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Bipolar Direct AC/AC Conversion-based
Dual-bus Parallel Supply System and Its Flexible
Regulation Characteristics
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Kaipu Liu, Yuan Wang, Chen Liu, and Zhanhui Du

Abstract—In the context of increasing demand for
flexibility and controllability in distribution networks,
this paper proposes a dual-bus parallel supply (DBPS)
system based on bipolar direct AC/AC conversion. First,
the topology of the DBPS system, which is composed of
both conventional and flexible bus ports, is described.
Then, through analyzing the principles of the DBPS sys-
tem, the voltage flexible regulation range is obtained, and
its superiority over a topological reciprocity system is
achieved. Then, a control strategy for the DBPS system is
proposed based on the theory of power flow regulation of
distribution ring networks and the principles of flexible
bus regulation of the DBPS system. Finally, simulation
analyses on flexible control scenarios in different net-
working modes of the DBPS system verify the correctness
and validity of the proposed theory.

Index Terms—Bipolar direct AC/AC converter, du-
al-bus, flexible bus, flexible control.

I. INTRODUCTION

he global energy crisis and environmental issues

have made the distribution system a critical part of
the power system. However, distribution systems face
significant challenges and pressures, which also present
opportunities to advance the development of modern
distribution systems [1]—[3]. With the continuous de-
velopment of the national economy, power users are
displaying diverse trends, and the demand for power has
gradually shifted from a focus on quantity to quality.
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However, the demands of power quality for different
power users vary widely. Therefore, targeted power
quality management has emerged as a promising ap-
proach to meet the diverse needs of power users. Fur-
thermore, with the continuous maturation of power
electronic technology and equipment, such techniques
are increasingly being used by power users and distri-
bution networks. Moreover, profound changes have
occurred in the operation modes, morphological char-
acteristics, and the evolution the paths of distribution
systems [4]-[6]. From the perspective of the distribu-
tion network’s operational mode, it is gradually shifting
from the traditional “closed-loop design, open-loop
operation” mode to a “closed-loop design, closed-loop
operation” mode. The flexible regulation and inter-
connection technology of distribution networks based
on power electronics technology and equipment will
become indispensable for the differential management
of power quality for users and the flexible regulation of
distribution ring networks [7]-[9].

Recently, scholars have conducted extensive and
in-depth research on power electronics technology and
equipment for flexible distribution network regulation,
yielding significant results [10], [11]. With the contin-
uous reduction in the cost of power electronics, many
innovations are gradually being applied in real-world
applications, such as power electronic transformers
(PET) [12], [13], VSC-BTB-based soft open points
(SOP) [14], [15], the unified power flow controllers
(UPFC) [16]-[19], etc. Moreover, these flexible pri-
mary devices [20] are all connected to the power grid
through power electronic converters, typically using
AC/DC or DC/DC converters. This indicates that re-
search on these types of power conversion technology
have matured.

However, the research and application of the AC/AC
transformation technology, which is one of the four
major power conversion technologies, still has great
development potentials [21], [22]. Because there is no
DC link in the direct AC/AC conversion technology, it
does not need to assemble capacitors and energy storage
devices with high volumes, weights, and costs. More-
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over, the single-stage energy transformation structure
from AC to AC leads to faster response speed and
higher energy conversion efficiency than the other
technologies [23]-[26]. Therefore, in AC distribution
systems, the direct AC/AC transformation technology
has recently received increasing attention. For example,
the use of dynamic voltage restorers based on bipolar
direct AC/AC conversion can better suppress the ad-
verse effects of grid voltage fluctuations on sensitive
loads; hybrid distribution transformers based on direct
AC/AC conversion can reduce the adverse effects of
voltage surges caused by uncertain factors in the dis-
tribution network on sensitive loads; and autotrans-
formers based on bipolar direct AC/AC converters can
better solve the difficult problem of regulating the
voltage of the traditional autotransformer to satisfy the
voltage transformation needs of the distribution net-
work.

