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Background and Objectives: Increasing environmental problems have led to the 
spread of Electric Vehicles (EVs). One of the attractive research fields of electric 
vehicles is the charging battery of this strategic product. Electric vehicle battery 
chargers often lack bidirectional power flow and the flexibility to handle a wide 
range of battery voltages. This study proposes a non-isolated bidirectional DC-DC 
converter connected to a T-type converter with a reduced number of switches to 
solve this limitation. 
Methods: The proposed converter uses a DC-DC converter that has an interleaved 
structure along with a three-level T-type converter with a reduced number of 
switches and a common ground for the input and output terminals. Space vector 
pulse width modulation (SVPWM) and carrier based sinusoidal pulse width 
modulation (CBPWM) control the converter for Vehicle to grid (V2G) and grid to 
Vehicle (G2V) operation, respectively. 
Results: Theoretical analysis shows 96.9% efficiency for 15.8kW output power and 
3.06% THD during charging with low battery voltage ripple. In V2G mode, it 
achieves an efficiency of 96.5% while injecting 0.5 kW of power into the 380 V 50 
Hz grid. The DC link voltage is stabilized. The proposed converter also provides 
good performance for a wide range of battery development. 
Conclusion: The proposed converter offers high efficiency and cost reduction. It 
provides the possibility of charging a wide range of batteries and provides V2G and 
G2V power flow performance. The proposed converter is capable of being placed 
in the fast battery charging category. The ability to charge two batteries makes it 
a suitable option for charging stations. 
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Introduction 

Electric vehicles (EV) play an important role in 

transportation and automotive related markets. The 

expansion of electric vehicles (EVs) is an ongoing trend in 

today’s society, with the EV market growing at a very fast 

rate [1]. Therefore, to fully employ the potentially great 

number of EVs, proper charging infrastructure is a 

necessity [2]. This is especially crucial in terms of the 

ability to charge the EVs rapidly, e.g., on highways, where 

the utilization of highly-performant fast and ultra-fast 

charging stations is required. There is a large variety of 

approaches that can be employed to construct fast 

charging stations that differ in the voltage levels, the 

presence of additional battery energy storage, as well as 

the grid structure (unipolar vs. bipolar) [3], [4]. Here, an 

EV charging system with a bipolar DC grid with +/- 750 V 

and extra battery energy storage is considered, as such a 

system is considered advantageous compared to more 

conventional approaches [5]-[7]. Increasing demand in 

the transportation industry with electric vehicles requires 

a suitable charging infrastructure for this demand.  
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However, the cost and charging time of the battery in 

an electric vehicle are two main issues that continue to 

challenge the wider application of EVs [8]. Both issues are 

directly related to the charging system for EVs. For 

example, compared to the fossil fuel station, in EV 

charging stations, the charging time with the battery is 

longer than recharging an internal combustion car, which 

can be balanced in the time and construction costs with 

the optimal design of the charger circuits. Therefore, for 

the development of EV applications, it is necessary to 

improve the charger system, especially for the off-board 

fast charger. In addition to solving the challenges of 

battery charging time and manufacturing cost, the 

optimal design of charger circuits should also provide 

power flow in two directions (V2G) and (G2V). Fig. 1 

shows the process of (V2G) and (G2V). The power density 

can be increased by increasing the switching frequency 

and integrating the DC-DC converter together in an 

interleaved form, magnetic integration technique and 

introducing a single-stage approach [9]. When the battery 

interface converter required to connect the station’s DC-

link and the battery energy storage is considered, a 

number of topologies can be used [10], [11]. The three-

level topology provides the possibility to employ well-

performing off-the-shelf 1.2 kV SiC MOSFETs and obtain 

lower power losses compared to other approaches [12], 

as well as the option to balance the DC grid [13] with low 

general complexity. Moreover, the interleaved two phase 

topology shows good perspective in terms of low output 

ripples [14], [15], especially important for cooperating 

with a battery energy storage. 

