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Abstract 

Nowadays, in smart grid  environment, Electric Vehicles are contributing a decisive 

role   to  flow power in bidirectional mode through connected  distribution grid. The 

present research has shown the mathematical modelling of two stage isolated 

bidirectional converter. Design of all passive circuit elements for the proposed topology 

has been accomplished with the considerations of a DC/DC buck-boost converter for the 

application in Plug in hybrid electric vehicles. The proposed model shows the 

bidirectional power flow from grid to vehicle and vice versa. The proposed circuit 

operates in two ways: Charging and Discharging of the battery where each mode has 

two stages. During Charging mode, the DC source supplies dc power to the bridge 

inverter then the inverted square wave AC is transferred using a transformer then that  

rectified to DC power and power supply to the battery through the Buck switch. While 

during the discharging mode, the power of the battery is through the boost switch is 

fed to the bridge rectifier then it is fed to the transformer then the AC power is rectified 

to DC and fed to the Load. The switching frequency of the switches is 250 kHz while the 

presence of the transformer enables us to transfer a power of 10kW. The projected 

topology is comprehended in MATLAB/Simulink and the found he satisfactory results 

which establish that the topology will be perfectly suitable for different V2G 

applications. 
 

. 

Keywords: Bi-Directional Converter, Buck Converter, Boost Converter, Battery, Plug 

in electric Vehicles 

 

1. Introduction 

Since few centuries, vehicles are playing an important role to modernize the human life. 

The conventional vehicles are depleting day by day to reduce carbon di-oxide (CO2) 

mixing in the atmospheric air. To stop the green hose gas emission, Electric Vehicles 

(EVs) are coming as a boon to protect the all living beings in the earth. The advancement 

in automotive technology brings different types of hybrid vehicle like plug-in hybrid 

electric vehicle, (PHEV), battery electric vehicle (BEV), and fuel cell electric vehicle, 

(FCEV) in the market. EVs, especially PHEVs, require a high energy and power density 

energy storage device, a   bidirectional converter as presented in Figure 1 so as to run 

efficiently with a high state battery charging. Presently, technology allows PHEV to run 

with a battery capacity to cover10 to 60 miles of driving [1]. Two modes of operation of 
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the battery i.e., charging and discharging consecutively happens and energy returned 

back to the connected grid or used as local source of electricity. Therefore, a bidirectional 

ac-dc converter is needed to design for the specific battery considering its chemistry. 

Fuel cells are alternatively used as a storage unit for the renewable resources. When 

the generation are at their peak, then the EVs can be charged using that energy and then 

during the peak load hours, if necessary, the   stored energy of the fuel cell will supply 

energy to the Grid. Thus, the battery needs a device to make the bidirectional flow of 

power possible. So, the Bidirectional converters have a huge role in these types of 

operation [2], [3], [4]. Bidirectional converter is a type of DC-DC converter. The 

proposed research work has been focused on design of the circuit components essential 

for Bidirectional Converter to operate in a ripple free condition. This paper also presents 

a comparative study of the operation of the proposed bidirectional converter in changing 

frequency. 

2. Theory of Bidirectional Converter 

The proposed system is a hybrid circuit designed by combining the full bridge and the 

buck boost converter to maximize the output and efficiency of the system. It is 

composed of full bridge converter, high frequency transformer and a buck boost 

converter [5]. Figure 1 represents the charging mechanism of Plug-in Electric Vehicles 

The high frequency transformer is present in the circuit for the following reasons: 

• It provides isolation between grid and battery. 

• It provides the ease of high-power transfer between grid and battery. 

The bidirectional Buck Boost converter has two modes of operation, during charging the 

230 V supply is converted into 200 V DC and then fed to the battery while during 

discharging, the battery supplies the 200 V power through the transformer to the load of 

230 V.  To design the converter for high voltage and high frequency operations, IGBTs 

are chosen as switches. The p a r t s  o f  t h e  system are as follows: 

2.1 Full Bridge Converter: In the first step, pulse width modulated full bridge 

converter is presented, which acts as a phase shifted full bridge inverter when battery 

will take charge and a full bridge rectifier when battery will discharge through primary 

side and vice versa the secondary side.  

2.2 High Frequency Transformer: In designing the bidirectional converter with high 

power density, low noise, reduced weight, better reliability and less cost, high frequency 

transformer is fed with high frequency square waves. The basic purpose of the 

transformer is to transfer high power and provide isolation between the converters on 

either side of it. During charging and discharging   mode, it acts as step-down and step-

up respectively.  

