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SOP for distribution network with
PV and BESS
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This paper proposes a four-port soft open point (FSOP) with photovoltaic (PV)
and battery energy storage systems (BESS) and its optimization strategy and
control technology. Combining PV output, BESS characteristics, peak and valley
electric charges, transformer operation efficiency, and soft open point (SOP)
characteristics, the operation criteria under different operating conditions are
formulated to improve the economy of the distribution network. In this paper,
the power distribution optimization algorithm is established based on the
transformer consumption characteristic model and the equal consumption
incremental rate criterion to improve the power utilization rate and the system's
economy. The system doesn't require an additional central controller and
transmits control signals through the DC link of FSOP to realize the
coordinated operation of all ports. The simulation results show that the
system and the optimization strategy can realize the system’s coordinated
operation and improve the distribution network’s economy.

KEYWORDS

PV, BESS, SOP, the consumption characteristic model, the power distribution
optimization algorithm, no central controller

1 Introduction

The increasingly diversified load and power demand make the AC distribution
network have great problems in safety, reliability, economic applicability, and
distribution efficiency (Ji, 2019). With the adjustment of the energy structure and the
development of the power system, distributed PV, BESS, and new power electronic
equipment are more and more widely used in the power system, which makes the
distribution network have more abundant and active regulation capability. Among them,
SOP, as a fully controlled power electronic device, has attracted the attention of many
scholars.

Access to distributed PV and BESS effectively alleviates the problem of resource
shortage and large load fluctuation of the distribution network (Conti, 2012; Bloemink,
2013; Rueda, 2013). However, when they are connected to the distribution network, they
are all planned, designed and operated independently, there is a lack of coordination
between the systems, as well as the problem of converter redundancy, which leads to a
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decrease in the economy and stability of the system. At the same
time, the periodic characteristics of PV power generation and the
periodic changes of power load make the power flow size and
direction of the distribution network change at any time.
Therefore, the low-voltage distribution network suffers from
large fluctuations in transmission power, difficulties in
ensuring transformer operating efficiency, high operating
costs, and difficulties in matching power generation and
consumption (Verzijlbergh, 2014; Huang, 2015). It is not easy
to ensure the economic applicability and distribution efficiency
of low-voltage distribution networks.

The power distribution-oriented SOP has flexible, fast, and
accurate power exchange control and power flow optimization
capabilitiy (Chen, 2020; Wang, 2022; Zhou, 2022), and can

realize the integrated coordination and optimization
management of “Generation-Grid-Load-Storage”  (Jeffrey,
2013; Wang, 2016b; Zeng, 2016). It enables the AC
distribution network to balance safety and reliability,

economic applicability and distribution efficiency (Wang,
2017; Kashani, 2019; Wang, 2020). Wang (2016a), Xue (2020),
and Li (2021) studied the optimal operation and cooperative
control strategy of flexible distribution network based on SOP.
And the results show that SOP can improve the system power
flow and reduce system loss. Wang (2017) studied the SOP siting
and capacity fixing problem, and the research results showed that
the reasonable configuration of SOP can effectively improve the
economy of distribution network. The research on multi-port
control of SOP of Huang (2019) and Wu (2019) shows that stable
DC link voltage is a prerequisite for stable operation of multi-
port system containing SOP, and that with SOP control, the
system can achieve power flow between multiple port.

Many scholars have studied the optimal operation of systems
containing SOP and proved the effectiveness of SOP in the
optimal operation of distribution networks. However, most of
the studies are focused on the location of SOP and the setting of
BESS capacity. There is little research on the connection mode
and collaborative control of PV, BESS, and SOP. The
optimization of the operation of the transformers connected
to the SOP is also rarely considered.

Based on the above research and analysis, this paper proposes
to connect PV and BESS to the SOP’s DC link to form a FSOP.
Compared with the independent grid connection of distributed
power sources, FSOP can save cost by reducing the number of
converters and replacing multiple small capacity BESSs with one
large capacity BESS. On the premise of comprehensive
consideration of PV output, the efficiency characteristics of
transformers, and peak and valley electric charges, this paper
proposes a novel power distribution optimization algorithm. The
algorithm uses the power regulation function of SOP to realize
the cooperative operation of multiple converters, and establishes
an optimization model to improve the economy and stability of
the distribution network. In the power distribution optimization
algorithm, an optimal scheduling method based on equal

Frontiers in Energy Research

02

10.3389/fenrg.2022.1095607

consumption incremental rate criterion is established to
improve the economy and stability of the system. In the
multi-converters collaborative control strategy, the DC link of
FSOP is used as the signal transmission path to realize the
cooperative control of each unit without the central controller.
Finally, the effectiveness of the proposed optimization method is
verified by Matlab/SIMULINK.

