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Abstract—Energy Internet (EIl) is a cyber-physical system. In
order to improve the scalability of equipment in El, a standardized
power module (SPM) is designed in this paper. The SPM is based
on a power electronic structure through which rectifying,
inverting and chopping can be realized. With SPMs, a variety of
distributed energy or load can be interconnected. Besides, the
authors design a standardized communication module (SCM) to
integrate the communication units such as RS485, RS232, Ethernet,
CAN and optical fiber, and to coordinate with the SPM. The new
energy router (ER) structure based on SPM and SCM can realize
power exchange and optimization control. Aiming at power
quality control and lifting voltage level, SPM and SCM can work
as modular multilevel converter (MMC) and active power filter
(APF). This article provides scheme and simulation verification.

Keywords—energy Internet, energy router, standardized power
module, standardized communication module

I. INTRODUCTION

Since the twenty-first century, the human society has
developed rapidly, and the demand for energy has become more
and more intense [1]. However, excessive reliance on fossil fuels
has caused global warming and a decline in air quality. For this
reason, research has been focused on finding alternative energy
sources [2], [3]. Research on distributed energy and energy
storage has made great achievements in recent years. As a
product of the highly integration of new communication
technology and new energy technology, the energy Internet (EI)
provides a basic platform for the access, control and
transmission of all kinds of distributed energy, energy storage
equipment and loads [4]-[6]. Inspired from the design of
switching equipment in the Internet, the concept of energy router
(ER) is put forward by researchers in the field of El in order to
realize interconnection, scheduling and control of energy
network.

ERs can be utilized for energy forwarding, caching and
trading. Besides, power quality can be guaranteed by ERSs.
According to the characteristics of distributed energy, high
scalability of ER is required to achieve open, interconnected,
equal and sharing in El. The concept of ER was firstly proposed
by the FREEDM center [7]. The power electronic architecture of
the FREEDM model is based on solid-state transformers,
including multiple cascaded full bridge rectifier parts, an isolated
DC-DC transform part and a voltage source inverter part. The
FREEDM model can control the power quality, including
harmonics management, reactive power compensation and

voltage support. The concept of electric energy switch is
advanced in reference [8]. The core module in [8] consists of two
power electronic converters and a high frequency transformer.
Compared to the solid-state transformer structure, it has high
voltage direct current and low voltage direct current interface.
The ER structure studied in [9] is similar to the typical AC
microgrid (MG) architecture. Distributed energy resources and
loads are interconnected via AC bus through a proprietary AC-
AC or DC-AC converter. The AC bus is connected with the
power grid through the grid connected converter. A variety of
research focus on the control and scheduling of ERs are based
on MG model [10], [11]. Although model and control
technologies in MG are mature, the architecture of MG is very
different from the idea of plug and play (PNP) and extensibility
of ERs [12]. The above requirements can be achieved by SPM.

The development of the power sector relies on the
deployment of a wide range of expensive infrastructures.
Disruptive innovation will be costly and time consuming. The
existing infrastructure needs to be fully utilized when design the
communication network architecture of the EI [13]. The
commonly used communications modules in power system
include RS485, RS232, Ethernet, CAN and optical fiber. RS232
is one of the main serial communication interfaces [14]. It is
mainly used for the transmission of signals between two short
range devices. RS485 can be wused for half duplex
communication and multiple devices communication is
supported. Ethernet communication contains carrier-multi-
access and collision detection mechanism. Data transmission
rate reaches 1Gbit/s, which can meet the requirements of non-
persistent network data transmission. Ethernet is widely applied
in various computer networks, and is currently one of the most
commonly used network standards. The optical fiber
communication system has been developing rapidly in the past
decades. With wide transmission bandwidth, high anti-
interference and small signal attenuation, optical fiber has
become the main transmission way in communication.

In [15], itis proposed that ERs have functions such as power
energy exchange, coordinated optimization control and power
quality control. At present, STATCOM, SVC, APF, UPFC,
UPQC is commonly used to adjust the power quality in the
power system. The modular multilevel converter (MMC) [16],
by connecting the sub-modules in series to form a converter
valve. MMC has greatly improved the voltage level as well as
reduced the harmonic distortion and the switching loss without
reducing the pressure of the switch tube. MMC is widely applied



to HVDC transmission system. Active power filter (APF) is
highly controllable and respond to the current change quickly.
APF is utilized to compensate harmonics, suppress flicker and
compensate reactive power. Its filtering characteristics are
independent of the variance of system impedance such that the
changing harmonics are auto-tracked and compensated [17].
APF plays an important role in power systems.