However, owing to the different topologies used in
direct AC/AC conversion technology, there are some
challenges in its operation, such as the unipolarity [23],
commutation [24]-[27], and voltage imbalance of the
flying capacitor [25]. For example, a novel direct
AC/AC converter topology is proposed in [23]. How-
ever, due to its unipolar output characteristics, it is dif-
ficult to adapt this topology to bipolar voltage regula-
tion in distribution networks. Therefore, a direct AC/AC
converter topology with a bipolar voltage regulation
function and its control strategy are proposed in [24].
However, the complexity of the control process to ad-
dress the commutation problem during operation greatly
reduces the applicability of the methods. Considering
that the voltage balance of the flying capacitor has a
significant influence on the safe and stable operations as
well as the overall operational efficiency of the direct
AC/AC converter [25], it is necessary to ensure that the
blocking voltage of the device does not exceed its rated
value during the design process. However, with in-
creased number of levels, the difficulties in balancing
the flying capacitor voltages increase significantly. To
effectively address the problems of bipolarity, com-
mutation, and flying capacitor voltage imbalance, ref-
erence [28] proposes an H-bridge direct AC/AC con-
verter topology with bipolarity, no commutation prob-
lem, and common ground characteristics. Additionally,
flexible voltage regulation of distribution networks is
explored [29]. The findings provide a reference for
subsequent research on distribution network flexible
regulation technology based on the direct AC/AC
transform as well as reveal the possibility of realizing
the flexible regulation of the distribution network
voltage and power flow. However, despite the contin-
uous development of distribution networks, the appli-
cation of direct AC/AC converters for flexible regula-
tion of distribution networks has not been properly
investigated [29].

Based on the above development background of dis-
tribution systems, the advantages of the bipolar direct
AC/AC converter (BD-AC) topology and its applica-
bility in flexible regulation of distribution systems, this
paper proposes a dual-bus parallel supply (DBPS) sys-

tem based on a BD-AC. The system contains not only a
conventional bus output port but also a flexible one with
both voltage amplitude and phase control ability. Dif-
ferential management can be implemented for users
with different voltage quality requirements according to
load categories in the same power supply partition. In
addition, in a distribution ring network, the flexible
bus’s ability to regulate voltage amplitude and phase
angle enables flexible regulation of power flow in the
loop network. First, the main topology of the DBPS
system is described. Then, its structural characteristics
are analyzed based on the operation principle of the
DBPS system. The voltage regulation range of its
flexible bus is obtained, and its advantages are com-
pared with other topologies. Then, a flexible bus control
strategy for the DBPS system after networking is pro-
posed, and the effectiveness and rationality of the pro-
posed theory are verified through the analyses of ex-
amples in different simulation scenarios.

II. BD-AC-BASED DBPS SYSTEM

Figure 1 illustrates the proposed topology of the
BD-AC-based DBPS system.
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Fig. 1. System architecture of the BD-AC-based DBPS.

As shown, the main topology of a BD-AC-based
DBPS comprises a three-phase/three-winding power
frequency transformer (TR), and three groups of
BD-AC modules (A-AC/AC, B-AC/AC, and
C-AC/AC). The structure of the TR in Fig. 1 shows that
W, , Wy, and W. are its primary windings, i.e., the
input side of the DBPS system. The voltages of the
three-phase input ports are represented by v, ,v,, and

Ve, while W, , W, , and W, are the secondary-side

al »
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main windings of the TR. The voltages of the conven-

tional bus output ports for the DBPS system are denoted
by v,, v,, and v,, while W,, W,,, and W, are the
secondary-side auxiliary windings of the TR. These
components are drawn repeatedly in Fig. 1 to simplify
the presentation. The corresponding voltages of the

three auxiliary windings are characterized by v,,, v,,,

and v, , which are connected to the BD-AC unit in the
BD-AC module as the inputs of the BD-AC module.
The topological connection relationship shows that the
two BD-AC units corresponding to each phase of the
BD-AC module are connected to the auxiliary windings
of the other two phases of the TR. This indicates that the
output voltage of each phase of the BD-AC module is
supported by the other two phases. Furthermore, the
output port of the BD-AC module is connected in series
with the primary side main winding of the TR, to pro-
vides a flexible bus output port for the DBPS system,
with the port voltages being (v,z, Ve, V) . To improve
the operational reliability of the entire DBPS system,
bypass switches are installed at the input and output
ports of each group of the BD-AC modules. When the
bypass switches are closed, the entire system changes
from the DBPS mode to the conventional dual-bus
output mode.

