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Abstract: Recently, as dependence and demand for electricity are rapidly increasing in all areas,
including industry, methods for increasing capacity and reliability through parallel operations have
been studied. In general, Modbus communication method with RS485 is used as a method of
parallel operation for capacity increase. However, this method has a disadvantage in that it is a
half-duplex communication system that cannot transmit and receive at the same time. However, the
Modbus communication method is a half-duplex communication system where physical transmission
and reception cannot be performed simultaneously. Therefore, as the number of power converters
performing parallel operation increases, the communication period increases, which affects the
power quality due to the decrease in control speed. Therefore, in this paper, we propose a hardware
that can achieve a full-duplex communication method by a communication signal level to improve
power quality. The characteristic of the proposed communication hardware is that the transmitter
generates two-level signals for data transmission, but the receiver generates three-level electrical
signals according to the state of the transmission data generated by the receiver. The generated
three-level electrical signal is characterized in that the data transmission signal information of the
transmitter and the data transmission signal information of the receiver occur at the same time. As a
result, the communication speed is reduced by more than twice, which improves the power quality
by improving the control characteristics when performing parallel operation.

Keywords: parallel operation; Modbus communication; half-duplex communication; full-duplex
communication; three-level electrical signal

1. Introduction

With the recent development of energy-based digitalization throughout society, dependence
on electricity and demand for electricity are rapidly increasing. However, it is difficult to expand
large-scale power plants such as fossil and nuclear power plants due to various issues such as the
depletion of fossil energy, environmental problems, and social regulations [1,2]. Therefore, that a new
power grid that includes new and renewable energy sources rather than fossil fuels and nuclear power
generation methods used previously and a micro-grid have been proposed as an alternative.

The micro-grid can be classified into an AC (Alternating Current) and DC (Direct Current)
distribution system. Recently, researches on DC distribution micro-grid with various advantages, such
as improved efficiency by reducing the number of power conversions, have been actively conducted,
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compared to AC distribution systems. In particular, research on large-scale micro-grid systems is
needed due to the recent surge in electricity consumption, dependence, and the need to increase the
rate of renewable energy owing to environmental regulations. In order to operate micro-grid systems
that can provide large-scale power, a power converter with a large capacity is required. However,
there is a limit to configure them as a single power conversion stack. Therefore, parallel operation
by a number of power converters is essential for the large capacity of micro-grid systems. Parallel
operation of these power converters is generally performed by communication, and their performance
is largely determined by the speed of communication [3–7].

In addition, parallel operation of power converters for parallel operation of a power converter to
increase capacity is operated by various communication methods. The most common communication
method is parallel operation using Modbus communication through RS485. In particular, according to
Zhang, F [8], the Modbus protocol is widely adopted in power converters for renewable energy such
that researches of linkage between the Modbus protocol and the IEC (International Electrotechnical
Commission) 61850 protocol, used in a micro-grid, are steadily being conducted. However, Modbus
communication has the limitation of half-duplex communication, which cannot be transmitted and
received at the same time [9].

In the case of the half-duplex communication method, since the communication period increases
proportionally as the communication object increases, there is a limitation to speed controlling.
Decreased control speed not only reduces power quality, but can also cause critical troubleshooting
where rapid protection cooperation is required in the event of a troubleshooting.

Various methods are being studied to overcome the limitations of this communication speed, and
the typical method for this is a four-line communication method. For the four-line communication
method, the communication line will be longer as the system becomes larger, which increases
the relative financial burden. Therefore, research is needed on what has the ability to do the
full-duplex communication method, but also transmit and receive at the same time through two-wire
communication. Theoretically, implementing a full-duplex communication approach in a two-wire
communication method would allow data to be processed at more than twice the speed of half-duplex
communication [10,11]. Therefore, this paper suggests new communication hardware that enables
full-duplex communication by the time division method while compensating the shortcomings of the
existing serial communication system.

The proposed hardware for communications can detect incoming signals at the same time as
multiple devices transmit signals to the same communication line. If it is possible to send and receive
signals simultaneously, it is possible to quickly control not only a number of power converters but
also other devices, and to respond quickly to incident. It is also expected to improve load sharing
imbalances and problems with circulating currents that may arise in systems that require parallel
operation [12–14]. Also, the voltage at the communication line is generated by transmission data from
the transmitter and transmission data signals from the receiver. Thus, high security is expected as signal
information from communication lines can only be analyzed with two devices that communicate with
each other. To verify the validity of the proposed communication hardware, load sharing simulation
was performed using PSIM, Powersim’s simulation tool. In addition, the load-sharing experiment
of the power converter with the proposed communication hardware confirmed that a stable parallel
operation was performed.

