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In DC transmission and distribution systems, both unipolar and bipolar
transmission modes exist, and DC transformers used in these systems are also
available in either unipolar or bipolar configurations. In actual systems, due to
requirements such as economy, land occupation, and reliability, there is a
tendency to use a system with unipolar input and bipolar output. However,
the bipolar loads, if unbalanced, will lead to increased equipment costs and
voltage imbalance, causing power quality problems. This paper defines the Power
Unbalance Factor (PUF) to describe the power quality of the studied DC
transmission system and presents an improved DC transformer topology
based on a power balancing system. This topology realizes bipolar voltage
balance and improves the power quality of the DC transmission system when
the load is unbalanced. The influence of the proposed solution on the power
design of the DC system is demonstrated through theoretical analysis, and its
effectiveness for improving the DC power quality is verified by both simulations in
MATLAB/Simulink environment and physical experiments. When the power
electronic transformer needs to be overloaded, the proposed topology can
reduce the design power of the two branches by using the difference power,
which is economical.
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1 Introduction

The need to adjust the energy structure and develop sustainable green energy on a large
scale is imperative due to the exhaustion of mainstream fossil energy and the serious
problem of environmental pollution (Chen et al., 2013). The application of new renewable
energies, such as water, wind, light, and geothermal energy, is an important measure to
achieve environmental protection and sustainable economy development worldwide. The
European Union has set a higher development goal, requiring renewable energy
consumption to reach 20.0% of energy consumption and 30.0% of total power
generation by 2020 (Wang et al., 2018; Yao et al., 2014). To reduce the use of fossil
energy, promote multi-energy complementation, and achieve comprehensive energy
utilization of the power system, it is necessary to develop new technologies related to

OPEN ACCESS

EDITED BY

Yonghui Liu,
Hong Kong Polytechnic University, Hong Kong
SAR, China

REVIEWED BY

Xiaokang Liu,
Polytechnic University of Milan, Italy
Yuting Gao,
Wuhan University, China
Pu Liu,
Zhengzhou University of Light Industry, China
Godwin Norense Osarumwense Asemota,
University of Rwanda, Rwanda
Delong Zhang,
Tianjin University of Technology, China

*CORRESPONDENCE

Shuhuai Shi,
shishuhuai@126.com

RECEIVED 13 April 2024
ACCEPTED 11 July 2024
PUBLISHED 31 July 2024

CITATION

Zhao Z, Li H, Sun F, Shi S, Wang D, Zhang J and
Wu C (2024), Power quality improvement of
unipolar-input-bipolar-output DC transmission
system via load power balancing.
Front. Energy Res. 12:1416785.
doi: 10.3389/fenrg.2024.1416785

COPYRIGHT

© 2024 Zhao, Li, Sun, Shi, Wang, Zhang and Wu.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Energy Research frontiersin.org01

TYPE Original Research
PUBLISHED 31 July 2024
DOI 10.3389/fenrg.2024.1416785

https://www.frontiersin.org/articles/10.3389/fenrg.2024.1416785/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1416785/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1416785/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1416785/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2024.1416785&domain=pdf&date_stamp=2024-07-31
mailto:shishuhuai@126.com
mailto:shishuhuai@126.com
https://doi.org/10.3389/fenrg.2024.1416785
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2024.1416785


power grid equipment (Wang et al., 2013; Xiong et al., 2021a, Xiong
et al., 2021b) and reduce the loss and transformation of each link of
power generation, transmission, and distribution (Zhang et al., 2018;
Xiong et al., 2021a, Xiong et al., 2021b). One effective complement to
the AC system can be seen in the DC system, which has advantages
such as low loss, less reactive power, and convenient access to new
energy, especially with the continuous development of fully-
controlled semiconductor devices such as insulated-gate bipolar
transistors (IGBTs) (Zhao et al., 2008; Engel et al., 2014). DC
power electronic transformer has the advantages of electrical
isolation, efficient energy conversion, fast dynamic response,
flexible control, small size, light weight and easy expansion and
integration (Lin, 2016; Xiong et al., 2020). These advantages make
DC power electronic transformers have a wide range of applications
in distributed power systems, renewable energy access, DC micro-
grid and other fields.

