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Abstract

Bipolar DC distribution systems rely on various power sources like photovoltaics and distributed energy storage, each with its
unique voltage characteristics. To accommodate these fluctuations, interface converters must adjust over a wide voltage range.
The bipolar non-isolated DC-DC converter emerges as a promising solution due to its versatile modulation capabilities,
reduced switch voltage stress, and cost-effectiveness. This article explores how wide voltage range regulation is achieved in
bipolar DC-DC converters interfacing with bipolar DC power grids. It delves into the operational strategies and modulation
techniques employed, ensuring stable output despite varying input voltages. Design considerations and challenges associated
with implementing such converters are also discussed. An experimental platform was constructed to validate the proposed
methodology. Through rigorous testing and analysis, the effectiveness of the topology's operation mode was confirmed.
Real-world data from the experimental setup provided insights into the converter's performance under different operating
conditions, supporting its applicability for bipolar DC distribution systems. In summary, this article provides a comprehensive
examination of wide voltage range regulation in bipolar DC-DC converters, highlighting their potential to enhance efficiency
and reliability in bipolar DC power grids. Through theoretical discussions and practical validation, it contributes to the
advancement and adoption of these converters in modern energy systems.
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1. Introduction

In recent years, with the increasing adoption of new ener-  in fluctuations of power electronic loads on the user side
gy sources and advancements in power electronics technol-  have intensified the power quality challenges faced by tradi-
ogy, low-voltage Direct Current (DC) distribution systems, tional Alternating Current (AC) distribution systems, partic-
particularly those dominated by DC microgrids, have gar- ularly in current control, load distribution, and voltage regu-
nered widespread attention. Concurrently, the extensive ap- lation. Owing to their inherent design characteristics, con-
plication of distributed renewable energy sources and the rise ~ ventional AC distribution systems are less efficient in ad-
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dressing power quality issues and exhibit significant limita-
tions when confronted with the growing number of distrib-
uted power sources and complex loads [1-4].

Given the increasing complexity of modern power systems,
researchers and engineers are exploring more efficient and
stable methods for power transmission and distribution. Un-
like traditional systems, DC distribution systems are being
widely adopted due to their efficient operation and superior
power quality characteristics. These systems not only en-
hance power quality management and regulation but also
improve overall system efficiency by simplifying control
strategies [5-8]. However, the widespread adoption of DC
distribution systems imposes higher performance require-
ments on DC converter devices, which must maintain high
efficiency and stability across a broad range of operating
conditions.

DC-DC converters play a crucial role in DC power grids.
These converters must not only exhibit high efficiency and
low cost but also possess a wide range of voltage regulation
capabilities to accommodate various application scenarios
and operating conditions [9, 10]. For instance, conventional
two-level boost converters, known for their simple structure
and low cost, are extensively used in various low-voltage DC
systems, meeting many basic application requirements.

For bipolar DC distribution systems, bipolar non-isolated
DC-DC converters offer significant advantages. These con-
verters can be directly connected to the bipolar DC bus
without requiring a high-frequency isolation transformer,

thereby simplifying system design and enhancing efficiency
[11-14]. This configuration not only reduces system com-
plexity and cost but also minimizes electromagnetic inter-
ference issues associated with high-frequency transformers,
thereby improving overall system reliability.

Bipolar DC-DC converters excel in high-voltage and
high-power applications compared to conventional two-level
DC-DC converters. Their primary advantages include re-
duced device voltage stress, increased system power rating,
and decreased output filter size [15-20]. These benefits make
bipolar DC-DC converters highly competitive in high-power
and high-voltage contexts. Specifically, reducing device
voltage stress extends the lifespan of the device and enhanc-
es system reliability; increasing the system power rating ad-
dresses the demands of high-power devices; and minimizing
the output filter size not only reduces the system'’s size and
weight but also lowers costs and improves the system's dy-
namic response. Figure 1 illustrates the interconnection con-
figuration of a bipolar DC-DC converter with a bipolar grid,
along with its typical application scenarios. This converter
design streamlines the system architecture while also open-
ing up novel avenues for the integration of DC distribution
systems into contemporary power grids. As technology ad-
vances persist, the bipolar DC-DC converter is poised to
become an indispensable component of future power systems,
catalyzing advancements in power transmission and distribu-
tion technology toward enhanced efficiency and reliability.
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Figure 1. The topology and application scenarios of the DC-DC converter.
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2. Bipolar DC-DC Converter Working
Principle

