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Abstract— 

The smart grid and electric vehicles (EVs) are 
widely used all over the world. As the key role, the 
Vehicle-to-Grid (V2G) has been attracting 
increasing attention. The bidirectional grid-
connected AC/DC converter is one of the 
indispensable parts in the V2G system, which can 
realize bidirectional power flow and meet the 
power quality requirements for grid. A three-phase 
bidirectional grid-connected Z-source AC/DC 
converter is presented in this paper for V2G 
systems. It can be used to achieve the bidirectional 
power flow between EVs and grid, supply reactive 
power compensation, and smooth the power grid 
fluctuation. Firstly, the configuration of V2G 
systems is introduced, and the mathematical model 
of the Z-source AC/DC converter is built and for 
bidirectional AC/DC converters, the grid voltage 
feedforward decoupling scheme is applied, and the 
analysis of PI control strategy is proposed and the 
controller is designed. The system simulation 
model is established based on 
MATLAB/Simulink. Simulation results are shown, 
and the results evaluate the effectiveness of the 
model and the performance of the applied control 
strategy. 

Keywords: V2G, G2V, EV, Z-source AC/DC 
converter, MATLAB Simulink  

I. INTRODUCTION 

Recently, with the environmental degradation, 
climate change, and the shortage of fossil 
energy, the traditional energy costs have risen 

a lot. Thus, it is urgent to use new and clean 
energy worldwide. Plug-in Electric Vehicles 
(PEVs) and Electric Vehicles (EVs) have 
attracted increasing attention worldwide [1–3], 
due to the representativeness of new energy 
vehicles. There are a lot of advantages about 
EVs and PEVs, such as peak power regulating, 
peak load shifting, environment protection, 
low cost, and so on. EVs and PEVs not only 
can be loads in grid-to-vehicle (G2V) charge 
mode but also can be generators in vehicle-to-
grid (V2G) discharge mode [4]. Generally, 
both V2G and G2V applications are suitable 
for “V2G.” 

The power converter is unidirectional for G2V 
in general, which includes conventional and 
fast charging system. Owing to the fact that 
the power of typical electrical vehicles is twice 
higher than the average household load, the 
grid network will be stressed by the fast 
charging [5]. If the G2V charger does not 
employ the state-of-the-art conversion, this 
may lead to disturbances in grid, such as 
undesirable peak loads, harmonics, and low 
power factor [6, 7]. Thus, it is essential to 
support energy injection back to the grid in 
V2G system. Bidirectional grid-connected 
AC/DC converter is one of the indispensable 
parts in the V2G system, which can realize the 
sinusoidal input current and bidirectional 
power flow. For V2G applications, improving 
power density, reducing input and output 
current ripple, and having reactive power 

Wutan Huatan Jisuan Jishu

Volume 19, Issue 04, APRIL/2023

ISSN NO: 1001-1749

Page No:126



compensation capability are the major 
research directions for bidirectional AC/DC 
converter [8–10]. 

In recent years, there are different kinds of 
AC/DC converter topologies used in the V2G 
system, including single-stage single-phase 
and three-phase, two-stage single-phase and 
three-phase, ZVS inverter, and so on [11, 12]. 
Reference [13] presents an electrical vehicle 
charger that used a single-phase interleaved 
AC/DC boost converter. In[14], a high-
performance single-phase bridgeless 
interleaved PFC converter is proposed. Both 
[13, 14] have the same function, which can 
reduce the battery charge and discharge 
current ripple, however, neither of them could 
work with wide output voltage. In [15, 16], 
unidirectional buck-boost converters with 
wide output voltage are proposed, which can 
reduce the Total Harmonic Distortion (THD) 
of AC current. Because of the unidirectional 
switches, all these converters cannot feedback 
the battery energy to the grid. To realize the 
bidirectional power flow, the AC/DC matrix 
converters are proposed in [17]. However, the 
converter is known for its large amounts of 
semiconductor switches and high-frequency 
operation, which will lead to higher cost and 
larger losses including switching losses and 
conduction losses. In some advanced control 
logic for three-phase Z-source converters has 
been proposed to achieve better dynamic 
performance, realize ZVS rectifying, reduce 
grid current distortion, decouple active and 
reactive power and increase voltage 
conversion ratio. However, these control 
methods require tremendous and complicated 
calculations to meet the special requirements 
of designated applications with more passive 
devices added. Those control schemes are 
often complicated. 