However, power quality is a key issue in the transmission,
distribution, and consumption of power systems that affects the
stability, security, and economy of the system (Kenzelmann et al.,
2014; Xiong et al., 2021a, Xiong et al., 2021b). In comparison with
the AC system, the power quality of the DC transmission and
distribution system is usually better, as the DC voltage does not
change as frequently as in the AC system but is maintained
approximately at a rated value, and there are no traditional
power quality problems caused by harmonics and interference
(Akagi and Kitada, 2011). However, if the rationale behind the
definition of power quality is considered to be describing the quality
of the power supply, either in the form of AC or DC, with a special
focus on the waveforms of voltages and currents, then the power
quality of a DC system can be reflected similarly by the deviation
between the ideal and real-time waveforms in such a system. Under
such a premise, the power quality in a DC transmission and
distribution system is closely related to the topology, control,
modulation method, and application scenarios of power
electronic converters, which are important elements to form the
DC system.

Unipolar and bipolar hybrid transmission is one of the typical
application scenarios for DC transmission and distribution systems
(Jovcic and Ool, 2010). Specifically, unipolar transmission is used on
the medium-voltage side of medium-voltage DC distribution
networks to reduce transmission costs and the land area used
(Gowaid et al., 2015). Meanwhile, bipolar transmission is used on
the low-voltage side as it can maximize the reliability of the power
supply and reduce the insulation design requirements of the system
(Li et al., 2012). Such systems mostly adopt two DC transformers in
series on the input side and in parallel on the output side, forming an
input-series output-parallel (ISOP) topology (Ooi and Wang, 1991;
Xiong et al., 2016; Falcones S et al., 2013), which requires double the
cost of equipment. Moreover, the voltage instability caused by the
load imbalance of the two poles is the biggest problem faced by this
application scenario, which is a great challenge to the power quality
of DC transmission systems.

Focusing on the aforementioned issues, this paper uses the
degree of voltage imbalance between the two poles as an
indicator of the DC system’s power quality. Such an indicator is
crucial for evaluating and improving the power transmission in the
DC system. On this basis, a novel topology is proposed for
enhancing the power quality of the unipolar-input-bipolar-output

system, by forcing load power balancing. Such a balance is
implemented by properly controlling the dual active bridge
(DAB) circuit in parallel with the two loads on different poles.
Theoretical analysis proves the improvement of DC system power
design by adopting the topology in the case of unbalanced loads,
which are commonly encountered in practical applications. This
paper introduces the structure and control method of the topology
in detail, and sets the boundary conditions of the scene in detail, and
gives the detailed design parameters of the design capacity of the
topology according to the boundary conditions. By comparing the
design parameters in different scenarios, the economy of the
topology is proved. Finally, the feasibility of the new topology is
verified by simulation results in the MATLAB/Simulink
environment as well as experimental results based on a
physical platform.

2 Studied system and power
unbalance factor

Figure 1 illustrates the most well-established topology for
unipolar to bipolar conversion. This topology utilizes two DC
transformers connected in parallel at a single pole, with their
outputs connected in series to two loads, while the ground wire
is led out from the middle. With reference to Figure 1, Load 1 and
Load 2 represent two load units, which may consist of a single load, a
load group, or a power supply line of the same voltage level. As seen
from the diagram, the power of Load 1 is transmitted by DC
transformer 1, and the power of Load 2 is transmitted by DC
transformer 2. Both loads are independent of each other, and
there is no power coupling between the two DC transformers.
The two DC transformers share the same input side with input
voltageVin, i.e., the unipolar input is used, while the two loads on the
output side are grounded with no power interaction between them,
forming a positive pole (with voltage Udc/2) and a negative pole
(with voltage -Udc/2). This topology is equivalent to two separate
monopole-to-monopole power transformation legs.

