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Abstract: A DC microgrid has many advantageous features, such as low power losses, zero reactive
power, and a simple interface with renewable energy sources (RESs). A bipolar DC microgrid is
also highlighted due to its high-power quality, improved reliability, and enhanced system efficiency.
However, the bipolar DC microgrid has high DC bus voltage fluctuation due to the load power
unbalance between the poles. Therefore, this paper analyzes the DC bus voltage fluctuation that can
occur in the bipolar DC microgrid. An autonomous grid voltage regulation method is introduced
to regulate the DC bus voltage of a bipolar DC microgrid using distributed energy storage systems
(ESSs). The proposed grid voltage regulation scheme using the distributed ESSs could regulate
DC bus voltage in real time, regardless of the structure of the DC microgrid without external
communication. Lastly, experimental results using a lab-scale bipolar DC microgrid prototype
verified the proposed method.

Keywords: bus voltage regulation; DC microgrid; ESS utilization; power distribution system; power
management algorithm

1. Introduction

DC microgrids can achieve low power losses, zero reactive power, and uncomplicated
power interfaces with renewable energy sources (RESs) [1,2]. The power converters that
construct DC microgrids can achieve high dynamic performance with superior voltage
and current regulation capability. Therefore, DC microgrids have rapid fault-current
limitation and propagation rejection capabilities. Consequently, compared to conventional
AC grids, DC microgrids can obtain higher-power distribution efficiency, reliability, and
sustainability [3].

A bipolar DC microgrid is highlighted since it can improve system efficiency, power
quality, and reliability [4–7]. Figure 1 shows the structure of a bipolar DC microgrid. It offers
high reliability, since a pole continuously supplies power even when the other pole fails to
operate. A multilevel AC/DC converter can interface the bipolar DC microgrid with the
AC grid with a single converter. However, the multilevel AC/DC converter has a voltage
unbalance between the poles when the load power of each pole is not balanced. This brings
low reliability to the DC microgrid, high voltage stress applied to the components, and a
short lifetime for power converters. Consequently, a DC bus voltage regulation method
that can operate in a bipolar DC microgrid is required to preserve the stable operation of
the DC microgrid.

There are several previous DC bus regulation methods for DC microgrids. A central
controller can mainly regulate DC bus voltage by controlling the current of the ESS and
AC/DC converter [8]. However, the central controller may destroy the reliability of the
DC microgrid when it fails to operate and control the DC bus voltage. A droop control
can also be utilized to regulate the DC bus voltage of DC microgrids [9–11]. However, it is
vulnerable to transmission line impedance and brings DC bus voltage fluctuations. The
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droop control could also minimize the DC bus voltage fluctuation, but it requires commu-
nication with the neighboring circuits. There are several DC bus regulation algorithms
for DC microgrids, including time- or event-triggered controls, consensus strategies, and
hierarchical control [12–18]. However, they require a communication network among the
circuit components, and power converters across the entire DC microgrid. They also cannot
successfully regulate sudden local under- and overvoltage conditions due to their long
communication delay, assuming a large DC microgrid. Lastly, DC bus regulation methods
that utilize PV panels and ESSs were introduced [19–21]. The DC bus voltage regulation
shown in [19] can regulate DC bus voltage and perform maximal power point tracking
(MPPT) for PV panels. However, it can only deal with a constant load condition. The DC
bus regulation scheme shown in [20] analyzed distributed ESSs in a DC microgrid that
could reduce the DC bus voltage drop due to transmission line impedance. However, the
authors in [20] did not provide a detailed implementation of the ESSs, such as the power
interface of the ESSs, the charging and discharging strategy, and load variant conditions.
The DC bus voltage regulation strategy shown in [21] also utilized distributed ESSs to
overcome the overvoltage condition due to the high penetration of PV power generation. It
introduced an ESS charging scheme along with PV power generation; therefore, it could
successfully deal with sudden overvoltage conditions due to PVs. However, it cannot
regulate the undervoltage conditions of DC microgrids.

Figure 1. Overall structure of bipolar DC microgrid.