Some charger topologies are suitable for a small range 

of output voltages. However, advanced EV chargers with 

wide output voltage ranges have been discussed in [16].  

In [17], an  EV  charger  based  on  Vienna  converter  is  

 

 

 
 

presented.  

The wide output voltage range is the main advantage 

of the topology, stated by the authors. It is noteworthy 

that most existing chargers, regardless of their single or 

two-stage power processing structures, use line 

frequency or high frequency transformers. However, 

transformers not only affect the cost and size of the 

charger but also, increase the voltage stress across 

semiconductor devices and reduce efficiency. Due to 

these disadvantages and motivated by the concept of 

integrated chargers [18], few researchers have 

demonstrated the configuration of transformer less 

chargers for EVs applications [19]. Researchers 

in [20]-[22] introduced some converters for wide ranges 

of output voltage in order to cover the wide variety of 

battery voltage from different car manufacturers. On-

board battery chargers are generally lightweight and 

compact and have less power. But in electric charging 

stations, they are bulky chargers which have high weight. 

Therefore, the Off-board battery charging time is less 

than the On-board type [23], [24]. Electric vehicle 

batteries can help the reliability and stability of the power 

grid by storing energy in times of low demand and 

delivering power in times of peak load to the power grid.  

Therefore, bidirectional chargers are important parts 

in these system [25]-[27]. 

The most advanced unidirectional battery chargers are 
focused on increasing power density, which has 
advantages such as high efficiency. The topology 
presented in [28] is suitable for a very high voltage battery 
where the aforementioned EV charger is unidirectional. 
Existing charging solutions for EVs with very low power 
factor sometimes work below 0.85. In addition, it makes 
the total harmonic distortion of the supply current 
worse [29]. So, at the full load of the charging stations, it 

Fig.  1:  Process of G2V and V2G. 

Fig.  2:  Proposed charger configuration. 
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affects other local loads. High efficiency is required to 
reduce heatsink size and increase mileage per charge.  

To reduce conduction losses at high load current, DC-

DC converters are designed in parallel configuration for 

EV [30]. Due to limitation of voltage increase in the 

switches because of addition of leakage inductances and 

magnetic interference in the EMI filter and the large 

number of switches in the circuit, which increases the cost 

and reduce the efficiency of power converters. Having a 

common ground between the input and output ports 

avoids additional dv/dt problem, which is beneficial for 

the performance of the power converters.  

This paper proposes a configuration for use in V2G and 

G2V applications using a bidirectional converter as an 

interface. The suggested configuration has good voltage 

gain, the low power stress in semiconductor devices, and 

simple structure for implementation. The converter can 

use switches with low rated power due to the interleaved 

configuration also, the proposed structure can be suitable 

for battery charging station and have good performance. 

Covering a wide range of battery voltage is one of the 

features of the DC-DC converter. The battery charger can 

charge a 380V and 40 Amp-Hour battery from 20% to 80% 

of State of Charge (SOC) in less than 38 minutes. The 

proposed configuration includes T-type three-level 

reduced switches converter, which is a two-way power 

flow AC-DC converter. In section 3, the proposed 

configuration is described in detail. Section 4 illustrates 

DC-DC converter topology and its operation. In the next 

sections, the control system is studied and then, the 

results obtained from simulations are reviewed. Finally, 

the last section includes conclusions. 

Configuration of Proposed Charger 

Fig. 2 shows the proposed charger configuration. A T-

type three-level PWM converter is employed for grid-

connection application. On the AC side, the three-phase 

voltage source is connected to the output of the three-

level T-type PWM converter through an inductor filter, Lg. 

The AC side converter consists of nine power switches, 

which has three switches less than the conventional T-

type three-level PWM converter. In the DC link, a 

capacitor whose voltage is fixed at 600 V is used. When 

power flows from the power grid to the DC side, switches 

S2, S4, and S6 are off. Also, when power flows from the 

DC side to the power grid, switches S7, S8 and S9 are off.  