In this paper, three new modulation schemes 
of inserting shoot-through states are proposed. 
Among them, sine variable modulation shows 

better performance over harmonic suppression 
and is therefore further developed into a 
closed-loop control method. The converter 
could be connected to the grid or a three-phase 
load. The switch S1 and circuit breaker S2 
determine the working mode. To simplify the 
calculation, the input DC voltage source is 
divided into two voltage sources, each has the 
magnitude of Vdc/2, and the middle point is 
labelled as O. Compared to conventional 
control schemes, the proposed method in this 
paper has the following advantages: low 
harmonics in output voltage and current; 
support of bidirectional operation; easy to 
implement without complicated algorithm or 
computation burden; easy to modify for the 
control in grid-connected mode. [18], a 
current-source rectifier is shown with an 
auxiliary switching network. The advantages 
of this converter are high efficiency and 
achieved the bidirectional power flow, but it 
will reduce the battery life owing to the input 
current ripple. The study in [19] proposed a 
current-source rectifier with PWM pulse signal 
trilogy control method. In [20, 21], the 
intelligence protection technique is proposed, 
which can be used in the high-power grid-
connected converter. The authors of presented 
the maximum current control and grid voltage 
full-feedforward scheme for three-phase 
voltage-source rectifier. 

There are several different disadvantages in 
the topologies mentioned above when used in 
V2G, such as the narrow output voltage range, 
large losses, and high input current ripple. As 
an effective alternative, a three-phase 
bidirectional grid-connected converter for 
V2G system is analysed and designed in this 
paper, which realized bidirectional power 
flow, high efficiency, unity power factor, and 
wide battery pack voltage range. In Section 2, 
the system configuration is introduced, and the 
mathematical models of bidirectional AC/DC 
and DC/DC converter are built in detail. In 
Section 3, the control strategies, including the 
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grid voltage feedforward decoupling scheme, 
and the double closed-loop control of AC/DC 
converter are analysed and designed. In 

Section 4, the simulation results are proposed 
and discussed. Finally, conclusions of this 
paper are in Section 5. 

 

Fig.1 Topology of a bi-directional three-phase Z-source converter  

II. THREE PHASE Z-SOURCE 
INVERTER WORKING  

The analysis of Z-source based multilevel 
inverter is examined by using Matlab/Simulink 
in [9]. The performances of the ZSI are 
compared with the other traditional inverter 
topologies. As a result, the increasing in the 
voltage and current are filtered by the 
capacitors and inductors of the ZSI. Authors in 
[10] propose a single stage ZSI topology which 
eliminates some drawbacks of the conventional 
inverters like being the less or more output AC 
voltage than the input DC voltage and the 
shoot through faulty by providing two switches 
of the same leg to be gated in the circuit. Since 
ZSI also eliminates the dead time in the circuit, 
distortion is reduced and reliability of the 
system increases. In this study, the 
performance of ZSI is examined about 
reducing THD by using Matlab/Simulink for 
different load situations and modulation 
indexes. It is observed from the simulation 
results that ZSI shows higher performance than 
conventional VSI and ZSI. In the paper [11] 
explains a single stage ZSI topology based on 
the duty ratio and modulation index. The 
simulation of a single-phase induction motor is 
realized by the control of the single phase ZSI. 

