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The current large-scale access to distributed power and the rapid growth of electric
vehicles are seriously affecting the reliability of distribution networks. The new multi-station
fusion technology based on the flexible interconnection of the distribution network can
effectively solve this problem. In this study, we design a multi-purpose station and a multi-
function device using a soft normally open point (SOP). A new multi-station integration
topology and a coordinated control strategy are developed using an active power signal
(APS) and an energy management system (EMS). The coordinated control strategy
involves sending out the corresponding operation mode command after the EMS
receives the superior instruction or the APS of the local system and coordinating the
operation mode of the SOP, energy storage DC/DC converter, and photovoltaic DC/DC
converter, thereby ensuring stable and efficient operation of the multi-station fusion
system. Finally, two typical cases are simulated to verify the feasibility and
effectiveness of the proposed topology and control strategy.

Keywords: multi-station fusion, soft normally open point, active power signal, coordinated control strategy,
multi-station integrated system, application of SOP

INTRODUCTION

With the acceleration in the construction of the 5G infrastructure and the rapid development of the
intelligent manufacturing industry (Giampieri et al., 2020), the quality requirements of the power of
the distribution network are becoming increasingly stringent. Furthermore, the urban power grid is
struggling to maintain pace with the rapid development of electric vehicles (Cha et al., 2020) and
distributed generation (DG) (Ma et al., 2019), and problems such as unreasonable power grid
structure are more becoming prominent (Abu-Elzait and Parkin, 2019). With the continuous
economic growth, the demand for power continues to grow rapidly. The fluctuation of the power
supplied by DG and the irregular large-scale access of electric vehicles to the distribution network
causes the power flow to fluctuate (Tang et al., 2019). The high penetration access of DG (Chang and
Chinh, 2020) may lead to providing excessive power to some equipment in the distribution network
and even cause maloperation of such equipment. Therefore, it is difficult to satisfy the power quality
and power supply reliability requirements of users.

Multi-station integration based on the flexible interconnection of the distribution network can
solve the above problems. Several novel flexible power electronic devices can be applied to improve
the controllability and flexibility of the power system (Cong et al., 2019; Long et al., 2016; Ouyang
et al., 2020). Compared with the traditional distribution network, which relies on the sectionalized
switch and tie switch (TS), the novel multi-station distribution network uses soft partition achieved
by connecting soft normally open point. During the normal operation of the system, the power of an
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SOP can be regulated between different interconnected
distribution areas to realize mutual power flow and promote
the global optimization of the energy under the steady-state
condition (Li et al., 2018; Bai et al., 2018). Compared to
traditional TS, SOP can enhance the controllability and
improve the power quality of the distribution network, and
improve the reliability of the power supply system.

On the research progress of multi-station fusion, reference (Xu
et al., 2019) analyzed the optimal design and operation of an energy
storage station under multi-station integration and reported the
optimal design capacity and optimal operation strategy of the
storage station based on multi-station integration. Reference
(Zhang et al., 2019) discussed the connotation and
characteristics of multi-station integration and a business model
for multi-station integration based on the operation mode and
business system. They verified the feasibility of the proposed
business model with project examples. Reference (Wang et al.,
2020) built a three in one DC power supply system based on an
energy storage station, data center, and substation and compared it
with the traditional high-voltage direct current system. However,
the above literature is limited to the simple combination ofmultiple
stations. The complementarity and integration ofmultiple function
stations are not strong, the function of each function station is not
fully played, the reliability of the system can be further
strengthened, and the theoretical analysis of multi-station fusion
and the innovation of topology structure is insufficient. At present,
there are not enough research results in the realization of high-
power supply reliability, power flow transfer and multi-purpose of
one station.

In this paper, we propose a topology of the multi-station
integration structure with a single DC bus based on SOP. The
load is supplied hierarchically according to the demand. The
issues of unidirectional flow and complex device coordinated
control in traditional energy distribution networks are overcome
through the coordinated control of SOP devices and other
converter devices in the system. The coordinated control
allows the power flow control among feeders and the highly
reliable provision of sensitive loads in the system and promotes
the overall optimization of the distribution network energy. The
major contributions of this paper are as follows:

(1) From the topology and framework perspectives of power
grids, a highly integrated multi-station system fusion
topology based on the SOP is created. This results in an
in-depth application of the SOP in the multi-station fusion
system, and thus diverse load supplies with high-level power
quality are achieved.