Power imbalance refers to the imbalance of power output or
consumption among various parts or components in a system. In a
three-phase power system, if the three-phase current or voltage is
not balanced, it will lead to power imbalance. In the DC system, if
two circuits are connected in parallel, the situation similar to the AC
system will also occur. When both loads are balanced, the rated
power per pole yields Pout+ = Pout- = P. The maximum total power of
the load on the bipolar side is designed to be 2P, considering the
unbalance of the DC system. Then, the power imbalance between
the two load ports is defined to reflect the power quality in the DC
system. Since Load 1 and Load 2 are connected in series, the
imbalance of load, voltage, and power is equivalent. If the voltage
balance between the positive and negative poles is achieved, it also
means that the power of the two poles is equal. To this end, in this
paper, the power unbalance factor (PUF) is defined as Eq. 1

η � Pload − P

P
× 100% (1)

where Pload is the load power of the pole (either positive or negative).
The PUF value indicates the degree of power imbalance in the

system, with η = 0 representing perfect balance. When the value of
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η is positive, it means that the power of the load exceeds the rated
power at load balance; when it is negative, it means that the power
of the load is lower than the rated power at load balance. The PUF
value can be used as an essential indicator of the system’s stability
and efficiency, enabling effective management of the system’s
performance. By utilizing this topology and PUF value, we can
establish a more stable and efficient power conversion system,
reducing power loss and ensuring reliable and
consistent operation.

It is noted that though such a DC system is usually designed to
be symmetrical in order to maximize power delivery efficiency and

reduce cost, in practice, it is common that loads are unbalanced. In
those cases, the PUF value is different than 0, and the power quality
is compromised.

3 Research on topology and control
method of DC transformer

In this Section, a novel configuration is developed to improve the
power quality of the unipolar-to-bipolar power conversion under
unbalanced load conditions, by incorporating a system that enables

FIGURE 1
Principle diagram of the studied unipolar-input-bipolar-output DC system.

FIGURE 2
Proposed topology with power balance system.
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load power balancing. A detailed analysis of the physical
implementation and control principles is performed in the
following section.

3.1 Physical implementation

Figure 2 shows the detailed implementation of DC transmission
system, realizing the principle diagram in Figure 1 and
incorporating a power balance system to tackle the possible
presence of load imbalance. The input side (medium-voltage
side) is powered by a voltage source converter, while the two
loads correspond to the positive and negative poles on the output

side. The DC transformer for each pole consists of multiple DAB
modules that are connected in series on the input side and in parallel
on the output side, with the number of DABmodules determined by
the voltage level and required power. The medium-voltage DC
network transfers power to the load through the DC
transformers, keeping the voltages of the two loads equal under
the nominal condition with balanced loads. However, when the
loads are imbalanced, the voltages of the two ports become unequal.

To address this issue, the proposed topology incorporates a
power balancing system (PBS) that enables power balancing
between loads. As shown in Figure 2, such a PBS is implemented
by connecting a DAB, whose ports are in parallel with the two loads,
into the original system. This allows for bidirectional power flow

FIGURE 3
Control diagram of DC transformer.

FIGURE 4
Control diagram of proposed PBS.

TABLE 1 Comparison of system design power between two topologies.

Scenario 1 Scenario 2

Topology without PBS 2P Pall � 2P + (max |ηL1′ |, |ηL2′ |{ } + max |ηL1″ |, |ηL2″ |{ })P
Topology with PBS Pall � 2P + |ηL1−ηL2 |

2 P Pall � 2P + max |ηL1′ −ηL2′ |
2 , |ηL1″ −ηL2″ |

2{ }P
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between the two loads. Specifically, the PBS transfers power from the
high-voltage port to the low-voltage one, achieving voltage balance
between the two ports. Since the PBS handles the power difference
between the two ports, its design capacity only needs to be half the
power difference between the two.

3.2 Control method

3.2.1 DC transformer control
The main circuit topology of the DC transformer features an ISOP

structure, withmultipleDAB circuits connected in series on the input side
to reduce the withstand voltage of each module and in parallel on the
output side to reduce the current of eachmodule. The phase shift control
strategy is employed in DAB modules, with each module controlled
separately. Given that each module on the input side is connected in

series, it is essential to ensure that all modules are voltage balanced.
Therefore, the phase shift angle of each module is adjusted by the input
voltage and the output voltage, as shown in Figure 3. Specifically, the
control system of the ISOP DC transformer comprises an input voltage
loop and an output voltage loop, each adopting a proportional-integral
(PI) controller, in order to generate the phase shift angle of each module.
Finally, the gate signals of the pertinent switches are generated based on
the real-time phase shift angle (not shown here for brevity).