This inverter provides lower line harmonics 
and shoot-through duty cycle. Therefore, it 
increases the reliability and efficiency and also 
extends the output AC voltage range of the 
inverter. [12] presents a ZSI concept which can 
also be used to DC-DC, AC-DC and AC-AC 
power conversions. A different impedance 
circuit is used to combine the source and 
power circuit. By a simple boost control 
method, Matlab/Simulink simulation and 
analysis of the ZSI are carried out in this study. 
The triggering pulses for six switches of the 
three phase ZSI are applied in the simulations. 
The simulation results show that the desired 
load sinusoidal voltage and current are 
obtained by the filtered ZSI compared to the 
traditional inverters. In [13], a topology of two 
level ZSI is explained. Two level ZSI receives 
the power supply from the PV. Sinusoidal 
Pulse Width Modulation (SPWM) is used to 
control the switches of the ZSI for the shoot 
through and non-shoot through operation 
modes. This inverter provides high efficiency, 
low cost, and low leakage current for the PV 
systems. Simulation and design of the single 
phase ZSI are given in [14, 15]. ZSI eliminates 
the limitations of the traditional VSI and CSI 
and presents a novel power conversion 
concept. By using SBC PWM technique, the 
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simulation of ZSI is realized for various 
modulation indexes. As a result, it is observed 
that the sinusoidal load voltage and current can 
be obtained by the filtered ZSI compared to the 
conventional inverters.  

Three phase ZSI topology includes R-L output 
filter and loads as illustrated in Fig. 1. The 
equivalent circuit of the ZSI is shown in Fig. 2 
[16]. In this structure, there is a single type of 
impedance circuit consisting of two capacitors 
and two inductors connected in an X-shape. 
This structure allows the main circuit to be 
transferred to the load, power supply or other 
converter. In this way, the circuit structure of 
traditional inverters using capacitors and 
inductors turns into a unique new circuit 
structure. In this circuit, when the inductances 
L1 and L2 and capacitances C1 and C2 are the 
same values, the Z source network becomes 
symmetrical.  

 

Figure 2. Equivalent circuit of the ZSI  

As seen from the Fig. 2, the voltages can be 
written as follows  

  (1) 

  (2) 

 

Figure 3. Equivalent circuit of the ZSI with 
non-shoot through state  

According to the Fig. 3, the voltages in the 
circuit are given by  

  (3) 

   (4) 

 (5) 

In the shoot-through situation (T1), the Z-
source circuit is shown by a short-circuit in the 
Fig. 4.  

 

Figure 4. Equivalent circuit of the ZSI when 
the inverter is in the shoot through state  
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As seen from the Fig. 4, the voltages are 
calculated by using Kirchhoff’s voltage law as 
follows  

  (6) 

  (7) 

  (8) 

 

III. CONTROL STRUCTURE  

Three sinusoidal modulating signals at the 
frequency of the desired output but displaced 
from each other by 2π/3 phase are generated. 
The triangular carrier wave is compared with 
the modulation waves to generate six gate 
signals [17]. The concept is modifying the 
magnitude of three modulation waves to create 
overlaps. In Fig. 5(a), the sine modulation 
waves of generating signals for switch T1 and 
T2 in phase A bridge are presented. The black 
solid curve represents a standard sine wave 
whose magnitude ranges from –M to M, where 
0 < M < 1. Two more modulation waveforms 
are derived by adding a variable b(t) which 
varies with time respectively. The red dashed 
modulation wave is used for generating gate 
signals for upper switch T1, which is marked 
as wT1 [18]. The blue dotted modulation wave 
is used for generating gate signals for lower 
switch T2, which is marked as wT2. Fig. 5(b) 
is a zoomed view of the circled part of Fig. 
5(a). It shows the overlap of switching signals 
GT1 and GT2 by two different modulation 
waves. For simplicity, b(t) is set as a constant 
in Fig. 5.  

 

Fig.5: Shoot-through states inserting by 
overlap: (a) Modulation waves in one cycle; 
(b) Zoomed view  

   (9) 

The magnitudes of three modulation waves for 
each bridge are shown in (4), where M 
represents the magnitude of sine modulation 
waves; and mA, mB and mC represent the 
instantaneous magnitude of modulation waves 
of phase A, B and C [19] [20]. Both mA, mB 
and mC range from –M to M. The three 
modulation waves are compared to the carrier 
waves in Fig. 5(b), then six pulsed gate signals 
are generated accordingly as shown in Fig. 6.  
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Fig.6: Generation of switching signals to insert 
shoot-through states  

The magnitude variation of each modulation 
wave is marked as a function bn(t), where n 
represents the serial number of switches. The 
modified magnitudes of modulation waves are 
given in (5), where mAu, mBu and mCu 
represent the instantaneous magnitudes of 
modulation waves used for generating pulse 
signals for the upper switches of phase A, B 
and C, and mAl, mBl and mCl represent the 
instantaneous magnitude of modulation waves 
used for generating pulse signals for the lower 
switches of phase A, B and C [21].  