(2) The “APS plus EMS” coordinated control strategy is
proposed, and the autonomous operation of the local
system can be divided into three working modes, and each
mode can be further divided into different sub-modes
depending on the state of the system. These efforts can
improve the flexibility of the system operation and the
reliability of power supply for sensitive loads.

(3) The effectiveness of the proposed multi-station system
topology and control strategies is verified through two
case studies.

The remainder of this paper is organized as follows. The
topology of multi-station integration is proposed in Proposed
Topology of Multi-Station Integration. The coordinated control
strategy of multi-station integration is established in Coordinated
control strategy of multi-station integration. Case studies are
presented in Simulation Analysis of Different Cases.
Conclusion is drawn in Conclusion.

PROPOSED TOPOLOGY OF
MULTI-STATION INTEGRATION

Different from the traditional AC/DC distribution network, in
this study we use SOP as the key equipment of multi-station
integration systems, which can solve the problems of the AC/DC
distribution network by implementing the two-end power
supply. SOP can respond to the running state of the system
in real-time and optimize the power flow distribution of the
system and are promising to meet the requirements of future
flexible distribution networks for primary flexible equipment (Ji
et al., 2017; Liang et al., 2018; Li et al., 2019). Figure 1 shows the
proposed multi-station integration topology with an SOP. The
system is mainly composed of an AC power grid unit, energy
management system (EMS), SOP, energy storage station, data
center station, photovoltaic power station, 5G station, AC/DC
load with different sensitivity levels, and electric vehicle
charging station.

The proposed multi-station integration system is significantly
more compact than the traditional hybrid AC/DC microgrid.
Complementary function integration can achieve hierarchical
power supply and overall performance improvement. The
integration of the energy flow, information flow, and data flow
in the system can improve the comprehensive utilization rate of
resources. Furthermore, the multi-station integration system can
achieve multi-purpose of one station and multi-function of one
device and provides positive interaction and mutual benefits to
power/energy suppliers, equipment providers, and users. The
construction of multi-station integration systems requires full
consideration of various factors, including investment
optimization, land comprehensive utilization rate, energy price,
power supply reliability, power quality, consumption of green
energy, and comprehensive energy service.

The multi-station integration in one distribution system has
changed the traditional mode of the AC/DC hybrid distribution
network. In this system, the steps of generation, network load,
and storage of power are highly integrated; the energy flow,
information flow, and data flow are integrated, providing
higher power supply reliability. Different sensitive loads make
it easier to perform the hierarchical power supply function and
significantly increase the comprehensive efficiency of the power
grid. The power flow distribution can be flexibly and dynamically
adjusted depending on the load conditions, equipment status, and
other information, to adapt the access of plug-and-play loads,
such as distributed power supplies and electric vehicles, to the
distribution network. This can more efficiently promote the
integration of the energy supply, distribution, and service, and
balance the benefits to users and providers.
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In the proposed topology, the SOP is used as an
interconnection between two distribution feeders, and the
distributed power supply, electric vehicle charging station, and
5G station are connected at the SOP DC terminal. To guarantee
the uninterrupted power supply of important loads and realize
the peak shaving and valley filling of the system in case of a fault,
the DC terminal of the SOP is connected to the energy storage
station. Moreover, different sensitive loads can be reasonably
configured in the multi-station system, which enables the
hierarchical power supply function and highly reliable power
supply. The power supply quality of a single DC bus is the highest;
here, the loads are defined as primary sensitive load, and the loads
on the two sides of the SOP are defined as secondary sensitive
load; the load at the substation is defined as the normal load. The
optimal configuration of the hierarchical power supply can
provide high quality power with low costs.

The proposed multi-station integration topology fully utilizes
the DC bus of the SOP to facilitate access to distributed power,
electric vehicles, and other equipment. However, the stability of
this topology is affected when integrating multiple function
stations. The control stability of the DC bus voltage is the
basis for the stable operation of the multi-station integration
system.

