fsys (¥) fl (¥) f2 (¥) f3 (¥) f4 (¥) Kvar_l Kvar_2 Kvar_S Kvar_4
Al 2.122¢7  1.186e7  —0.222¢7 —0.770e7 1.927e7  2.825 1.528 0.456 0.215
A2 1.880e7 1.140e7  —0.318e7 —0.841e7 1.899¢7  2.864 1.652 0.484 0.212
A3 1.597¢7  1.068¢7 —0.400e7 —0.913e7 1.843e7 0422 0.005 0.085 0.345
Subcase Kol 1 Kvor 2  Kyols Kyol 4 Kgap 1 Kgap2 Kgapz Kgapa Kgapde
Al 0.032 0.036 0.026 0.027 2.9e-7 3.3e-7 3.1e-7 2.7e-7 -
A2 0.019 0.029 0.022 0.014 9.3e-6 1.1e-5 1.0e-5 9.0e-6 -
A3 0.009 0.015 0.012 0.008 3.4e-6 3.5e-6 3.5e-6 3.4e-6 5.2e-6
4000 40008 4 pN,—+ DN, + DN; - DN, 4000F 4 DN,~+ DN, + DN, — DN
3004:\1)1\“ 2 O, 3000H : 2 P e 3o000f 1 : : s
Z 2000 Z 2000 Z 2000}
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3—1000{ \\./' ,;51000{ \‘\./' =,-1000
2000 &~ 2000 A2 000 |
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Fig. 7. The exchanging power between four DNs and their upstream grids: (a) results in Al; (b) results in A2; (c) results in A3.
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4) The

In Table VI, voltage deviation indexes are significantly
reduced by configuring ER in A2 and A3, and ERs-based P2P
energy sharing in A3 performs best. Voltage curves of four
DNs in Al, A2 and A3 are shown in Figs. 8-11, respectively.
In Fig. 9(a), in s;, some bus voltages of DNy reach the
upper limit of 1.1 p.u., which violates requirements of safety
operation. Thus, some outputs of WTs in DNy should be

voltage deviation in the DN

l1e—s  —o-5 0o 5 Sy
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g 16 S
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Fig. 8. The bus voltages of DN in different subcases
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Fig. 9. The bus voltages of DN> in different subcases
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abandoned to recover the bus voltages.
In A3, bus voltages of the four DNs are all close to 1 p.u.

A
1.1

as a whole, and overall deviation is the smallest. Thus, power
quality of the DN is effectively improved. Especially, outputs
of WTs in DN5 are not required to cut in A3.

Therefore, simulation results verify the proposed ERs-based
P2P energy trading between DNs can effectively reduce volt-
age deviation of the DN, improve power quality of the DN,
and promote consumption of DG.
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Fig. 10. The bus voltages of DN3 in different subcases. (a) Results in Al. (b) Results in A2. (c) Results in A3.
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5) P2P energy transactions among DNs in A3

P2P energy transactions in A3 is the main focus of this
paper, and thus is analyzed in this part. Fig. 12 and Fig. 13(a)
show the port powers of U-layer and R-layer at each ER
in A3. According to Fig. 13(a), ER; and ERy purchase or
sell electricity in different periods in the P2P market. ER3
mainly sells electricity, and ER4 only purchases electricity.
The exchanging power of ER; will be taken as an example
to illustrate detailed energy flow of the ER in the following.

In Fig. 12(a), in s; and so, power values of the four ports at
U-layer in the ER,; are all negative, which means that energy
purchased by ER; from R-layer in the P2P market provides
energy support to DN; through U-layer. Thus, in s; and s,
power of port dCs of R-layer in ER; shown in Fig. 13(a)
is positive, and 1550 kW of electric energy is purchased.
According to system structure in Fig. 5(b), port dC;5 of ER; is
connected to port dC;3 of ER2 by L¢ 14. In Table V, ports dCy3
and dC;7 at R-layer in ER» are interconnected through port
dCs3 at F-layer. Besides, Fig. 13(b) shows that the forwarding
power of port dCss is O in s;. Thus, in s;, the power of
1585 kW from port dCy3 of ERj is transmitted by Lg 14, and
received by port dCs of ER;. Considering energy loss, final
power received by ER; is 1550 kW. Thus, the configuring
capacities of ports dC5 and dC;3 are different, and are 1550
and 1600 kVA, respectively.