In summary, the DBPS system has two bus output
ports: a conventional bus output port and a flexible bus
output port. The conventional bus output port voltage is
similar to the traditional bus port voltage supported by
the TR secondary-side main winding, while the output
voltage of the flexible bus port is supported by the TR
secondary-side main winding and the BD-AC module.
Therefore, based on the TR secondary-side main
winding, a new flexible bus output port is formed and its
voltage can be flexibly controlled by the BD-AC module.

III. OPERATIONAL PRINCIPLE AND APPLICATION
SCENARIO ANALYSIS OF THE DBPS SYSTEM

A. Operational Principle

From the topology, each phase of the BD-AC module
in the DBPS system is regarded as a controlled source to
facilitate the analysis of its operational principle, which
can be simplified, as shown in Fig. 2.
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Fig. 2. Simplified diagram of the DBPS system output port.

In Fig. 2, the DBPS system has two output ports: a
conventional bus and a flexible bus, whose output

voltages are (v,,v,,v.) and (v, vz, V) , respectively,
which can be calculated as:

v, : A
Yo :n_ Vs (1)
v, v
Vie | [ va | | Ay,
Ve |Z vy [ 1] AV, 2)
Vg v, Av,

where 7., is the turns ratio of the TR primary winding
to its secondary main winding.

The flexible bus port voltages of the DBPS system
(Ve Vs V) depend on the conventional bus voltages

(v,,v,,v,) and the flexible regulation voltages of the

BD-AC module (Av,,Av,,Av,) According to the topo-

logical connection relation in Fig. 1 and (1), the flexible
output voltages of the three-phase BD-AC module can
be calculated as:

Av o D, D, |v
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where (D,,,D,,), (Dy,Dg,) , and (Dg,,D.,) are the

duty cycles of the BD-AC units installed in phases A, B,
and C, respectively.

Similar to (1), there is:

va2 1 vA
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T2
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where n, is the turns ratio of the TR primary-side
winding to its secondary-side auxiliary winding.

In summary, the port voltages of the conventional and
flexible buses of a DBPS system can be calculated and
analyzed using (1) and (5), respectively.
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Moreover, equation (5) shows that each phase voltage
of the flexible bus in the DBPS system is supported by
the TR secondary side main winding and flexibly con-
trolled by the BD-AC module. The flexible regulation
voltage depends on the other two-phase voltages, i.e.,
the three-phase bus flexible control voltages in the
DBPS system are supported by three others. Consider-
ing that the duty cycle D(#) of the BD-AC unit is in the
range [-1, 1], the regulation principle (taking phase A as
an example) and regulation range of the flexible bus
port voltage of the DBPS system can be obtained, as
shown in Fig. 3.
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Adjust-scope Av,

Fig. 3. Voltage regulation range of the DBPS flexible bus. (a)
Schematic representation. (b) Control scope.

Figure 3(a) shows a schematic of the voltage phasor
synthesis of the A-phase BD-AC module. As shown in
the diagram, the regulating voltages provided by the
B-phase and C-phase BD-AC units are D,,v,, and

D, v, , respectively, due to the 120° voltage difference
between the B-phase- and C-phases. Furthermore, the
flexible regulation voltage Av, provided by the BD-AC
module in phase A is in the four regions from [ to IV in
Fig. 3(a). The duty cycle (D,,,D,,) values corre-
sponding to the four regional boundaries are (-1, —1),
(1, -1), (1, 1), and (-1, 1) respectively. Thus, the volt-
age regulation range of the three-phase DBPS system
can be obtained, as shown in Fig. 3(b). From the above
AC/AC unit voltage synthesis process and triangle
comer theory, the AC/AC module has the voltage rela-
tionship as:
Av Dy, _ Dy

a —

= = (6)
Sin(nj sin(n—@j sin(n+6’aj
3 3 3

where 0, is the deviation angle between the output
voltage of the A-phase AC/AC module and the corre-
sponding voltage.