In this paper, an effective DC bus voltage regulation method is proposed for bipolar DC
microgrids. The DC bus voltage fluctuation of bipolar DC microgrids is comprehensively
discussed. An autonomous grid voltage regulation method is also proposed to regulate
the DC bus voltage of a bipolar DC microgrid. Since a bipolar DC microgrid cannot freely
adopt conventional DC bus regulation methods, distributed ESSs installed at the end side
were utilized. Distributed ESSs with a bidirectional power interface continuously monitor
the DC bus voltage of the end sides. When the DC bus voltage of the end sides experiences
an under- or overvoltage condition, the bidirectional power interfaces start to charge or
discharge the distributed ESSs to regulate the DC bus voltage of the end sides. Therefore,
the proposed algorithm can control the DC bus voltage of the end sides in real time without
additional communication with the neighboring circuits or converters, and complex load
and power generation estimation algorithms. This method can minimize the configuration
of a DC microgrid, and maximize its cost-effectiveness and reliability. It can also be freely
adopted by any DC microgrid regardless of its structure. Lastly, the proposed method was
validated through experimental results using a lab-scale bipolar DC microgrid prototype.
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2. DC Bus Voltage Analysis in Bipolar DC Microgrid

Although the AC/DC converter that interfaces the DC microgrid and AC grid regu-
lates DC bus voltage, the DC bus voltage of the DC microgrid can suffer from severe under-
and overvoltage fault conditions. In this section, the under- and overvoltage conditions of
bipolar DC bus voltage are analyzed.

2.1. Limited Power Capacity of AC/DC Converter

Over- and undervoltage fault conditions can occur due to the limited power capacity
of the central AC/DC converter and unintentional high-power generation from RESs.
Figure 2a shows the overvoltage condition of a DC microgrid. When RESs generate high
power while power consumption from the load is low, the central AC/DC converter
cannot regulate the DC bus voltage due to the limited current absorbing capacity. On
the other hand, undervoltage conditions can occur due to high load consumption and
high transmission line impedance. Figure 2b shows the undervoltage condition of a DC
microgrid. The transmission line had proportional resistive impedance to the length of
the transmission line. As the impedance of the transmission line and the load current
increase, the DC bus voltage on the load side decreases, which may cause an undervoltage
fault in DC microgrids. In the next subsection, the undervoltage fault of DC microgrids is
numerically analyzed.

Figure 2. Over- and undervoltage fault conditions of DC bus voltage in DC microgrids: (a) Over-
voltage fault condition, (b) Under-voltage fault condition.

2.2. Transmission Line Impedance

Figure 3 is the impedance diagram of a simplified DC microgrid to analyze the voltage
drop due to transmission line impedance and load consumption, where Vcmd is the nominal
voltage of the DC bus, Vload is the DC bus voltage at the end side, K is the DC bus voltage
maintenance ratio at the end side, R is the normalized transmission line impedance (Ω/km),
Dl is the length of the transmission line, and IDC is the current flowing through the DC bus.
Using Figure 3, the DC bus voltage and the power at the end side can be derived as follows:

Vload = Vcmd − (RDl)IDC ≥ KVcmd (1)

Pload = Vload IDC = {Vcmd − (RDl)IDC}IDC (2)



Energies 2022, 15, 4559 4 of 15

Figure 3. Impedance diagram of a simplified DC microgrid.

On the basis of Equations (1) and (2), the available length of the transmission line to
maintain the desired voltage maintenance ratio can be expressed as follows:

Dl ≤
K(1− K)Vcmd

2

PloadR
(3)

Equation (3) implies that the available length of the transmission line decreases as the
load power and the normalized transmission line impedance increase, and the nominal DC
bus voltage decreases. However, a transmission line that has low normalized impedance is
expensive. Therefore, it is hard to find a proper solution that preserves the DC bus voltage
of a DC microgrid with a reasonable power rating and construction cost. Figure 4 shows
the calculation results of the available length of the transmission line according to the load
power. The available transmission line length for a reasonable voltage maintenance ratio
decreases as the load increases. The available transmission line length is 23.10 km when
the load power is 100 kW, while it is only 4.62 km when the load power is 500 kW. In
other words, a DC microgrid with a high-power rating must be constructed within a small
physical dimension to preserve a reasonable voltage maintenance ratio. However, solutions
drawn in this analysis such as limited power capacity, expensive transmission lines, and
small physical dimensions are not practical. Consequently, a DC microgrid requires the DC
bus voltage regulation method as the power rating increases.