Similarly, in s3 and sg, port powers of U-layer in ER,
contain positive and negative values, and port powers of U-
layer in ER; are near zero. Such behaviors mean that ER;
only aims to regulate the power flow of DN; independently
in s3 and sg.

In s4 and s5, ER; sells surplus energy of DN; in the
P2P market through R-layer, and selling powers are 774 and
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1139 kW, respectively. Behaviors of ER; in s; and sg are
similar to those in s; and ss, and purchasing powers of ER4
are 1425 and 1432 kW, respectively.

Therefore, simulation results verify that U-layer can regulate
power flow of the DN. Surplus energy or demand is sold or
met in the P2P market by R-layer.

6) The Energy Forwarding Process of F-layer in A3

Port power at F-layer of ERs is shown in Fig. 13(b).
According to Table V, F-layer of ERy is configured with
two ports dCo; (dCss) and dCas (dCsy). F-layer of ERy is
configured with a port dC4; (dCyg). Take port dCs; in ERs
as an example to illustrate the operation process of the F-layer.

a) Ports of R-layer shared with each other by F-layer.

In Fig. 13(b), in s and so, powers of port dCy; at F-layer in
ER» are positive, and are 75 and 150 kW, respectively. While
powers of ports dC;5 and dC;7 at R-layer is negative. Results
indicate that ERj sells electric energy in s; and so. Thus, port
dCy; at F-layer forwards energy for R-layer.

In Table V, capacities of ports dCy5 and dCy7 are 250 and
600 kVA, respectively. In s1, Pig33.¢1 is 667 kW. Then port
dC;7 of ERy needs to output at least 667 kW, the capacity
limit of port dCy7 will be violated. In such a situation, part
of the 667 kW is output from port dC15 and transmitted to
Lig,38 through port dCy; of F-layer. In addition, the proposed
planning model optimizes loss, and the shared capacity of port
dc15 at R-layer will be greater than the excess 67 kW, and is
actually 75 kW. Thus, ports of R-layer are shared with each
other. The process in s is similar to that in s;.

b) F-layer forwarding energy for adjacent ERs.

In s3, power forwarded by port dCo; at F-layer is 141 kW,
but power of port dCy5 and dC;7 at R-layer is zero. Thus, port
dCq; at F-layer forwards 141 kW of electric energy from ER3
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Fig. 12. The active power of U-layer at different ERs in A3. (a) Results of ER7. (b) Results of ER2. (c) Results of ER3. (d) Results of ER4.
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Fig. 13.

The power of the R-layer and the F-layer in different ERs, and DC bus voltages in P2P energy sharing network in A3.
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to ER4. For reducing line loss, power of ERg is partly output
through port dCy; at R-layer of ER3 to ERj, and forwarded
to bus dCsg through port dCo; at F-layer of ERs. Combined
with the negative power of port dC47 in s3 at F-layer of ERy
shown in Fig. 13(b), power transmitted by ER, finally flows
into port dCs7 at R-layer of ER,4. The operation processes of
F-layer is similar in other time slots, and are omitted.

Therefore, simulation results verify that port capacities of
R-layer are shared with each other through F-layer, and F-layer
can forward energy for adjacent ERs.

7) Voltage analysis of a DC system for P2P energy transac-
tions in A3

Figure 13(c) shows DC voltages of the P2P network. The
operating range in this paper is [0.93, 1.07]. According to
configuration results of R-layer and F-layer in Table V, DC
buses selected to build in A3 are dC5~dCg, dC;3~dCjs,
dCQl"VdCQg, dC37NdC38, dC41NdC42 and dC47NdC48. Only
22 out of 48 buses are reserved in the scheme. In Fig. 14(c),
voltages of the DC system meet the set range.

