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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-

T 
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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. 

 
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 

AW , BW , and CW  are its primary windings, i.e., the 

input side of the DBPS system. The voltages of the 

three-phase input ports are represented by Av , Bv , and 

Cv , while a1W , b1W , and c1W are the secondary-side 
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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 av , bv , and cv , while a2W , b2W , and c2W 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 a2v , b2v , 

and c2v , 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 aF bF cF( , , )v v 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. 

 
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 a b c( , , )v v v  and aF bF cF( , , )v v v , respectively, 

which can be calculated as: 
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where T1n  is the turns ratio of the TR primary winding 

to its secondary main winding. 
The flexible bus port voltages of the DBPS system 

aF bF cF( , , )v v v  depend on the conventional bus voltages 

a b c( , , )v v v  and the flexible regulation voltages of the 

BD-AC module a b c( , , )v v v    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: 
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where A1 A2( , )D D , B1 B2( , )D D , and C1 C2( , )D D  are the 

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

Similar to (1), there is: 
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where T2n 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 t 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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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 A1 b2D v  and 

A2 c2D 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 Ⅰ to Ⅳ in 

Fig. 3(a). The duty cycle A1 A2( , )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 
corner theory, the AC/AC module has the voltage rela-
tionship as: 
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where a  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: 

a A1 b2

b B1 c2

c C1 a2

A2 c2

B2 a2

C2 b2

0 0

= 0 0 =

0 0

0 0

  0 0

0 0

v M v

v M v

v M v

M v

M v

M v

     
     
     
          

   
   
   
      

           (7) 

Here: 
 
 
 
 

A1 A2

B1 B2

C1 C2

=

M M

M M

M M

 
 
 
  

                                                      (8) 

 
 
 
 

where b  and c  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 T1 T2n 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. 

 
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 a b c( , , )v v v    and aF bF cF( , , )v v 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 aF bF cF( , , )v 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. 

 

 
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 W2 to improve the voltage quality by 

maintaining the DBC ( IW and IIW  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 1L  and 2L , respectively, whereas load 3 

is simultaneously supplied by 3L  and 4L . 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 2W  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: 
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where S1S , S2S , and iS  are the power of the two power 

supply points and load node i of the distribution ring 

network, respectively; L1Z , L2 , ,Z  LnZ , and L +1nZ  are 

the impedance values of the different power lines in the 

loop; S1v , S2v , and Nv  are the voltages of the two power 

supply points in the distribution ring network and the 

rated voltage of the network, respectively; and v  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 S1S  and S2S  are set as 1refS  and 2refS , from 

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 refv  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. 

 

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: 1S , 1cS , 2S , and 2cS ; N-Leg: 1pS , 

1cpS , 2pS , and 2cpS ) and a capacitor (P-Leg: 1C ; N-Leg: 

2C ) to absorb the energy in the line stray inductance. 

Figure 7(b) shows the modulation principle of the 

BD-AC unit, where cu  represents the PWM triangular 

carrier. According to the modulation principle of the 
BD-AC unit, regardless of the polarity of the voltage 

in ( )tv  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 out ( )v t  of the BD-AC unit is 

given by: 

     out in=v t D t v t                          (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 

T1 3.5n  . 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 T2 20n   

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 

f 0.5 mHL   and f 10 μFC  , respectively, and the 

capacitances are 1 2 10 μFC C   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 LOAD (20 j5)   Z . 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. 

 
Fig. 8.  Scenario 1: voltage regulation (sag-swell 7%). 

Figure 8 shows the waveforms of the simulation re-

sults for the input port voltages A B C( , , )v v v , flexible bus 

port voltages aF bF cF( , , )v v v , and conventional bus port 

voltages a b c( , , )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. 

 
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 Tie-lineL  (P, Q), output voltage of the conven-

tional bus 2 a b cW ( , , )v v v , output voltage of the flexible 

bus 3 aF bF cFW ( , , )v v v , output voltage of the bus 

1 W1a W1b W1cW ( , , )v v v , voltage difference between the 

buses 1W  and 2 A12 B12 C12W ( , , )v v v   , and voltage 

difference between the buses 3W and 

3 A13 B13 C13W ( , , )v v v   , respectively. 

 
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 Tie-lineL  is the natural distribution state of the 

load. Moreover, the active and reactive power at this 

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 p.u. It is assumed that during the period from 

[0.100.15] 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 [0.250.30] 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 Q = 1.0 p.u. 

The simulation results show that A12 B12 C12( , , )v v v    

remain constant during the above changes, whereas 

A13 B13 C13( , , )v v v    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 3W . 