2. Parallel Operation of the Power Converter

2.1. Parallel Operation System

Figure 1 shows the equivalent circuit for analyzing the power-sharing characteristics of n parallel
connected power converters [15].
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Figure 1. Equivalent circuit of power sharing.

In Figure 1, V1 to Vn are the initial setting output voltage of number of n power converters, with
each power converter having the same value. Zset + ∆Z1 to Zset + ∆Zn is the line resistance between
the output stage of the power converter consisting of n and the load resistance, and RL represents
the load resistance. The output current divided by the n power converter is I1 through In. For the
convenience of calculation, power current I1 and In are obtained under the assumption that there are
only two power converters [16].

I1 =
(V1 −V2)RL + V2(Zset + ∆Z1)

Rx
(1)

I2 =
(V2 −V1)RL + V1(Zset + ∆Z2)

Rx
(2)

Rx is as follows in Equation (3)

Rx = Zset((∆Z1 + ∆Z2)RL + (∆Z1 × ∆Z2)) (3)

If a parallel module is sharing the same current, it is I1 = I2, and from Equations (1) and (2) the
following Equation (4) can be obtained.

Zset((V2 × ∆Z1)–(V1 × ∆Z2)) = 2RL × (V2–V1) (4)

In assumption that the initial setting output voltage of each module is the same in Equation (4), it
should be Zset + ∆Z1 = Zset + ∆Z2. However, Zset + ∆Z1 and Zset + ∆Z2 do not match, indicating that
the initial setting output voltage V1, V2 must be controlled in order to share the same power current.

2.2. Voltage Drop Method

The voltage drop method relies on the drop characteristics of the output voltage to control the
load sharing [17–19]. This method reduces the output voltage in proportion to the load current being
shared, so that each module independently controls the load sharing without using the communication
line of current information under the paralleled power converters. This method has poor current
distribution characteristics in low power areas. Also, it is difficult to distribute current between parallel
modules with different power ratings or poor load regulation characteristics [20,21].

2.3. Average Current Method

The average current method allows the current monitor of each power module to drive the
common distribution bus through a resistor [22,23]. The control amplifier senses the presence of
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a current difference across the resistor, adjusts the load current imbalance, and adjusts the current
command value accordingly [24]. This configuration performs accurate current distribution, but has
the disadvantage that sometimes the distribution bus is shorted or the power supply does not operate.

2.4. Method by Serial Communication

Systems that support remotely monitored or controlled services have emerged for the efficient
operation of power facilities such as micro-grid, and power protocols are needed to process various
information of the system generated from power equipment. Unlike communication protocols typically
used in computers, power protocols require reliable communication networks; high data integrity, data
consistency, and fast response times are important. As a result, protocol limitations exist according to
the specifications of power devices or systems, and various protocols have been developed to satisfy
various elements required in the power system.

A brief summary of the purpose of each protocol used in the power system is as follows. There
is the DNP (Distributed Network Protocol) 3.0 protocol, an industrial protocol utilized in existing
power systems, and the IEC 61850 protocol, which is gradually extended from the current substation
automation purpose to the power utility automation purpose. In addition, the control area network
(CAN) and IEEE (Institute of Electrical and Electronics Engineers) 1451 are used for simple sensor
data measurement, and the Modbus protocol is used for simple data acquisition and control in
distributed power or renewable energy sources. Table 1 shows communication specifications of power
converters for renewable energy power converter manufacturers, which are used in various renewable
energy systems.

Table 1. Communication method of power converter according to manufacturer.

Manufacture Model No. Usage Communication Method Baud Rate (bps)

ABB PVI String Series String Inverter Modbus RTU etc. 19,200
LS is SV Series Solar Inverter Modbus RTU etc. 1200–19,200

Huawei SUN2000 String Inverter Modbus RTU etc. 19,200
Fronius SYMO Series String Inverter Modbus RTU etc. 2400–19,200

Solar Edge SE Series String Inverter Modbus RTU etc. 9600–115,200

As can be seen from Table 1, power converters of many manufacturers still adopt the Modbus
protocol. Accordingly, the basic driving method for the parallel operation method using the Modbus
protocol adopted by many manufacturers is described below.