3.2.2 Power balancing control
To achieve voltage balance between the two ports, the proposed

PBS is used to transfer unbalanced power. Given that the two loads
are connected in series, the power balance system needs to meet the
two conditions of bidirectional power flow and electrical isolation.
To this end, the DAB is employed to implement the power balance
system, with the control diagram shown in Figure 4.

FIGURE 5
Simulated voltage waveforms in the absence of the PBS when Load 1 and Load 2 have the same impedance of 10.0 Ω.

FIGURE 6
Simulated voltage waveforms in the absence of the PBS when Load 1 is 20.0 Ω while Load 2 is 10.0 Ω.
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Unlike the control strategy of the main circuit that aims to
transfer the power from the input to the output, the power balance
system needs to achieve voltage balancing of the two ports. As such,
the phase shift angle is determined by the voltage difference between
the two ports, using a proportional-integral-derivative (PID)
controller. Following this, the drive signal of the DAB secondary
side can be generated.

4 System power design

In this Section, the system power design is discussed for the
sample system in Figure 2, with two scenarios being used to reveal
the impact of the proposed PBS. In Scenario 1, the loads operate
within their respective set intervals, and it will be shown that the
topology with PBS does not offer any advantage in terms of power
design compared to the topology without PBS. However, in Scenario
2, where the operating power of one load may exceed the rated
power, the topology with PBS has significant advantages in power

design. For both cases, the total operating power of Load 1 and Load
2 will not exceed the rated power of the system.

4.1 Scenario 1: 0 ≤ Pout+ ≤ P, 0 ≤ Pout- ≤ P

The topology in Figure 2 contains two DC transformers, each of
which is constructed from ISOP structures, but neither of them is
loaded with power more than P, namely, neither Pout+ nor Pout- will
exceed the power rating of their respective lines. Therefore, both
Load 1 and Load 2 only operate within their respective set intervals,
and the two lines will not be standby for each other, nor will they be
overloaded.

At this time, the design power of each ISOP of the DC
transformer in the topology is P, and the design power of the
DC transformer is 2P. Additionally, if the proposed scheme with
the PBS is used, the PBS is required to handle the differential power.
Hence, the total equipment design power of the system, including
the DC transformer and the PBS, is Eq. 2:

FIGURE 7
Simulated voltage waveforms in the presence of the PBS when Load 1 is 20.0 Ω while Load 2 is 10.0 Ω. (A) Overall waveforms. (B) Zoomed-
in waveforms.

FIGURE 8
Simulated voltage waveforms in the presence of the PBS when Load 1 is 10.0 Ω while Load 2 is 20.0 Ω. (A) Overall waveforms. (B) Zoomed-
in waveforms.
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Pall � 2P + ηL1 − ηL2
∣∣∣∣ ∣∣∣∣

2
P (2)

where ηL1 is the PUF value of Load 1, and ηL2 is the PUF value
of Load 2.

It is seen that in the setting of scenario 1, since the two loads are
not overloaded, there will always be an extra PBS handling the
unbalanced power, and the total design power of the system will be
greater than that without the proposed PBS (2P). The proposed
PBS in this scenario has no advantage in terms of system
power design.

4.2 Scenario 2: 0 ≤ Pout+ +Pout- ≤ 2P, 0 ≤ Pout+
≤ 2P, 0 ≤ Pout- ≤ 2P

In this scenario, the upper power limits of both Load 1 and
Load 2 are 2P, indicating a certain load may be overloaded with the
elapse of operating time. In practice, this suggests that a line will
suddenly increase its load, or that two lines will be standby for
each other.