In this paper, A standardized power module (SPM) based on
diode clamped three level inverter architecture is designed,
realizing rectifier, inverter and DC chopper without changing the
main body of power circuit. The effect of SPM power
transformation is verified by simulation. This paper also
proposes a standardized communication module (SCM) to
access variety of communication units, coordinate with SPM.
The fusion of cyber-physical and the extensibility of the system
are realized through the combination of SPMs and SCMs.
Finally, the application of SPM and SCM in building ERs,
regulating power quality and improving voltage level is
presented, and advanced functions such as power quality
management and energy optimization management are realized.

The contribution of this paper can be outlined as follows:

1) Standardized power and communication module are
designed to replace varied types of converters and
communication units.

2) The effectiveness and superiority of SPM and SCM is
confirmed by simulating in MATLAB/Simulink.

3) Applications of using SPMs and SCMs to solve
problems including establishing ER, APF and MMC are
proposed.

The rest of the paper is organized as follows: Section 1l
introduces the Design of SPM. The design of SCM is introduced
in Section I11. In Section 1V, applications of SPM and SCM are
illustrated. Finally, Section V concludes the paper.

Il. DESIGN OF SPM

The SPM topology is a diode clamped three level converter
[18], as is shown in Fig. 1. The DC side is connected with two
identical voltage dividers in series. Each phase is composed of
four series switch tubes. Two fast recovery diodes are connected
in parallel with two switches in the middle. The middle point of
the clamping diode is connected with the neutral point of the
voltage divider capacitor to realize the clamping function. Since
the switch voltage is only half of the DC voltage input, the
voltage of the system has been improved. SPM can be applied to
high voltage and high-power occasions. The AC-DC transform
and DC-AC transform can be realized through the proper control
of the twelve switch switches, and the related control methods
are already mature [19]. Under this state, the SPM works in the
rectifier-inverter mode thus has the DC input/output side and the
AC input/output side.

DC sources and loads also need to be connected to the power
system. The SPM has the function of bidirectional DC-DC
transformation, and it can work in DC chopper mode. Buck-
Boost converter is the most widely adopted bidirectional DC-DC
converter. By controlling the IGBT turn on and off, step-up or
step-down function can be realized. However, the DC ripple of
buck-boost converter is too large, and the withstand voltage and

current of switches lead to limitations in high-voltage and high-
power applications.

Through the power switch, the three-phase circuit of the AC
side is interconnected and connected to the voltage regulator,
and the module is converted into a DC chopper mode, as is
shown in Fig. 1. A three level buck-boost structure is formed
when three-phase output is connected in parallel after the
inductance filter. In the DC chopper mode, two switches on each
half bridge arm are turned on or off at the same time, thus the
output characteristic of single-phase circuit is the same as that of
buck-boost converter. The driving signal of the three phase
switch tube is different from the 1/3 cycle, and the output signal
is added to the waveform after the DC conversion. Under this
state, the system input and output of are both DC power, with
high voltage side and low voltage side. The theoretical
derivation of ripple analysis is given in [20].
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Fig. 1. Structure of SPM

When SPM works in DC chopper mode, it has many
advantages compared with the basic buck-boost structure:

e Current in single phase bridge arm of SPM is 1/3 of that
in the common structure, the capacity of the system can
be increased.

e The harmonic ripple and the inductor current is reduced.

e The fault tolerance of the system is improved. If one
bridge arm failures, the system can still operate normally.

o IGBT switching frequency is improved, thus the dynamic
characteristics are improved.

I1l. DESIGN OF SCM

SCM is utilized to transform data from different
communication units into a unified form of communication.
Standardization includes protocol standardization and interface
standardization. Considering the diversity of sources or loads
that may be accessed in the power system, SCM is designed in
this paper. The structure of SCM is shown in Fig. 2.

The interface of the SCM mainly includes the external port
side interface and the upper controller side interface. The port
side interface communicates with the converter and the external
device, including RS485, RS232, Ethernet, CAN, optical fiber
communication unit, and the reserved expansion interface for



other types of communication unit access. The baud rate of the
RS485 communication chip utilized in SCM is above 512Kbps.
RS485 interface adopts the MODBUS-RTU communication
protocol and the communication isolation scheme. The RS232
communication chip selected in SCM has a baud rate at least 1
Mbps, and the other configuration is the same as that of the
RS385 unit. The CAN unit adopts the standard CAN2.0
communication interface, and the communication rate can reach
1Mbps. Data frames, remote frames and error frames can be
realized. The Ethernet unit adopts the standard RJ45 isolation
network port. The network interface chip supports the

10M/100M communication based on the Modbus-RTU protocol.