Therefore, in Case A, simulation results verify the effec-
tiveness of the proposed planning model of ERs considering
P2P energy transactions among multiple DNs. The schemes
of three layers of ERs can be configured. An ERs-based DNs
system can significantly reduce operation cost of each DN,
improve power quality of the DNs, reduce exchanging power
volatility between the DN and the upstream grid, and promote
consumption of DG.

Besides, U-layer can regulate power flow of the DN, and
transmit energy from the DN to R-layer, or distribute the
energy from R-layer to the DN. R-layer can purchase energy
from the P2P market or sell surplus energy. In addition, port
capacities of R-layer can be shared with each other through
F-layer, and F-layer can also forward energy for the adjacent
ERs.

B. Impact of Different Configurations of DG

To verify the generality of the proposed planning model in
this paper, three groups of subcases are set to test. 1) Bl:
configurations of DG are similar to those in Case A, and
surplus energy is sufficient; 2) B2: capacities of DG in each
DN are insufficient, and no surplus energy exists in each DN
in any time slot; 3) B3: the configurations are similar to those
in subcase B2, but only a little surplus energy is sold in the
P2P market. Configurations of DG are shown in Table VIL.

Configuration schemes of each ER in B1, B2, and B3 are
shown in Tables VIII, IX and X, respectively. In B1, due to
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TABLE VII
DIFFERENT CAPACITY CONFIGURATIONS OF DG

Subcase DN; DNz DNs DNy

- PV 1 5 0 35
WT 1 0 5 4

- V25 2 5 24
WT 2 25 25 10
V3 75 2 3

B3 WT 25 3 3 15

TABLE VI

CAPACITY CONFIGURATIONS OF ERS IN SUBCASE B1

ER; (kVA) ER2 (kVA) ER3 (kVA) ER4 (kVA)
Port capacity of U-layer

bA3s5 (250) bB3s5 (600) bCss (1300)  bD3s5 (1100)

bA3z7 (250) bB37 (650) bC37 (950) bD37 (350)

bA3zg (1000)  bB3g (450) bCsg (400) bD3g (1400)

bA41 (1050)  bB4; (200) bCa1 (650) bD41 (500)
Port capacity of R-layer

dCy (600) dCy3 (0) dCas (350) dCz7 (100)

dCs3 (1450) dCy5 (1300)  dCa7 (1350)  dCsg (1550)

dCs (0) dCq7 (100) dCa9 (450) dCy41 (600)
Port capacity of F-layer

dC7 (50) dCiyg (0) dCs1 (0) dCy4s (0)

dCy (0) dCa1 (50) dCs3 (0) dCys (0)

dCi1 (0) dCa3 (50) dCss (500)  dCy47 (50)

TABLE IX

CAPACITY CONFIGURATIONS OF ERS IN SUBCASE B2

ER; (kVA) ER2 (kVA) ER3 (kVA) ERy4 (kVA)
Port capacity of the U-layer
bA3s (400) bBs3s (450) bCss (400)  bDazs (250)
bA37 (200) bB37 (650) bCs7 (450) bD37 (200)
bA3g (750)  bB3g (200) bCzg (300) bD3zg (650)
bA41 (550) bBy4y (550) bCyp (300)  bDyp (400)
TABLE X

CAPACITY CONFIGURATIONS OF ERS IN SUBCASE B3

ER; (kVA) ER2 (kVA) ER3 (kVA) ERy4 (kVA)
Port capacity of the U-layer
bA3s (500) bB3s (500) bCss (450)  bDss (0)
bA37 (0) bB37 (700)  bC37 (600)  bD37 (0)
bA3g (900)  bB3g (0) bCsg (0) bD3g (850)
bA41 (750)  bBy4y (400)  bCyy (450)  bDy4y (300)
Port capacity of R-layer
dC; (0) dCi3 (200)  dCas (0) dCsz (0)
dCs (0) dCy5 (0) dCar (0) dCsg (0)
dCs (2000  dCi7 (0) dCa9 (0) dCs1 (0)

abundant output of DG, sufficient ports in U-layer, R-layer
and F-layer of ERs are deployed.
In B2, there is no surplus power to sell in each DN, so