If the line impedance of the power converter performing voltage control is assumed to be similar,
the same load current can be supplied to all the power converters by performing the output voltage
control [25,26]. However, in real systems, the difference in track impedance and characteristics of the
device causes circulating currents between the power converters, and as the load increases, it causes a
breakdown by increasing unbalance currents [27]. Therefore, it is advisable to configure each module
with a current controller to solve these problems [28,29]. In short, this means that in a parallel operation
control method using serial communication, the master module must transmit current command
generated through voltage control to the slave module. As devices increase as shown in Figure 2a,
master–slave communication using Modbus communication increases the overall communication
cycle, as shown in Figure 2b. If the communication cycle increases, the number of power converters
capable of stable parallel operation is limited. Therefore, high-speed communication is essential for
large capacity through stable parallel operation of the power converter.
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Figure 2. Load sharing diagram through serial communication. (a) Power converter configuration for
load sharing; (b) Modbus communication cycle.

3. Proposed Communication Hardware

Proposed Communication Hardware Configuration

Figure 3 shows this paper’s proposal: the three-level communication hardware. Three-level
communication hardware enables full-duplex communication in a two-wire communication approach.
Communication transmission signals occur depending on the on/off status of switches Q1 and Q2.
When both Q1 and Q2 are switched off, the output is high impedance status and cannot function at
the communication line. When Q1 is turned on and Q2 is turned off, it transmits the binary serial
communication value “1”, at which point Vs becomes Vdc. Conversely, when Q1 is turned off and
Q2 is turned on, the serial communication binary value “0” is sent and Vs is set to zero. However,
the VL voltage appears in three levels by output impedance resistance and the output level of the
counterpart device. Figure 4 shows the three-level communication hardware configuration for two-way
communication. It is assumed that on the proposed topology, the impedance of the communication
line is ignored because the output impedance is bigger than that of the communication line. The
received voltages VL1 and VL2 of Module 1 and 2 are not determined by the transmit-side voltage or the
receive-side voltage, but by each other’s transmission-side voltage and the receive-side voltage status.
In other words, if the two transmit-side voltages are equal, when the transmit voltage is detected, and
if the two transmit-side voltages are different, the voltage equivalent to half of the transmit voltage
is detected. Due to this logic structure, the output voltage of the receiver appears to be three levels
depending on the transmission information of the transmitter and receiver.

Therefore, the received information can be obtained by combining the receiving and transmitting
information with the three-level voltage formed according to the transmission status of the transmitter
and the receiving side.

Figure 5 shows a circuit diagram for obtaining incoming information from the generated three-level
voltage. As shown in the figure, the signal VHL is generated first through the exclusive logic of VH and
VL. In addition, the generated VHL and the transmission signal of the transmitting side module will be
configured again as an exclusive logic so that the final incoming data RX can be entered.
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Figure 3. Proposed three-level communication hardware.

Figure 4. Hardware configuration for three-level communication for bidirectional communication.

Figure 5. Reception information extraction circuit.

Figure 6 shows the waveform when operating in full-duplex communication mode of Module 1
and Module 2 using the 3-level communication hardware shown in Figure 4. In order to clarify the
interpretation, the two transmission signals, Vs1 and Vs2 are expressed as having a 90◦ phase difference
as shown. In this case, as discussed earlier, the transmission side voltage and the receive side voltage
will be displayed at different levels by the other side’s information. VL1 generated by the transmission
voltages Vs1, Vs2 of Module 1 and 2 is shown in Figure 6. VHL signals generated through the exclusive
logic of P1 and P2 signals are obtained through a photo-coupler which will be in the form of twice the
transmission frequency. When the generated VHL signal and the transmission signal Vs1 of Module 1
are taken with exclusive logic, the transmission signal TX of Module 2 is finally extracted.
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Figure 6. Simultaneous bidirectional communication waveforms.

4. Simulation and Experiment Results

4.1. Proposed Three-Level Communication Simulation

Figure 7 is a simulation circuit diagram for verifying the validity of the proposed communication
scheme. The simulation circuit consists of a half-bridge inverter for communication signal generation
and a detector for three-level voltage detection. The photo-coupler in the detector was modeled using
a voltage sensor and a comparator. In addition, it consists of an exclusive OR circuit that can detect the
received signal, and the serial transmission signal is generated by using visual C in DLL (Dynamic
Link Library).

