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Abstract - The use of Electric Vehicles (EVs) for domestic transportation is increasing rapidly. As a result, more charging 

stations are needed to meet the demand for charging EV batteries. To achieve efficient power transfer, a Dual Active Full-Bridge 

topology (DAFB) is integrated into the charging module, which can exchange power bi-directionally. The charging module can 

charge or discharge the EV battery as required in V2G and G2V modes. The adopted phase shift modulation (PSM) control 

structure for controlling the DAFB switches is updated with advanced controllers of Fuzzy, ANFIS, or DSM-PI. A comparative 

analysis is conducted on different controllers operated with variable reference set points to determine the best controller module. 

The proposed topology with advanced controllers is analyzed on a grid distribution network with a Photo Voltaic (PV) plant 

integrated for renewable power sharing, charging the EV battery. The test system is designed in MATLAB. Simulink software is 

used for modeling and analysis, generating comparative graphs to validate the results. 

Keywords - ANFIS (Adaptive-Neuro Fuzzy Inference System), DAFB (Dual Active Full Bridge), DSM-PI (Dual Sliding Mode – 

Proportional Integral), EV (Electric Vehicle), FIS (Fuzzy Inference System), G2V (Grid to Vehicle), MATLAB (Matrix 

Laboratory), PSM (Phase shift modulation), PV (Photo Voltaic), Simulink, V2G (vehicle to grid). 

1. Introduction 
Due to the increase in global warming and natural 

disasters, it is important to reduce emissions from vehicles 

transportation that are used for commercial and domestic 

purposes [1]. There is much research being done on Electric 

Vehicle (EV) technology to replace traditional fossil fuel 

combustion vehicles. EVs use a battery unit that stores specific 

electrical power for driving. The batteries of these EVs can be 

charged from charging stations or a regular grid on a domestic 

power rating, and these charging methods are divided into DC 

charging and AC charging [2]. DC charging has more power 

than AC charging because the DC charging station is supplied 

from a 3-phase grid. AC charging, on the other hand, has lower 

power because only a 1-phase supply can be used in domestic 

electrical connections. Due to the advantages provided by DC 

charging stations, it is recommended that EV batteries are 

charged from DC plug-in charging locations. DC charging 

stations are connected directly to the distribution lines (11kV) 

at optimal locations. A step-down load transformer transfers 

power to the DC charging module at load voltage magnitude 

levels [3]. Charging modules convert the 3-phase AC voltages 

from the transformer to higher power DC voltage. Later on, 

this voltage is stabilized by different DC-DC converters to 

charge the EV battery. These converters can either be 

unidirectional or bidirectional, depending on the requirement. 

The unidirectional converter only charges the battery, 

represented as the Grid to Vehicle (G2V) [4]. The 

bidirectional converter can also inject power into the grid, 

represented as a Vehicle to the Grid (V2G). By installing a 

bidirectional converter, the charging module will have the 

added advantage of injecting power into the grid from the EV 

battery when needed. 

Most of the research for bidirectional power exchange 

uses a conventional basic two-switch DC-DC buck-boost 

converter. However, this basic converter has drawbacks, such 

as lower efficiency and higher DC voltage ripple content, 

which can be a greater disadvantage for charging high-rating 

EV batteries. The conventional bidirectional converter has 

also had more power loss which impacts the efficiency of the 

system. This converter may damage the EV battery, and it can 

also inject huge harmonics into the grid. Therefore, the basic 

converter is replaced by the Dual Active Full Bridge (DAFB) 

converter, which has very low operating voltage ripple and 

high efficiency, even during higher power transfer conditions 

[5]. The DAFB circuit topology is considered to be the most 

ideal selection for G2V and V2G operating modes in the 

system. 

https://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1 Test system network with DAFB module 

The Figure 1 test system network contains a PV source 

for renewable power sharing. The PV module has a Beta (β) 

