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ABSTRACT Due to new energy electric vehicle market developing rapidly, a series of energy supply
problems in the charging system urgently need to be solved. The two subsystems of this new energy
photovoltaic charging station system are studied respectively. Firstly, the topology equivalent circuit diagram
of a three-level pulse width modulation rectifier is proposed. And a simplified space vector pulse width
modulation algorithm is applied to the control of the current inner loop and voltage outer loop of three-
level AC/DC. A three-level bidirectional DC/DC converter was introduced, its power characteristics and
implementation conditions of soft switching were analyzed, and a phase shift modulation method was
proposed to achieve its intelligent control. The results indicate that in the dynamic performance analysis
of the simplified space vector pulse width modulation algorithm, the phase of phase A current and voltage
are in a synchronous state before and after adding a load. After adding the load, the A-phase voltage
remained stable at 300V, but its maximum current increased from 80A to 150A. At the same time, the
maximum value of three-phase current suddenly changed from 80A to 150A after the load was added, and
subsequently stabilized at about 150A. In the power characteristic experiment of a three-level bidirectional
DC/DC converter, when the set current Iset is positive, the current value of the input current IinF of the
primary bridge arm stabilizes at 11.5A around 0.025 seconds. When the set current Iset is negative, the current
value of the input current IinF of the primary bridge arm stabilizes at —11.5A around 0.020s. This shows
that the three-level bidirectional DC/DC converter can convert the photovoltaic system’s output voltage to
the voltage requirements on DC side of the inverter. The three-level AC/DC and three-level bidirectional
DC/DC converters used in this study have significant performance advantages, providing reliable technical
support for the photovoltaic charging station technology of modern new energy electric vehicles.

INDEX TERMS SVPWM algorithm, photovoltaic charging station, three level, AC/DC, bidirectional
DC/DC converter, intelligent control.

I. INTRODUCTION damage during use and seriously endanger the development

The modern technology developing has led to an increas-
ing demand for electric energy among humans. However,
the current electricity supply energy mainly consists of
non renewable fossil fuels, which can cause environmental
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of human society [1], [2]. Hydroelectric power generation
faces the problem of unequal allocation of power generation
resources, while wind power generation faces the problem
of low power generation stability. To meet the sustainable
development of humanity, resources, and the environment,
it is necessary to construct a new energy structure system.
Solar energy is a clean and resource rich new energy source,
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which is currently widely used in the energy supply of new
energy vehicles. Among them, the coverage and quantity of
electric vehicle charging devices have become the driving
force for maintaining their sustainable development [3]. The
current grid level cannot meet the charging station demand of
new energy vehicles, so the electric energy generated by the
solar photovoltaic system can be used as the energy source
of the charging device. But when the microgrid composed
of photovoltaic charging stations is connected to the power
grid on a large scale, its impact on the power grid is not
clear enough, so it needs to be evaluated [4]. The research
adopts the photovoltaic DC/DC in the photovoltaic charging
station (PCS) system to convert the output voltage into a
voltage form that matches DC side voltage of the inverter, and
converts the output energy into current electricity to be trans-
mitted to the power grid. At the same time, AC/DC energy
storage system is used to balance the voltage on DC bus,
and bidirectional DC/DC is used to control the charging and
discharging of electric Automotive battery. The advantage
of the research lies in addressing the low energy efficiency
issues faced by the power control technology of traditional
electric vehicle photovoltaic charging stations. The proposed
method adopts more advanced topology and control methods,
thereby improving energy conversion efficiency and charg-
ing speed, while reducing energy loss and system costs.
These advantages make electric vehicle charging stations
more reliable and efficient, and are of great significance
for sustainable development and energy management [5].
The research content consists of four parts. Firstly, a review
was mainly conducted on microgrid technology and PCS
technology. Secondly, research was conducted on the three-
level AC/DC and three-level bidirectional DC/DC of PCS
subsystem. The first section introduces a Pulse Width Modu-
lation (PWM) rectifier structure model of three-level AC/DC.
And a simplified Space Vector Pulse Width Modulation
(SVPWM) algorithm was used to calculate the three-level
action time and applied to the control of the current inner
loop and voltage outer loop. Secondly, the power flow char-
acteristics of three-level bidirectional DC/DC converters and
the implementation conditions of soft switching are mainly
introduced. The third part analyzes the experimental results
of the application characteristics of simplified SVPWM in
three-phase PWM rectifiers, and analyzes the performance
and soft switching implementation of three-level bidirec-
tional DC/DC converters. Finally, a summary and discussion
of the experiment were conducted, and future prospects were
proposed.

