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The development of power electronics devices and the integration of 
intelligent non-linear loads into the existing grid with the combination 
of various renewable sources along with batteries are increasing. For 
achieving the fast response in charging stations for electric vehicles, an 
efficient control strategy should be introduced when the renewable 
source like PV is integrated with the grid along with battery. This paper 
proposes the utilization of Solid-State Transformers replacing the 
conventional transformers for achieving the bidirectional power flow in 
addition to attain the better controlling over the system. To achieve the 
fast response in the charging station to the Electric vehicles traditional 
PI controller is replaced with the Fuzzy-PI and Artificial Neural 
Networks controllers and comparative analysis of these two are also 
done.  
The framework of the charging station is done by considering three 
different levels of voltages in view of achieving practical layout for the 
project. To demonstrate the proposed methods simulations are done 
using MATLAB/Simulink tool, 
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1. Introduction 
The ever increase in demand made the existing system more stress and is increasing gradually due to the 
integration of renewable energy sources along with the intelligent loads are creating more disturbances and 
imbalance due to system [1]. Due to the invariable nature of the Solar panel, the integrating of PV sources into 
the system made more control over the system [2][4]. Due to the capability of bidirectional power flow of the 
electric vehicles, the system should be more capable to with stand the disturbances and allowing the 
bidirectional flow for the operation of the system [5][ 7][ 9]. 

Due to the inherent nature of the PV and charging and discharging of the electric vehicles tends to develop 
the harmonics and imbalances into the systems which results in the system imbalances [1]. In order to achieve 
the balancing of the system, a balancing controller should be introduced for efficient operation. The Solid-State 
Transformer is developed with the combination of Front end CHB and a Dual-active bridge for achieving the 
controlling of the system [8], [ 12]. 

The system will always be in synchronization to the utility grid, but due to the bidirectional flow of the EV’s 
and the incapability nature of continues supply of PV tends to imbalances in system which cannot be achieved by 
using the existing type of traditional transformers [15] [ 19] [25]. Bidirectional power flow can be achieved by 
using the SST in the utility grid side. The development of three various voltages levels for the EV’s tends to 
voltages imbalances as three phases are no equal at the instant of integration, which tends to system collapse, 
proper balancing controller is required for the operation. Here synchronization balancing controller is used for 
the balancing the system when it is connected grid [20], [24]. 
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The integrating of various levels of PV’s and batteries into the existing grid along with the various voltage’s 
classes of EV’s makes more complexity in the controlling [1]. So, research concentrated on the development of 
better controlling techniques for the better operation of the system along with the bidirectional power flow and 
to decrease the fluctuations and harmonic distortions [13][14]. several research projects have been or are 
dedicated to SSTs for grid applications [16] [17], i. e., the technical feasibility has been demonstrated multiple 
times The existing PI controller is not so much effectual for controlling and maximum peak overshoot at the 
instant of load connection. So, the need to advanced controllers is required for achieving the fast response of the 
system. So, the development of advancement controllers like fuzzy based controllers, Artificial Neural Networks, 
Genetic algorithms etc., commenced. 

In this paper, initially the fuzzy-pi controller is developed, and further neural networks-based controller is 
also developed along with them comparative analysis between PI, Fuzzy-PI and ANN controllers are also done. 

2. Solid State Transformer 
The evolution and utility of power electronic devices and integration of various renewable sources into the grid 
has increased very rapidly. The development of EV’s made the necessity of change in existing grid to smart grid 
to withstand the various forms of disturbances [1]. Solid state transformers are modern power electronics 
devices which replace the long-established distribution transformers with the combination of power converters 
and DC links. SSTs had various more functionalities, which allows the bi-directional power flow by using the 
High-Frequency transformer and also allows power flow control. 

In this paper, we developed a fast-charging station of DC which has capability of 3 different levels of 
charging independently associated with the three different levels of voltages and power ratings. 
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Fig. 1 Representation of fast charging station structure with 3 levels of EV’s along with SST 

The Solid-state transformer with AC-DC then DC-DC is developed as the galvanic isolation in between the 
DC-DC conversion with the medium frequency transformer to differentiate the three ports of the charging 
station and the complete system is connected to the 3-ϕ MV system for maintaining the balance in the system. 
DER source like PV is used along with batteries to decrease the pressure on the grid. 

The system is designed by the combination of a CHB [23] converter and DAB converter, a synchronization 
control is used at the connecting point of the grid along with the balancing control to maintain the phase balance 
after the controller turned ON as both of these are part of the CHB in the process of achieving transformer less 
connection with the grid, while the DAB is used as the isolated bidirectional DC-DC converter which is attached 
to every individual submodules in the initial phase [21]. The cell here represents the combination of submodule, 
CHB and DAB. Three charging ports are developed from the outputs obtained from the individual phases and 
cells which are connected parallel individually to the ports. 

 Every cell of each phase is individually connected to each one of the ports which are connected parallel. The 
combination of all these is represented as clusters and each one is connected to each port in the system to 
maintain power flow and also to maintain the system stability batteries are connected parallel to the ports. 

3. Controlling Structure of SST 
The controlling over the solid-state transformers can be obtained and determined as the combination of the CHB 
and DAB. 