MPPT method that extracts maximum power from PV panels 

connected to a boost converter [6]. The EV battery can be 

charged using power from the PV module or the 3-ph grid, 

depending on the solar irradiation availability. The EV 

charging station consists of a Voltage Source Converter 

(VSC), DAFB, and EV battery [7]. The VSC is a bidirectional 

converter that can function as a rectifier and inverter in the 

G2V and V2G modes, respectively. The DAFB uses the phase 

shift pulse modulation (PSPM) technique to charge and 

discharge the EV battery. The PSPM technique is controlled 

by feedback loop control with different controllers for better 

stability of DAFB topology [8]. The charging and discharging 

of the battery can be controlled by voltage or current reference 

feedback. In this paper, Section I introduces the proposed test 

network and the modules PV source and EV charging station. 

Section II describes the configuration of the DAFB module 

and the design of the PSPM technique for controlling battery 

charge and discharge. Section III covers different controllers, 

including Proportional-Integral (PI), Fuzzy Inference System 

(FIS), Adaptive-Neuro Fuzzy Inference System (ANFIS), and 

Dual Sliding Mode-PI (DSM-PI) modeling and design [9] 

[10]. The results obtained with different controllers and 

references are discussed and validated in Section IV. Finally, 

Section V concludes the paper by determining the best 

controller with parametric comparative results, followed by 

references. 

2. DAFB Configuration 
The DAFB circuit topology is widely recognized as the 

most efficient bidirectional DC-DC converter for applications 

with higher power ratings [11] [12]. It is primarily used in 

systems where bidirectional operation is essential and where 

the power direction is changed as per the requirement. The 

DAFB converter is a combination of two full bridges, with 

each bridge consisting of four IGBT switches. These bridges 

are magnetically coupled by a High-Frequency Transformer 

(HFTF) that transfers power from one network to the other. 

The full bridges are operated with high-frequency pulse 

signals that convert DC-AC-DC [13]. One of the full bridges 

works as an inverter, and the other works as a rectifier, which 

is determined by the direction of operation. The circuit 

configuration diagram of the DAFB converter is shown in 

Figure 2 below. 

 
Fig. 2 DAFB circuit configuration 

 
Fig. 3 DAFB circuit power transfer modes  

As per Figure 2, the bridge on the primary side of HFTF 

comprises switches S1-S4, and switches on the secondary side 

bridge are Q1-Q4 [14]. The primary side DC voltage and 

current are U1 and i1, secondary side voltage and current are 

U2 and i2, respectively. The currents of the proposed topology 

are given as 
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In this context, L, R, and T refer to inductance, resistance, 

and sample time, respectively. The duty ratio of the switches 

is represented by 'd'. Both bridges utilize a fixed duty ratio of 

50% and a fixed switching frequency of 50kHz [15]. The 

magnitude of the transferring current is controlled using the 

Phase Shift Pulse Modulation (PSPM) technique, which varies 

the pulse phase angle. The receiving bridge always has a 

lagging phase shift (φ) from the other bridge, making it 

function as a rectifier while the sending bridge serves as an 

inverter [16]. Figure 3 illustrates the DAFB power flow 

diagram based on the phase shift of the pulses. The power 

transfer (P) of the circuit topology with respect to phase shift 

angle is given as 

𝑃 =
𝑈1

2

𝑤𝐿
.

𝑈2

𝑁.𝑉𝑖
(1 −

|φ|

𝜋
)  (3) 

Here, ‘w’ is the switching frequency (2π*20000), and N 

is the turns ratio of HFTF. It is possible to control the amount 

of current being transferred by adjusting the phase shift (φ) of 

the receiving bridge. When the lagging pulse phase shift is 

increased, the transferring current magnitude also increases. 