Il. RELATED WORKS

Microgrid technology can effectively solve the problem of
power supply systems struggling to meet the needs of dis-
tributed power sources. M. Mansoor and other researchers
designed a mixed integer linear programming model of
hydrogen energy system for the optimal planning problem
of microgrid technology. At the same time, they used the
microgrid laboratory to analyze real cases. The case fully
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considers the electrolysis process and seasonal storage of
hydrogen production. The results confirm that the low emis-
sion hydrogen migration framework is achieved through the
high share of renewable energy in the microgrid and seasonal
hydrogen storage [6]. Z. Huang et al found that vanadium
redox flow battery can be well applied to large-scale elec-
trochemical energy storage. Therefore, they proposed that
a microgrid composed of photovoltaic, VRFB, and wind
renewable energy is an effective method to solve the ran-
domness problem of renewable energy. The results confirm
that this scheme effectively improves the renewable energy
performance in microgrids [7]. F. Yang and other scholars
have introduced a new EMS method to implement flexible
time frame DER plans and EDs based on single period OPF
for the improvement of microgrid technology. Among them,
FTF DER enables microgrids to fully utilize the latest renew-
able energy, and ED based on single period OPF effectively
achieves the integration of microgrid operation constraints.
The results confirm that the proposed new microgrid EMS
technology has strong feasibility [8]. L. Yavuz’s team has pro-
posed virtual power plant technology to address the issues of
low efficiency and low power quality that renewable energy
brings to the operation of the power system. This technology
is closely related to most components in the power system,
including Electric power transmission operators, distribution
system operators, distributed generation, etc. The results con-
firm that this technology can effectively improve the power
grid’s stability and reliability [9]. S. Chandak et al. explored
the integration of microgrids with existing power systems
and their operational characteristics, and proposed control
strategies based on microgrid technology. The results confirm
that this scheme can effectively improve the overall perfor-
mance of the microgrid and achieve smooth access of the
microgrid in the power system [10]. T. M. Masaud et al. found
that determining the battery storage system’s optimal size in
microgrid system design is a challenging issue. Therefore,
this team introduced a two-stage approach to determine the
optimal size of the battery storage system. In the first stage,
the mixed integer linear programming algorithm is designed,
and in the second stage, the battery life is estimated on
this basis. The numerical simulation results indicate that this
scheme has strong feasibility [11].

PCS technology is currently widely used in the energy
supply of electric vehicles. Electric vehicles have problems
such as slow charging time, insufficient charging stations,
and unstable power grids during peak hours. In response,
P. Prem et al. proposed a high gain, fast charging DC/DC
converter and an electric vehicle charging station based
on solar photovoltaic power generation. And they used
MATLAB to verify the performance of the proposed con-
verter and its control algorithm. The results confirm that
the converter meets the power quality standard, and the
solar photovoltaic Charging station meets DC charging
standard [12]. There are energy management issues with
distributed electric vehicle charging stations for solar photo-
voltaic systems and energy storage systems. In this regard,

VOLUME 11, 2023



Y. Huang et al.: Three Level Bidirectional DC/DC Intelligent Control Technology for PCS

IEEE Access

M. Shin et al. proposed a new multi intelligence Deep rein-
forcement learning method. Unlike traditional methods, this
method can calculate the scheduling schemes of multiple
electric vehicle charging stations in a distributed manner and
simultaneously process dynamic data during operation. These
results confirm that this method can reduce the operating
costs of electric vehicle charging stations effectively [13].
S. Praveenkumar et al. found that India’s power generation
and road transportation have caused significant fossil fuel
consumption. Therefore, they evaluated the role of solar
energy technology and power plants in electricity and hydro-
gen production. The results confirm that five cities in India
can generate approximately 25 gigawatts of electricity per
year, and it is necessary to develop different optimized config-
urations in different regions [14]. S. M. Shariff’s team found
it difficult to carry out large-scale sustainable deployment of
renewable energy based transportation systems. Therefore,
they applied modern solar energy controlled by Type 1 vehi-
cle connectors to Level 2 electric vehicle charging stations.
At the same time, a design model was developed in the MAT-
LAB environment and the controller circuit was simulated
in the PROTEUS software. The results confirmed that the
design can provide good guidance for the large-scale deploy-
ment of renewable energy [15]. A. Sierra et al. validated
the feasibility of using local battery storage for photovoltaic
charging stations in electric vehicles and designed a simula-
tion model. This model is based on the share of photovoltaic
energy and estimates the energy balance, annual energy cost,
and cumulative carbon dioxide emissions of the system under
different conditions. The results confirmed that the electric
vehicle charging system located in commercial or office
parking lots is effective [16]. To design a truly efficient
EMS for photovoltaic auxiliary charging stations, researchers
such as M. Zand proposed solid-state transformers for solar
power plant design and an energy management solution for
solid-state transformers. The results confirm that this energy
management scheme has achieved certain results in actual
energy management, and it effectively improves the operation
of charging stations, enabling continuous power supply [17].
A. Verma et al. conducted relevant research on multi-mode
operation of battery, Photovoltaic system, power grid and
Diesel generator charging station. In this charging station, its
control design is to obtain power mainly from Photovoltaic
system and battery. And the operation mode of distributed
generator sets makes the power generated 33% more than
its Nameplate capacity. The results confirm that the charging
station meets the standard under all operating modes, and the
total harmonic distortion rate of current and voltage is less
than 5% [18].