Figure 12 shows that during the period from [00.05] s, 

power on the tie line Tie-lineL flows from power supply 

partition A to partition B, with P = 1.0 p.u. and Q = 1.0 p.u. 

During the periods from [0.05, 0.10] s, [0.10, 0.15] s, 

[0.150.20] s, [0.20, 0.25] s and [0.25, 0.30] s, the 

changes of the active and reactive power ( , )P Q   are 

(0.5, 0.2 ) p.u., (0.5, 1.2) p.u., (0.5, 0.5) p.u., (1.0, 0.5) 

p.u., respectively. Moreover, the active and reactive 

power (P, Q) of the tie line are (0.5, 1.2) p.u., ( 0, 0) p.u., 

(0.5, 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 3W is equal to 

that of the conventional bus 1W . Through the above 

analysis, the flexible regulation of power flow in the 

distribution ring network can be realized using the 

DBPS system. 

 
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. 

ACKNOWLEDGMENT 

Not applicable. 

AUTHORS’ CONTRIBUTIONS 

Yibo Wang: planning, design, and implementation of 

the entire research DBPS. Yu Liu: model building of 

DBPS. Chuang Liu: revision and review. Guowei Cai: 

conceiving and designing the scenario. Xinyi Zhang: 

formula derivation. Kaipu Liu: analyzing the data. Yuan 

Wang: software and simulations. Chen Liu: manuscript 

draft writing. Zhanhui Du: drawing graphics. All au-

thors read and approved the final manuscript. 

FUNDING 

This work is supported in part by the National Natural 

Science Foundation of China (No. 52107182). 

AVAILABILITY OF DATA AND MATERIALS 

Please contact the corresponding author for data 

material request. 



WANG et al.: BIPOLAR DIRECT AC/AC CONVERSION-BASED DUAL-BUS PARALLEL SUPPLY SYSTEM... 123 

DECLARATIONS 

Competing interests: The authors declare that they 
have no known competing financial interests or per-

sonal relationships that could have appeared to influ-
ence the work reported in this article. 

AUTHORS’ INFORMATION 

Yibo Wang was born in Shandong province, China, in 
1989. He received the B.S., M.S., and the Ph.D. degrees 
in electrical engineering from Northeast Electric Power 

University, Jilin, China, in 2010, 2016 and 2020, re-
spectively. Since 2020, he has been a teacher in the 

School of Electrical Engineering, Northeast Electric 
Power University. His current research interests include 
renewable energy intergration into power networks, 

power systems and power quality.  
 

Yu Liu was born in Shandong province, China, in 1999. 
He received the B.S. degree in electrical engineering 
from Northeast Electric Power University, Jilin, China, 
in 2021. He is currently studying for a master's degree in 
electrical engineering at Northeast Electric Power 
University. His current research interests include direct 
ac-ac hybrid distribution transformer and its application 
in flexible regulation of distribution networks. 
 
Chuang Liu received the M.S. degree from Northeast 
Electric Power University, Jilin, China, in 2009, and the 
Ph.D. degree from Harbin Institute of Technology, 
Harbin, China, in 2013, both in electrical engineering. 
From 2010 to 2012, he was with the Future Energy 
Electronics Center, Virginia Polytechnic Institute and 
State University, Blacksburg, VA, USA, as a visiting 
Ph.D. student, supported by the Chinese Scholarship 
Council. In 2013, he became an associate professor in 
the school of Electrical Engineering, Northeast Electric 
Power University, where, since 2016, he has been a 
Professor. His research interests include pow-
er-electronics-based on ac and dc transformers for fu-
ture hybrid ac-dc power grids, flexible operation and 
control of power grid based on AC-AC transformation, 
and power-electronics-based power system stability 
analysis and control. 

 
Guowei Cai was born in Jilin province, China, in 1968. 

He received the B.S. and M.S. degrees from Northeast 
Electric Power University, Jilin, China, in 1990 and 
1993, respectively, and the Ph.D. degree from Harbin 

Institute of Technology, Harbin, China, in 1999, all in 
electrical engineering. Since 2004, he has been a Pro-
fessor in the school of Electrical Engineering, Northeast 

Electric Power University. His current research interests 
include power system transient stability analysis, and 

smart grid with renewable power. 
 
Xinyi Zhang was born in Liaoning province, China, in 

1998. She received the B.S. degree in electrical engi-

neering from Northeast Electric Power University, Jilin, 

China, in 2020, where she is currently pursuing the M.S. 
degree in electrical engineering. Her research interests 

include hybrid distribution transformer and voltage 
flexible regulation. 
 

Kaipu Liu was born in Shandong province, China, in 
2000. He received the B.S. degree in electrical engi-
neering from Shandong Jianzhu University, Jinan, 

China, in 2021. He is currently studying for a master’s 
degree in electrical engineering at Northeast Electric 

Power University. His current research interests include 
hybrid transformer and flexible regulation of distribu-
tion network. 