COORDINATED CONTROL STRATEGY OF
MULTI-STATION INTEGRATION

The system control strategy is shown in Figure 2. The SOP
described in this paper consists of back-to-back voltage source

converters (VSCs). VSC1 and VSC2 of SOP can run in P-Qmode,
V-fmode and Vdc-Qmode. The control objectives of the two VSCs
of the SOP would be changed according to actual situations to
realize the real-time control of voltage and power. One of the
functions of the FMSS in the multi-station integration system is to
transfer active power of the AC power grid and balance the load
on both sides of the FMSS. When AC fault occurs, the energy is
exchanged with the DC bus through the bidirectional DC/DC
converter, and for the battery the three working modes switch
according to the power balance in the system.

The photovoltaic DC/DC converter transfers the maximum
power in the grid-connected mode. This can be achieved using
the maximum power point tracking (MPPT) control technology
or by switching to the idle mode to terminate the output power.
For the MPPT control of the photovoltaic DC/DC converter, we
use the conductance increment method to determine the change
in the direction of voltage by comparing the instantaneous value
of the current output conductance and the change in
conductance. According to the power voltage curve of the
photovoltaic cell, the extreme value is calculated.

Where PIN and PIN_ref are active power and its reference
flowing into the SOP respectively, Q2 and Q2_ref are reactive
power and the reference flowing from the SOP respectively, Udc is
the voltage value of DC bus, Udc_ref is control command voltage of
SOP DC bus or energy storage, Id1, Iq1, Id2, Iq2,Id1_ref, Iq1_ref, Id2_ref,
and Iq2_ref are axis components and reference values of AC
currents of the VSC1 and VSC2, respectively, Idis_max and
Idis_min are upper and lower limits of the battery discharge
current respectively, Idis_ref is reference value of the current
loop, Ib is the charge and discharge current of the battery,

FIGURE 1 | Multi-station integration topology.
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Ib_ref is reference value of charge and discharge current of the
battery, IPV is output current of the photovoltaic array, and Upv is
output voltage of the photovoltaic array.

The coordination between the stations essential for the stable
operation and real-time power balance of the multi-station
integration system. The stable operation of the SOP DC bus is
affected by the various parts of the system, whose power status is
closely related to the DC voltage. Accordingly, we adopt the
“active power signal (APS) plus EMS” coordinated control
strategy, as shown in Figure 3. This strategy allows the
efficient power flow and stable control of the DC voltage and
provides the maximum reliability of the power supply.

We denote the output power of the distributed power supply
as PDG; the power at the outlet side of the energy storage station as
PES; the power consumed by the DC load as PDC_load; the power
exchanged between the SOP DC bus and the AC grids A and B as
PAB_ex, and the charging power of the DC bus of the energy
storage station as PDC_bus. The total power of the SOP DC can be
expressed as

PDG � PDC bus + PDC load + PES − PAB ex. (1)

When the voltage of the SOP DC bus changes, the energy
change of the DC bus capacitor ΔEdc is

⎧⎪⎪⎨
⎪⎪⎩

ΔEdc � C
2
(U2

dc_ref − U2
dc),

ΔEdc � T0(PDG − PDC load − PAB ex − PES),
(2)

where Udc_ref is the rated value of the DC bus, and T0 is the
system operation time.

From Eq. 2, Udc can be obtained as follows:

U2
dc � U2

dc_ref −
2T0

C
(PDG − PDC load − PAB_ex − PES). (3)

Equation 3 indicated that the DC bus voltage is affected by the
power condition in the system. The stable DC bus voltage
corresponds to the power balance of the system, so an
unbalance in power flow leads to an abnormal bus voltage.

FIGURE 2 | The block diagram of system control strategy.
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Therefore, the power balance of the system can be achieved by
controlling the DC bus voltage balance, thereby ensuring reliable
and stable operation of the multi-station integration system.
Therefore, it is necessary to adopt an appropriate converter
control strategy to manage the energy flow of the SOP. With a
reasonable distribution of the SOP and distributed power output
and the coordination of the energy storage device and the grid-
connected converter control, the power balance in the system can
be achieved.