In summary, many domestic and foreign researchers have
conducted extensive research on microgrid technology and
PCS technology, and have achieved corresponding results.
However, there is a lack of research on the various subsys-
tems and corresponding control strategies of photovoltaic
charging systems. Therefore, this article investigates the
three-level AC/DC and three-level bidirectional DC/DC of
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PCS subsystem. And the intelligent control technology was
discussed, with the aim of promoting the further development
of modern new energy vehicle PCS technology.

Ill. THREE LEVEL AC/DC AND BIDIRECTIONAL DC/DC OF
PCS SUBSYSTEM

In the first section of this chapter, three-level AC/DC in
PCS subsystem is introduced, and the topology equivalent
circuit of the diode clamped three-level PWM rectifier is
introduced. The influence of power transistor on the input cur-
rent of AC side under different switching states is explained
in detail. Andaction time of each vector and the control
effect of SVPWM are explained. The second section mainly
introduces the topology and characteristic analyzingof this
three-level bidirectional DC/DC converter, and introduces the
implementation conditions of soft switching in the system
circuit. And different control methods were discussed.

A. THREE LEVEL AC/DC BASED ON SVPWM
The photovoltaic charging system is mainly composed of
bidirectional Charging station and photovoltaic power gen-
eration system. Among them, photovoltaic DC/DC is mainly
responsible for converting the output voltage of photovoltaic
system to DC side voltage of the inverter. DC/AC is an
inverter structure that mainly converts the electrical energy
output by DC/DC into current and inputs it into the power
grid. And it also plays a role in balancing the power of DC
bus. AC/DC is an energy storage system with a bidirectional
power flow structure. The system can include a front and rear
two-stage structure. The front stage mainly adopts an inverter
structure, which can work in both rectified and inverter states,
and plays arole in balancing DC bus voltage. The latter stage
of AC/DC is bidirectional DC/DC, which mainly plays a
charging and discharging control role for EV batteries [19].

Multilevel rectifiers are currently widely used in power
systems. Unlike two-level rectifiers, three-level rectifiers
have a larger number of power switches and a more complex
topology of the main circuit. In a three-level rectifier, four
power switches are used for each phase of the bridge arm.
This results in each power switch having a voltage of only 1/2
of DC side voltage when the level is in the off state, effectively
reducing the cost of selecting switch power. Based on this
advantage, three-level rectifiers can adapt to high-voltage and
high-frequency situations, with small waveform distortion
rate, low switch consumption, and reduced pollution to the
power grid. The multi-level type used in the study is diode
clamped, which has a relatively simple control method and
can achieve bidirectional energy flow. Figure 1 shows the
topology equivalent circuit of a diode clamped three-level
PWM rectifier.

Equation (1) is the switching function ofpower switch of a
three-level PWM rectifier.

—1, Power tube Tj3 and Tj4 conduction
S; = 1 0, Power tube Tj» and T3 conduction (1)
1, Power tube Tj; and Tj> conduction
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FIGURE 1. Equivalent circuit diagram of the main circuit of a two-level PWM rectifier.

In equation (1), i = a, b, c. By using equivalent circuits to
explain it, equation (2) can be obtained.