A. G2V Operation 

For the power flow from the power grid to DC side, the 

switches of one leg are turned on and off complementary 

using sinusoidal pulse width modulation (SPWM) 

technique. Fig. 3 shows the simplified schematic of the 

proposed converter control, where iabc and Vabc are the 

current and voltage of the three phases input to the 

converter, Vref is the DC link reference voltage and Vdc is 

the DC link voltage. The ratio of the carrier frequency to 

the main frequency is larger, therefore, the main 

component of the output voltage changes linearly with 

the reference voltage. Also, the output voltage frequency 

is equal to the reference voltage. Vref for a constant DC 

link voltage from the following equation:  

 vout=vref (sin(ωt)+sin (ωt+
2π

3
)+sin (ωt+

4π

3
) )         (1) 

The output voltage can be written in term of 

modulation index MI, as follows: 

 vout=
𝑉𝑑𝑐

2
𝑀𝐼 (sin(ωt)+sin (ωt+

2π

3
)+sin (ωt+

4π

3
) ) (2) 

So, Vref < Vdc/2 and 0 < MI < 1. SPWM, which are used 

to stabilize the DC link voltage at 600 volts and transfer 

power from the grid to DC. Voltages An, Bn and Cn vary 

between two values Vdc/2 and -Vdc/2. In this mode, T-type 

three-level PWM converter operates like the Vienna 

rectifier, and diodes D1, D2, D3, D4, D5 and D6 conduct. 

Also, switches S1, S2, S3, S4, S5 and S6 will be turned off. 

It should be noted that turning on the top three switches 

in each leg reduces the voltage of the current passing 

through the top diodes of each leg. 

 

 
Fig.  3:  Simplified schematic of AC-DC Converter with 

controller for G2V operation. 
 

 
Fig. 4:  Space vector diagram. 
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Fig.  5:  Simplified schematic of AC-DC Converter with 

controller for V2G operation. 
 

Table 1: State of top switches 

 

Vector S1 S3 S5 

U1 1 0 0 
U2 1 1 0 
U3 0 1 0 
U4 0 1 1 
U5 0 0 1 
U6 1 0 1 
U7 0 0 0 
U8 1 1 1 

 

 
Fig.  6:  Proposed DC-DC Conversion system. 

 

B. V2G Operation 

In this working mode, power flows from the electric 

vehicle to the grid. Therefore, the performance of the 

converter will be the same as a 3-phase inverter. A 

constant voltage to a three-phase sinusoidal voltage 

should be provided for the network. Switches S1-S6 are 

active in directing power from the DC side to the grid. 

Space Vector Pulse Width Modulation (SVPWM) 

control method is applied to reduce switching losses, 

reduce harmonic distortion and also, use DC link terminal 

voltage properly. SVPWM can be used to generate pulses 

for three-phase two-level DC-AC converters. the 

reference vector Uref is averaged using two adjacent space 

vectors (U3 and U4 in the Fig. 4) for a given period and a 

null vector (U7 or U8) for the rest of the period. Fig. 5 

shows a simple schematic and controller for V2G 

operation of T-type converter. Table 1 shows the state of 

the top switches of each leg for each vector. Eight 

switching modes, including six active modes and two zero 

modes, are available. These vectors form a hexagon 

(Figure 4), which can be seen as consisting of six sections 

at 60 degrees. The reference vector representing the 

three-phase sinusoidal voltage is generated using SVPWM 

by switching between the two nearest active vectors and 

the zero vector. The sinusoidal reference space vector 

forms a circular path inside the hexagon. The largest 

output voltage value that can be obtained using SVPWM 

is the radius of the largest circle that can be recorded in 

the hexagon. This circle is tangent to the midpoints of the 

lines that join the ends of the active space vector. Finally, 

the model of a three-phase inverter based on space 

vector representation enables the proposed converter to 

deliver power from the battery to the grid. 

 

 
Fig.  7:  Time-domain waveforms in CCM: (a) G2V, (b) V2G. 