By controlling the phase shift angle (φ) of the receiving 

bridge, the current magnitude can be set to any desired 

reference value. This phase shift angle (φ) is determined by 

current-oriented feedback control, where the magnitude of the 

EV battery's charging or discharging current is controlled 

using the PSPM technique [13]. Figure 4 illustrates the simple 

structure of PSPM with current reference feedback. In Figure 

4, the reference battery current, Ibat ref, is compared to the IB 

generating current error, which is fed to the phase shift control 

module [18]. This module comprises different controllers that 

generate a phase shift angle for the pulses of the receiving 

power full bridge. The phase shift is adjusted based on the 

response of the circuit topology for the given reference. The 

selection of the phase shift on the bridge is determined by the 

V2G or G2V mode. Several advanced control modules are 

considered for the generation of the phase shift angle with 

respect to current error, such as the PI, FIS, ANFIS, and DSM-

PI controllers. Each of these controllers has its pros and cons 

that affect the battery current. The modeling and design of 

these controllers are discussed in the next section, with tools 

taken from MATLAB software. 

 
Fig. 4 PSPM control structure 

3. Controller Design and Modeling  
As per the given system, DAFB is controlled with battery 

current feedback. The EV battery needs to be charged with a 

constant current input, which most charging station topologies 

consider as a reference. This approach makes the battery 

charge stable power, increasing its reliability and charging 

speed compared to conventional methods. The charging 

process is controlled through constant current-oriented 

feedback control, which adjusts the phase shift angle to 

achieve the set reference point. In traditional methods, a phase 

shift control module is included with a PI controller, where the 

Kp and Ki gains are tuned based on the system response, 

converting phase angle into time through simulations. The 

conventional PI controller module is updated with FIS, 

ANFIS, and DSM-PI controllers, and their designs are further 

discussed. 

3.1. FIS (Fuzzy Inference System) 

The FIS controller uses a fuzzy logic tool to implement 

the change in the phase shift angle of the bridge based on the 

current error generated. The structure considered for the FIS 

is the 'mamadani' available in the tool. The FIS controller has 

one output variable and two input variables [19]. The output 

variable considered is the phase shift angle (φ), while the input 

variables are the current error (Ie) and change in current error 

(dIe). Each variable has seven membership functions in a 

specific range based on the input reference value (Ibat ref). 

The input membership functions are taken as a 'gauss' type to 

cover a larger range, while the output is taken as a 'triangular' 

type for increased accuracy [20]. The membership functions 

of the variables in the fuzzy tool are shown in Figure 5. Each 

membership function of a variable is defined with the specific 

name given as ZE (Zero), PS (Positive Small), PM (Positive 

Medium), PB (Positive Big), Negative Small (NS), NM 

(Negative Medium), NB (Negative Big). The input variable 

‘Ie’ range is set between -100 to 100, the input variable ‘dIe’ 

is set between -1 to 1, and the output variable ‘φ’ is set 

between -50 to 50 degrees. The output variable ‘φ’ generates 

value as per the given 49 rule Table 1.  

Based on the input values provided to the Fuzzy Inference 

System (FIS) within a specific range of the seven membership 

functions, the output variable is altered. Additionally, the time 

delay block is given a phase shift 'φ' to introduce a delay in the 

pulses according to the current error (Ie) generated. 

Table 1. Rule table (7x7) 

cee NB NM NS ZE PS PM PB 

NB NB NB NB NB NM NS ZE 

NM NB NB NB NM NS ZE PS 

NS NB NB NM NS ZE PS PM 

ZE NB NM NS ZE PS PM PB 

PS NM NS ZE PS PM PB PB 

PM NS Z PS PM PB PB PB 

PB Z PS PM PB PB PB PB 
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Fig. 5 Membership functions of input and output variables 

3.2. ANFIS (Adaptive-Neuro Fuzzy Inference System) 

Controller 

To further improve the FIS structure, the membership 

functions are trained using an optimization technique. The 

ANFIS tool available in MATLAB software is used for tuning 

the membership functions. The training data used for this 

purpose is imported from the PI controller module [21], while 

the PI controller module generates the input and output 

variables for the training. In the ANFIS control module, the 

input variable considered is the error current (Ie), while the 

output variable is the phase shift angle (φ). The structure 

considered is the 'Sugeno' type, with the output taken as 

constant values [22]. 