—1,8i; =0,Sp = 0,S;3 = 1

0,Si1 =0,Sp =1S3=0 2
1,Si1 =05 =0,S3 =1

S =

According to Kirchhoff’s voltage and current law, a three-
phase voltage equation on AC side of the rectifier can be
obtained in Formula (3).

dig

git

b :
L_I =ep — Sp1Uac1 — Sp3Uac2 — Uoz — ipR 3)
4

dt

=eq — Sa1Udc1 — Sa3Udc2 — Uoz — iR

=ec — Sc1Uge1r — Se3Uaer — Upz — iR

In equation (3), e stands for the power supply voltage,
i stands for the current, L stands for the inductance, U stands
for the voltage between two points, and R stands for the resis-
tance. Among them, equation (4) stands for the relationship
between i and e.

“

e, tep+e =0
ig+ip+i-=0

By introducing equation (4) into equation (3), equation (5)
can be obtained.

_ (83 + 803 +S:3) Va2 (Sa1 + Sp1 + Se) Vet

U
oz 3 3
&)
Equation (6) is the current equation for node P.
dUqc1 . : .
Ci 7 < = Satia + Spiip + Seiic — iqce (6)
t
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In equation (6), C stands for capacitance. Equation (7) is
the current equation for node N.

dUqco , . .
G 7 = = —Sa3ia + Sp3ip + Seic — ide (N
1
Equation (8) is the equation for the midpoint Z on DC side.
dUge1 dUge . . .
Ci p =+ C y = = —(Sazia + Spaip + Se2ic)  (8)
t t

Therefore, the state of power switch determines the direc-
tion and magnitude of each phase’s input current on AC
side. The midpoint potential current in DC circuit depends
on the current at neutral point Z. In order to determine the
operating time and switching order of this three-level system,
SVPWM was introduced into the study [20]. The SVPWM
algorithm has a high accuracy and can realize the accurate
control of the voltage and current of the charging pile sys-
tem. At the same time, its SVPWM can generate the output
voltage waveform close to the ideal sine wave, reduce the
harmonic content and electromagnetic interference, and then
improve the power factor and efficiency of the charging pile
system. Furthermore, the algorithm can flexibly adjust the
switching time and switching state of the switching device
according to the input reference signal to achieve precise
control of the output voltage and current. Due to the incon-
sistent calculation method of vector action time in traditional
three-level SVPWM, a simplified three-level SVPWM based
on reference voltage decomposition was introduced in the
study.The simplified three-level SVPWM algorithm reduces
computational complexity, improves real-time performance,
and reduces hardware costs.Figure 2 shows its vector dia-
gram.

In Figure 2, ‘7@ stands for the three-level reference voltage
vector. For any V., when it is within the range of a small
hexagon, it is defined as a large sector, represented by the
letter S. The triangles within the hexagon are small sectors
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FIGURE 2. Vector diagram of three-level SYPWM algorithm based on
reference voltage decomposition.

represented by the letter N. This ‘7ref can be equivalent to
the sum of the voltage vector Vrgf of a small sector and
a basic vector V| of a large sector. According to the volt
second Equivalence principle and these three vector synthesis
principle, formula (9) can be obtained.

©))

Ts"_}reszl"71+T7"77+T13"713
Ty=T+T7+Ti3

In equation (9), T stands for the time constant. According
to the principle of vector synthesis, equation (10) can be
obtained.

Vi=Vi -V

V! = Vi —V;

-7 4 o 10
V=V -V o
Vigg = Vier = V1

Introducing equation (10) into equation (9) yields
equation (11).

(‘7er — V) =(=V)+T7- (V7 = Vi) + T13 - (Vi3 — V1)
Ts~Vr/€ =T1~V1/+T7~V7/+T13~V1/3
(1)

In summary, ACtion time of each voltage vector at the
three-level is the same as that of the two-level. Therefore, the
corresponding three-level vector action time can be obtained
by calculating the vector time using two-level SVPWM.
However, in a simplified SVPWM, each sector is a hexagonal
shape that overlaps with each other, and the discrimination of
this area is relatively complex. Therefore, the space vector
map is usually divided into six quadrilaterals with equal area.
By translating the reference voltage vector, a new two-level
space voltage vector is obtained. Then, a two-level SVPWM
is used to calculate the voltage vector that is closest to the
reference voltage. After correcting the voltage vector, three-
level SVPWM will be converted into two-level SVPWM,
and the calculation of action time and the determination
of switch order will also be completely based on two-level
SVPWM [21].