The total power balance of the multi-station integration
system can also be expressed as follows:

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

SOCmin ≤ SOC≤ SOCmax

−Pmax_dischange ≤ PES ≤ Pmax_change,
Pmin pv ≤ Ppv ≤ Pmax pv ,
PIN ≤ Pmax_exchange,
POUT ≤ Pmax_exchange.

(4)

where SOCmin and SOCmax are the lower and upper limits of the
remaining capacity of the battery, respectively; Pmax_dischange and
Pmax_change are the maximum discharging and charging power,
respectively; Pmin_pv and Pmax_pv are the lower and upper limits of
the output power of the photovoltaic power station, respectively;
Pmin_exchange is the maximum allowable switching power.

The following power relations exist in the AC and DC buses of
the multi-station integration system:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

PAB_ex � PA + PB − PAC_load1 − PAC_load2,
PAC_load1 � PA − PIN,
PAC_load2 � PB + POUT,
PAB_ex � PIN − POUT.

(5)

where POUT is the active powers flowing out of the SOP.

Equation 5 indicates that PIN and POUT change when the
system operation state changes. For example, if one side of the AC
power grid is overloaded and the other side of the AC power grid
is lightly loaded, power is transferred from the lightly side to the
overloaded loaded side, increasing PIN. When a fault occurs on
one side of the AC power grid, the load in that side will be
transferred through the SOP, increasing PIN and POUT. In a multi-
station integration system, any power change will change the
active power through the SOP. Therefore, we combine the APS
and EMS to judge the current working mode through the APS
flowing in or out of the SOP. APSs are considered as dispatching
signals of the EMS, and the operation mode of the power
electronic devices in the control system are coordinated
through the superior signals received by the EMS and the APS
of the local system.

The coordination control strategy relies on the EMS as the
general control layer, which is responsible for receiving the
dispatching instructions of the upper-level grid and the APS of
the local system. The EMS judges the system operation status
according to the instructions of the upper-level or the APS and
sends out the corresponding work mode instructions to
coordinate the operation modes of the SOP, energy storage
DC/DC converter, and photovoltaic DC/DC converter. The
EMS operates according to the dispatching instruction
received from the upper-level grid to realize the effective
energy and active power flows and reactive compensation
between the systems. When the EMS system does not receive
the dispatching instruction from the upper-level grid, it operates
the local system autonomously. In the autonomous operation
mode, the EMS sends the corresponding control mode command
through the APS received. In this study, the APS threshold
interval is set according to the corresponding value of the
active power in different operating conditions; then, the EMS
judges the operation mode of the system according to the
APS value.

With the above coordination control strategy, the autonomous
operation of the local system can be divided into three working
mode types, and each working mode type can be divided into
different sub-modes depending on the state of the system. In this
paper, PIN_ref denotes the reference value of the active power
flowing into the SOP under the ideal operation of the system
(i.e., the AC load on the two sides is equal; the DC load is constant,
and the photovoltaic power station outputs the maximum power).
The reference value PIN is divided into different threshold intervals
according to the three working modes. Among them, a0 and b0 are
the reference coefficients (a0 ≥ 1 and b0 < 1) determined according
to the actual state of the system.

Operation mode 1: b0
∣∣∣∣PIN_ref ∣∣∣∣< |PIN|< a0∣∣∣∣PIN_ref ∣∣∣∣. In this

mode, the system is in the normal operation state. The SOP
is in constant DC voltage mode, SVSC1 � 1, and SVSC2 � 1.
The photovoltaic power station is in the MPPT mode, with
SPV_DC/DC � 5. Depending on the residual capacity of the SOC,
the energy storage station can be in the constant voltage
charging mode, with SES_DC/DC � 3, or the standby mode,
with SES_DC/DC � 2.