 

 
Fig.  8:  Time-domain waveforms in DCM operation: (a) G2V, (b) 

V2G. 
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DC-DC Conversion 

Fig. 6 shows the configuration of the proposed DC-DC 

conversion system. The DC-DC converter is connected to 

battery on one side and to the DC link on the other side. 

VO and Vdc show the battery and the DC link voltages, 

respectively. Interleaved DC-DC converter is proposed to 

reduce the voltage and current stress and, increase the 

reliability of the DC-DC conversion. Therefore, we will 

only examine the first part of the DC-DC converter. The 

proposed converter consists of four inductors L1, L2, L3, 

and L4, four capacitors C1, C2, C3, and C4, eight switches 

S11, S12, S13, S14, S15, S16, S17, and S18 and ten diodes 

D11, D12, D13, D14, D15, D16, D17, D18, D19 and D20. 

Body switches and diodes conduct complementary during 

a complete switching period (Ts). The V2G and G2V 

working modes of the DC-DC converter in continuous 

conduction mode (CCM) and discontinuous conduction 

mode (DCM) are shown in Fig. 7 and Fig. 8, and the 

detailed analysis of each mode is given in the following. 

A. G2V Operation 

Two modes for CCM operation and four modes for 

DCM are defined as follow: 

The first mode of CCM and DCM [0-t1]: according to Fig. 

9(a), switches S11, S13 and S17 are turned on and switch 

S15 is off. In this time interval, inductor L1 is charged by 

the input DC link and the energy released from capacitor 

C3. Therefore, the current through inductor L3 increases, 

while inductor L3 is energized from C5. The derived 

current and voltage equations according to the time-

domain waveform in Fig. 8(a) are: 

{
vL1=L1

diL1
dt
=Vdc-vC3=Vdc-vC5

vL3=L3
dL3
dt
=-Vo+vC3=-Vo+vC5

 (3) 

the voltage of two capacitors C3 and C5 are equal.  

The second mode of CCM [t1-Ts] and DCM [t1-t2]: 

unlike the first mode, according to Fig. 9(b), while diodes 

D15 and D19 conduct, switches S11, S13 and S15 are 

turned off. Inductor L1 gives its energy to capacitors C3 

and C5. Also, the energy of inductor L3 is discharged. 

 {
vL1=L1

diL1

dt
=-vC3-vC5

vL3=L3
diL3

dt
=-Vo

                                                       (4) 

Applying volt-second balance law on inductors L1 and 

L2 yields: 

 D(Vdc-VC3)+(1-D)(-VC3-VC5)=0                                       (5) 

 D(-Vo+VC3)+(1-D)(-Vo)=0                                              (6) 

D stands for duty cycle. Using (6), the average voltage 

on the capacitors C3 and C5 are calculated as follows: 

 VC3=VC5=Vo/D                                                                       (7)                                                                                                                                                       

The voltage conversion ratio of the proposed 

converter during CCM operation for G2V mode is 

obtained from (6) and (7) as follows:  

𝑀𝐺2𝑉 (𝐶𝐶𝑀) =
𝑉𝑜
𝑉𝑑𝑐
=
𝐷2

2 − 𝐷
   (8) 

The third mode of DCM [t2-t3]: in this state, the 

current passing through inductor L1 in t2 and the current 

passing through inductor L3 in t3 reach zero. 

The fourth mode of DCM [t3-Ts]: in this state, the 

current through the inductors reaches zero and all the 

switches are off. A full cycle of Ts is completed at the end 

of this interval. Diodes D1 and D2 can be defined as duty 

cycles where the current through the inductors becomes 

zero. Therefore, according to the Fig. 9(c), the voltages 

across the inductors are given as follow:  

 VL1={

Vdc-vC3 0≤t<DTs
-vC3-vC5 DTs≤t<(D+D2)Ts
0 (D+D2)Ts≤t<Ts

                                (9) 

 
(a) 

 
(b) 

 
(c) 

Fig.  9:  Equivalent circuit of the proposed DC-DC converter in 
G2V operation: (a) Mode 1, (b) Mode 2, (c) Mode 3. 