2 The structure of four-port soft open
point for distribution network with
photovoltaic and battery energy
storage systems

In this paper, we propose a four-port soft open point, as
shown in Figure 1. Two AC ports are directly connected to the
distribution network. Two DC ports are led from the DC link of
the FSOP and connected to PV and BESS. As shown in Figure 1,
the device is connected to two transformer rooms of the
distribution network and connected to PV and BESS to form
a small distribution network system. The system connects the
four ports through a DC link to achieve power flow and
regulation between the four ports, creating a hardware
foundation for power transfer in time and space (Miu, 2012).
In combination with the policy of peak and valley electric
charges, the operation strategy is formulated to realize the
coordinated operation of each unit, improve the operation
efficiency of the system and the economic benefits.

The system mainly includes transformers, FSOP, PV, BESS,
user load, and etc. PV output is limited by natural resource
conditions, which can be regarded as a relatively uncontrollable
power supply to provide certain power support for the system.
BESS is connected to the FSOP through a bidirectional DCDC
converter, and can change the working state by adjusting the
operation strategy to realize the load transfer in the time scale.
Transformers can be regarded as the main power supply of the
system, and the operation efficiency can be improved by
adjusting the load rate. FSOP can change the working mode
by changing the control strategy to realize the transfer of load at
the spatial scale (Wang, 2013). The overall control architecture of
the system is shown in Figure 2.

As shown in Figure 2, the part @ divides the system into
different operation states. Then, according to PV output and the
state of BESS, the optimal operation criteria is executed and the
control signals are generated. The part will be described in detail
in Section 3. The part @ represents the hardware structure of the
four-port SOP proposed in this paper, which is the carrier of
control and optimization operation strategies. The part ®
realizes the control of the four converters in the system based
on the control signals generated by the part (.First, FSOP
controls the operation of the two AC/DC converters
according to the control signal generated by the operation
optimization strategy, and then controls the other two DC/DC
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FIGURE 1
Distribution network system with FSOP.

converters according to the voltage of DC link. Among them,
220V and 50 Hz represent the standard value of mains voltage,
and 800 represents a reference value, which can determine the
control strategy of BESS by comparing with V. The Section 4 will
describe this part in detail.

3 System optimization layer

The system has four ports, which are connected through a
DC link. This connection creates the basis for energy flow
between the ports. At the same time, the coupling between
each unit is enhanced and the difficulty of cooperative
operation is increased. In order to realize the cooperative
operation of each converter and realize the optimal scheduling
of PV, BESS, and FSOP, it is necessary to formulate the optimal
operation strategy of the system (Cao, 2016; Ding, 2011; Li, 2015;
Zeng, 2016; Zhang, 2020; Zhao, 2015).

3.1 Operation criteria
The purpose of formulating optimization strategy is to realize

the stable and economic operation of the system by adjusting the
operation state of each unit. Therefore, it is necessary to define
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the operation criteria of each unit first and then determine the
system’s overall operation strategy according to each unit’s
operational criteria. The operation criteria of BESS, PV, FSOP,
and the equal consumption incremental criterion of the
transformer will be introduced below.

To distinguish the operation state of the system, the
following definitions are made in this paper. Transformer
overload state means that the output power of the transformer
exceeds the rated capacity. System overload state means that
the total output power of two transformers exceeds the total
rated capacity. Normal operation state means that the system
is not overloaded.

3.1.1 Battery energy storage systems operation
criteria

BESS can transfer power consumption across time scales to
reduce load fluctuations in distribution network and reduce
operating costs. Therefore, this paper proposes a BESS
charging and discharging operation criterion based on the
state of charge (SOC), electricity price, and transformer
overload state, as shown in Figure 3.

P, = Pymax (1)
P, = min{P umax, Pr1 + Pry — Ey — E; — Py} (2)
Pe:min{Pmmax:_PLl_PL2+E1+E2+PV_Pexcess} (3)
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FIGURE 2
System control architecture diagram.

Where, P, represents the actual charging and discharging power
of BESS, Pumax represents the maximum charging and
discharging power of BESS. Pr; and E; respectively represent
the user load and the rated capacity of the transformer on side 7,
and Py represents the power generated by PV.