2.3 Buck Boost Converter: To obtain step-up or step-down DC-DC voltage and enable 

the power flow bidirectionally, the converters have to be operated in two mode Buck and 

Boost separately. 

Buck Mode: In this mode of operation, the buck switch is turned on and boost switch is 

turned off, thus, it operates as diode. Battery is supplied from the input supply via the 

filter circuit. When the buck switch is turned off , the inductor release it’s energy via the 

diode in boost circuit. So, the charging mode voltage is given by: 

                         V𝑐ℎ  ∝ 𝑁 ∗ 𝐷 ∗ 𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦                                                    (1) 
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Figure 1. Charging mechanism of Plug-in Electric Vehicles 
 

Boost Mode: In this mode, the IGBT switch is turned on while the buck switch is off, 

acts as a diode. The inductor receives energy via the battery and when boost switch is 

off, the inductor fed energy to the load via the buck diode. So, the discharging voltage is 

given by: 

                                                     V𝑑𝑖𝑠𝑐ℎ  ∝
𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦

𝑁∗(1−𝐷)
                                                                  (2) 

 

Where N is the transformer’s turns ratio and D is duty cycle of the switch in that mode 

of operation. Here an LC filter is used to reduce ac components in the output  

2.4 Battery Charging and Discharging: In Electric Vehicles, charging and discharging 

process of battery connected traction system needs delicate handling with an appropriate 

design of converters. In this research paper, a two-stage isolated Bidirectional converter has 

been proposed to overcome an interval by designing the converter at high-frequency. The 

battery’s charging and discharging operation can be calculated using the following 

formulas: 

State of Charge (Soc) denotes the charge level relative to batteries rated capacity. The state 

of charge can be calculated by: 

                                                     % 𝑆𝑂𝐶 =  
𝐼∗𝑇

𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦
∗ 100                                              (3) 

While the depth of discharge (DOD) is the capacity discharged from a fully charged battery 

relative to its rated capacity. The depth of discharge can be calculated by: 

                                                  % DOD =  
I∗T

Cbattery
∗ 100                                                (4) 

Where T is time taken in hours and 𝐶𝑏𝑎𝑡 is battery capacity. 

3.  Proposed Methodology 

The working principle of the circuit is described below. The topology is presented in 
Figure. 2 has two full bridge converts connected on either side of the high frequency 
transformer which is further connected to a buck boost converter which  is then fed to the 
battery. The proposed circuit shown in has four modes of operation for charging and 
discharging. 
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Figure 2. Basic circuit Diagram of converter 

 

Mode 1 (Buck Mode positive half cycle): When switch in the buck circuit is turned on and 

boost switch is off, the energy supplied by the source is inverted by the IGBTs ,  for the 

positive half cycle , S1 and S2 are ON, shown in Figure 3(a).  Then the inverted DC is 

stepped down by the transformer then fed to the rectifier switches S5 and S6 on the other 

side of the transformer. Then the rectified ac through the buck switch and the filtered DC 

is fed to the battery. When the switch in the buck circuit is turned off, the inductor releases 

energy via the boost diode, providing a constant DC voltage of 200 V to the battery. 

 

                                 𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝑉𝑆𝑂𝐶 − 𝑉2 − 𝑉𝐶1 − 𝑉𝐿                                         (5) 

Mode 2 (Buck Mode negative half cycle): The inverter switches S3 and S4 are turned on 

while on the rectifier side, the switches S7 and S8 are turned on during the negative half 

cycle and the same operation as Mode 1 is followed as shown in Figure 3(b).  

Mode 3 (Boost Mode positive half cycle): When the boost switch is turned on and buck 

switch is off, the energy stored in the battery charges the inductor. When the boost switch 

is turned off, the energy stored in the inductor is supplied to the load via the phase shifted 

inverter switches S5 and S6 and then it is stepped up by the transformer as shown in Figure 

3(c). The rectifier on the other side via switches S1 and S2 rectifies the input square wave 

AC and feds it to the 230 V load. 

                                    𝑉𝐷𝐶 𝑠𝑢𝑝𝑝𝑙𝑦 =  𝑉𝑠𝑒𝑐 − 𝑉𝐶3 − 𝑉𝐿1                                                   (6) 

Mode 4 (Boost Mode negative half cycle): During the negative half cycle, the inverter 

switches S7 and S8 are turned on and the rectifier side, the switches S3 and S4 are turned 

on while the rest of the operations remain same as Mode 3 as shown in Figure 3(d).  