Figure 4. Available length of the transmission line according to the load power.

2.3. Load Unbalance between Poles

A bipolar DC microgrid requires an AC/DC converter that can provide the bipolar
output voltage. Figure 5 shows the power stage configuration of a three-level neutral-point
clamped (NPC) converter that can provide the bipolar output voltage (Vpo, Von) with a
single converter. However, the bipolar output voltage is very vulnerable to the load un-
balance. Figure 6a shows the PSIM simulation results of the three-level NPC converter
with load unbalance between the poles. The three-level NPC converter had proportional
voltage unbalance to the load unbalance. It could also not provide the acceptable bal-
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anced output voltage when the load unbalance was higher than 10%. The three-level
NPC converter can compensate the voltage unbalance between the poles using additional
control algorithms [22–24]. Figure 6b shows the simulation results of a three-level NPC
converter with the load unbalance and voltage unbalance control algorithm. Although the
voltage unbalance algorithm compensates the DC components of the voltage unbalance,
the AC components of the voltage unbalance are kept. The AC components of the voltage
unbalance were also proportional to the load unbalance. Since it induces the high peak
of the DC bus voltage, it increases the voltage stress, and brings the low reliability and
lifetime of the power converters into the DC microgrid.

Figure 5. Power stage configuration of three-level NPC converter.

Figure 6. PSIM simulation results of three-level NPC converter with unbalanced load: (a) without
voltage unbalance compensation algorithm, (b) with voltage unbalance compensation algorithm.

From the DC bus voltage analysis of the bipolar DC microgrid, the high penetration of
the RESs, transmission line impedance, and the low tolerance of the multilevel AC/DC
converter according to the load unbalance cause the DC bus voltage fluctuation. Therefore,
the proposed DC bus regulation method utilizes Ω distributed ESSs as the energy buffer to
minimize the load unbalance of each pole. The detailed DC bus regulation method using
distributed ESSs is presented in the next section.
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3. Autonomous DC Bus Voltage Regulation Algorithm
3.1. Bidirectional Power Interface for Distributed ESS

Figure 7 shows the bidirectional power interface for distributed ESSs in a DC microgrid.
The bidirectional power interface consisted of a four-legged interleaved bidirectional
half-bridge topology. Each leg of the bidirectional power interface had a 90◦ phase shift
to suppress the input current ripple, and the voltage and current stress applied to the
components. Due to the phase shift of each leg, the bidirectional power interface could
reduce the required output capacitance due to the four times increased effective switching
frequency [25]. The bidirectional power interface charges or discharges the distributed ESSs
on the basis of the current reference determined by the proposed DC bus voltage regulation
algorithm. Specifically, the bidirectional power interface controls the entire input current
and the input currents of each leg to evenly share the current regardless of the different
tolerance levels of the components.

Figure 7. Bidirectional power interface for distributed ESS.

3.2. DC Bus Voltage Regulation Principles

Distributed ESSs in a DC microgrid perform in two operating modes: an islanding
mode and a voltage regulation mode. The islanding mode of distributed ESSs generates the
DC bus voltage to maintain the normal operating condition of the DC microgrid without
an AC grid connection. The voltage regulation mode of distributed ESSs operates when
the DC microgrid connects with the AC grid. In this condition, the bidirectional power
interfaces of the distributed ESSs continuously monitor the DC bus voltage at the end
side. When the DC bus voltage at the end side increases or decreases, the corresponding
bidirectional power interface charges or discharges the distributed ESSs to recover the DC
bus voltage at the end side as a normal value. In these sequences, the distributed ESSs
can balance the load current unbalance between each pole indirectly. When the DC bus
voltage of the end side is under abnormal fault conditions, the corresponding bidirectional
power interface disconnects the distributed ESSs with the DC bus. These sequences do not
require communication with the central controller or neighboring circuits. In this section,
the voltage regulation mode of distribution ESSs is specifically discussed.

Figure 8 shows a prior state-of-charge (SoC) satisfaction algorithm. This mode is
required to charge and discharge ESSs in preparation for the voltage regulation mode.



Energies 2022, 15, 4559 7 of 15

Figure 8. Prior SoC satisfaction algorithms of the distributed ESSs.