2 2 T
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Fig. 14. P2P clearing prices based on the SDR in four subcases. (a) C1. (b) C2. (c) C3. (d) C4.
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TABLE XI
EVALUATION INDEXES OF SIMULATION RESULTS IN SUBCASE B1, B2, AND B3

Subcase fsys (¥) fl (¥) f2 (¥) fd (¥) f4 (¥) Kvar_l Kvar_2 Kvar_3 Kvar_4
BI No ERs 2.894e7  2.080e7 1.451e7 0.021e7 —0.657¢7  0.040 3.817 1.601 2.298
With ERs  2.426e7  2.000e7 1.336e7 —0.109¢7  —0.801e7  0.533 1.393 0.114 0.414
B2 No ERs 3.386e7  0.580e7 0.605¢7 0.846e7 1.355e7 0.091 0.051 0.101 0.768
With ERs  3.218e7  0.532e7 0.553e7 0.808e7 1.325e7 0.096 0.051 0.104 0.772
B3 No ERs 1.210e7  0.009e7 0.055e7 0.309e7 0.836e7 0.150 0.078 0.0146 1.239
With ERs  1.012¢7  —0.051e7  —0.007e7  0.263e7 0.806e7 0.127 0.070 0.154 1.248
Kvol_l K\/01_2 Kvol_S KV01_4 Kgap_l Kgap_Q Kgap_3 Kgap_4 Kgapdc
BI No ERs 0.028 0.037 0.028 0.034 3.4e-7 3.7e-7 4.0e-7 4.1e-7 -
With ERs  0.008 0.015 0.012 0.015 9.2e-6 1.0e-5 3.4e-5 9.4e-6 6.7e-5
B2 No ERs 0.009 0.009 0.012 0.023 3.5e-7 3.6e-7 3.5e-7 3.4e-7 -
With ERs  0.005 0.006 0.007 0.012 8.1e-6 8.3e-6 8.2e-6 7.9e-6 -
B3 No ERs 0.012 0.014 0.012 0.020 1.6e-7 1.7e-7 1.6e-7 1.6e-7 -
With ERs  0.010 0.012 0.010 0.015 6.4e-6 4.1e-6 3.9e-6 3.7e-6 5.5e-7
TABLE XII

each router is only configured with ports at U-layer. Thus,
P2P energy sharing among DNs does not exist.

In B3, only DN;, DNy and DN, have maximum power of
700 kW in some time slots. Investing costs of R-layer and
electric lines are high, and only R-layers of ER; and ERj are
configured with only one port. Thus, P2P energy sharing only
exists between DN; and DNs.

Corresponding indexes of the three subcases are shown in
Table XI. For each subcase, simulation of each DN without
any ER is implemented, and simulations of DNs with ERs by
deploying the proposed planning of ERs are also carried out.
Obviously, configuring the ER can improve operation of the
DN in terms of operation cost, bus voltage. Power volatility
between the DN and the upstream grid is reduced in Bl as a
whole.

Therefore, in subcases A3, B1, B2, and B3, simulation
results verify the proposed planning model of ERs in this
paper can be applied to different configurations of DG. Thus,
the proposed planning model is general.

C. Impact of Different Price Mechanisms

P2P clearing price is based on the fixed gap based mecha-
nism in Case A and B, as shown in Fig. 6(d). This section will
explore the impact of the SDR-based clearing price mechanism
on configuration of ERs. The configurations of DG are the
same as those in Case A3.

Values of NP in (49) are roughly estimated based on
powers shown in Fig. 7(a). Four subcases are set. 1) Cl: a; =
0, as = 0, and a3 = 0. Protections of the lowest selling
price, highest selling price and price difference of the P2P
market are not considered in CI. 2) C2: a; = 0.05, ay =
0, and as = 0. Protections of the lowest selling price are
considered in C2. 3) C3: a; = 0.05, as = 0.05, and a3 = 0.
Protections of the lowest selling price and highest selling price
are considered in C3. 4) C4: a; = 0.05, as = 0.05, and a3 =
0.03. Protections of the lowest selling price, highest selling
price and price difference of the P2P market are considered in
C4. P2P prices of four subcases are shown in Fig. 14(a)—(d),
respectively. Optimization results are shown in Table XII.