 
Yuan Wang was born in Henan province, China, in 
1999. He received the B.S. degree in electrical engi-

neering from Henan Polytechnic University, Henan, 
China, in 2021. He is currently studying for a master's 

degree in electrical engineering at Northeast Electric 
Power University. His current research interests include 
hybrid transformer and power quality. 

 
Chen Liu was born in Hebei province, China, in 1999. 
He received the B.S. degree in electrical engineering 

from Shijiazhuang Tiedao University SiFang College, 
Shijiazhuang, China, in 2022. He is currently studying 
for a master's degree in electrical engineering at 

Northeast Electric Power University. His current re-
search interests include hybrid transformer and flexible 

regulation of distribution network 
 
Zhanhui Du was born in 1999 in Henan province, 

China. He obtained a Bachelor’s degree in Electrical 
Engineering from Xuchang College in 2023. He is 
currently pursuing a master’s degree in electrical engi-

neering at Northeast Electric Power University. His 
current research focus is on the flexibility, elasticity, 

and resilience of distribution networks. 

REFERENCES 

[1]    X. Yang, Z. Zhou, and Y. Zhang et al., “Resili-

ence-oriented co-deployment of remote-controlled 
switches and soft open points in distribution networks,” 

IEEE Transactions on Power Systems, vol. 38, no. 2, pp. 
1350-1365, Mar. 2023. 

[2]    J. Li, X. Wang, and C. Xie et al., “A Novel Method for 

Seamless Closed-Loop Load Transfer in Radial Distri-

bution Networks,” IEEE Transactions on Industry Ap-

plications, vol. 59, no. 2, pp. 2254-2265, Mar. 2023. 

[3]    S. Cheng, T. Fu, and F. Li et al., “Flexible supply de-

mand collaborative planning for distribution networks 

with high penetration of renewable energy,” Power 

System Protection and Control, vol. 51, no. 22, pp. 1-12, 

Nov. 2023.(in Chinese). 

[4]    M. Wang, M. Yang, and Z. Fang et al., “A practical 
feeder planning model for urban distribution System,” 



PROTECTION AND CONTROL OF MODERN POWER SYSTEMS, VOL. 10, NO. 3, MAY 2025 124 

IEEE Transactions on Power Systems, vol. 38, no. 2, pp. 

1297-1308, Mar. 2023. 
[5]    Z. Li, W. Wu, and X. Tai et al., “A reliabil-

ity-constrained expansion planning model for mesh 

distribution networks,” IEEE Transactions on Power 
Systems, vol. 36, no. 2, pp. 948-960, Mar. 2021. 

[6]    H. Bai, H. Li, and T. Zang et al., “Collaborative plan-
ning of multiple microgrids and a distribution network 

considering bilateral transactions in a flexible network 

structure,” Power System Protection and Control, vol. 
52, no. 6, pp. 51-64, Mar. 2024. (in Chinese). 

[7]    F. Peng., “Flexible AC transmission systems (FACTS) 

and resilient AC distribution systems (RACDS) in smart 
grid,” Proceedings of the IEEE, vol. 105, no. 11, pp. 

2099-2115, Nov. 2017. 
[8]    P. Li, H. Ji, and C. Wang et al., “Coordinated control 

method of voltage and reactive power for active distri-

bution networks based on soft open point,” IEEE 
Transactions on Sustainable Energy, vol. 8, no. 4, pp. 

1430-1442, Oct. 2017. 

[9]    Y. Zhang, K. Lin, and W. Deng et al., “A flexible volt-
age control strategy based on stage-division for mi-

crogrids,” Protection and Control of Modern Power 
Systems, vol. 9, no. 3, pp. 60-69, May 2024. 

[10]  V. Pamshetti, S. Singh, and A. Thakur et al., “Coopera-

tive operational planning model for distributed energy 
resources with soft open point in active distribution 

network,” IEEE Transactions on Industry Applications, 
vol. 59, no. 2, pp. 2140-2151, Mar. 2023. 

[11]  Q. Li, B. Li, and Q. Jiang et al., “A novel location 

method for interline power flow controllers based on 
entropy theory,” Protection and Control of Modern 

Power Systems, vol. 9, no. 3, pp. 70-81, May 2024. 

[12]  X. She, A. Huang, and R. Burgos, “Review of solid-state 
transformer technologies and their application in power 

distribution systems,” IEEE Journal of Emerging and 
Selected Topics in Power Electronics, vol. 1, no. 3, pp. 

186-198, Sept. 2013. 