In the first case, when the traditional topology without the
proposed PBS is used, the design power of ISOP modules in each
DC transformer needs to be designed to meet the overload power,
considering the upper power limit of loads. When Pout+ ≥ P and
Pout- ≤ P, the positive DC transformer is overloaded, and its power is
given by Eq. 3

P+ � P + max ηL1′
∣∣∣∣ ∣∣∣∣, ηL2′∣∣∣∣ ∣∣∣∣{ }P (3)

where ηL1′ is the PUF value of Load 1, and ηL2′ is the PUF value of
Load 2, when the power of positive pole exceeds P.

Similarly, when Pout+ ≤ P and Pout- ≥ P, the negative DC
transformer is overloaded, and its corresponding power is Eq. 4

P− � P + max ηL1″
∣∣∣∣ ∣∣∣∣, ηL2″∣∣∣∣ ∣∣∣∣{ }P (4)

where ηL1″ is the PUF value of Load 1, and ηL2″ is the PUF value of
Load 2, when the power of negative pole exceeds P.

The total design power of the device needs to be the sum of the
positive and negative poles, yielding Eq. 5

FIGURE 9
H-bridge submodule circuit board.

TABLE 2 Devices and parameters used in the experiment.

Device Model Parameter

IGBT IKW75N60TA 600.0V/75.0A

Voltage Hall sensor LV25-P 10.0V~500.0V

Current Hall sensor LA25-NP −25.0A~+25.0A

IGBT driver chip ACPL-336J 15.0V~30.0V

IGBT drive power module QA241 24.0V to +15.0V/-8.0V

Programmable DC sources IT6726B 160.0V/40.0A/3000.0W

DC electronic load 1 IT8514C 120.0V/240.0A/1500.0W

DC electronic load 2 IT8512 120.0V/30.0A/300.0W
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Pall � 2P + max ηL1′
∣∣∣∣ ∣∣∣∣, ηL2′∣∣∣∣ ∣∣∣∣{ } + max ηL1″

∣∣∣∣ ∣∣∣∣, ηL2″∣∣∣∣ ∣∣∣∣{ }( )P (5)
In the second case, when the proposed scheme is used, since the

sum of the power of Load 1 and Load 2 does not exceed 2P, the
design power of each ISOP is just half of the total power, namely, P.
The PBS handles the power difference between the positive and
negative poles. Accordingly, when Pout+ ≥ P and Pout- ≤ P, the design
power of the system is Eq. 6

Pall � 2P + ηL1′ − ηL2′
∣∣∣∣ ∣∣∣∣

2
P (6)

When Pout+ ≤ P and Pout- ≥ P, the design power of the system is
Eq. 7

Pall � 2P + ηL1″ − ηL2″
∣∣∣∣ ∣∣∣∣

2
P (7)

FIGURE 10
Experimental voltage waveforms of loads in the presence of the PBS when Load 1 is 75.0 Ω while Load 2 is 150.0 Ω.

FIGURE 11
Experimental current waveforms of loads in the presence of the PBS when Load 1 is 75.0 Ω while Load 2 is 150.0 Ω.
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Since the system needs to meet the demand of the maximum
differential power, we have Eq. 8

Pall � 2P + max
ηL1′ − ηL2′
∣∣∣∣ ∣∣∣∣

2
,
ηL1″ − ηL2″
∣∣∣∣ ∣∣∣∣

2
{ }P (8)

Comparing Eqs 5, 8, it is seen that the PBS system in Scenario
2 has obvious advantages in terms of power design. Besides, with the
increase of load imbalance, this advantage becomes more obvious, as
illustrated by Table 1.

5 Verification

In this Section, simulation results based on MATLAB/Simulink, as
well as experimental results on a physical platform, have been used to
demonstrate the effectiveness of the PBS in balancing the voltage across
two loads and thus improving the power quality of the DC system.