Operating mode 2: |PIN|> a0
∣∣∣∣PIN_ref ∣∣∣∣. In this mode, when the

AC loads on the two sides of the system are extremely unbalanced

FIGURE 3 | Coordination control strategy of multi-station integration.
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or one side of the AC grid is faulty, the system transfers a large
amount of active power to the faulty side through the SOP to
maintain the power supply of the load on the fault side. If
necessary, the normal load is cut off, and the sensitive load is
retained. The SOP is in constant DC voltage mode, with SVSC1 � 1
and SVSC2 � 1. The photovoltaic power station is in either MPPT
mode, with SPV_DC/DC � 5, or standby mode, with SPV_DC/DC � 2.
Depending on the residual capacity of the SOC, the energy
storage power station works in constant voltage discharge
mode, with SES_DC/DC � 4, or standby mode, with SES_DC/DC � 2.

Operating mode 3: |PIN|< b0
∣∣∣∣PIN_ref ∣∣∣∣. In this mode, both sides of

the AC network are faulty, and the SOP works in the standbymode,
with SVSC1 � 2 and SVSC2 � 2. If the power from the energy storage
station and the photovoltaic station is enough to support the
primary sensitive load power supply, the SOP can selectively
transfer power depending on the load level, i.e., SVSC1 � 1 or
SVSC2 � 1. The photovoltaic station works in either MPPT mode,
with SPV_DC/DC � 5, or standby mode, with SPV_DC/DC � 2.
According to the residual capacity of the SOC, the energy
storage station works in either constant voltage discharge mode,
with SES_DC/DC � 4, or standby mode, with SES_DC/DC � 2.

SIMULATION ANALYSIS OF DIFFERENT
CASES

We designed a simulation model of the multi-station integration
system in MATLAB/Simulink to analyze the operation in the

different modes. We assumed that the data center contains ten
cabinets, with a total power of 40 kW. The maximum output
power of photovoltaic station was set to 50 kW; the power of the
two 5G stations was set to 10 kW, and different AC and DC loads
were considered. Two different operating modes were simulated.
The rationality of the above-mentioned multi-station integration
topology structure and the correctness of its control strategy were
verified. The relevant parameters of the simulation model are
shown in Table 1.

Case 1
The simulation of case 1 verifies operating mode 1. To simplify
the analysis, the photovoltaic and data center stations balance the
power generation and energy supply and demand. Initially, the
energy storage station is fully charged and operates in the standby
mode; the photovoltaic station operates in the MPPT mode, and
all the output power is supplied to the data center and 5G station.
In AC grid A, the secondary sensitive load A is set to 20 kW, and
the normal load A is set to 30 kW. In AC grid B, the secondary
sensitive load B is set to 35 kW, and the normal load B is set to
55 kW. At 0.5 s, the SOP starts the power flow control.

As shown in Figure 4, before the power flow control of the
SOP starts, the power from the AC power grid on the two sides is
unbalanced. AC power grids A and B send 50 and 90 kW of active
power, respectively. Half a second after the power flow control is
started, the active power from the AC power grid on the two sides
reaches the balance state after the short-term power flow
regulation, reducing the line loss of the distribution network
system and the transformer pressure of the feeder upstream.

The results show that in operation mode 1, the system has
good dynamic response capability when the DC load changes
suddenly, which can ensure the stability of the DC voltage and the
transfer capability of the system power flow. After 0.4 s, a 50 kW
DC load is added, and after 0.7 s, a 30 kW DC load is cut off. The
simulation results are shown in Figure 5.

As shown in Figure 5A, after a sudden increase of 50 kW in
the DC load at 0.4 s, the active power flowing into VSC1 from AC
grid A increases from 20 to 45 kW. After the 30 kWDC load is cut
off at 0.7 s, the power flowing into VSC1 decreases by 15 kW.
After a 0.02 s adjustment time, the system reaches a stable

TABLE 1 | System parameters.

Parameter Unit Value

AC voltage V 380
Frequency Hz 50
SOP DC voltage V 750
Data center kW 40
5G station kW 10
PV station kW 50
Secondary sensitive load A kW 20
Secondary sensitive load B kW 35

FIGURE 4 | Active power of AC grids A and B.
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operation state. It can be seen from Figure 5B that the DC voltage
of the SOP remains stable under the sudden changes in the load.
In the dynamic response stage, the voltage fluctuation of the DC
bus is within ±5 V, which ensures stable power transmission in
the system. Figure 5C shows the current waveform of AC grid A.