The input variable ranges between -100 to 100, similar to 

the FIS controller module. The membership functions of the 

input and output variables are set as per the response of the 

circuit topology. The input membership functions in ANFIS 

are maintained as a 'gauss' type, while the output membership 

functions are considered as constants [23]. The names of the 

membership functions are similar to those in the FIS module. 

 
Fig. 6 ANFIS input and output variables 

 
Fig. 7 Imported and trained data in the ANFIS tool 

However, unlike in FIS, the rule table is not considered in 

ANFIS. Instead, a linear rule base is used. If Ie is NB, then φ 

is NB; If Ie is NM, then φ is NM; if Ie is NS, then φ is NS; if 

Ie is ZE, then φ is ZE; if Ie is PS, then φ is PS; if Ie is PM then 

φ is PM, If Ie is PB then φ is PB [24]. With this rule base, the 

ANFIS membership functions are trained from the input and 

output data imported from the PI controller. The data and 

training ‘epchos’ for the given system can be seen in Figure 7. 
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Fig. 8 DSM-PI controller design 

Based on the figure presented above, the data imported 

from the PI control module undergoes training by using the 

'hybrid' optimization algorithm available in the ANFIS tool 

with 100 epochs. This helps to achieve a precise output and 

reduced error coefficient. To carry out the training, 200 

samples from the PI control module are considered for the 

training of the Sugeno file. The updated trained data is then 

used to update the membership functions with new ranges, 

which improves the response time of the system. 

3.3. DSM-PI (Dual Sliding Mode – PI) Controller 

The Dual Sliding Mode-PI controller is an improved 

version of the traditional PI control. It can adjust the 

Proportional (Kp) and Integral (Ki) gains according to the 

current error (Ie) [25]. The control module of PI is updated 

with a control law policy that updates the Kp and Ki values 

based on the error generated by comparing the reference and 

measured current [26] [17]. The DSM-PI controller design can 

be seen in Figure 8. 

As per the above-given figure, the control law policy [25] 

depends on variables ‘σ’ and ‘𝜇’. These variables are given as  

 

𝜎 =  𝐼𝑒 . 𝑐 + 𝐼𝑒𝑠   (4) 

𝜇 = 𝑒
(

−𝐼𝑒2

𝛿
)
           (5) 

From these variables (4) and (5), the new Kp and Ki 

values are updated as per (6) and (7)  

𝐾𝑝 = [(1 + 𝑠𝑖𝑔𝑛(𝜎)𝐾𝑝
+ − (1 − 𝑠𝑖𝑔𝑛(𝜎))𝐾𝑝

−] + 𝐾𝑝
𝑎𝑣𝑟𝑔

      (6) 

𝐾𝑖 = [(1 + 𝑠𝑖𝑔𝑛(𝜎)𝐾𝑖
+ − (1 − 𝑠𝑖𝑔𝑛(𝜎))𝐾𝑖

−] + 𝐾𝑖
𝑎𝑣𝑟𝑔

      (7) 
Table 2. DSM-PI controller constants 

𝐾𝑝
+=0.01 𝐾𝑝

−=0.005 𝐾𝑝
𝑎𝑣𝑟𝑔

=0.1 

𝐾𝑖
+=0.000012 𝐾𝑖

−=0.00045 𝐾𝑖
𝑎𝑣𝑟𝑔

=0.00023 

c=100, s=2 𝛿 = 500 𝜇 =0.98 

Table 3. System parameters 

Parameters Values 

Grid 100MVA, 11kV, 50Hz 

PV module 
Vmp = 54.7V, Imp = 5.58A, Voc = 64.2V, 

5.96A, Np = 24, Ns = 7, Ppv opt = 51kW. 

Boost 

converter 

Rb = 0.005Ω, Lb = 5mH,  

Cout = 12mF, fsw = 5kHz. 