Results in Table XII show that: 1) under both P2P price
mechanisms, each participant can reduce comprehensive cost
or increase income; 2) compared with the fixed gap based
mechanism, the SDR based mechanism reduces more of the

SIMULATION RESULTS WITH DIFFERENT P2P CLEARING PRICES

Swhcase Joys D 1 ® 2D 5® i ®
Al 2.122e7 1.186¢e7 —0.222¢e7 —0.770e7 1.927¢e7
A3 1.597¢7 1.068e7 —0.400e7 —0.913¢7 1.843e7
Cl1 1.565e7 1.092¢7 —0.447¢7 —0.893¢7 1.813e7
C2 1.537e7 1.093e7 —0.464¢e7 —0.929¢7 1.836e7
C3 1.530e7 1.075¢7 —0.443¢e7 —0.916e7 1.813e7
C4 1.575e7 1.088¢e7 —0.434¢e7 —0.922¢7 1.844e7

total cost of the entire system; 3) DNs with more surplus
energy tend to benefit more in both mechanisms.

Therefore, simulation results verify the proposed planning
model of ERs considering P2P energy sharing among DN are
effective under different P2P clearing prices.

D. Impact of Different Solvers on the Configuration Scheme

Since the proposed planning model is complex, different
solvers are implemented to solve subcase A3 to analyze
derived configuration schemes. Under conventional solvers
XPRESS, GUROBI, CPLEX, and MOSEK, configuration cost
of each DN is shown in Table XIII. Subcase Al can be
employed to explain clearly, that configuration of the energy
router can benefit participating distribution networks. Detailed
implementation of subcase Al which no ER is considered in
DN and can be found in Case A.

TABLE XIII
SIMULATION RESULTS WITH DIFFERENT P2P CLEARING PRICES

Subcase  fsys B 1 H  fo (¥ f3 ) fa
Al 2.122¢7 1.186e7 —0222¢7 —0.770e7  1.927¢7
XPRESS  1.597¢7  1.068¢7 —0.400e7 —0.913¢7  1.843¢7
GUROBI  1.593¢7  1.065¢7 —0.406e7 —0.915¢7  1.849¢7
CPLEX  1.593¢7  1.069¢7 —0.405¢7 —0.915¢7 1.844¢7
MOSEK - - - - -

In Table XIII, except the MOSEK solver fails to derive a
scheme of ERs, configuration costs of the rest of the solvers
are similar, but different. It is reasonable because different
solvers have different algorithms. Besides, considering the
planning model is complex in the case study, that a solver
can’t solve some problems is normal, such as MOSEK in this
paper. Among them, XPRESS can solve more scenarios of
the proposed model in this paper through many tests, and thus
is adopted in Case A~Case C. Besides, the derived schemes
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of ERs under different solvers are different, which means the
proposed planning model has more than one scheme of ERs
under the same configuration of DNs and DG. But all the
schemes are effective. As for which scheme is the best, it is
limited to space and omitted in this paper.

Therefore, simulation results show the proposed planning
model has more solutions on the scheme of ERs under similar
system costs. More effective solvers are expected to the
proposed planning model in this paper.

E. Discussions

1) The interest of each participant

In this paper, the planning model of the energy router is
the main focus. Considering the peer-to-peer trading model
in [32] is solved in a centralized way, the proposed model is
also solved in the same way.

However, if the model is solved in a typical centralized
way only, it is unclear whether each participant’s interest can
be ensured in most scenarios. In [38], peer-to-peer trading is
solved in a centralized way, but each participant can benefit
from peer-to-peer trading. In [36], peer-to-peer trading is
solved in a distributed way, but the model is essentially a
centralized one.