[13]  C. Liu, Y. Jiang, and Z. Pei et al., “Novel single-stage 
bidirectional isolated DC–AC converter based on in-

versely coupled inductor,” IEEE Transactions on Power 

Electrons, vol. 37, no. 5, pp. 5594-5605, May 2022. 
[14]  W. Cao, J. Wu, and N. Jenkins et al., “Operating prin-

ciple of soft open points for electrical distribution net-
work operation,” Applied Energy, vol. 164, pp. 245-257, 

Feb. 2016. 

[15]  W. Cao, J. Wu, and N. Jenkins et al., “Benefits analysis 
of soft open points for electrical distribution network 

operation,” Applied Energy, vol. 165, pp. 36-37, Mar. 

2016. 
[16]  S. Galvani, M. Hagh, and M. Sharifian et al., “Multi-

objective predictability-based optimal placement and 
parameters setting of UPFC in wind power included 

power systems,” IEEE Transactions on Industrial In-

formatics, vol. 15, no. 2, pp. 878-888, Feb. 2019. 
[17]  B. Chen, W. Fei, and C. Tian et al., “Research on an 

improved hybrid unified power flow controller,” IEEE 

Transactions on Industry Applications, vol. 54, no. 6, pp. 

5649-5660, Nov. 2018. 
[18]  Y. Liu, X. Wang, and D. Gunasekaran et al., “Modula-

tion and control of transformerless UPFC,” IEEE 

Transactions on Power Electrons, vol. 31, no. 2, pp. 
1050-1063, Feb. 2016. 

[19]  F. Peng, Y. Liu, and S. Yang et al., “Transformer-less 
unified power-flow controller using the cascade multi-

level inverter,” IEEE Transactions on Power Electrons, 

vol. 31, no. 8, pp. 5461-5472, Aug. 2016. 
[20]  J. Kim and H. Cha, “Common-ground-structured 

high-reliability single-phase AC–AC converters,” IEEE 

Transactions on Industrial Electronics, vol. 70, no. 5, pp. 
4672-4681, May 2023. 

[21]  J. Kaniewski, “Three-phase power flow controller based 

on bipolar AC/AC converter with matrix choppers,” in 

2018 International Symposium on Power Electronics, 

Electrical Drives, Automation and Motion (SPEEDAM), 

Amalfi, Italy, Jun. 2018, pp. 709-715. 

[22]  J. Kaniewski, P. Szcześniak, and M. Jarnut, 
“Three-phase power flow controler with AC/AC con-

verter based on matrix-reactance chopper,” in 2015 9th 
International Conference on Compatibility and Power 

Electronics (CPE), Costa da Caparica, Portugal, Jun. 

2015, pp. 210-215. 
[23]  A. Khan, H. Cha, and H. Ahmed et al., “An improved 

single-phase direct PWM inverting Buck–Boost 

AC–AC converter,” IEEE Transactions on Industrial 
Electronics, vol. 63, no. 9, pp. 5384-5393, Sept. 2016. 

[24]  Y. Tang, S. Xie, and C. Zhang, “Z-source AC–AC 
converters solving commutation problem,” IEEE 

Transactions on Power Electrons, vol. 22, no. 6, pp. 

2146-2154, Nov. 2007. 
[25]  C. Feng, J. Liang, and V. Agelidis, “Modified 

phase-shifted PWM control for flying capacitor multi-

level converters,” IEEE Transactions on Power Elec-

trons, vol. 22, no. 1, pp. 178-185, Jan. 2007. 

[26]  H. Shin, H. Cha, and H. Kim et al., “Novel single-phase 

PWM AC–AC converters solving commutation problem 

using switching cell structure and coupled inductor,” 

IEEE Transactions on Power Electrons, vol. 30, no. 4, 

pp. 2137-2147, Apr. 2015. 

[27]  A. Khan, H. Cha, and H. Ahmed, “High-efficiency 

single-phase AC–AC converters without commutation 

problem,” IEEE Transactions on Power Electrons, vol. 
31, no. 8, pp. 5655-5665, Aug. 2016. 

[28]  C. Liu, D. Guo, and R. Shan et al., “Novel bipolar-type 

direct AC–AC converter topology based on 
non-differential AC choppers,” IEEE Transactions on 

Power Electronics, vol. 34, no. 10, pp. 9585-9599, Oct. 
2019. 

[29]  H. Ahmed, M. Moursi, and B. Zahawi et al., “A 

high-frequency isolated multilevel cascaded-type bipo-

lar direct PWM AC–AC converter for utility voltage 

compensation,” IEEE Transactions on Industry Appli-

cations, vol. 57, no. 3, pp. 3188-3201, May 2021. 
 

 