Therefore, the voltage relationship in the three-phase
system is given as:
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where 6, and 6, are the deviation angles between the
output voltages of phase B and C AC/AC modules and
its own voltage, respectively.

Furthermore, when the value of the TR ratio is dif-
ferent, the voltage regulation range of the flexible bus in
the DBPS system also changes. When n,, /n,, is larger,
the voltage regulation range of the DBPS system is
smaller, and vice versa. The above analysis shows that
the flexible bus output port of the DBPS system realizes
flexible regulation of not only the voltage amplitude but
also the voltage phase angle.

B. Comparative Analysis of Topological Reciprocity

The above analysis shows that the flexible bus volt-
age of the DBPS system is mainly supported by the
main winding of the TR secondary side. That is, the
neutral grounding system is constructed by the main
winding of the TR secondary side. When the BD-AC
module in the DBPS system and the TR secondary-side
main winding position are reciprocal, a simplified dia-
gram of the output port can be obtained, as shown in Fig. 4.
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Fig. 4. Simplified diagram of the output port after topological
reciprocity.
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Figure 4 shows that in this topology, the voltages of
the two groups of bus output ports of the DBPS system
are (Av,,Av,,Av,) and (v, V,p,V,:) , respectively. This
means that the relationship between (2) and (3) holds
once the topology becomes reciprocal. The voltages of
the two groups of bus output ports are flexible and ad-
justable after topological reciprocity, and the voltages of
bus output port 2, that is (v,z,V,,V,) , are the same as

those before topological reciprocity. However, the
voltage of bus output port 1 is equal to the output volt-
age of the BD-AC module. As shown in (3) and (4), the
flexible bus voltages depend on nt2 and the duty ratio of
the BD-AC unit. However, to ensure the voltage level
and voltage quality of bus output port 2, the voltage
level and voltage quality of bus output port 1 cannot be
effectively guaranteed. After topological reciprocity,
the system’s dual-bus parallel supply flexibility is lost,
limiting it to the construction of a single flexible bus. In
summary, a DBPS system before topological reciproc-
ity offers unique advantages and broader application
prospects.

C. Application Scenario Analysis

An analysis of the operation principle of the DBPS
system shows that the system contains two types of
output ports: a conventional bus and flexible bus. The
characteristics of the conventional bus output port are
similar to those of the traditional substation bus system,
while the flexible bus output port has the characteristics
of flexible regulation of the voltage amplitude and
phase angle. To facilitate the description and analysis of
the application, this paper takes the traditional double
bus connection (DBC) of a substation as an example to
analyze the application scenario of the DBPS system, as
shown in Fig. 5.

L, . s
|___— Powersupply}
'_ partition /,‘

Fig. 5. Application scenario diagram of the DBPS system in its
single-bus section connection mode. (a) Radial application sce-
nario. (b) Ring network application scenario.

Figure 5 shows two application scenarios of the
DBPS system under the DBC: a radial network appli-
cation in Fig. 5(a) and a distribution ring network ap-
plication in Fig. 5(b). In Fig. 5(a), the DBPS system
adds a flexible bus W to improve the voltage quality by
maintaining the DBC (W, and W, are two buses con-

nected by double buses) so that the substation can sup-
ply power to sensitive loads. This indicates that the
DBPS system not only effectively integrates with tra-
ditional wiring forms but also provides differentiated
management for users with different voltage quality
requirements. The application scenario of the distribu-
tion ring network in Fig. 5(b) shows that loads 1 and 2

are supplied by L, and L, , respectively, whereas load 3

is simultaneously supplied by L, and L, . Thus, the

DBPS system can construct a distribution ring network
with a power supply partition. In this distribution ring
network, by adjusting the voltage of the output flexible
bus W, in the DBPS system, the power flow of the ring
network can be flexibly regulated and optimized. This
demonstrates the DBPS system’s potential to regulate
the power flow in the distribution ring network.