The bidirectional power interfaces of distributed ESSs communicate with the battery
management system (BMS) of the distributed ESSs to estimate the SoC and current state of
the battery. If the SoC of the battery exceeds the range for the voltage regulation mode, the
bidirectional power interfaces charge or discharge the battery to meet the SoC range for the
voltage regulation mode.

Figure 9 shows the detailed voltage regulation mode to regulate the DC bus voltage of
end sides. The bidirectional power interface continuously monitors the DC bus voltage for
a preset interval to measure the DC bus voltage in a steady state. In this paper, assuming
that the crossover frequency of the AC/DC converter was 100 Hz, the monitoring interval
was set to be 10 ms. The normal DC bus voltage range is within±4% of the nominal DC bus
voltage, and the fault thresholds of the DC bus voltage are ±10% of the nominal DC bus
voltage. When over- or undervoltage fault conditions occur, the entire DC microgrid stops
operating. Therefore, when the DC bus voltage is from ±4% to ±10% of the nominal value
of the nominal DC bus voltage, the distributed ESSs recognize the over- or undervoltage
conditions and operate the voltage regulation mode.

Figure 9. Flowchart of voltage regulation mode.
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Figure 10 shows the charging and discharging sequences of the voltage regulation
mode at under- and overvoltage conditions. When the bidirectional power interface detects
an under- or overvoltage condition, it charges or discharges the distributed ESS with a
gradually increased reference current. When the DC bus voltage recovers its normal voltage
range, the bidirectional power interface gradually decreases the charging or discharging
current after 10 s as the stabilization time. If the DC bus voltage can maintain a normal
voltage range after the current of the bidirectional power interface becomes zero, the
bidirectional power interface completes the voltage regulation mode. However, if not, the
bidirectional power interface restarts the sequence discussed above.

Figure 10. Flowchart of DC bus voltage regulation: (a) under- and (b) overvoltage sequences.

Figure 11a shows the simulation results of the proposed voltage regulation algorithm
at an undervoltage condition due to high transmission line impedance and sudden peak
load. When the DC bus voltage decreases by 4% of its nominal value, the bidirectional
power interface of the ESSs monitors the DC bus voltage for 10 ms to check the steady-
state DC bus voltage. If the DC bus voltage does not exceed the fault threshold, the
bidirectional power interface starts to discharge the ESS and control the DC bus voltage.
As the bidirectional power interface discharges the ESS, the DC bus voltage can recover its
nominal value. When the bidirectional power interface detects the DC bus voltage recovery,
it starts to reduce the discharging current. If the DC bus voltage does not recover its
nominal voltage when the discharging current decreases, the bidirectional power interface
restarts the algorithm to recover the DC bus voltage as shown in Figure 11b.
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Figure 11. Simulation results of the proposed DC bus voltage regulation method at undervoltage
condition: (a) when peak load is successfully eliminated; (b) when peak load is not eliminated.

Figure 12a shows the simulation results of the proposed voltage regulation algorithm
at the overvoltage condition due to the high-power generation of RESs. Similar to the
undervoltage condition, when the DC bus voltage increases by 4% of its nominal value,
the bidirectional power interface monitors the DC bus voltage with an interval of 10 ms. If
the DC bus voltage is not higher than the fault threshold, the bidirectional power interface
starts to charge the ESS and control the DC bus voltage. The detailed sequence at the
overvoltage condition is the same as that in the undervoltage condition. As shown in the
simulation results, the proposed grid voltage regulation method could preserve stable DC
bus voltage even though there were high transmission line impedance, sudden peak load,
and intentional high-power generation from the RESs.

Figure 12. Simulation results of the proposed DC bus voltage regulation method at overvoltage con-
dition: (a) when high power generation is successfully eliminated; (b) when high power generation
is not eliminated.