It can be seen from the simulation results that the dynamic
response of the system is perfect when the load changes suddenly,
and it can track APS instructions accurately and quickly, so that
the system operates in a stable state. Simulation results verify the
effectiveness of the proposed topology and control strategy in
mode 1.

Case 2
Case 2 verifies the sensitive load power supply capacity and the
stability of the DC bus when one of the AC systems fails. In this
case, the system switches from operation mode 1 to operation
mode 2. To reflect the situation after the fault of AC grid B more
intuitively, initially, the energy storage station is fully charged
and operates in the standby mode. The photovoltaic station is
in the MPPT mode, and all the output power is supplied to the
data center and 5G station. The DC bus load is set as a 20 kW
primary sensitive load. Loads of AC grid A are set as a 20 kW
secondary sensitive load and a 30-kW normal load A. Loads of

FIGURE 5 | DC load fluctuation simulation results (A) Active and reactive powers flowing into VSC1 (B) 750 V DC voltage (C) Three-phase AC current of AC grid A.
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FIGURE 6 | AC grid fault simulation results (A) Active power of AC grids A and B (B) Active and reactive powers flowing into VSC1 (C) 750 V DC voltage of the SOP
(D) AC voltage of secondary sensitive load B.
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AC grid B are set as a 35 kW secondary sensitive load and
35 kW normal load. At 0.4 s, AC grid B fails, and the 35 kW
normal load B is cut off. The secondary sensitive load B is
maintained, and the fault is recovered at 0.7 s. The simulation
results are shown in Figure 6.

As shown in Figure 6A, after the system fails at 0.4 s, the
system supplies sensitive load power at the fault side through
the SOP. As can be seen from Figure 6B, the power flowing
into VSC1 increases from 20 to 55 kW in 0.4 s, which exceeds
the preset upper limit. The EMS center judges the operation
mode through the received APS and sends out the instruction
of operation mode 2. The system cuts off the normal load B on
the fault side, and the SOP carries out the power flow supply.
When the system returns to the normal state in 0.7 s, it quickly
stabilizes. Figure 6C shows that the DC voltage can remain
stable when the AC system fails. In the dynamic response
stage, the voltage fluctuation of the DC bus is within ±1%,
ensuring the stable power transmission of the system.
Figure 6D shows the voltage waveform of the secondary
sensitive load B. When the fault occurs, the voltage
fluctuates within a small range and quickly stabilizes after
0.02 ms.

It can be seen from the simulation results that when the system
fails, because the SOP is used as the key equipment of the system,
the system can still realize power flow transfer in case of failure,
and maintains high reliability of power supply for sensitive loads.
It can also perform good dynamic response characteristics of the
system. The simulation results confirm that the multi-station
integration topology and its control strategy described in this
paper can effectively guarantee the stable operation of the system.
The multi-station integration system has a highly reliable power
supply capability for sensitive loads, such as those in data center
stations.

Delaware Industrial Park in the United States has built as
the first high-quality power park in the world, and has
installed DVR, ASVC, transfer switch and other
Distribution-Flexible AC Transmission Systems (D-FACTS)
devices to realize the three-level power quality supply
(Domijian et al., 2005). In this paper, only one SOP is used
to realize the three-level power supply, and the comparison
results show that the power quality level performed in this
paper is better. In this paper, the response time is faster and
the voltage fluctuation is smaller.

CONCLUSION

We proposed a topology structure of the multi-station integration
system and simulated various scenarios that verified the feasibility
of the coordinated control strategy. According to the multi-
station integration topology, the “APS plus EMS” coordinated
control strategy was proposed to achieve the stable operation of
the system.We verified the rationality of the topological structure
of the multi-station integration system. The topological structure
fully guarantees the requirements of power supply reliability and
system operation stability at different sensitive loads and can
achieve effects of power flow in the system and power flow
transfer under in the fault operation state.

In the future, we will investigate the capacity allocation ofmulti-
station integration based on economic optimization. The
construction of multi-station integration is of great importance
to improve the operation and control ability of the distribution
network. The results of this study are expected to promote the
practical application of multi-station integration in the distribution
network and accelerate the promotion and application of multi-
station integration in the future intelligent distribution network.
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