The core principle underpinning the operation of the bipo-
lar DC-DC converter to attain wide voltage regulation hinges
upon its adaptive mode switching mechanism, designed to
accommodate fluctuations in input voltage levels within
predetermined parameters. This dynamic capability allows
the converter to seamlessly transition between different op-
erational modes, thereby facilitating access to diverse buses
within the bipolar system and consequently enabling wide
voltage regulation. Specifically, when confronted with low
input voltage conditions, the converter seamlessly adjusts its
operation to facilitate a two-level output mode, establishing
connection with the unipolar bus of the bipolar system.
Conversely, in instances where the input voltage exceeds
predetermined thresholds, the converter seamlessly transi-
tions to bipolar output mode, facilitating connection with the
bipolar bus of the system. This strategic mode switching
mechanism ensures optimal performance and efficacy of the
converter across a broad spectrum of operating conditions,
thereby facilitating robust wide voltage regulation capabili-
ties within the bipolar DC distribution system.

2.1. Unipolar Access Mode

In unipolar mode, when the converter is connected to the
positive terminal, switch tubes S; and S, alternate in an
on-off pattern within one switching cycle, while S; remains
on and S, remains off, as depicted in Figure 2.
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(b) Switching Mode 2.

Figure 2. Switching mode of unipolar access mode.

Additionally, during switching mode 1, switching devices
S, and S; are activated while S; and S4 are deactivated. At
this juncture, the input source voltage vin charges inductor
L1. Conversely, in switching mode 2, switching devices S1
and S3 are engaged while S, and S4 are disengaged. Conse-
quently, the positive capacitor C, on the input side is charged
via switching tubes S; and S;. Figure 3. illustrates the modu-
lation mode of the converter during this phase. Given its ap-
plication in bidirectional scenarios, the converter is assumed
to operate in a continuous-on mode.
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Figure 3. Modulation method of unipolar access mod.

According to the volt-second equilibrium principle, (1)
can be obtained:

Jo Vi @t + [ [y (0 = v, @]t = 0 &)

Where T, refers to a switching period, t; refers to the
on-time of a switching tube S, for a period, f,, refers to the
switching frequency, and v, refers to the P pole bus voltage.

The switching duty cycle d in this paper is assumed to be:

L
=1 @

The voltage gain of the converter in continuous conduc-
tion mode is given by:

1 3
v. 1-d @)

The inductor current ripple at this time can be expressed
as:
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A (d) =—2

(-dyd @)

sw

Similarly, when the converter is connected to the negative
pole in unipolar mode, switch tubes S; and S, alternate dur-
ing a switching cycle, with switch tube S; being normally
closed and switch tube S, normally open. The switching pat-
tern when the converter is connected to the negative pole is
illustrated in Figure 4. During switching mode 1, switching
devices S, and S; are activated while S; and S, are deactivat-
ed, causing the input source voltage v;, to charge inductor L;.
In switching mode 2, switching devices S, and S; conduct,
while S; and S; are turned off, resulting in the input side
charging the negative capacitor C, through switching tubes
S, and S,. The modulation of the converter in this mode is
depicted in Figure 5. Similarly, the voltage gain of the con-
verter in continuous conduction mode can be obtained as M
is still 1/(1-d), with the analysis process identical to that
when accessing the positive terminal.
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(b) Switching Mode 2

Figure 4. Switching mode of unipolar access mode.
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Figure 5. Modulation method of unipolar access mode.