 
Figure 3(a): Buck Mode Operation for positive half cycle 
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Figure 3(b): Buck Mode Operation for negative half cycle 

 
 

Figure 3(c): Boost Mode Operation for positive half cycle 
 

 
 

Figure 3(d): Boost Mode Operation for negative half cycle 

 

4. Mathematical Modelling 
 

From the simulated circuit we get to know about the operations of the circuit, thus the 

following equations (7) to (13) gives the variables in the circuit. In Figure 3(a) and 3 (b) 

the operation of the circuit in buck mode i.e., the battery charges via the buck switch. Thus, 

the Buck Mode variables are [15, 16], 

 
𝒅

𝒅𝒕
𝒗𝒃𝒂𝒕(𝒕) = 𝑳

𝒅

𝒅𝒕
(𝒊𝟏 + 𝒊𝟐) + 𝒗𝑪𝟏

(𝒕) + 𝒊𝟐(𝒕)𝑹 + 𝒗𝒔𝒆𝒄(𝒕) 
(7) 

 
𝒅

𝒅𝒕
𝒊𝑳(𝒕) =

𝟏

𝑳
(𝒗𝑪𝟏

(𝒕) + 𝒊(𝒕)𝑹 + 𝒗𝒃𝒂𝒕(𝒕) + 𝒗𝒔𝒆𝒄(𝒕)) 
(8) 

 
𝒅

𝒅𝒕
𝒗𝑪𝟏

(𝒕) =
𝟏

𝑪𝟏
(𝑳

𝒅

𝒅𝒕
𝒊𝟏 + (𝒊𝟏(𝒕) + 𝒊𝟐(𝒕))𝑹 + 𝒗𝒃𝒂𝒕(𝒕) + 𝒗𝒔𝒆𝒄(𝒕)) 

(9) 
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In Figure 3(c) and 3(d) the operation of the circuit is in Boost mode i.e., the battery 

discharges via the boost switch and supplies power to the load. Thus, the Boost Mode 

variables are, 
 

𝒅

𝒅𝒕
𝒗𝒛(𝒕) = 𝑳𝟏

𝒅

𝒅𝒕
(𝒊𝟏 + 𝒊𝟐) + 𝒗𝑪𝟑

(𝒕) + 𝒊𝟐(𝒕)𝑹𝟐 + 𝒗𝒔𝒆𝒄(𝒕) 
(10) 

 
𝒅

𝒅𝒕
𝒊𝑳𝟏

(𝒕) =
𝟏

𝑳𝟏
(𝒗𝑪𝟑

(𝒕) + 𝒊𝟐(𝒕)𝑹𝟐 + (𝒊𝟏(𝒕) + 𝒊𝟐(𝒕))𝒁 + 𝒗𝒔𝒆𝒄(𝒕)) 
(11) 

 
𝒅

𝒅𝒕
𝒗𝑪𝟑

(𝒕) =
𝟏

𝑪𝟑
(𝑳𝟏

𝒅

𝒅𝒕
𝒊𝟐 + 𝒊𝟐(𝒕)𝒁 + (𝒊𝟏(𝒕) + 𝒊𝟐(𝒕))𝑹𝟐 + 𝒗𝒔𝒆𝒄(𝒕)) 

(12) 

 
𝒅

𝒅𝒕
𝒗𝒑𝒉(𝒕) = 𝑳

𝒅

𝒅𝒕
𝒊𝟏 + 𝒗𝟏(𝒕) + 𝒊𝟐(𝒕)𝑹 + 𝒗𝒃𝒂𝒕(𝒕) 

(13) 

 

4.1. Design of Passive Elements 

 
The above given circuit is designed by the following mathematical modelling of the P and 
I of the PID controller. 

 
 

Fig. 7: Block diagram of the feedback control circuit. 
 