D. DBPS System Control Strategy

Because there is no substantial difference between the
conventional bus output port of the DBPS system and
that of a traditional bus, this study mainly considers the
regulation of the flexible bus output port of the DBPS
system in its parallel supply ring network connection
mode. The power flow distribution under the regulation
of the ring network power flow can be calculated and

analyzed as:
n n+l
S Z A
Z( l z /J + VN(v51+AV _Vsz)

S = i=1 /':*Hl i 9)
S Z Z
sz
_;( ; ‘/j YN (V51+Av _Vsz)
Ssz_ 7 - 7 (10)
b b

where S;,, S;,,and S, are the power of the two power
supply points and load node i of the distribution ring
network, respectively; Z,,, Z,,,-:+, Z,,,and Z, ,, are
the impedance values of the different power lines in the

loop; vg,, Vs, , and vy are the voltages of the two power

n+l1

supply points in the distribution ring network and the
rated voltage of the network, respectively; and Av is
the compensation regulation voltage provided by the
installed voltage regulation equipment.

According to (9) and (10), the power of the load
nodes in the distribution ring network depends on the
power users, and the power line parameters of the grid
structure can be regarded as constant values. Therefore,
the flexible regulation of network power flow can be
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realized by adjusting the voltage in the distribution ring
network. Hence, when the DBPS system is connected
and supplied to the ring network, it can realize flexible
regulation of the voltage amplitude and phase angle of
the flexible bus port, and has the potential to flexibly
regulate the distribution ring network. Here, the target

values of S5, and S, are set as S, and S, , from

ref °
which the expected value of the power flow regulation
of the DBPS system can be calculated. Then, the target
value of the DBPS system regulation voltage Av, can
be obtained from (9) or (10). Subsequently, the control
strategy of the DBPS system can be obtained based on

the voltage synthesis regulation principle of the DBPS
system, as shown in Fig. 6.

Setting of network flow control

ESy.stem network parameter fr:tc.hm@ target value S, and S,

- - Sierand Sy y
Measurement calculation of system = — A gror
network power flow S, and S,
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network flow control AS,

(Calculation of compensation’
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DBPS system

o o “Av ? | = control voltage system Av of
52 . L DBPS ‘
5 z g ','g (Calculating duty cycle of DBPS
= 'g E 2 converter (D, D, ),(Dy;. Dy, ).
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Scene chang® L S, signal | > Switch selection )
detection ) v _
( Actuating signal |
. : )

‘-\detection system

Fig. 6. DBPS system control strategy.

Thus, the flexible bus of the DBPS system can regu-
late the voltage amplitude and phase angle, and when
connected in a distribution ring network, it can realize
flexible power flow regulation of the distribution ring
network. Moreover, networking in a radial distribution
network can improve the voltage quality of the distri-
bution network. Figure 6 shows the specific control
strategy in blue, and demonstrates that, the DBPS sys-
tem can realize differentiated flexible regulation and
control of the distribution network according to differ-
ent networking forms and specific regulation require-
ments.

IV. EXAMPLE ANALYSIS

A. Overview of Examples

To verify the correctness and effectiveness of the
theoretical analysis described above, a DBPS system
model was built on a PSIM simulation platform. Con-

sidering the advantages of the proposed direct AC/AC
converter [28], such as its bipolarity, common ground,
lack of a commutation problem, lack of bidirectional
switching, and high operating efficiency, it is selected
as the BD-AC unit of the DBPS system. Figure 7 illus-
trates the topology and modulation principles.

Fig. 7. Topology and modulation principles of the BD-AC unit.
(a) BD-AC topology. (b) BD-AC modulation.