3.1.2 PV operation criteria

PV in the system can be regarded as a relatively
uncontrollable auxiliary power supply, which can provide a
certain power support for the system. Considering the
system’s economy, PV adopts maximum power point tracking
control strategy.

3.1.3 FSOP operation criteria

When distribution network fault occurs, the FSOP
operates in V4.Q-Vf control mode. At this time, FSOP does
not perform active power regulation and only maintains stable
power supply on the fault side. In the system overload state,
when one transformer overload, the FSOP operates in
VacQ-PQ control mode for active power regulation to
reduce the load rate of the overload side transformer and
improve the system’s stability. When two transformers
overload, FSOP will not conduct active power regulation.
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In the normal operation state, FSOP determines the power
value to be regulated according to the power distribution
optimization algorithm. The algorithm is based on the
equal consumption incremental rate criterion of the
transformer.

3.1.4 Equal consumption incremental rate
criterion of transformer

The two transformers in the system are connected with the
distribution network as the main power supply of the system.
According to the efficiency characteristics and load rate
characteristics of the transformer, the consumption
characteristic model of transformers is established. And then,
the load distribution of the system is optimized through the equal
consumption incremental rate criterion of the transformer to
improve the operation efficiency of the transformer. The
consumption characteris-tics and power inequality constraints

of the two transformers are as follows:

P 2
Fl :Pgl+P01+<E—gl> Pkl,OSPgISEl
1
, 4)
P
F, =Py + Py, +<Eﬁ> P, 0<P,<E,
2
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FIGURE 3
Flow chart of BESS operation.

The derivative of the above equation is used to obtain the
incremental characteristics \; and A, of the two transformers,
thus establishing the constraint conditions as follows:

{Pg1+Pg1:T (5)

Xl :Az

where Fj, Py, Py, E; and Py; are respectively the input power,
output power, no-load loss, rated capacity and short circuit
current of transformer i. Solve F; and P; satisfying (4) and (5).

3.2 System optimization operation
strategy

As shown in Figure 2, the system includes three states. In
order to realize the stable and economic operation of the system,
this paper proposes different operation strategies for different
system states, and the optimization time series of system states is
shown in Figure 4.

3.2.1 Normal operation state

At the normal operation state, the economic operation of the
system is taken as the optimization objective, where the
optimization objective can be described as:

Frontiers in Energy Research

Standby Charge Standby
A 4
Egs. (3)
C= ZZ: (c()Py, (1) + cbess - Py,g) (6)
Py () Py (t)
Pin =-£ B aAie 7
MNACRIAD @

where C represents the total electricity costs of the distribution
network, P;, (t) and ¢ (t) represent the input power and electricity
price of transformers in the period ¢ respectively, cbess represents
the electricity cost per kilowatt hour of BESS, and P, represents
the total charge and discharge of BESS. And y; () means the
efficiency of transformer i at time .

At a certain time, user load, electricity price, and PV output
in the system are fixed. Therefore, the system’s economy can only
be improved by adjusting the charging and discharging power of
the BESS and improving the operating efficiency of transformers.
To this end, this paper proposes a new optimized operation
strategy based on BESS and FSOP. First, FSOP collects signals
and determines the charging and discharging power P, according
to BESS operation criteria and determines the net load of the
system at the current time. Then, the output power of the
transformers on both sides is determined according to the
power distribution optimization algorithm, and then the
power value and flow direction on the DC link are
determined. Finally, the control signals are generated. The

operation optimization time series is shown in Figure 4.
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Operation optimization time series.

As shown in Figure 4, the optimization strategy operation
cycle is Ty, that is, before the next Ty, the control strategy of each
converter in the system will not change, and the DC link voltage
and the output power of BESS will not change. Only when the
next Tyq comes, FSOP will collect SOC, the output power of PV
and BES. At the same time, FSOP will collect the current load rate
of transformers, and then execute optimization strategy to
generate new control signals, thereby changing the control
strategy of each converter. Among them, BESS operation, Py,
control and V. control shown in Figure 4 have been introduced

in Section 3.1.