 The output of the PID controller is given by the following equation:  

                                         u(t) = Kp + Ki ∫ e(t)
t

0
dt + Kd

de(t)

dt
                                     (14)   

The transfer function of the PID controller is given by the equation below: 

                                        G(s) = Kp +
Ki

s
+ Kds =

Kds2+Kps+Ki

s
                                    (15) 

The passive filter circuit is designed by the following Equations: 

                                                         Vl = Vin ∗
Ns

Np
− Vo                                                 (16) 

From the equations (14) to (16) we have designed the values of the of the filters used in 

the circuit to reduce the ripple. Firstly, the ripple criterion is set to limit the amount of 

ripple in the output current and voltage respectively. Then by calculating the amount of 

ripple to be reduced, the value of inductor and capacitor is calculated by the given equation 

19.   
 

Ripple current in the Inductor is given by the following equation: 
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𝛥𝐼𝐿 =
1

2

𝑉𝑖𝑛

𝐿
𝐷 ∗ 𝑇𝑠 

(17) 

 

Ripple Voltage in the Capacitor is given by the following equation: 

 

𝛥𝑉𝐶 =
1

2

𝑉𝑖𝑛

𝐶
𝐷 ∗ 𝑇𝑠 

(18) 

 

Thus, the value of inductor and capacitor are hereby calculated respectively, 

 

𝐿 =
𝐷 ∗ 𝑇𝑠

𝐼𝑟𝑖𝑝𝑝𝑙𝑒
               &          𝐶 = 𝐼𝑟𝑖𝑝𝑝𝑙𝑒 ∗

𝐷 ∗ 𝑇𝑠

𝑉𝑟𝑖𝑝𝑝𝑙𝑒
 

(19) 

 

5.  Simulation of proposed methodology 

The circuit consists of a DC voltage source that acts as the gird that supplies power to 
the battery during charging mode. The DC source is connected to a to a full bridge 
converter that has a high switching frequency of 250 kHz [12]. The converters invert 
the DC supply to AC then feds it to the primary side of a high frequency transformer 
that has a turns ratio of 1:0.87. The secondary side of the transformer is connected to a 
full bridge converter that again rectifies the AC power into DC and it is fed to the Buck 
or Boost switches that further turns on or off to supply the power to the battery. Three 
pulse generators are used in the circuit one of which is used as the gate pulse of the 8 
IGBT switches, used for a full bridge converter, and the other two are used for the buck 
and boost switch respectively. The voltage measurement block is connected to the 
primary and secondary of the transformer that is connected to the RMS block that is 
then connected to a display block that shows the rms value of the primary and secondary 
voltages of the transformer. A voltage and current measurement block are connected to 
the secondary side full bridge converter, that is connected to a scope that shows the 
output voltage and current of the full bridge converter. The battery is connected to a bus 
selector that measures the voltage, current and the %soc of the battery. An inductor is 
connected in series with the battery as a filter to minimize the ripple in the battery 
current. There are two modes of operation of the circuit: 

 

               Charging Mode: As in Figure 3. the switches S1 and S2 are turned on and similarly 

switches S3 and S4 are turned on simultaneously. In this simulation, never the switch 

pair S1 , S2  and S3 , S4 are never turned on and turned off simultaneously. The switches 

S5 and S6 are turned on simultaneously and similarly switches S7 and S8 are turned on 

simultaneously. In this simulation, whenever switches S5 and S6 are turned on, switches 

S7 and S8 are turned off and vice versa. The converter operates as a buck mode while 

battery is taking energy to be charged, while the DC source is powering the downstream 

load converters to supply power to the battery. During charging mode, the duty cycle 

of the buck switch was 0.2, the current flows through the buck switch through the 

inductor to the battery, thus supplying power to it. 

 

Discharging Mode: When the DC-main is unable to supply the power, the battery 

regulates the bus voltage and thereby powers the downstream converters and the 

converter operates as a boost converter. For the discharging mode as shown in Figure 

4., a series RLC load replaced the primary side voltage source. For an input battery 

voltage, the duty cycle of boost switch was 0.1, hence the power flows from the 
secondary side to the primary side of transformer, supplying power to the load [13]. 
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5.1. Control Algorithm 

The control algorithm of bidirectional converter is designed to control the gate pulse of the full 

bridge inverters. The control logic is shown in Figure 4. A pulse generator of 250 kHz is 

connected to two switches while the other two switches are connected via a NOT gate. The 

control scheme is as follows: 

 

 
 

Figure 4. Current Controlled PWM Control 
 

This control is used to control the battery current to protect it from overcurrent faults 
during charging or discharging. The reference battery current that was obtained from 
the on/off control acts as an error signal. The error signal is compared to the nominal 
battery current (i.e., 65.2A) and their difference is fed to the PID controller. The output 
from PID controller is fed to a DC to PWM generator, that generates the necessary 
PWM signal. The generated PWM signal is fed to one of the switches.  
 