2.2. Bipolar Access Mode

The bipolar DC-DC converter operates in bipolar access
mode when the input voltage is high. The switching on/off
modes during bipolar mode are illustrated in Figure 6. In
Switching Mode 1 (M,), switching devices S; and S, are ac-
tivated while S, and S; are deactivated. At this stage, the in-
put voltage vi, charges the output-side capacitors C, and C,
through inductor L, and switching tubes S; and S, In
Switching Mode 2 (M), switching devices S; and S are
conducting, whereas S, and S, are turned off, leading to vj,
charging the output side positive capacitor C, through in-
ductor L; and switching tubes S; and Sz. Switching Mode 3
(M3) sees switching devices S, and S, activated while S; and
S, are deactivated, resulting in v;, being charged to the output
side negative capacitor C, through inductor L; and switching
tubes S, and S,. Finally, in Switching Mode 4 (M), switch-
ing devices S, and S; conduct, while S; and S, are turned off,
causing vj, to charge inductor L, alone.
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/54

(a) Switching Mode 1.
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Figure 6. Switching mode of bipolar access mode.

The steady-state characteristics of the bipolar DC-DC
converter are analyzed based on the above four switching
modes. The converter in continuous conduction mode can be

25

divided into two cases, d<0.5 and d>0.5, according to the
magnitude of the duty cycle. Taking the phase of the carriers
of switches S; and S, as a reference, the carriers of S; and S,
are phase-shifted by 180<(half a cycle), and the correspond-
ing modulated waveforms are shown in Figure 7.

(b) With duty cycle d>0.5

Figure 7. Modulation in bipolar access mode.

When d<0.5, the converter cycles between three switching
modes within one cycle, following the sequence
M;-M,-M;-Ms. Conversely, when d>0.5, the sequence shifts
to M,-M,-M3-M, within one cycle. The voltage gain of the
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bipolar access mode can be derived as 1/(1-d) based on the
volt-second balance of the inductance within one cycle.

In order to rationally design the value of inductor L, the
current ripple during converter operation is analyzed. Let the
output side capacitor voltages are all vy, the inductor current
ripple can be expressed as a function of the duty cycle, ex-
pressed as follows.

Vbus

b (1 24)d,

sw

b (94 —1)(1-d),

d<0.5

Ai (d) = ®)

Vbus

2L, 1,

d>05

According to the above equation, the maximum value of
current ripple of the converter can be expressed as:

V,
=Ai (d)lg_o25= s

Ai
Lmax — 402 16L1fsw

(6)

When the duty cycle d equals 0.25 or 0.75, the inductor
current ripple reaches its maximum. Let Aij... represent the

maximum allowable ripple for the inductor design. In this case,

the inductor value should satisfy the following equation:

Vv

max

16Ai,,, f

max " sw

L2 )

Where: Vpay is the maximum fluctuation value of DC bus
voltage.
At identical switching frequencies, achieving the same

fl_reﬂ
4 transmission power N Qi} PI _'—/_ — W

Py

h curentloop  limiting
i

current ripple necessitates an inductance for the bipolar
DC-DC converter that is 25% of that required for two-level
operation. In other words, the inductance for the bipolar
converter is one-fourth the size of a conventional two-level
DC-DC converter's inductance.

3. Control Strategy

This study outlines the control strategy of the bipolar DC-DC
converter for wide voltage regulation, as illustrated in Figure 8,
with specific reference to the energy storage battery on the input
side. The output voltage of the energy storage battery exhibits a
wide range of variation [21-25] and is connected to a bipolar
DC system through a bipolar DC-DC converter. The energy
storage system generates a constant current output reference
based on the state of charge of its internal battery.

Initially, the input side voltage v;, of the converter, corre-
sponding to the voltage across the energy storage, is detected.
Subsequently, the converter operates in bipolar mode when the
input side voltage v;, is high, and in unipolar mode when it is
low. The primary control objective of the converter is to main-
tain constant current output in both operating modes, despite
fluctuations in the wide voltage of the energy storage battery.