The optical fiber communication unit on the interface side
communicates with the converter controller. The HFBR2521
and HFBR1521 chips are used. The controller sends the current,
voltage and power information to the ARM chip through the
input optical fiber port. Information displays on the LCD screen.
The upper controller side interface communicates with the upper
controller and the upper computer, including the standardized
optical fiber unit and the GPRS unit. A UART interface is reused
between the optical fiber unit and the ARM chip, and the GPRS
is reserved for the SIM card slot. In order to supply power for
the whole system, the SCM also has a power module and an AC
power input interface.

Port Side S CM Controller Side
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Port Coupler AC

Fig. 2. Structure of SCM

In addition to the above interface, a number of functional
modules are integrated on SCM. In order to access the wind
power, the SCM is integrated with the photoelectric encoder to
pick up the data of the rotor speed or position of the paddle
control system and the doubly fed generator. The photoelectric
encoder helps to realize the precise positioning and reset control
of the blade in the varying propeller system, and improves the
power generation efficiency and the power quality of the wind
power generation interface. In addition, CD4050 and optical
coupler module are used to buffer and isolate signals. LCD
displays real-time electrical parameters such as current and
voltage in converter, which is convenient for engineering
personnel to monitor. SCM controller adopts ARM Cortex-M4
processor STM32F407 series which are compatible with
STM32F2 series products. The feature helps users to maintain
hardware compatibility and scalability. The controller of the
SCM and SPM is directly connected by a physical line.

IV. THE APPLICATION OF SPM AND ACM

In actual engineering, SPM and SCM are always used
together. In this section, applications of SPM and SCM are
illustrated.

A. Energy Router

Consider the structure of the ER as is shown in Fig. 3. ER
includes six ports: photovoltaic units (PV), wind turbine
generator (WTG), battery energy storage devices (BES), power
grid (PG) , DC loads and AC loads. The SCM of each interface
is coordinated with SPM. The initial state of SPM is the rectifier
inverter state. The DC side is connected by the DC bus. The ER
side interface of SCM communicates with the ER controller. The
port side interface communicates with PV, WTG, BES, PG and
loads. Take PV interface as an example, before accessing,
photovoltaic cells first communicate with SCM. PV information
is received and SPM control the power switch to operate in DC
chopper mode, and then access PV units. After ER starts
working, the ER controller processes the data transmitted from
all interfaces SCM, and sends instructions to each port controller.
The working mode of the corresponding ports is controlled by
the port controller.
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Fig. 3. The scenario of a typical ER

The requirements for communication of different types of
ports vary greatly. In order to make the ER shown in Figure 3
work properly, a standardized requirement parameter is given for
a common type port, as is shown in Table 1. Based on these
parameters, the controller can receive enough information and
the ER can operate normally.

TABLE I ER PORT PARAMATERS



Port Communication Requirement Parameters
Physical Electrical . .
Type Pargmeters Parameters Status information
Voltage; Current;
Power Frequency; Active Failure or not;
Grid power; Reactive Working mode.
power.
Light intensity;
Photo- Temperature; Voltage; Current; Failure or not;
voltaic Power Actual power. Working mode.
characteristics.
Wind speed; Current; Voltage;
Wind Leaf tip speed Speed; Torque; Failure or not;
Power ratio; Power rating of Working mode.
Pitch angle. the generator.
Maximum charge/
discharge number;
Battery Battery Volt_age; Current; ) .
Ener temperature: Maximum charge/ Fallu_re or not;
9y P 2 discharge current; Working mode.
Storage Battery capacity. arg y 9
Maximum charge/
discharge voltage;
SOC
Rated voltage;
Rated power;
Power; Voltage;
Maximum /
minimum power, Failure or not;
Load Temperature. Maximum / Workin modé
minimum voltage; 9 '
Resistance; Anti
time protection
parameters;
Soft start time.

B. Power Quality Control
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Fig. 4. The scenario of SPM work as SVD/APF

SPM and SCM can be applied to SVG and APF. SVG is
mainly used for reactive power compensation, the purpose is to
improve the power factor and stabilize the grid voltage, and also
reduce voltage flicker, reduce overvoltage and improve the
stability of power system. SPM works in the rectifying and
inverting mode, the form of access and the principle of control
as is shown in the use of SVG. The electrical parameters of the
AC side and the DC side of the power grid and SPM are collected,
and the amplitude and phase of the AC side current of the SPM
are adjusted by PWM technology to compensate the reactive
power. The structure of SPM has four quadrant operating

characteristics, which can achieve non harmonic and continuous
dynamic reactive power compensation.