Figure 7(a) depicts the BD-AC unit topology and its
H-bridge structure composed of two direct AC/AC
chopper arms (P-Leg and N-Leg). Each arm contains
four IGBTs (P-Leg: S,, S,., S,, and S, ; N-Leg: S

2¢
S S, ,and S

lep? P2p» 2cp
C,) to absorb the energy in the line stray inductance.
Figure 7(b) shows the modulation principle of the
BD-AC unit, where u_ represents the PWM triangular
carrier. According to the modulation principle of the
BD-AC unit, regardless of the polarity of the voltage
v, (¢) input to the BD-AC unit during its operation, two
P-Legs and N-Legs are normally open every half-cycle.
This means that the BD-AC unit has a maximum of four

high-frequency IGBT switching, effectively reducing
the switching losses. The relationship between the input

voltage and output voltage v, (¢) of the BD-AC unit is
given by:

lc > Ip

) and a capacitor (P-Leg: C, ; N-Leg:

(11)
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where D(t) is the duty cycle of the BD-AC unit and has

a value range of [-1, 1]. Moreover, equation (11) shows
that the bipolar regulation of the voltage amplitude can
be realized by adjusting the duty cycle of the BD-AC
units.

In the simulation process, the selected rated input
voltage of the TR primary side is 35 kV, and the rated
output voltage of the TR secondary side main winding is
10 kV, indicating a turns ratio of the TR primary side
winding to the secondary side main winding of
ny, =3.5. In this simulation verification process, con-
sidering both the voltage quality standard of the me-
dium-voltage distribution network in Chinese cities of
7% and the pressure-bearing capacities of the existing
IGBTs in the market, a value of the turns ratio n,, =20
is selected. This results in the controllable voltage of the
secondary auxiliary winding of 1.75 kV, while the
switching frequency of the IGBTs is 15 kHz. The in-
ductance and capacitance of the output filter are
L, =05mH and C, =10 pF , respectively, and the

capacitances are C,=C, =10 pF in the BD-AC unit.
To verify the flexible regulation effect of the DBPS
system in different operation scenarios, voltage flexible
regulation in parallel supply and radiation connection
modes as well as power flow regulation in parallel
supply and ring network connection modes are simu-
lated.

B. Verification of the Voltage Regulation in the Parallel
Supply and Radiation Connection Modes

In the scenario of voltage regulation in the parallel
supply and radiation connection mode, the system is set

as a symmetrical load Z,,,, =(20+j5) Q. Simulta-

neously, simulations of the DBPS system in different
states are carried out to analyze the operation of the
DBPS system during constant voltage, voltage drop,
and sudden voltage rise. The simulation results are
shown in Figs. 8 and 9 for scenarios 1 and 2, respec-
tively.
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Fig. 8. Scenario 1: voltage regulation (sag-swell 7%).

Figure 8 shows the waveforms of the simulation re-
sults for the input port voltages (v,,vy,V.), flexible bus

port voltages (V,z, Vs V), and conventional bus port

voltages (v,,v,,v,) of the DBPS system. As seen, dur-

ing the period from [0, 0.04] s, the network-side voltage
of the DBPS system is constant, and the voltages of its
conventional and flexible bus ports are both in a stable
state. During the periods from [0.04, 0.08] s and [0.08,
0.12] s, the grid-side voltage of the DBPS system drops
and suddenly rises, with a depth of 7%. During these
periods, the flexible bus port voltage of the DBPS sys-
tem remains in a constant state, whereas the conven-
tional bus port voltage is dropped and then suddenly
increased following the drop and sudden rise in the
grid-side voltage. In summary, when the voltage on the
network side fluctuates within 7%, although the parallel
bus of the DBPS system can meet the network voltage
quality requirements, the voltage quality of the con-
ventional bus is noticeably reduced. Moreover, the
voltage quality of the load connected to the flexible bus
is guaranteed. This demonstrates that the DBPS system
can meet the voltage quality requirements of the sensi-
tive load and has good flexible voltage regulation ability.
To verify the voltage regulation ability of the flexible
bus when the voltage on the grid side drops or rises by
more than 7%, a 15% grid-side voltage drop-rise sce-
nario simulated and the results are shown in Fig. 9.
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Fig. 9. Scenario 2: voltage regulation (sag-swell 15%).