The control of three-level AC/DC includes current inner
loop control and voltage outer loop design. In the design
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of the current inner loop control system, it mainly executes
control operations according to the instructions of the voltage
outer loop system. In general, the instructions of the outer
loop system can enable the three-level PWM rectifier to
operate at a unit power factor state. And it can make the
waveform of the output current on the grid side a sine wave.
The current inner loop control system’s control object is a
three-phase AC time variable, and its control methods include
direct and indirect current controling. Figure 3 is the control
schematic diagram of SVPWM current controling method.

oy  Vay

SVPWM

.| P

S,

Sy

Rows B

FIGURE 3. Schematic diagram of SVPWM current control method.

In Figure 3, the variables of the d-axis and p-axis can be
coupled with each other, so a current feedforward decou-
pling method can be adopted, and a Proportional integral
regulator (PI) regulator can be used to adjust id and iq
without static error. In the design of voltage outer loop,
voltage control mainly stabilizes DC side voltage of this
three-level PWM rectifier and effectively reduces harmonics.
The control method of the voltage outer loop is to first sample
DC side voltage, and then feed it back to the voltage loop
regulator for comparison with the reference voltage. Finally,
the difference between the two was used as an instruction for
current control.

B. A THREE-LEVEL BIDIRECTIONAL DC/DC CONVERTER
BASED ON PHASE SHIFT MODULATION

In this three-level bidirectional DC/DC converter topology,
n is the turn ratio of the transformer. The circuit topology
of this converter mainly includes a high-frequency trans-
former and two half bridge three-level structures. These two
half bridge three-level structures are located on the pri-
mary and secondary sides of the transformer. The role of
high-frequency transformer is Galvanic isolation and change
of voltage level. The power in this converter has two trans-
mission directions, and its working state can be converted
according to different transmission directions. When the
power transmission direction of the converter is from left to
right, it indicates that it is in a forward state. When the power
transmission direction of the converter is from right to left,
it indicates that it is in a reverse state [22]. Figure 4 shows
the topology of a three-level bidirectional DC/DC converter.
Among them, S1 and S4 are the main power switches, S2 and
S3 are clamping circuit switches, and the four switches are
located on the same bridge arm of the two bridge arms. QI,
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FIGURE 4. Topological structure of three-level bidirectional DC/DC converter.

Q2, Q3 and Q4 are three-level bridge arm switches, of which
QIl and Q4 are lead switches, and Q2 and Q3 are Flyback
diode. Css1 stands for an active clamping capacitor, while
Css2 stands for a flying capacitor.

When the converter operates in the forward state, Figure 5
shows its waveform, representing the waveform formed by
this three-level bidirectional DC/DC converter under phase
shift control method. From the figure, the on/off states of S1
and S2 switches are opposite to those of S3 and S4. Due to
the single phase shift control adopted by the converter, the
duty cycle of the switch driver signal is 0.5, and the duty
cycle of output voltage on transformer’s both sides is also
0.5. At the same time, there is a delay in the on/off state
of the switch tubes on both sides of the converter, which
means there is a phase shift angle. Each switch cycle includes
10 states. During the time period from tO to t1, switches S1
and S2 are both in a conduction state, and DQ1 and DQ2 are
also in a conduction state. At this time, the circuit is stable.
During the time period tl to t2, at time tl, S1 and S2 are
disconnected, and the voltage of CS1 and CS2 increases from
0 to V1/2, while the voltage of CS3 and CS4 decreases from
V1/2. During the time period t2 to t3, at time t2, DS3 and DS4
are turned on, and then S3 and S4 are in a conduction state.
At this time, S3 and S4 belong to zero voltage conduction.
At the same time, i continues to decrease until it reaches O at
t3, and then the current will flow in the opposite direction.
During the time period from t4 to t5, at time t4, Q1 and
Q2 are at zero voltage shutdown, and DQ3 and DQ4 carry
out continuous current to ensure that the current direction
remains unchanged. At time t5, the voltage of CQ1 and CQ2
increases from O to V2/2, while the voltage of CQ1 and CQ2
decreases from V2/2 to 0. During the time period from t5
to t6, S1 and S2 are turned off at zero voltage. During the
time period from t6 to t7, at time t7, S1 and S2 are in a
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FIGURE 5. Ideal waveform of the converter in forward working state.

zero voltage conduction state, and the current continues to
rise. During the time period from t8 to t9, the current at t8
changes from 0 to positive, and Q3 and Q4 are in zero voltage
conduction. During the time period from t9 to t10, Q3 and
Q4 at time t9 were at zero voltage shutdown, while DQ1 and
DQ2 continued to flow, and the current continued to decrease.
At time t10, S1 and S2 are in a zero voltage conduction
state, and the on-off state of the switch returns to the time
period tO~tl1, starting to enter the next cycle [23], [24]. When
a three-level bidirectional DC/DC converter operates in the
reverse state, its mode is relatively similar to the forward state,
and it also has 10 modes in one cycle.