3.2.2 System overload state

At the system overload state, to ensure the safe and stable
operation of the system, the operation strategy shall be adjusted
to make the transformer operate within the allowable range of
rated capacity or reduce its overload. In this state, BESS
constantly discharges at the maximum power, and the output
control signal V. yae is 850. When one side transformer is
overloaded (assuming that the load rate of transformer 2 is
higher), FSOP conducts active power regulation to reduce the
overload rate of transformer 2. At this time, the output control
value Py, vaee meets (8).
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2. Distribution network fault state

When both transformers are overloaded, FSOP does not
conduct active power regulation and only distributes the
output power of PV and BESS according to the overload
degree of transformers on both sides. First, calculate the
power value that needs to be supplemented to the high
load rate side when I = 2 is met, record the value as Py,
and then distribute the remaining power according to the
condition that the load rates on both sides are the same. The
output control value Py yae meets (9). The operation
optimization time series is shown in Figure 4.

Psap_vulue:Pe+PV+El_PLl (8)

E .
Py + EITZEZ (P, + Py — Py,), if P, + Py — Py, >0

P,+ Py, if P, + Py — Py, <0

P sop_value =

®

3.2.3 Distribution network fault state

At the distribution network fault state, the system uses the
fault isolation function of FSOP to realize uninterrupted power
supply of load at the fault side. The FSOP performs V4.Q-Vf
control to maintain the fault side voltage and frequency stability,
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FIGURE 5
Schematic diagram of V4.Q control mode.

and PV and BESS provide power support for the system. The
operation optimization time series is shown in Figure 4.

4 Equipment control layer

In the system optimization layer, after FSOP determines the
optimization strategy and outputs control signals based on the
system state, it is necessary for each unit in the system to work
together to realize the economic and stable operation of the
system. Since the system involves four converters, in order to
transmit the control signal generated by the system optimization
to each converter, this paper proposes a control method without
a central controller to achieve the coordinated control of each
unit in the system.

The operation optimization strategy is implemented in FSOP, so
FSOP can directly control both AC/DC converters after outputting
control values Vg vatue ad Pyop, varue- However, the converter on the
BESS side cannot directly obtain the control signal and needs to be
transmitted through the signal path. While PV operates under the
maximum power point tracking control strategy, it does not need to
be regulated by the control signal of the system optimization layer.
Therefore, the controlled quantity is single, and the converter on the
BESS side can be controlled by transmitting the control signal
through the DC link. PV output is greatly affected by the
external environment, BESS operation status switches frequently
and capacity is limited, which is not suitable for maintaining DC
voltage stability. FSOP can realize the stable control of DC voltage, so
FSOP maintains constant DC voltage in this system.

4.1 four-port soft open point control

Control signals Ve vaue and Pyop vaiwe generated by the
operation optimization strategy determine the control mode of
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FSOP. One converter operates in V4.Q control mode, and the
other operates in PQ control mode or Vf control mode (Wang,
2013). As shown in Figure 5, when converter operates in V4.Q
control mode, V. yae is input into the control loop as the
reference signal of the voltage outer loop, and the DC link voltage
is controlled through feedback regulation of the PI controller. As
shown in Figure 6, when converter operates in PQ control mode,
Pyop valie and Qsop valwe are input into the control loop as
reference signals of the power loop, and the power flow is
feedback When
converter operates in Vf control mode, in order to achieve

controlled through negative regulation.
stable power supply of three-phase unbalanced load, the
positive sequence, negative sequence and zero sequence
voltages are respectively controlled by Vf, and their control
block diagrams are shown in Figure 7. When controlling the
positive sequence voltage, the reference signal V,. takes the
amplitude of the mains voltage 311V, and when controlling
the positive sequence voltage and zero sequence voltage, the
reference signal V,. = 0. At this time, the converter does not need
PLL and the value of frequency f is 50 Hz.

4.2 Battery energy storage systems
control

As mentioned above, the control signal needs to be
transmitted to the converter on the BESS side through the DC
link. During FSOP operation, the DC link voltage within a certain
range can maintain the stable operation of FSOP, so BESS can
determine its different operation modes and charge and
discharge power values through different DC voltage values.
For example, in a 380 V distribution network, DC link voltage
in the range of 750VDC ~ 850VDC can maintain the system’s
stable operation. When the DC link voltage is 780VDC
~820VDC, BESS does not work. When the DC link voltage is
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Schematic diagram of PQ control mode.

FIGURE 7
Schematic diagram of Vf control mode.

820VDC ~ 850VDC, the BESS is in constant power discharge
mode, and the discharge power is (10). When the DC link voltage
is 750VDC ~ 780VDC, the BESS is in constant power charging
mode, and charging power is (11).