Figure 7. Three-level communication simulation schematic.

In order to verify the validity of the communication hardware proposed in this paper, the
simulation was carried out in two stages. First, we conducted a simulation to check the normal
transmission and reception of the communication hardware proposed in this paper. Then, when the
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same protocol was used and the communication hardware proposed in this paper was applied, we
attempted to verify whether the dynamic performance characteristics were improved compared to the
existing communication methods.

Figure 8 shows the results of the simulation performed by setting 19,200 bps, 8-bit data, 1 stop bit,
and non-parity to verify asynchronous serial communication. As shown in Figure 8, the transmission
signal Vs1 of Module1 is an ASCII(American Standard Code for Information Interchange) code character
‘U’ having a hexadecimal number ‘0 × 55′ and the transmission signal Vs2 of Module 2 is an ASCII
code character ‘N’ having a hexadecimal number ‘0 × 4E’. A three-level reception signal such as VL1 is
generated in the communication line by transmission data of ‘U’ and ‘N’ which are real-time full-duplex
communication signals of the two modules. The voltage level of the communication line is determined
by the transmission signals of both modules Vs1 and Vs2. In order to obtain the transmission data
on the transmission side, a combination of transmission data generated from the reception side and
the three-level voltage of the communication line is required. That is, the reception information can
be obtained by combining the VL1 with the three-level voltage and the transmission signal TX of the
reception side through the reception information extraction circuit. The feature of this method is that it
can increase the communication speed compared with the existing serial communication method by
simultaneously transmitting and receiving. Furthermore, it is impossible to separate another module’s
transmission signal when the information of the transmission data of one module is absent from
the three-level signal generated in the communication line. Even though the same ASCII character
data is transmitted, since the communication is asynchronous, the three-level signal appearing on
the communication line always appears in a different form. Also, when the receiver generates a
transmitting signal for security when receiving an important signal, it is impossible for other devices to
acquire accurate transmission data in the middle of the communication line. Therefore, the hardware
proposed in this paper not only improves the communication speed compared to the existing method,
but also excels in terms of the security of communication.

Figure 8. Simultaneous bidirectional simulation results.
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4.2. Parallel Operation Using Three-Level Communication Simulation

In a system such as a micro-grid system where large capacity of a power converter is required,
there is a limitation in increasing the capacity to a single stack. Thus, to increase the capacity, the
parallel operation technique by a number of power converters is required, and the control performance
of parallel operation is greatly affected by the communication speed.

Figure 9 is a simulation circuit diagram for checking the superiority of the control characteristics
when applying the proposed three-level communication method to a power converter configured
for parallel capacity increase. The circuit configuration consists of one master converter performing
voltage control and two converters performing current control. The current command transmission
signal generated by the master converter was directly received from the slave DLL controlling the
slave converter so that the load sharing operation could be performed. Simulation was conducted
under the assumption that the protocol is composed of 19,200 bps, 2-byte data, and 2 byte CRC (Cyclic
Redundancy Check) in order to verify the characteristic of the control by the communication speed
in parallel operation. If the communication speed is too fast, it is difficult to compare the operation
characteristics in the experiment. Therefore, both the simulation and the experiment were performed
with the communication speed set to 19,200 bps. The communication cycle by protocol is implemented
by using DLL, and simulation is performed by commanding the current command value according to
the communication cycle to the slave converters.

Figure 9. Parallel operation simulation circuit diagram.

Figure 10 shows the simulation result of the load sharing using the existing communication
method and the communication method proposed in this paper. The order of the result waveform
is listed above which is in the order of the output voltage, the reactor current of each converter, the
current command value by communication, and the magnified waveform of the current command
value. Regardless of the communication method, the controller of each converter is set identically, and
the simulation is performed by changing the load from 50% to 100%. When load sharing is performed
using existing serial communication, the load sharing is normally performed as shown in Figure 10a,
but it was confirmed that the current command value of the converter was delayed by approximately
30 ms according to the communication cycle. As the number of power converters increases, the control
delay increases due to communication, which causes a large current ripple and voltage ripple, and
adversely affects power quality. However, when using the communication method with the proposed
communication hardware as discussed in this paper, it is possible to control the load sharing more than
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twice as fast as the conventional method. As shown in Figure 10b, when the communication using the
proposed communication hardware is performed, the power quality can be improved as compared
to the existing communication method. Additionally, it can be predicted that the difference becomes
larger as the number of power converters increases.