As shown in Fig. 9, during the period from [0, 0.04] s,
the grid-side voltage of DBPS system is constant, and
the supplied dual-bus voltage is also constant. During
the periods from [0.04, 0.08] s and [0.08, 0.12] s, the
voltage on the network side of the DBPS system drops
by 15% and rises sharply by 15% respectively. In this
scenario, the flexible bus port of the DBPS system op-
erate normally and its the voltage remains constant. In
contrast, the voltage at the conventional bus port drops
and rises sharply in proportion to the voltage on the
network side. This demonstrates that the DBPS system
retains the ability to maintain the load voltage quality
during large and abrupt drop or rise of the grid side
voltage .

C. Verification of Power Flow Regulation in the Par-
allel Supply and Ring Connection Mode

The power flow regulation scenario of the DBPS
system is analyzed using the connection mode of the
parallel supply ring network shown in Fig. 10.
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Fig. 10. Schematic of the parallel supply ring network connec-
tion mode.

In the parallel supply ring network connection mode,
Figs. 11 and 12 show the simulation results under the
same and different increasing and decreasing trends of
the tie lines P and Q, respectively.

Figure 11 shows the waveforms of the power on the
tie line Ly .. (P, O), output voltage of the conven-

tional bus W, (v,,v,,v,), output voltage of the flexible
bus W,(v,Vy,v) , output voltage of the bus
W, (Vy1as VwinsVwic) » Voltage difference between the
buses W, and W,(Av,,,,Av,,,Av.,,) , and voltage

difference ~ between  the  buses W, and
W, (Av, 5, Avy5,Av,,) , Tespectively.
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Fig. 11. Scenario 1: power flow regulation.

During the period from [0, 0.05] s, the DBPS system
is in the state of “no regulation”, and the power flow on
the tie line L is the natural distribution state of the
load. Moreover, the active and reactive power at this

Tie-line

time are regarded as the rated state of regulation, and the
direction is from the power supply partition A to the
power supply partition B. That is, P=1.0 p.u. and Q =
1.0 p.u. During the period from [0.05, 0.10] s, the power
supply partition B becomes overloaded, due to the cen-
tralized charging of a large number of electric vehicles.
At this time, the power supply partition A coincides
with the increase of the output of the distributed power
supply. To satisfy the power demand of power supply
partition B and consume the distributed power supply, a
load transfer is realized through the regulation of the
DBPS system at this time, i.e., from [0.05, 0.10] s, the
power transmission of the tie line is P= 1.5 p.u. and Q =
1.3 pu. It is assumed that during the period from
[0.10-0.15] s, the load of power supply partition B is
reduced and thus, there is no need for power supply
partition A to support excessive power. At this time,
through the regulation of the DBPS system, the power
transmission of the tie line is reduced to P = 0.8 p.u.
and Q = 0.7 p.u. Furthermore, during the period from
[0.15, 0.20] s, the load demand of the power supply
partition B is further reduced, and the transmission
power of the tie line continues being lowered to P =
0.3 p.u. and Q = 0.2 p.u. Assuming the load in power
supply partition A suddenly rises during [0.20, 0.25] s, the
power supply in partition A becomes constrained, while
the distributed power output in partition B significantly
increases. Then, the power transmission mode of the tie
line is changed by the regulation of the DBPS system,
and the power transmission from the power supply
partition B to partition A is P = —-0.2 p.u. and Q =
—0.4 p.u. During the period from [0.25, 0.30] s, the
scenes of the power supply partitions A and B return to
their original states as in [0, 0.05] s. At this time, the
power transmission of the tie lines changes again and
returns to its original state of P = 1.0 p.u. and O = 1.0 p.u.
The simulation results show that (Av,;,,Avy,,Av,)
remain constant during the above changes, whereas
(Av,3,Avg,5,Av. ;) change according to the power

regulation requirements of the tie lines. Thus, the power
flow regulation of the distribution ring network is real-
ized based on the voltage regulation of the flexible
bus W, .