Soft switch is a kind of switching device that uses
the resonance of capacitance and inductor in the circuit.
In soft switches, the capacitance and inductors are carefully
designed and arranged to form resonant circuits at specific
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frequencies. When the input voltage is applied on the resonant
circuit, the energy between the capacitance and the inductor
is exchanged and switched at the right time. Soft switching
technology reduces the change rate of current and voltage
in the switching process, reduces switching noise and elec-
tromagnetic interference, and improves the anti-interference
performance of the circuit. At the same time, it can reduce
the energy loss in the switching process and improve the
energy utilization efficiency of the system. In addition, the
technology can be used in high pressure and high frequency
situations to meet a wider range of application needs. This
three-level bidirectional DC/DC converter soft switching
used in the study is achieved through Zero Voltage Switch
(ZVS), where equation (12) is the condition for the original
side bridge arm to achieve soft switching.

I() = 0 (12)

It can also be expressed as equation (13).

w(d—1)
¢ = NEYEE (13)

In equation (13), ¢ stands for the phase shift angle. d stands
for the voltage gain. Among them, the range of ¢ is —90° <
¢ < 90°. Equation (14) is the condition for the auxiliary
bridge arm of the converter to achieve soft switching.

IL(¢) =0 (14)
It can also be expressed as equation (15).
1-d
¢ > % (15)

In single phase shift control, when d = 1, both the primary
and secondary bridge arms can achieve ZVS within the ¢
range. But in the case of forward flow of converter power.
When d < 1, the range of ZVS achieved by the secondary
bridge arm will increase with the increase of voltage gain.
When d > 1, this interval will decrease as d increases.
In the case of reverse power flow, the result changes in
the opposite direction. In general, the control methods for
three-level bidirectional DC/DC converters include variable
duty cycle and phase shift modulation. Among them, the
control method of variable duty cycle is mainly achieved
by changing the duty cycle of the switch driver signal
to achieve control of this three-level bidirectional DC/DC
converter. This control method can ultimately obtain a cer-
tain output voltage. Figure 6 shows the waveform of the
on and off states of the switch under the control of this
method.

In Figure 6, during the time period tl to t2, S1 is in the
off state at time tl. At this time, the inductance charges
capacitor C1 and discharges C3 and C4, creating zero voltage
conditions for the conduction of S3 and S4. During the time
period t2 to t3, S3 is in a zero voltage conduction state,
and S2 is also in a conduction state, with the output voltage
level changing from +1 to 0. At time t3, S2 is in a zero
current or zero voltage shutdown state. During the time period
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FIGURE 7. Waveform diagram of phase shift modulation control method.
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FIGURE 8. Simulation waveform of steady-state performance of
three-level PWM rectifier.

from t3 to t4, the current on the inductor flows in reverse
and S3 is used to charge capacitor C4, which does not meet
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FIGURE 9. Simulation waveform of DC side voltage control.

the soft turn on condition. Therefore, under the control of
the variable duty cycle method, this three-level bidirectional
DC/DC converter can only achieve soft switching conditions
for S2 and S3. The control method of phase-shifting modu-
lation mainly sets the duty cycle of the switch tube to 0.5,
and controls the duty cycle of the output voltage by shifting
the driving timing of the switch tube. Figure 7 shows the
waveform of the phase shift modulation control method.

In Figure 7, during the time period t1 to t2, S1 at time t1
is in the off state, and the inductance current charges capaci-
tor C1 while discharging capacitor C4. During the time period
t2 to t3, the C1 voltage at time t2 will increase. At this point,
the voltage of C4 continues to discharge until the voltage
value is zero, D4 enters a conduction state, and S4 enters a
zero voltage conduction state. During the time period from
t3 to t4, at time t3, S2 is in the off state, the inductance
is charged with C2, and C3 is discharged. At time t4, the
voltage of C2 continues to increase and the voltage of C3
decreases to 0. At this point, D3 enters a conduction state
and S3 enters a zero voltage conduction state. Therefore,
in the control method of phase shift modulation, all switches
in the converter can achieve soft switching. Considering that
the application of electronic systems is at high voltage and
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FIGURE 10. Dynamic performance simulation waveform of three-phase
PWM rectifier on AC side.

high frequency, reducing switch losses is crucial. The use
of phase-shifting modulation control method can effectively
solve this problem, so it is studied to apply it to the control
simulation of three-level bidirectional DC/DC.