    (10) 

 

IV. SIMULATION RESULTS  

An 80 kW V2G system simulation model is 
established in MATLAB/Simulink. The 
control schemes mentioned above are applied 
to the AC/DC converter. And the single current 
closed loop is used in bidirectional DC/DC 
converter. System configuration is shown in 
Figure 1, and the detailed parameters of the 
converter are shown in Table 1.  

Table 1: System parameters. 

 

Figure 7 shows the converter output DC 
voltage waveforms with zero load. The initial 
voltage of converter is 570 V, and the output 
reference voltage is 800 V. After about 0.1 s, 
the output voltage is 800 V. The overshoot 
voltage of system is about 20 V, and the 
output ripple voltage is about 1 V. Figure 8 
shows the dynamic performance of three-

phase bidirectional grid-connected converter. 
The load steps from 0 to full load, when time 
  0.01s. 
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Figure 7: The DC bus voltage waveform of 
AC/DC converter without load. 

From Figure 8(a), udc drops from 800V to 
747.1 V at time = 0.01 s. Then, the voltage 
returns to original output, which takes about 
140.2 ms, and the ripple is about 1.8 V. Grid-
connected. Figure 8(b). The currents increase 
at time = 0.01 s and eventually stabilize at 
99.77 A RMS. The Fourier analysis of grid-
connected current shows that THD of the grid 
current is about 2.3%.Through comparing udc 
and ia, ib, ic in Figure 8, it can be concluded 
that the proposed AC/DC converter works 
with a balanced and low THD three-phase 
grid-connected current, and it performs fast 
DC voltage regulation under full load 
disturbances.  

 

Figure 8: Step response of converter. (a) The step response of AC/DC converter DC bus voltage. 
(b) The step response of AC/DC converter grid-connected current. 

Figure 9 shows the simulation results of the 
V2G system in charging and discharging. 
From time  0 s to time 0.25 s, the power flow 
of the system is negative, which indicates that 
the battery is discharging. From time   0.25 s 
to time 0.5 s, the power flow is positive, which 
indicates that the battery is charging. And the 
power of charge and discharge is 80 kW. From 
Figure 9(a), udc increases from 800 V to 837.6 
V at the beginning of discharging. After about 
175.37 ms, udc  restored to original output and 
the ripple is about 2 V. udc drops from 800 V 
to 722.5 V, when the power flow changes at 
time = 0.25 s. After about 200.25 ms, the 

voltage restored to original output. Figure 9(b) 
shows the battery State of Charge (SOC). 
From time = 0 s to time = 0.25 s, the battery is 
discharging. After time = 0.25 s, the battery is 
charging. Figures 9(c) and 9(d) depict the 
phase A grid-connected current and voltage. It 
can be observed that ia and ea are the same 
frequency but opposite phase, when time 0.25 
s. And ia and ea are the same frequency and 
phase, when time > the current THD is 3.5%, 
while the battery is discharging. And the 
current THD is 2.23%, while the battery is 
charging. 
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Figure 9: The waveforms of V2G system in different conditions. (a) The DC bus voltage of 
bidirectional AC/DC converter. (b) The state of charge (SOC) of battery. (c) The gird-connected 
current curve of phase A. (d) The grid voltage curve of phase A.the simulation results show the 
correctness of design in terms of high-power factor, low current harmonic distortion, and 
constant output voltage. 

V. CONCLUSION  

A three-phase bidirectional grid-connected 
AC/DC converter for V2G system is presented 
in this paper. And the mathematic model of 
three-phase AC/DC converter in the 
synchronous d − q frame is built. Since the 
grid current will be affected by the grid 
voltage distortion and the cross-coupling 
terms, the feedforward scheme of grid voltage 
is applied to the bidirectional AC/DC 
converter in the synchronous d − q frame. And 
the PI controllers of voltage and current closed 
loop for the converter are designed. Finally, 
the model is established in 
MATLAB/Simulink. Simulation results show 

that the converter works well for V2G 
application with unity power factor, low 
voltage ripple, high efficiency, and low current 
THD. 
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