Figure 12 shows that during the period from [0, 0.05] s,

power on the tie line L flows from power supply

Tie-line
partition A to partition B, with P=1.0 p.u.and 0= 1.0 p.u.
During the periods from [0.05, 0.10] s, [0.10, 0.15] s,
[0.15,0.20] s, [0.20, 0.25] s and [0.25, 0.30] s, the
changes of the active and reactive power (AP,AQ) are
(-05,02) pu., (05, -1.2) pu,, (0.5, 0.5) pu,, (1.0, 0.5)
p.u., respectively. Moreover, the active and reactive
power (P, Q) of the tie line are (0.5, 1.2) pu,, (0, 0) p.u,,
(-05,0.5) p.u., (-1.0, 0) p.u., and (0, 0.5) p.u., respec-
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tively. During the periods from [0.05, 0.10] s and [0.15,
0.20] s, the variation of active power in the tie line
presents an opposite trend. In this process, the regula-
tion effect of the distribution ring network is excellent.
Furthermore, during the period of [0.10, 0.15] s, the
active power and reactive power of the tie line are reg-
ulated to zero, indicating no power exchange between
power supply partitions A and B. Simultaneously, Fig. 12

shows that the voltage of the flexible bus W, is equal to

that of the conventional bus W,. Through the above

analysis, the flexible regulation of power flow in the
distribution ring network can be realized using the
DBPS system.
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|
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Fig. 12. Scenario 2: power flow regulation.

In summary, compared with traditional flexible dis-
tribution equipment (such as SOP based on MMC), the
DBPS system based on direct AC/AC conversion not
only has the basic functions of SOP but also realizes
flexible regulation of power flow in the distribution ring
network. Simultaneously, its dual-bus (conventional
bus and flexible bus) parallel supply ability can be ef-
fectively integrated with the traditional substation bus
connection mode to realize differentiated management
of different power loads. The direct AC/AC conversion
technology has single-stage power conversion charac-
teristics that result in a DBPS system with a high oper-
ating efficiency. Finally, considering the topological
connection between the power electronic module and
TR in the DBPS system, the DBPS system can be
changed from the conventional and flexible bus parallel
supply mode to the conventional double-bus parallel
supply mode in the case of power electronic module
failure or maintenance, leading to high power supply
reliability.

V. CONCLUSION

This study proposes a dual-bus parallel supply system
based on bipolar direct AC/AC conversion to address
the increasing demand for flexibility and controllability
in distribution networks. By analyzing the topological
structure and operation principles of the proposed
DBPS system, this study highlights its advantages. The
system has both conventional and flexible bus output
ports, constituting a hybrid parallel bus system that can
realize the functions of load voltage regulation in par-
allel supply and radiation connection modes as well as
power flow regulation in parallel supply and ring con-
nection modes. In this study, the flexible bus voltage
control range of the DBPS system is analyzed, and its
advantages over the topological reciprocity system are
described. To satisfy the requirements of flexible regu-
lation in different scenarios, a flexible regulation strat-
egy suitable for the DBPS is presented. Finally, the
correctness and rationality of the proposed theory are
verified by case studies of voltage regulation scenarios
in the parallel supply radiation connection mode and
power flow regulation scenario in the parallel supply
ring network connection mode.

In future research, the reliability of the DBPS will be
analyzed in terms of AC/AC device losses, failure rate,
redundant structuring, fault-tolerant control strategy,
and distribution network protection, etc. Additionally, it
is also necessary to consider how to protect the trans-
formers and distribution networks when distribution
line faults occur while ensuring coordinated regulation
between the DBPS system and relay protection devices.
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