IV. THREE LEVEL AC/DC AND BIDIRECTIONAL DC/DC
SIMULATION EXPERIMENTS OF PCS SUBSYSTEM

In the first section of this chapter, simulation experiments are
conducted to analyze the application of simplified SVPWM
in three-level PWM rectifiers, including steady-state simula-
tion analysis and dynamic simulation analysis, to verify its
effectiveness. The second section mainly conducted simula-
tion experiments and analysis on the three-level bidirectional
DC/DC converter, mainly analyzing the performance charac-
teristics of the converter and the implementation conditions
of its soft switching.

A. SIMULATION ANALYSIS OF THREE-LEVEL PWM
RECTIFIER BASED ON SIMPLIFIED SVPWM
Table 1 shows the experimental parameters.

This study first conducts steady-state simulation analysis
on simplified SVPWM, and the steady-state performance
simulation waveform of a three-level PWM rectifier based
on simplified SVPWM is shown in the figure. According to
Figure 8 (a), the current and voltage phases of phase A are
always synchronized, and the sine of the current is relatively
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TABLE 1. Experimental parameters.

Parameter Numerical value
Effective value of grid phase voltage 220V
DC side voltage setting value 600V
Switching frequency SkHz
Filter inductance 1.5mH
Load resistance 10Q
DC side capacitance 4700uF
DC side lower capacitance 4700uF
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(b) Voltage of upper and lower capacitors
on the DC side

FIGURE 11. Dynamic performance simulation waveform of DC side.

high. This indicates that the control system can effectively
achieve unit power factor operation and has a good control
effect on current. At the same time, it can be seen that the
maximum current value of phase A is stable at about 80A, and
the maximum voltage value is stable at 300V.According to
Figure 8 (b), the sine degree of three-phase current is high, the
phase difference of each current is 120 °, and the maximum
current value is stable at 80V.

Figure 9 shows the flow side voltage control’s simulating
waveform. From Figure 9(a), the voltage on DC side is stable
at the given value of 600V. From Figure 9(b), the voltage of
the upper and lower capacitors on DC side almost completely
coincide, and both remain stable at around 300V.

This study continued to validate the dynamic performance
of simplified SVPWM under sudden load changes. In the
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FIGURE 12. Changes in current values of linF under different Iset.

experiment, at t=0.3s, a 10 Q load was paralleled on DC
side, resulting in a load resistance of 5 € on DC side.
Figure 10 shows the dynamic performance simulation wave-
form of AC side of a three-phase PWM rectifier. According
to Figure 10(a), the phases of voltage and phase A current are
synchronized before and after adding the load, indicating that
the operating state of this system belongs to unit power factor
operation. And after adding the load, the A-phase voltage
value remains unchanged, and its maximum voltage value sta-
bilizes at 300V. After adding the load, the maximum current
value of phase A changes from 80A to 150A. According to
Figure 10 (b), the sine of three-phase current value is high,
and its phase difference is 120 °. And the maximum value of
this three-phase current suddenly changes from 80A to 150A
after the load is added, and continues to rise until it is stable
at about 150A, indicating that the control system has a high
response speed and good stability.

Figure 11 shows the simulation waveform of the dynamic
performance on DC side. According to Figure 11 (a), att =
0.3s, due to the sudden addition of the load, the voltage on DC
side suddenly decreased to 570V, followed by a continuous
increase in voltage value. When t = 0.42s, it rose to 600V
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FIGURE 13. Output voltage and inductance current waveform of the
bridge arms on both sides of the converter.

and stabilized around this value. According to Figure 11(b),
when the load suddenly changes, the fluctuation range of the
voltage of the upper and lower capacitors is around plus or
minus 3V.

B. SIMULATION EXPERIMENT OF THREE-LEVEL
BIDIRECTIONAL DC/DC CONVERTER

The study uses power simulation software to simulate a
three-level bidirectional DC/DC converter, to analyze the
implementation conditions of the converter and its soft
switching. When conducting simulation analysis, the various
simulation parameters of the converter are set first. Then,
different I is set to change the phase shift angle of the
converter, and its soft switching characteristics and current
voltage stress on the switch tube were analyzed when the
transmission power was constant. Table 2 shows the specific
simulation parameters.