𝑉𝐿3 = {

−𝑉𝑜 + 𝑣𝐶3 0 ≤ 𝑡 < 𝐷𝑇𝑠
−𝑉𝑜 𝐷𝑇𝑠 ≤ 𝑡 < (𝐷 + 𝐷1)𝑇𝑠
0 (𝐷 + 𝐷1)𝑇𝑠 ≤ 𝑡 < 𝑇𝑠

       (10) 
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By applying volt-second balance law on both inductors, 

voltage of capacitors is calculated as given in (16). 

 VC3=VC5=(D+D1)Vo/D                                                    (11)                                                                                                                                            

So, during this mode, DCM voltage gain transfer ratio 

is calculated as follows: 

 MG2V(DCM)=
Vo

Vdc
=

D2

(D+D1)(D+2D2)
                                        (12)                                                                                                                      

B. V2G Operation  

Unlike the G2V Operation mode, in this mode, the 

power flows from the battery side to the DC link. Two 

modes are defined for CCM operation and four modes for 

DCM: 

First mode of CCM and DCM [0-t1]: in this interval, only 

switch S15 conducts, as shown in Fig. 10(a). The DC source 

charges inductors L3 and L1, that increases the current. 

The energy of capacitors C1 and C2 is discharged in 

inductor L1. Fig. 8(b) shows the derived current and 

voltage equation. 

 {
vL1=L1

diL1

dt
=vC3+vC5

vL3=L3
diL3

dt
=Vo

                                                      (13)                                                                                                                                     

The second mode, CCM [t1-Ts] and DCM [t1-t2]: 

according to Fig. 10(b), only three diodes D11, D13 and 

D17 conduct and all switches are off. Inductor L3 

discharges energy to capacitor C5, and inductor L1 

discharges its energy to DC link. 

 {
vL1=L1

diL1

dt
=-Vdc+vC3=-Vdc+vC5

vL3=L3
diL3

dt
=Vo-vC3=Vo-vC5

                                (14)                                                                                                          

It can be seen that the voltage of capacitors C3 and C5 

are equal. If we apply the volt-second balance law on the 

inductors, we have:  

 D(Vo)+(1-D)(Vo-VC3)=0                                                  (15)  

 D(VC3+VC5)+(1-D)(-Vdc+VC3)=0                                 (16) 

Using (15), the voltage of capacitors C1 and C2 can be 

determined as follow: 

 𝑉𝐶3 = 𝑉𝐶5 =
𝑉𝑜

(1−𝐷)
                                                               (17)                                                                                                                 

The voltage conversion ratio of the proposed 

converter during CCM operation for V2G is obtained from 

(16) and (17). 

 MV2G(CCM)=
Vdc

Vo
=

1+D

(1-D)2
                                                      (18)                                                                                                                                       

Third mode of DCM [T2 -T3]: current of inductor L1 

reaches to zero. 

Fourth mode, DCM [t3-Ts]: the current through the 
inductors reaches to zero and all switches are off. At the 
end of this interval, a full switching period of Ts is 

completed. As shown in Fig. 10(c), the voltages on both 
sides of the inductors are calculated as follow: 

 

(a) 

 
(b) 

 
(c) 

Fig.  10:  Equivalent circuit of the proposed DC-DC converter in 
V2G operation: (a) Mode 1, (b) Mode 2, (c) Mode 3. 

 

VL1={

vC3+vC5 0≤t<DTs
-Vdc+vC3 DTs≤t<(D+D2)Ts
0 (D+D2)Ts≤t<Ts

                             (19)  

VL3={

VO 0≤t<DTs
VO-vC3 DTs≤t<(D+D1)Ts
0 (D+D1)Ts≤t<Ts

                                 (20) 

The volt-second balance law is applied to inductors L1 

and L3.  

Therefore, the voltages of capacitors C3 and C5 are 

equal to (21). 