Vdc
30
Vi — 780
30

- 820

P, = (10)

cnmax

P, = (11)

Pcnmax

5 Simulation results

To verify the effectiveness of the optimized operation strategy
proposed in this paper, simulation is carried out in Matlab/
Simulink. PV output curve measured at Shandong Province is
shown in Figure 8A. The peak time, valley time, and electricity
price refer to the standards issued by Shandong Province. The
electricity price is \0.5769 at 8:00-22:00 and \0.3769 at 0:00-8:
00 and 22:00-24:00. And the transformers used in the simulation
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are $9-50/10 and S9-100/10. To simplify the model, this paper
does not consider reactive power. Figure 8B shows the actual user
load and the output power curve of the transformer after FSOP
optimization, and the user load is set according to the average
daily power load curve of Shandong Province released in 2018.
The red line in the figure indicates the actual user load on both
sides of the system, and the green line indicates the output power
of transformers after the optimization strategy. The black dashed
line indicates the SOC variation curve of BESS.

Figure 8C shows the system electricity cost curve. The PV
output and the actual user load are shown in Figure 8A and
Figure 8B. The main parameters of BESS are as follows: the
maximum capacity is 25 KW h, the maximum power is 7.5 kW,
the maximum value of the SOC is 0.9, and the minimum value is
0.2. In Figure 8C, the green line represents the total electricity
cost without BESS, the black line represents the total electricity
cost without optimization, and the red line represents the total
electricity cost after optimization. It can be seen from the figure
that the FSOP and its operation strategy proposed in this paper
reduce the power consumption cost of the system by about 6%
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and 3% respectively compared with the traditional distribution
network and FSOP without optimal operation strategy.
Therefore, FSOP and its operation optimization strategy can
improve the economy of the system.

In this paper, the simulation verifies that the converters in the
system can achieve cooperative operation under different
operating conditions and strategies. Figure 9 shows the
waveforms of FSOP, BESS and DC link power when the system
generates a new control signal at t = 5 s and the operating state of
each port in the system changes. Figure 10 shows the waveforms of
the fault-side user load voltage, FSOP, and BESS when the system
is switched from the normal operation state to the distribution
network fault state. Wherein, Figures 9A, 10A show the DC link
voltage, FSOP side converter regulation waveform in 4.8-52's,
Figures 9B, 10B shows the waveform of SOC, charging and
discharging current, charging and discharging voltage of BESS
in 0-10s. Figure 9C shows the output power value of the system
side transformers and the power value regulated through FSOP in
0-10 s. Figure 10C shows the voltage waveform of user load at fault
side in case of system fault.

As shown in Figure 9, within 0 ~ 5 s, the system does not use
the power distribution optimization algorithm for optimal
regulation. At this time, the DC link voltage is 800V, the
BESS does not work, and the SOC is constant at 60%. At this
time, the output and transfer power of transformers on both sides
do not change. When t = 5 s, the system optimization layer uses
the power distribution optimization algorithm to adjust and
control, generate control signals Ve yaiwe and Pyop values Where
Vic_vatue 18 750, and Py varue is 69,200, and transmit them to
each converter. It can be seen from Figure 2 that when t = 5 s, the
DC link voltage is rapidly adjusted to 750 V, and the current
waveform of converters on both sides of FSOP quickly tends to be
stable after a short time adjustment. The BESS changes the
charging state and reaches the maximum charging power in
about 0.6 s. Part of the load of transformer 2 is transferred to
transformer 1 through FSOP to improve the system efficiency.

As shown in Figure 10, when t = 5 s, the system changed from
the normal operation state to the distribution network fault state. At
this time, the BESS was discharging with the maximum power, and
the unbalanced user load on the fault side was quickly restored to
power under the control of the FSOP. The simulation results show
that the system can realize the cooperative operation of four ports
and the stable power supply of unbalanced load on the fault side
without central controller.

6 Conclusion

In order to improve the economy and stability of the
distribution network, this paper proposes a FSOP and its
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optimization strategy and control technology. In this paper,
the consumption characteristic model of transformer and the
equal consumption incremental rate criterion are established to
improve the operation efficiency of transformers. And establish
the power distribution optimization algorithm to improve the
economy and stability of the system. The system does not need a
central controller and only needs DC link voltage to control the
equipment in the system.

The optimization strategy proposed in this paper considers
only the active load, and the optimization effect is obvious when
the load rates of two transformers differ significantly. In future
work, the configuration and siting of energy storage capacity for
multi-ports SOP will be studied to give full play to the advantages
of energy storage and SOP.
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