The specific control methodology involves comparing the
inductor current with the current reference value, followed
by employing current loop proportional-integral (PI) control.
Subsequently, the duty cycle d is generated through limita-
tion, and ultimately, pulse width modulation (PWM) modu-
lation is utilized to produce control signals for switching tube
activation and deactivation.
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Figure 8. Control strategy of the converter.
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4. Simulation Validation

In order to ascertain the effectiveness of the bipolar
DC-DC converter utilizing the wide voltage variable mode
modulation approach, a rigorous validation process is under-
taken. This involves the establishment of a sophisticated
simulation model representing the bipolar DC distribution
system, meticulously crafted within the Matlab/PLECS
co-simulation environment. Through this comprehensive

framework, we meticulously assess the performance of the
converter through a series of circuit simulations. The intri-
cate topology of the bipolar DC-DC converter, pivotal to this
investigation, is visually elucidated in Figure 1, providing a
clear understanding of its configuration and operational prin-
ciples. Furthermore, to facilitate a thorough analysis, Table 1
is provided, detailing the simulation parameters employed
within the circuit simulation model.

Table 1. Wide Voltage DC-DC Converter Simulation Parameter Table.

Circuit Parameter

Switching frequencies fy,
Filter inductor L,

Filter capacitor C,

Filter capacitor C,
Current loop k,

Current loop k;

Bipolar system bus voltage Vi

Input voltage on storage side vj,
Switching Tube S;~ S, Model

Mode switching threshold Vigge

4.1. Verification of Wide Voltage Regulation
Capability (Low Input Voltage)

In order to evaluate the effectiveness of the bipolar
DC-DC converter functioning in unipolar mode, a systematic
investigation is conducted whereby the energy storage sys-
tem is interfaced with the bipolar DC system through the
converter. This evaluation encompasses two distinctive op-
erational scenarios: fluctuations in energy storage output
current and variations in energy storage output voltage. The
simulation results corresponding to the adjustment of energy
storage output current are presented in Figure 9 (a). Initially,
preceding the 0.1s mark, the current loop reference value is
preset at 10A, maintaining the energy storage output voltage
at 100V, with the inductor current precisely adhering to the
specified current loop of 10A. Subsequently, at the 0.1s
timestamp, the current loop reference value is modified to
15A, thereby inducing a seamless transition of the inductor
current from 10A to 15A. Noteworthy is the observation that
throughout this process, switching tube S; pulses are acti-
vated periodically, whereas switching tube S, consistently
remains inactive, thus confirming the converter's adeptness at

Value

50kHz
950uH
120yF
120pF
0.1,0.08
80, 60
+375V

200V~550V
C3M0045065D
320V

operating flawlessly in unipolar mode. Moreover, this ex-
perimental demonstration underscores the capability of the
inductor current to seamlessly adjust to 15A within the uni-
polar mode, thereby corroborating the robust performance of
the current loop mechanism.

The simulation results when the output voltage of the en-
ergy storage varies are shown in Figure 9 (b). Before 0.1 s, the
input voltage of the converter (i. e., the output voltage of the
energy storage) is 20V, and the output current is 10A. When
0.1s, to simulate that the output voltage of the energy storage
varies in a wide range, the input voltage of the converter is
increased from 20V to 180V, and in order to make the energy
storage still output at a constant current, the reference value of
the current loop is unchanged. According to the simulation
results, it can be seen that the inductor current, after an
overshoot in 0.1s, then drops to 10A, which is consistent with
the average value of the energy storage output voltage before
the change. The pulse of switch tube S1 turns on periodically
during the whole process, the duty cycle increases at 0.1s, and
the pulse of switch tube S4 is always off, which can verify that
the converter works normally in the unipolar mode when the
energy storage output voltage varies over a wide range.
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Figure 9. The converter operates in the unipolar state.

4.2. Verification of Wide Voltage Regulation
Capability (High Input Voltage)

In order to verify the effectiveness of the converter in bipolar
mode, the bipolar system is connected at a higher energy
storage output voltage. Two working conditions are set up,
which are energy storage output current change and energy
storage output voltage change. The simulation results when
the energy storage output current is changed are shown in
Figure 10 (a). Before 0.1s, the reference value of the current
loop is 15A, the output voltage of the energy storage is 250V,
and the inductor current follows the current loop as 15A;
when 0.1s, the reference value of the current loop is changed
to 20A, and the inductor current responds to the change of
the current loop from 15A to 20A. The pulses of the switch-
ing tubes S; and S, turn on periodically throughout the whole
process, which can be verified that the converter can work
normally and the current loop responds well in the bipolar

28

mode. It can be verified that the converter can work normally
in bipolar mode and the current loop response is good.