5.1 Simulation verification

Simulations were carried out using MATLAB/Simulink to verify the
performance of thePBS.With reference to the system topology in Figure 1,
the simulation setup involved a unipolar input voltage of 20.0 kV on the
medium-voltage side of the system, while the low-voltage side was bipolar
with an output voltage of ±375.0 V. The simulation results depicted in
Figure 5 showed thatwhenboth loads 1 and2were equal and set to 10.0Ω,
the system functioned correctly without the need for the PBS. However,
when Load 1was increased to 20.0Ωwhile Load 2 remained at 10.0Ω, the
voltage of Load 1 was twice that of Load 2 in the absence of the proposed
PBS, causing the system to become voltage unbalanced, as shown in
Figure 6.

After the proposed PBS was added, the system topology becomes
Figure 2, and the simulation results depicted in Figure 7A show that the
voltages of two ports were initially inconsistent when Load 1 was 20.0Ω
while Load 2 was 10.0Ω. However, after an adjustment period of 0.15 s,
the voltage of both ports approached the same value, whichwas 375.0V.
Figure 7B shows an enlarged portion of the waveforms in Figure 7A,
where the voltage fluctuation after the system was stabilized was within
1.0%, showing the effectiveness of the proposed PBS in this situation.

Similarly, the simulation results shown in Figure 8,
corresponding to the case the case where Load 1 is 10.0 Ω and
Load 2 is 20.0 Ω, demonstrate again the effect of the proposed PBS
on system voltage balancing. Moreover, the PBS could achieve
bidirectional flow of power, since in this case power flowed to
the upper port through the PBS. The voltage of the two ports
approached the same value after a period of adjustment.

5.2 Experimental verification

To validate the effectiveness of the PBS, experimental tests were
conducted on a physical platform comprising a dSPACE system, DC
transformer hardware circuits, a DC power supply, andDC loads. The
experimental setup involved using a programmable DC source with
protection as the DC power supply and pure resistive DC electronic
loads as the output port loads. The single-stage input side, the bipolar

output side, and the PBS, are composed of H-bridge submodules and
isolation transformers (see circuit board in Figure 9). Each H bridge
independently uses a circuit board including the power modules and
driver modules, and the number of H bridges in the cascaded H
bridges can be flexibly selected. The experimental platform
parameters are shown in Table 2.

Specifically, the H-bridge structure and its front-end half-bridge
protection circuit are composed of upper and lower IGBT half-bridge
units. The H-bridge circuit used discrete IGBT components,
IKW75N60TA of Infineon. The driving circuit was designed to
provide IGBT turn-on voltage and ensure IGBT turn-off voltage. A
plurality of H-bridge modules formed the structure shown in Figure 2.

During the experiment, Load 1 was set to 75.0 Ω and Load
2–150.0Ω. An input voltage of 50.0 V was supplied at time t0. Due to
the different loads, when there is no power balance system, the
voltage of the two ports will be inconsistent, that is, the power
imbalance problem of the DC system defined in this paper.
According to the waveforms of Figures 10, 11, the system
incorporates a power balancing system. The experimental results
depicted in Figures 10, 11 showed that the PBS system was capable of
bipolar balanced output. After a short transient, the output voltages
of the two loads become equal in magnitude (30.0V). At this time,
the positive current was 0.4 A, and the negative current was 0.2 A,
which was consistent with the ratio of the two loads.

In summary, both the simulation and experimental results
demonstrated the effectiveness of the PBS in balancing the
voltage across two loads and improving the power quality of the
DC system. The experimental setup and simulation model could be
used as a reference for future research on power balancing systems.

6 Conclusion

In this paper, a novel DC transformer and power balance
topology is proposed to address the problem of load imbalance
possibly present in a DC distribution network. Our proposed
topology achieves voltage/power balancing through an actively-
controlled PBS, and its feasibility has been verified. Specifically,
in the DC/DC conversion scenario where the input is unipolar and
the output is bipolar, the proposed topology balances the output
voltage of the positive and negative poles and effectively mitigates
the impact of load imbalance on the system operation. The proposed
topology is robust and able to maintain power balance under various
operating conditions. Overall, the findings demonstrate the potential
of the proposed topology to address one of the major challenges
faced by the DC transmission and distribution system. In the second
scenario, the proposed topology can reduce the design difference
power by 50.0%, which means that the greater the difference
between the output of the two poles, the greater the advantage of
the topology.
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