When SPM is applied to APF, the access mode is the same
as when it is applied to SVG. It also adopts real-time
compensation technology to improve the power supply quality
of the power grid. The function of APF and SVG can be realized
simultaneously by customized software. The application of SPM
to APF needs to have current source characteristics, injecting
compensation current into the power grid, counteracting
harmonic currents generated by harmonics, and making the
current of the grid as a sine wave [21]. Mainly has the following
advantages:

e Change the frequency and size of harmonics and the
change of reactive power compensation, and a fast
response to changes in the object of compensation.

e While compensating harmonic and reactive power,
continuous reactive power compensation.

o Collectasmall grid impedance effect not easy to resonate
with the grid.

e Can track the change of power grid frequency, impact
compensation performance is not affected by the change
of grid frequency.

e Multiple harmonics and reactive power sources can be
compensated centrally.

Fig. 5. Current waveform of the three-phase circuit without SPM work

Fig. 6. Current waveform of the three-phase circuit with SPM work

The effectiveness of the SPM active power filter is verified
by the simulation in MATLAB/Simulink. The three phase
uncontrolled rectifier bridge is used to simulate the harmonic



source. The current waveform of the three-phase circuit without
and with SPM work are shown in Fig. 5. and Fig. 6.,
respectively. SPM can effectively compensate the active power.

C. Voltage Level Lifting

MMC is mainly used in high voltage and high-power scenes,
with high modularization, which can greatly reduce the
harmonic distortion and switching loss. The topology of the
MMC consisting of SPM is shown in Fig. 7.. Several (n) SPMs
are made up of a group, which is connected in series to form a
half bridge arm. The output of AC power is connected to the
midpoint of the upper and lower half of the bridge arm to form a
phase access, and the output of three phase channels is connected
to output high voltage direct current. The 2n SPMs of each
bridge arm are used in combination with the sinusoidal AC
voltage, and the number of sub modules at any time is n to keep
the DC voltage constant. In the modular design, the rated values
of each module are the same, and the reactance values of the six
bridge arms are equal, and the DC current in the steady state is
distributed evenly in the three-phase.

Voltage
asa! Output
= SPM SPM SPM
i : H
SPM SPM SPM

Fig. 7. Topology of MMC made up of SPMs

The topology of each sub module of MMC is shown in Fig.
8. The SPM at this time has a slight difference from the DC
chopper mode described in the previous article. There is no need
for input or output on the high side of the high voltage side. The
voltage stable capacitor at the low voltage side is cut off through
the power switch. The two ends of the lower half bridge arm are
respectively used as the output and input of the sub module. The
SPM module has three working state:

1) Locking state: The switch tubes in the two zones are
turned off at this time, usually when the system starts or fails.

2) Accessing state: At this time, the switch tube of the zone
1 is turned on, and the switch tube of the zone 2 is turned off.

3) Cut off state: At this time, the zone 1 switch tube is
turned off, and the zone 2 switch tube is turned on.

The input and cut out of the control SPM sub module can
superpose the multilevel step signal and simulate the sinusoidal
AC signal.

The traditional MMC sub module is single-phase structure,
and the three-phase structure of SPM sub module greatly

improves the fault tolerance of the system to a single switch tube,
and improves the range of single module's changeable voltage.
Summarize the advantages of MMC SPM as a sub module are
as follows:

e The required voltage is low, and the uniformity of the
device is low.

o Multiple voltage levels greatly reduce harmonics; The
switching frequency is low, while the switching loss is
small and system utilization is high.

e It is easy to realize back to back structure, so that the
energy flow in two way MMC.

e No transformer is needed on the output side, which
greatly reduces the quality and volume of the device,
reduces the loss and saves the cost.

e The modular structure makes the capacity expansion and
redundancy design easier.
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Fig. 8. Topology of sub module of MMC

A four voltage-level MMC structure model was built in
MATLAB / Simulink to verify the function of SPM. The voltage
and current waveform are shown in Fig. 9. and Fig. 10.,
respectively. The result shows SPM can lift voltage level with
good performance.

Fig. 9. Voltage waveform of a four voltage-level MMC



Fig. 10. Current waveform of a four voltage-level MMC

V. CONCLUSION

In this paper, SPM is designed, and the power conversion,
such as rectifier, inverter and DC chopper, can be realized
without changing the main structure. A standard communication
module with standard power module used is also presented,
which is based on the Modbus protocol, support by RS485,
RS232, Ethernet, CAN and fiber form and peripheral interface
in a unified form of communication, fiber and PC or the upper
control module realizes the communication, communication
protocol and communication interface standard. Finally, we give
examples of the application of SPM and SCM in the design of
ERs, power quality control of power grid and upgrading of
voltage level. The design of hardware standardization and
software customization is in line with the concept of "Open,
Interconnected, Peer to peer, Sharing" in the energy Internet.
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