 VC3=VC5=
(D+D1)Vo

D1
                                                              (21) 

So, the DCM voltage gain in V2G mode can be obtained 

as follows: 

MV2G (DCM)=
Vdc

Vo
=
(D+D1)(2D+D2)

D1D2
                                        (22) 
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(a) 

 

 
(b) 

Fig.  11:  schematic of DC-DC Converter with controller: (a) 
G2V, (b) V2G. 

Proposed DC-DC Converter Control System 

In G2V operating mode, the difference between Vdc 

and Vref is given to PI controller. The PI controller output 

duty cycle is compared with a sawtooth wave to apply the 

gate pulses to the switches S15 and S16 (fig. 11(a)). During 

G2V operation, switches S15 and S16 are off. SOC extracts 

the appropriate current of iBattery
* using lookup table (LUT) 

data. The difference between iBattery and iBattery
* is given to 

the PI controller. The output of the PI controller 

determines the duty cycle (fig. 11(b)). By using PWM 

Generator, the required pulses are applied to switches 

S11, S12, S13, S14, S17 and S18 with the desired duty 

cycle. A 380 Volt 40 ampere-hour battery is applied in the 

studied system. The proposed topology can be used for a 

wide range of battery voltages. 

Duty Cycle for G2V and V2G Operation 

Using the battery and DC link voltages, it obtained that 

the duty cycle in G2V and V2G operation modes are 

calculated as follow:  

DG2V =0.5 (-Vo+√Vo
2+8VoVdc) /Vdc                               (23) 

DV2G =0.5 (2Vdc+Vo-√Vo
2+8VoVdc) /Vdc                       (24) 

Current ripple and average current of inductors are 

equal to:  

 G2V: ΔiL3=
1-D

L3fs
Vdc;ΔiL1=

2(1-D)

L1fsD
Vdc                                  (25) 

 V2G: ΔiL3=
D

L3fs
Vo;ΔiL1=

2D

L1fs(1-D)
Vo                                 (26) 

 IL3=Io=ΔiL3(D+D1)/4                                                      (27) 

 IL1=
D

2-D
Io⏟

G2V 

=
1-D

1+D
Io⏟  

V2G 

=ΔiL1(D+D2)/4                                (28) 

fs is switching frequency. For DCM modes, D1 and D2 can 

be calculated as follow:  

G2V: {
D1=

2L3fsIo

(1-D)Vo
-D

D2=
D2L1fsIo

(2-D)(1-D)Vo
-D

                                                  (29) 

V2G: {
D1=

2L3fsIo

DVo
-D

D2=
(1-D)L1fsIo

D(1+D)Vo
-D

                                                    (30) 

Design of Passive Elements 

The values of inductance are concluded from (4) and 

(14), as follow: 

 G2V: L3&≥
1-D

ΔiL3fs
Vo;L1≥

2(1-D)

ΔiL1fsD
Vo

 
                                    (31) 

 V2G: L3≥
D

ΔiL3fs
Vo;L1≥

2D

ΔiL1fs(1-D)
Vo                                  (32) 

Table 2: Values for each element in the proposed DC-DC 

converter 

 

Parameters Values 

Rated power (Pout) 17 [KW] 

Battery and DC Link side 
voltages (Vo, Vdc) 

380 [V] and 600 [V] 

3-Phase Grid side voltage 
(Vg) 

380 [V], 50 [Hz] 

Switching frequency (fs) 1 [kHz] 

Inductors L1, L3 and Lg 1 [𝑚H], 2.2 [mH] and 1 
[mH] 

Capacitors C1, C3, C5 and C7 470 [μF], 330 [μF], 330 
[μF] and 2.2 [μF] 

 

In CCM operation mode, the minimum inductor 

current must be positive, so the critical values of 

inductors are obtained as follow: 

 𝐺2𝑉: 𝐿3& ≥
(1−𝐷)𝑉𝑜

2𝑓𝑠𝐼𝑜
; 𝐿1 ≥

(2−𝐷)(1−𝐷)

𝐷2𝑓𝑠𝐼𝑜
𝑉𝑜                       (33) 