The simulation results when the output voltage of the en-
ergy storage varies are shown in Figure 10 (b). The input
voltage of the converter (i. e., the output voltage of the ener-
gy storage) is 200V and the output current is 25A. When 0.1s,
to simulate that the output voltage of the energy storage var-
ies in a wide range, the input voltage of the converter is in-
creased from 200V to 300V. To make the energy storage still
output at constant current, the reference value of the current
loop is unchanged. According to the simulation results, it can
be seen that the inductor current appears in 0.1s after the
overshoot, and then drops to 25A, which is consistent with
the average value of the energy storage output voltage before
the change. The pulses of switch tubes S; and S, are turned
on periodically throughout the process, and the duty cycle is
changed at 0.1s, which verifies that the converter can still
work normally when the energy storage output voltage varies
over a wide range in the bipolar mode.
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Figure 10. The converter operates in the bipolar state.

5. Experimental Verification

In order to verify the validity and advantages of the oper-
ating mode of the wide voltage DC-DC converter, a wide
voltage regulated converter prototype was constructed based
on the Myway controller experimental platform. The topol-
ogy of the bipolar DC-DC converter is depicted in Figure 1.
The specifications of the components include a filter inductor
of 200uH, positive and negative output-side capacitances of
660uF each, and a switching frequency of 50kHz. Addition-

ally, the current-loop proportionality coefficient is set at
0.012, the current-loop integral coefficient at 0.005, and the
bus voltage of the bipolar system is maintained at 96V
(248V). Furthermore, the converter mode switching thresh-
old is configured to be 40V.

Then, the energy storage is connected to a bipolar DC
system through a bipolar DC-DC converter. The setup condi-
tion is the energy storage output voltage change. The exper-
imental results when the energy storage output voltage is
changed are shown in Figure 11.

|
I 60V

e

Inductive current (24/div) 5.6A4

Switching Tube S4 Pulse (/0V/div)

a)

| Time.200ms/div

| Energy storage output voltage (/0V/div)
| ‘
40V |

Energy storage output voltage(/0V/div)

Inductive current (24/div)

Time:200ms/div

(a) Energy storage output voltage increase (40V to 60V)

(b) Energy storage output voltage reduction (80V to 60V)

Figure 11. Changes in input voltage of bipolar mode energy storage.

In Figure 11 (a), the output voltage of the energy storage

rises from 40V to 60V, the reference value of the current
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loop is always 5.5A, and the current rises to 5.6A. In Figure
11 (b), the output voltage of the energy storage decreases
from 80V to 60V, the reference value of the current loop is
always 5.5A, and the current is still about 5.5A. The output
voltage of the energy storage decreases from 80V to 60V, the
reference value of the current loop is always 5.5A, and the
current remains about 5.5A.

6. Conclusions

This study introduces a novel approach to tackle voltage
variations stemming from the system source, presenting a
scheme aimed at achieving wide voltage regulation for dis-
tributed power supplies. The proposed methodology involves
linking these supplies to a bipolar system via a bipolar
DC-DC converter. Capitalizing on the broad voltage regula-
tion and multi-mode operation capabilities inherent in this
converter, the seamless integration of the distributed power
supply with the bipolar system is realized. Irrespective of the
operational mode—whether unipolar or bipolar—the con-
verter consistently maintains a constant-current output, even
in the face of significant voltage fluctuations at the input.
Furthermore, in instances where the output voltage of the
distributed power supply decreases, the bipolar converter
smoothly transitions to a two-level output mode by adapting
its modulation scheme, thereby ensuring adaptable and ef-
fective operation. Ultimately, the efficacy of wide voltage
regulation is substantiated through experimentation con-
ducted with a small-scale power prototype, validating the
proposed approach's practical viability and robustness in
real-world scenarios.
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DC
AC

Direct Current
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