Considering that benefits of some participants may be
impaired to achieve a better solution as a whole, the benefit of
each participant is allocated according to their contributions
in [38]. Thus, some additional constraints can be added to
improve the situation mentioned above if the model is solved
in a typical centralized way.

In this paper, only a distribution system with energy surplus
can sell energy to other distribution systems, and only a distri-
bution system with energy shortage can purchase energy from
other distribution systems. Such behaviors are guaranteed by
constraints (44) and (45). Besides, the selling price (purchasing
price) in the peer-to-peer trading market is higher (lower)
than in the upstream grid. Thus, it is reasonable that selling
or purchasing energy through peer-to-peer trading can benefit
all participants. Then, the interest of each participant can be
ensured.

In the case study, results show that all participants can gain
benefits. Especially in Case B, results of subcases B1, B2, and
B3 show that only when the configuration of the energy router
can benefit a distribution system itself will the energy router
be deployed in that system. Besides, the distribution network
with more surplus energy to sell gains the most benefit, which
is reasonable.

Thus, we think the interest of each energy router-based
distribution network can be ensured in this paper.

If a participant cannot gain benefits in a particular appli-
cation, capacity configuration of R-layer in an ER should be
reduced until that participant can gain benefits. The detailed
process is omitted in this paper. After all, if there is no peer-to-
peer energy trading, configurations of ERs will be independent
of each other.

2) Computation efficiency and optimality of the proposed
model

In this paper, the proposed planning model considering
energy router-based distribution networks is the main focus,
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and the model is solved by solvers in commercial software
GAMS. Since the primary proposed model is nonlinear in
power flow calculation, it is difficult to derive a good solution.

For achieving a better solution, the proposed model is
converted into a MISOCP-based planning model to solve
efficiently. Such a process has been deployed in many studies
such as [29]. Discussion of the computation efficiency and
optimality of the proposed model belongs to that of the general
MISOCP-based algorithm itself. Because complex constraints
may divide the second-order cone, even the MISOCP-based
model may derive local rather than global optimal solu-
tions [39]. It is essentially a critical and challenging problem
for the MISOCP-based algorithm itself, which will not be
omitted in this paper.

In subcase D of Section IV, four kinds of solvers in GAMS
are deployed to validate the proposed model. Differences in
results are very tiny, which verify that optimal results are
derived.

V. CONCLUSION

With a high proportion of DG in the DN, the DN is faced
with issues such as power quality caused by surplus energy
and surplus electricity sold to the upstream grid at a low price.
In this paper, a planning model of ERs considering P2P energy
transactions among DN is established. Economical operation
of ERs-based DNs under P2P transactions is preliminarily
explored. Conclusions are as follows.

1) ERs-based DNs with P2P energy transactions can ef-
fectively reduce comprehensive operation cost of each DN,
or improve revenue. Among them, under different P2P price
mechanisms, the electric energy seller benefits the most in the
P2P market.

2) Configuration of the ER reduces voltage deviation of
the DN, promotes consumption of DG, and significantly
improves voltage quality of the DN. With P2P energy sharing,
cooperative consumption of power fluctuations within DNs are
achieved at the same rated voltage side. Thus, the impact from
the DN on the upstream grid is alleviated.

3) When the ER implements P2P energy sharing, U-layer
can transmit surplus energy of the DN to R-layer, or distribute
the energy purchased by R-layer to each port of U-layer.
Without P2P energy sharing, R-layer is in standby mode, and
U-layer optimizes power flow of the DN. Based on dispatching
results, port capacities of R-layer can share with each other
by F-layer, or F-layer forwards power of adjacent ERs;

There is little research on ER planning in a DN from the
perspective of power flow optimization. Preliminary explo-
ration on analysis of economical operation in ERs-based DNs
is conducted in this paper. A P2P energy trading mechanism
and scheduling model of F-layer need to be further explored
in future work.

APPENDIX
A. The Detailed MISOCP-based Planning Model

The detailed MISOCP-based planning model is shown from
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