 V2G: L3≥
DVo

2fsIo
;L1≥

D(1+D)Vo

(1-D)2fsIo
                                             (34) 

Values of capacitors are determined as follow: 

 G2V: C3;5≥
D(1-D)Io

ΔvC3;5fs(2-D)
;C7≥

(1-D)Vo

8ΔvC7fs
2L1

                              (35)             
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 V2G: C3;5≥
D(1-D)Io

ΔvC3;5fs(1+D)
;Cdc≥

D(1-D)2Vo

ΔvCdcfs(1+D)
                        (36) 

By having the allowed ripple of capacitors voltage, and 

considering (35) and (36), the values of capacitors are 

obtained. Considering the interleaved configuration of 

DC-DC converter, the obtained values for each element in 

one part is similar to the same element in the other part. 

Table 2 shows the values of DC-DC converter elements. 

 

 

 
(a) 

 
(b) 

Fig.  12:  The voltage of on switches: (a) G2V, (b) V2G. 
 

Comparision 

The proposed battery charger is compared with similar 

chargers in this section and results are given in Table. 3. 

As mentioned before, the proposed configuration has 

bidirectional power flow capability which only some of 

the chargers have this capability. Also, from efficiency 

point of view, the proposed configuration has relatively 

good situation. It should be noted that the ratio of the 

output power to the input power is used to determine the 

efficiency. As, in the V2G working mode the input power 

is the battery power and the power delivered to the 

network is the output power, and in the G2V working 

mode, the power to the battery is the output power and 

the converter power is considered as the input power. 

The given battery charger has the best battery voltage 

range among the compared chargers.  
 

Table 3: Results of comparison between the proposed charger 
and similar configurations 
 

REF. Efficiency 
Bidirectional 
power flow 

Battery 
voltage 
range 

Switching 
frequency 

[1] 99% No 200-650 V 20-80 kHz 

[2] 97.01% No 460-800 V 150 kHz 

[4] 97.5% Yes 48 V 10 kHz 

[5] 98.4% Yes 400 V 20 kHz 

[7] 98.2% No 150-950 V 500 kHz 

[8] 95.6% Yes 48-450 V 40 kHz 

[9] 97.2% Yes 40 V 50 kHz 

[12] 99.2% No 700-900 V 50-160 kHz 

[13] 98% Yes 430-620 V 20 kHz 

[15] 97.9% No 800 V 100 kHz 

[16] 92.08% No 46-65 V 20 kHz 

[17] 96.7% No 9-16 V 
260-400 

kHz 

Proposed  >96% Yes 20-600 V 1 kHz 

 

Simulation Results 

It has been designed in Simulink MATLAB software to 

validate the control scheme and battery topology of the 

proposed charger. The switching frequency is considered 

to be 1 kHz, and the selfie filter is 1 mH is connected to a 

three-phase network of 380 V and 50 Hz. In this 

simulation, a battery with a voltage of 380 volts and a 

current of 40 amp-hours is used, which can be replaced 

with different batteries with different voltage-current 

ranges. Fig. 12(a) in CCM mode shows the voltage of 

switches S11, S13 and S17 in G2V mode, which are “on” 

in this mode. Fig. 12(b) shows the voltage of switch S15 in 

DCM mode and in V2G mode. The voltages of other 

switches are the same as the corresponding interleaved 

switch. In CCM mode and in G2V operation mode, 

according to Fig. 13(a), Battery voltage ripple is less than 

one volt. Fig. 13(b) shows the charging current of the 

battery in full load. 
 

 
(a) 
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(b) 

Fig.  13:  CCM operation in G2V: (a) Battery voltage, (b) Battery 
current. 

The ripple of the battery charging current is less than 4 

amps. In DCM mode and V2G operation mode, battery 

discharge voltage and current are shown as shown in Fig. 

14.  

 
(a) 

 
(b) 

Fig.  14:  DCM operation in V2G: (a) Battery voltage, (b) Battery 
current. 