This study first explores whether this three-level bidirec-
tional DC/DC converter can meet the bidirectional transmis-
sion of power. I is set to positive and negative directions
respectively, and the current value changes of the input
current [jpp of the primary side bridge arm are analyzed.
Figure 12 shows the changes in Ij,r under different Ie; con-
ditions. According to Figure 12, the waveform diagrams in
both cases are relatively similar, and the maximum absolute
input current of the original bridge arm is 11.5A. When the set
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FIGURE 14. Voltage waveforms of switch tubes S1, S2, Q1, Q2.

current Ige¢ is positive, the current value of the input current
Iinr of primary bridge arm stabilizes at 11.5A around 0.025s.
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TABLE 2. Simulation parameter table.

Parameter Numerical value
Input voltage 1000V/DC
Output voltage 1000V/DC
Rated power 3kW

Switching frequency 50kHz
Clamping capacitor 220uF

Flying capacitor 220uF
Transmission inductance 60uH

Boost inductance 200pH

When the set current Iy is negative, the current value of
the input current Ijpr of the primary bridge arm stabilizes
at -11.5A around 0.020s. This indicates that this three-level
bidirectional DC/DC converter used in the study can perform
bidirectional transmission.

Research continues to validate the implementation of soft
switches in the converter. I is set to be greater than or equal
to the limit value, with a phase shift angle of 0.25 and a phase
shift angle of 90 °. Figure 13 shows the waveform of induc-
tance current and output voltage of converter’s primary and
secondary bridge arms at this time. According to Figure 13,
the peak current of the inductor current ofconverter is 50A,
and it meets the implementation conditions of soft switching,
namely I7(wr) > 0 and I (¢) > 0. And the peak output
voltage of both bridge arms is 500V, and the phase angle of
the waveform differs by 90 °. As a result, all the switches in
this three-level bidirectional DC/DC converter have achieved
soft switching.

Figure 14 shows the voltage waveforms of switch tubes S1,
S2,Q1, Q2. According to Figure 14, the switch tubes are both
zero voltage on and off. And the voltage stress on each switch
tube on both bridge arms is 1/2 of the input voltage and output
voltage, which is 500V. In addition, the voltage fluctuation
period of each switch tube is the same, and the phase angles
of S1, S2 and QI1, Q2 differ by 90 °. This indicates that
the three-level bidirectional DC/DC converter can effectively
achieve soft switching.

V. CONCLUSION

Electric vehicle industry developing has driven the improve-
ment of PCS technology in new energy. This study conducted
relevant research on two subsystems in PCS. A simplified
three-level SVPWM was used to determine the operating
time of three-level AC/DC vector sector, and it was applied
to the control of three-level AC/DC current inner loop and
appearance design. The characteristics of this three-level
bidirectional DC/DC converter and the implementation con-
ditions of soft switching were analyzed, and the control
method of phase shift modulation was adopted to control the
converter. These results confirmed that in the steady-state
simulation experiment of simplified SVPWM, the maximum
A-phase current remained stable at around 80A, and the
maximum current remained stable at 300V. And the phase of
its current and voltage always remain synchronized, and the
sine of current is relatively high. And the phase difference of
each current of three-phase current is 120 °, and the maximum
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current value is stable at 80V. In addition, the voltage value on
DC side is stable at 600V, and the capacitor voltage on and off
DC side is stable at around 300V. In the dynamic performance
analysis of simplified SVPWM, after adding a load, the volt-
age on DC side instantly decreases to 570V, and subsequently
stabilizes at 600V. And the voltage’s fluctuation range of
the upper and lower capacitors on DC side is about plus or
minus 3V. The simplified SVPWM has good stability and
response performance in the control of three-phase PWM rec-
tifiers. In the experiment exploring the implementation of soft
switching in the converter, the peak current of the inductor
current in the converter is 50A, and it meets the implementa-
tion conditions of soft switching. And the peak output voltage
of both bridge arms is 500V, and the phase angle of the
waveform differs by 90 °. In addition, the voltage stress on
switch tubes S1, S2, Q1, and Q2 is 1/2 of the input voltage
and output voltage, and they are all turned on and off at zero
voltage. The application of three-level AC/DC and three-level
bidirectional DC/DC converters in photovoltaic charging pile
systems has advantages such as efficient performance, flex-
ibility, and reliability. It can effectively achieve the energy
conversion of photovoltaic battery packs, balance of DC
buses, and charge and discharge control of electric vehicle
batteries, providing stable and reliable energy support for
the operation of photovoltaic charging pile systems.However,
this study only conducted simulation verification on the
design and did not involve it in actual research. And the
influence of other parameters on the experiment was ignored
in the simulation, so further work needs to be improved in this
direction.
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