β-MPPT 
Dint = 0.5, βmin = -6500, βmax = -5400,  

βg = -6000, MPPT gain = 5, 

SRF controller 

DC regulator gains: Kp = 7, Ki = 800 

AC regulator gains: Kp = 0.3, Ki = 20 

Vdc ref = 500V,  

Switching frequency = 1650Hz. 

DAFB module 

HFTF winding ratio- 1:1, Ibat ref = 100A, 

High switching frequency = 20kHz,  

Phase shift regulator gains: Kp=0.1x10-6, 

Ki = 5x10-9. 

Electric vehicle 

battery 

Type: Lithium Ion, Pnom = 30kWh,  

Vnom = 320V, Capacity = 94Ah. 

The gain values and the constant values for the given 

system are tuned and are set as per Table 2. In order to assess 

the controllers' robustness and their impact on battery current, 

the DAFB is controlled with various operating conditions and 

reference set points using control modules. The subsequent 

section includes a simulation and analysis of the entire system 

with all control modules, as well as a comparison of results 

and tables. 

4. Results and Discussion  
The Simulink software of MATLAB is used to model the 

given configuration of a test system that includes a PV source, 

an EV charging station, and a DAFB topology. The PV source 

is connected to the DC link through a boost converter that is 

controlled using the β-MPPT technique.  

A 3-phase VSC controlled by the SRF method is 

connected to exchange power between the grid and the 

charging station. The EV charging station uses renewable 

power as per availability, and in case of PV source failure, it 

consumes power from the main grid. The modeling is as per 

the parameters given in Table 3. 

For the simulation, the 'Powersystem' block sets from the 

Simulink library browser were used with the given 

parameters. All passive and active elements were set 

according to the system's specifications, and different 

operating conditions were simulated.  

The analysis mainly focused on V2G and G2V 

conditions. The reference battery current was varied over time 

to validate the dynamic performance of the DAFB topology. 

Results were generated for different controllers in the PSPM 

control structure, including PI, FIS, ANFIS, and DSM-PI 

controllers.  
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Fig. 9 Active powers of all modules (PV source, Grid and DAFB) during 

V2G operating mode 

 

 

 
Fig. 10 DC link voltage, input, and output active powers of DAFB 

module during V2G operating mode

 

The simulation was run for 0.4 seconds, with the initial 

battery reference current set at 20A, which was later increased 

to 30A at 0.2 seconds. The graphical plots below show the 

results for different parameters of the system. 

 

4.1. Vehicle to Grid (V2G) Condition 

During this condition, the Electric Vehicle (EV) battery is 

discharged to the grid with a specific current reference of 20A 

from 0-0.2 seconds and then varied to 30A from 0.2-0.4 

seconds. Figure 9 shows the active powers of the photovoltaic 

(PV) source, grid, and DAFB module for the given references.  
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Fig. 11 Battery characteristics and battery current comparison during 

V2G operating mode 

The solar irradiation remains constant at 1000W/mt2, 

generating solar power of 50kW, which is shared with the grid. 

From 0-0.2 seconds, the DAFB module also injects 6kW of 

EV power into the grid, making the total power injected into 

the grid 52kW (excluding losses). At 0.2-0.4 seconds, when 

the reference battery current is changed to 30A, the EV battery 

discharge is increased to 9.8kW, which is added to the grid, 

accumulating to 55kW injected into the grid. 

According to the given conditions, the DC link voltage of 

the DAFB module remains at 722V even when the Ibat ref 

changes. In Figure 10, between 0-0.2 seconds, the total power 

drawn from the battery (Pin DAFB) is 6.6 kW, with a 

conversion loss of the DAFB module. This transferred power 

(Pout DAFB) to VSC is 6 kW. Between 0.2 and 0.4 seconds, 

the power drawn from the battery is 10.3 kW, and the power 

delivered to VSC by DAFB is 9.7 kW. 

Figure 11 illustrates the battery behavior in V2G mode 

while utilizing different reference set points for battery 

discharge current. The EV battery's initial SOC (State of 

Charge) is set at 50%. The battery's positive side current 

measurement represents the discharge of the EV battery, 

which results in a decrease in SOC. 