 

 

 
(a) 

 
(b) 

Fig.  15:  Inductor voltage, and (b) inductor current in CCM 
mode. 

 
(a) 

 
(b) 

Fig.  16:  DC Link voltage: (a) G2V, (b) V2G. 

 

Fig. 15 shows the voltage and current of inductors L1 

and L3 in G2V operation mode. The current ripple of the 

inductors is about 2 amps. Also, DC link voltage in G2V and 

V2G operation modes are given in Fig. 16. In the V2G 

operation mode, the voltage and current of the inductors 

for 0.5kW load on the network side are shown in Fig. 17. 

The reference voltage for the DC link is 600 volts, which 

shows a ripple of less than 4 volts for G2V operation 

mode. By connecting a load of 380V and 500W, the phase-

to-phase voltage and the current waveform of phase A 

are obtained as shown in Fig. 18.  

In order to check the usability of the proposed 

converter in charging stations, two DC-DC converters are 

connected to the DC link in parallel. This type of 

connection provides the ability to charge an electric 

vehicle with only one AC-DC converter, which will 

ultimately lead to a reduction in the number of elements 

and cost, but also can charge cars with different battery 

capacities at the same time. 

Fig. 19 shows the charging current of two identical 

batteries that have the same SOCs. The current ripple of 

both batteries is equal and varies from 36 to 41 amps. 
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Assuming that these 2 electric cars are charging, the 

current of phase A is shown in Fig. 20.   

The peak of this current depends on the number of EVs 

being charged and the SOC of the batteries. According to 

the obtained simulation results, the proposed converter 

can be placed in the category of off-board fast charger, 

which can charge a 380 volt and 40 amp-hour battery in 

less than 38 minutes. The peak of this current depends on 

the number of EVs being charged and the SOC of the 

batteries.  

 

 
(a) 

 

 
(b) 

Fig.  17:  (a) Inductor voltage, and (b) inductor current in DCM 
mode. 

 

According to the obtained simulation results, the 

proposed converter can be placed in the category of off-

board fast charger, which can charge a 380 volt and 40 

amp-hour battery in less than 38 minutes. Fig. 21 

illustrates power factor variations in the grid side of the 

proposed battery charger. As shown in this figure, power 

factor is nearly unit during the charge process. 

 
(a) 

 
(b) 

Fig.  18:  Load voltage and current: (a) Phase to Phase Voltage, 
(b) Phase A current. 

 

 

 
Fig.  19:  The current of Batteries in the charging station. 

 

 
Fig.  20:  Phase A current when connecting to two electric 

vehicles. 
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Fig.  21:  Power factor variation during charge process.  

Conclusions 

In this paper, a non-isolated bidirectional DC-DC 

converter connected to a T-type three level converter for 

V2G and G2V applications is presented. The number of 

keys of the proposed T-type converter is reduced 

compared to the conventional T-type converter, which 

leads to a cost reduction in this structure. The proposed 

configuration has the merits of a common ground and 

ability of flow power in both directions. The low harmonic 

distortion of this structure is about 3%. In order to 

stabilize the DC link voltage, this structure uses SVPWM 

controller in V2G operation and SPWM controller in 

reverse power flow mode. The battery charger can charge 

a 380V and 40 amp-hour battery from 20-80% of SOC in 

less than 38 minutes that shows the charger operates as 

a fast charger. The proposed battery charger can be used 

in the charging station for a wide range of batteries with 

different voltages and currents. The advantages make the 

proposed converter one of the suitable options for 

battery chargers for electric vehicles. 
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Abbreviations  

EV Electric Vehicle 

SVPWM Space Vector Pulse Width Modulation 

CBPWM Carrier Based Sinusoidal Pulse Width 

Modulation 

V2G Vehicle to grid 

G2V grid to Vehicle 

THD Total Harmonic Distortion 

SOC State of Charge 

SPWM Sinusoidal Pulse Width Modulation 

CCM Continuous Current Mode 

DCM Discontinuous Current Mode 
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