 
 

Figure 5. Voltage Control for (a) Charging (b) discharging. 
 
This is the PID control algorithm for voltage control while discharging the battery. This is 
used to control the voltage level to ensure that the battery isn’t in undervoltage fault whole 
during discharging. The battery voltage is measured and compared with the rated voltage 
of the battery (i.e., 48V) and an error signal is generated. The error signal is then fed to the 
PID controller which in turn generates a gain signal. That gain signal is then fed to the 
on/off control switch which again generates a new reference battery current signal. Now, 
that new error signal generates a PWM signal to drive the switches 𝐒𝟏 and 𝐒𝟐. 

 

6. Simulation Result 

The proposed topology has been s i m u l a t e d  in MATLAB/SIMULINK and the results 
of each mode of operation is shown below: 

6.1. Charging Mode 
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During charging mode of the proposed topology, a square wave voltage 230 V fed to the 
primary side of the transformer by the bridge inverter which is shown in the Figure 6 (a) 
while Figure 6(b) shows the voltage at  secondary side of the transformer is 200 V  . 

 

 
 

Figure 6 (a). Transformer primary voltage (V) in Buck Mode 
 

 
Figure 6 (b). Transformer secondary voltage (V) in Buck Mode 

 

The Figure 7 states the voltage across the battery reaches at 200.23 V and the DC 

current flowing through the battery has reached at nearly 4.5 A at steady state nearly 

after 0.04s. Figure 9 shows the State of charge of the battery during charging operation. 

In this proposed topology, the SoC of the battery gains 80% charge during its charging 

operation.  
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Figure 7. Voltage of Battery in operation during charging operation 

 

 

Figure 8. Current through Battery during charging operation  

 

 

Figure 9. State of Charge (Soc) of Battery  
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6.2 Discharging Mode 

From the Figure 10 (a) , it interprets that 220V voltage is  fed to the primary side of the 
transformer by the bridge inverter, while in Figure 10(b) shows the 230 V secondary side 
of the transformer. 

 

 
 

Figure 10 (a): Transformer primary voltage (V) in Boost Mode  
 

 
 

Figure 10 (b): Transformer secondary voltage (V) in Boost Mode 
 

The Figure 11 shows the DC voltage of nearly 120 V, that reaches a steady state nearly 

after 4s and DC current of nearly 2.5 A fed to the load, that reaches a steady state nearly 

after 2s. While Figure 12 shows the Depth of discharge of the battery during 

discharging operation. As per proposed topology and control algorithms, the 

simulation has been done and have obtained the specification for the components to 

complete the design part. Table 1 shows the designed values of the passive components 

as well as the parameters.  
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Table 1. Designed Model parameters for the proposed topology 
Parameters Designation Values 

Input Voltage 𝑉𝑖𝑛 230 V 

Output Voltage 𝑉𝑜𝑢𝑡 200 V 

Switching Frequency 𝑓𝑠 250 kHz 

Transformation ratio N 1:0.87 

Input ripple current Δ𝐼𝐿 0.00329 A 

Inductor L 31.7 mH 

Inductor 𝐿1 28 mH 
Capacitor 𝐶1 = 𝐶2 51.9 pF 

Capacitor 𝐶3 37.8 pF 

Damping Resistance 𝑅𝑑 = 𝑅 = 𝑅1 22.7 Ω 

Damping Resistance 𝑅𝑑 = 𝑅2 53.3 Ω 

 

 

Figure 11. Load voltage and current 

 

 

Figure 12. Depth of Discharge (DoD) of Battery  
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7. Conclusion 

In this research, a bidirectional DC-DC converter has been designed for the t proposed 

wo stage topology where electrical isolation between the two sides for both battery 

charging and discharging applications has been achieved though the transformer. The 

designed parameters of the proposed circuit have been estimated. During charging and 

discharging mode of battery, the simulation provides the results in terms of various 

waveforms and therefore the proposed topology has been found to work in well 

manner. In present time, there are lots of advancement are going to implement in V2G 

applications of electric vehicles, so these converters will be effective.  The proposed 

model is substantial in the examination of different driving cycles such as urban and 

suburban. The optimal control of bidirectional energy flows could be noticeably simple 

with the support of this study.  
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