4. Experimental Verifications

Figure 13 and Table 1 show the lab-scale DC microgrid prototype to verify the fea-
sibility of the proposed grid voltage regulation algorithm. The DC microgrid prototype
consists of a bidirectional grid voltage simulator to emulate the DC bus voltage, a PV simu-
lator, and a battery with a four-legged interleaved bidirectional power interface. Figure 14
shows the experimental results of the proposed DC bus voltage regulation method at the
undervoltage condition. During the monitoring interval (10 ms), the bidirectional power
interface could recognize the undervoltage condition. Therefore, the bidirectional power
interface start increasing the discharging current. When the DC bus voltage recovers the
nominal value as discharge of the distributed ESS, the bidirectional power interface holds
the discharging current for stabilization. Since the DC bus voltage drops again after the
discharging current is eliminated, the bidirectional power interface restarts the discharging
sequence. The sequence could also deal with additional voltage drop due to the additional
peak load during bidirectional power interface discharges, as shown in Figure 15. When
the DC bus voltage drops during the sequence, the bidirectional power interface increases
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the discharging current with a predetermined ramp slope (10 A/s) to recover the DC bus
voltage. Lastly, when the DC bus voltage successfully recovers its nominal value, the
proposed voltage regulation algorithm at undervoltage conditions completes the sequence
as shown in Figure 16.

Figure 13. Experimental setup of lab-scale DC microgrid prototype.

Table 1. Hardware configurations of lab-scale DC microgrid prototype.

Components Value

Battery 50 kWh
Bidirectional power interface 25 kW

PV simulator 60 kW
DC grid simulator 50 kW

DC load 60 kW

Figure 14. Experimental results of proposed voltage regulation algorithm at undervoltage condition.
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Figure 15. Experimental results of proposed voltage regulation algorithm at undervoltage condition
with additional peak load.

Figure 16. Completion sequence of proposed voltage regulation algorithm at undervoltage condition.

Figure 17 shows the experimental results of the proposed DC bus voltage regulation
method at the overvoltage condition. Similar to the undervoltage condition, the bidirec-
tional power interface recognizes the overvoltage condition of the DC bus during the
monitoring interval. In that case, the bidirectional power interface starts increasing the
charging current. When the DC bus voltage recovers the nominal value, the bidirectional
power interface holds the charging current for 10 s. Since the DC bus voltage increases
again after the charging current is eliminated, the bidirectional power interface restarts the
charging sequence again. Lastly, when the DC bus voltage successfully recovers its nominal
value, the proposed voltage regulation algorithm at overvoltage condition completes the
sequence as shown in Figure 18.
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Figure 17. Experimental results of proposed voltage regulation algorithm at overvoltage condition.

Figure 18. Completion sequence of proposed voltage regulation algorithm at overvoltage condition.

Figures 19 and 20 show the proposed voltage regulation algorithm at fault conditions.
Although the charging or discharging sequence operates, the bidirectional power interface
can simultaneously deal with fault conditions. When the DC bus voltage exceeds the fault
thresholds, the proposed voltage regulation algorithm can successfully distinguish the
fault conditions of the DC bus and safely disconnect the ESS with the DC bus to reject the
failure propagation.
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Figure 19. Fault response of proposed voltage regulation algorithm in charging sequence.

Figure 20. Fault response of proposed voltage regulation algorithm in discharging sequence.

5. Conclusions

In this paper, the DC bus voltage deviation of bipolar DC microgrids was addressed.
A bipolar DC microgrid may have DC bus voltage deviations due to practical transmission
line impedance, the unpredictable power generation of the RESs, and the unbalanced
load of each pole. Since a bipolar DC microgrid requires balanced load power and tightly
regulated DC bus voltage, an autonomous DC bus voltage regulation algorithm was
presented using the distributed ESSs. The proposed DC bus voltage regulation method can
effectively suppress high voltage fluctuation by charging and discharging the distributed
ESSs implemented at the end sides. It can regulate the DC bus voltage without additional
communication with the neighboring circuit and algorithm by charging and discharging
sequences of the distributed ESSs. It can also manage the under- and overvoltage conditions
of the DC bus voltage, and successfully disconnect and protect distribution ESSs at fault
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conditions. The effectiveness of the proposed voltage regulation method was validated by
simulation and experimental results using a lab-scale DC microgrid.

The proposed DC bus voltage regulation method was qualitatively discussed in this
paper, focusing on the concept that regulates the DC bus voltage of bipolar DC microgrids.
However, quantitative analysis is also required to obtain the proper capacity of the dis-
tributed ESSs, the power rating and dynamic performance of the power interface, and the
unit load for single distributed ESSs. Our future research will address the quantitative
analysis to obtain a general design guideline of the proposed method.
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