Figure 10. Parallel operation simulation circuit diagram. (a) Resulting waveform using the existing
communication method; (b) resulting waveform using the proposed communication method.

4.3. Experiment Result

In order to verify the communication hardware proposed in this paper, the system was constructed
and the experiments were performed in the same way as the simulation.

Figure 11 shows a system with three-level communication hardware that can transmit and
receive simultaneously in two-wire communication. The system consisted of three 500 W class power
converters in parallel. The communication was conducted by constructing a protocol with 19,200 bps,
2-byte data, and 2-byte CRC as in the simulation.

Figure 12 shows the result waveform of communication hardware proposed in this paper. As for the
order of the result waveform from the top, transmit data TX1 and TX2, communication line three-level
voltage VL, and received data RX are listed. As shown in the figure, the two transmitters transmit
data, but the synchronization is different, so the three-level voltage appearing on the communication
line voltage VL is different. However, in the case of the received data, it can be confirmed that the
data of the sender is correctly received. When parallel operation is performed using the three-level
communication, as described above, it is two times faster than the conventional communication method.
In order to verify this, the parallel operation experiment was conducted compared to the existing serial
communication method. At this time, the controller characteristics of each power converter were set
the same to check the control characteristics according to the load variation.
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Figure 11. Power converter system with three-level communication hardware.

Figure 12. Simultaneous bidirectional communication experiment results.
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Figure 13 shows the resulting waveforms, when parallel operation is performed using the
existing serial communication method and the three-level communication. The experiment proceeds
under parallel operation by changing the load conditions (50%→100%→50%). The blue portion of
the waveform indicates 50% load condition, and the red portion indicates a 100% load condition.
The experiment compared the difference according to the communication method by checking the
output voltage, the current waveform of the master converter, and the current waveform of the slave
converter. The experiment was difficult to measure, clearly due to the current delay according to the
communication method, if the communication speed is too fast. Thus, the experiment was conducted
by constructing the protocol with 19,200 bps, 2-byte data, and 2-byte CRC.

Figure 13. Parallel operation experiment waveform. (a) Parallel operation result waveforms
applied to existing serial communication; (b) parallel operation result waveforms applied to
three-level communication.
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Figure 13a shows the resulting waveform when parallel operation is performed by applying the
existing serial communication method. As can be seen from the result waveform, the variation of the
output voltage is large due to the delay of the current command value according to the communication
speed when the load variation occurs. Figure 13b shows the result waveform when parallel operation
is performed using the communication method proposed in this paper. As can be seen from the result
waveform, the delay of the current command value is reduced and the variation of the output voltage
is relatively stable compared to the conventional serial communication method.

5. Conclusions

In this paper, we proposed new communication hardware that is capable of full-duplex
communication in two-wire communication and implemented parallel operation control using it.

1. The communication transmitter generates two levels of signals for data transmission. However,
due to the characteristics of the proposed communication hardware, three-level electrical signals
are generated in the communication line according to the transmission data state of each module.
The communication speed is improved by implementing full-duplex communication through the
generated three-level electrical signal.

2. When performing parallel operation using the proposed communication hardware, power quality
can be improved under the same conditions by controlling more than twice as fast as a serial
communication method, such as a conventional Modbus communication. In addition, it is
expected that the data protocol can be more simplified than the full-duplex communication by
time division by implementing the full-duplex communication method by the hardware proposed
in this paper.

3. It is expected that long-distance communication is possible by increasing the voltage of the
transmission line by constructing the transmission circuit with a half-bridge structure.

4. The voltage of the communication line is generated by the transmitter transmission data and the
receiver transmission data signal. Therefore, it is expected to be excellent in terms of security
since only two devices communicating with each other can analyze signal information of a
communication line.

In conclusion, the communication hardware proposed in this paper is expected to be actively
applicable to the system requiring large capacity through parallel operation. It is also expected to
improve load sharing imbalances and problems with circulating currents that may arise in systems
that require parallel operation.
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