Figure 11 provides a comparison of battery current in 

V2G mode. The ANFIS module offers a more stable current 

with reduced ripple and accurate reference value generation. 

In the V2G condition, the ANFIS controller generates lower 

peak values during the initial state and at the variable reference 

state. Table 4 presents a parametric comparison of the V2G 

condition. 

4.2. Grid to Vehicle (G2V) Operating Mode  

During this mode of operation, the EV battery is charged 

while the DAFB consumes power from either the PV source 

or the grid. Figure 12 shows that the PV power remains 

constant at 50kW as there is no change in solar irradiation; 

however, the grid power and DAFB power change. At the 

beginning, from 0 to 0.2 seconds, the power shared to the grid 

is 38kW, which is the remaining power (excluding power loss) 

after 7.4kW of power is consumed by the DAFB module. 

From 0.2 to 0.4 seconds, the PV power shared to the grid 

decreases to 35kW as the DAFB module increases the 

reference set point to 30A, causing it to consume 10.3kW of 

PV power.  

In the G2V operating mode, the DC link voltage is 

consistently maintained at 722V regardless of the reference set 

points. Based on Figure 13, from 0-0.2 seconds, the DAFB 

module receives 7.4kW of power from the PV source and 

delivers 6.8kW of power to the EV battery. From 0.2-0.4 

seconds, the DAFB module receives 11kW of power and 

delivers 10.3kW of power to the EV battery. The difference 

between the input and output power of the DAFB module 

indicates that there is a loss of approximately 700W. 

Table 4. Ibat Comparative analysis for V2G operating mode 
 PI FUZZY DSM-PI ANFIS 

Initial peak value 27A 25A 25A 24A 

Peak value 34 50 54 30 

Settling time 0.12Sec 0.06Sec 0.06Sec 0.06Sec 

Ripple % 13.50% 11.30% 9.80% 4.90% 

Actual value 

generation 
30A 29A 30A 30A 
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Fig. 12 Active powers of all modules (PV source, Grid and DAFB) 

connected at PCC during G2V operating mode 

 

 
Fig. 13 DC link voltage, input and output active powers of DAFB 

module during G2V operating mode 
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Fig. 14 Battery characteristics and battery current comparison during 

G2V operating mode 

Table 5. Ibat Comparative analysis for G2V operating mode 

 PI FIS 
DSM-

PI 
ANFIS 

Initial peak value -27A -26A -26A -25A 

Peak value -34 -55 -60 -30 

Settling time 0.1Sec 0.06Sec 0.06Sec 0.06Sec 

Ripple % 11.50% 10.40% 8.50% 4.50% 

Actual value 

generation 
-30A -29A -30A -30A 

 

Figure 14 shows the characteristics of the EV battery 

during DAFB operation in G2V mode. Based on the 

comparison of battery current, the ANFIS controller 

demonstrates less ripple and faster response time. 

Additionally, the ANFIS control module generates reduced 

peak values, making it the better choice for controlling the 

DAFB module. 

Table 5 compares the charging current (Ibat) of batteries 

controlled by different controllers, as the current varies 

between 20A and 30A. 

5. Conclusion 
 The test system proposed for renewable power sharing to 

the grid and EV battery charging station has been 

implemented successfully. The EV charging station is 

equipped with a DAFB module for bidirectional power 

exchange from the EV battery to the grid.  

 The analysis of the DAFB module with G2V and V2G 

operating modes has been achieved using the PSPM 

technique. The PSPM technique has been updated with 

different controllers to improve the performance of the 

converter topology.  

 After a comparative analysis of PI, FIS, ANFIS, and 

DSM-PI control modules in the PSPM technique, it was found 

that the EV battery current is more stable and has reduced 

ripple content when operated with the optimized ANFIS 

controller. The settling time, actual value generation, and 

ripple factor of the EV battery current show.  
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