3.1 Front end CHB controlling structure 
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The CHB type of converter is used in the construction of SST [25] due to tremendous benefits, which is 
developed as the combination of submodules with each phase; the clusters are combined in delta formation 
which is 3 in number for every CHB in the system. 

3.1.1 Synchronization Controller 
The synchronization controller plays the key role in controlling the entire system; it reduces the phase 

imbalances and system instability at the instant of connectivity to the grid and maintains proper stability. This 
mainly controls the cluster currents, and the grid voltages and current controlling component is also developed. 
The direct-quadrature (d-q) axis can be represented based on the synchronous rotating frame and the equation 
as [1] 
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3.1.2 Balancing Controller 
After the synchronization control mode is completed, it is necessary to maintain the system in balanced 

mode. This is difficult due to the different levels of power for the three charging ports. Due to this phase 
imbalances occurred, and this causes circulating [26] of unnecessary currents in the system, these type of 
currents can be decreased by allowing zero sequence components into the system and to maintain proper 
operation 
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Fig. 2 Schematic representation of CHB converter 

The MV gird line voltages and currents can be represented below as equation (2) to (11) [1] 
 

𝑣𝑣𝑠𝑠,𝑋𝑋𝑋𝑋 =  𝑉𝑉𝑠𝑠,𝑚𝑚 sin(𝜔𝜔𝑡𝑡 + 30°)                                                                                                                                              (2)  
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When the system is unbalanced, to balance the system zero sequence currents [27] are introduced into the 

clusters, these currents can be represented as 
 

 
                        
 
Therefore, the average powers in the system is 
 

             
 
Hence the equation for injecting currents is  
 

                  
 
 
 

 
 

Fig. 3 Representation of DAB converter 
 
 
The cluster currents are represented as below for one cluster. 
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√3
sin(𝜔𝜔𝜔𝜔 +  
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6

) +  𝐼𝐼0.𝑚𝑚 sin(𝜔𝜔𝜔𝜔 + ∅0)                                                                         (11) 
 

 
The total current magnitude in the clusters is  
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The maximum current when the system is subjected to unbalanced is 
  

𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  2𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑉𝑉𝑠𝑠,𝑋𝑋𝑋𝑋

                                                                                                               (13) 
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Dynamical representation of DAB is 
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S1(t) and S2(t) are the switching period of the CHB [30], which can be represented as 
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𝑆𝑆2(𝑡𝑡) =
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These are the equations which is are to obtain the various functions of the system from the equations (12) to 
(18) [1] represents the total currents of the clusters and also the maximum currents which are drawn by the 
system whenever the system in unbalanced mode of operation. Also, represented the switching time periods of 
the system as the function of the time of the Cascaded H bridge converter.  

3.2 Controlling of DAB Converter 
The entire operation of the system at the output side is operated and controlled by the DAB converter [44], 

in which the controlling is done proper operating of the switches in this mode, where initially the voltage and 
current references are generated at the charging port side then it fed to the PWM [29] generator for the 
observation of variations from the initial reference values. If any deviations are observed then the zero 
sequences are injected into the system to correct the error, and then these final voltages at each cluster are given 
to the charging ports. 

4. Fuzzy-PI Controller Designing 
Fuzzy logic controllers are the most effective alternatives in the present scenario to the traditional type of 

existing Pi controllers and the combination of both Fuzzy-PI controllers gives more interoperability to the 
system and also withstands the sudden changes and due to various factors [8][11]. There are various drawbacks 
in the PI as it has slow response to the quick variations in the system and also many more.  The fuzzy system 
allows for a wide range of options in the system [12]. In fuzzy-pi controller, whenever a sudden disturbance or 
error occurs in the system the parameters of PI i,e., Kp & Ki  will changes and the fuzzy rules should be formed in 
the way to correct the error and to resilient to the disturbances occur in the system. 

Initially the fuzzy inference system is developed based on the fuzzy conditions [30] and the developed 
outputs are fed to the system as the Kp & Ki values which is used at the CHB converter. 
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Fig. 4 Representation of membership function of input1 

 

 

Fig. 5 Representation of membership function of input2 

 

 

Fig. 6 Representation of output membership functions 

The fuzzy system is developed as the combination of steps which are Fuzzification, inference system, rule 
base, knowledge base with last step as defuzzification. The fuzzy controller [31] is developed with the error (e) 
and rate of change of error (∆e) are inputs with ranges [-3 3] and [0 1] using Mamdani approach of the system 
for proper operation and further for tuning the Kp & Ki values. The centroid method is used for the 
defuzzification as two outputs of ranges [-3 3]. 

Table 1 Fuzzy logic rule table for 1st output 
e\∆e NB NM NS ZE PS PM PB 

NB PB PB PM PM PS ZE ZE 

NM PB PB PM PS PS ZE NS 

NS PM PM PM PS ZE NS NS 

ZE PM PM PS ZE NS NM NM 

PS PS PS ZE NS NS NM NM         

 PM PS ZE NS NS NM NM NM 

PB ZE ZE NM NM NM NB PB 
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The inputs of fuzzy system are developed using Gaussian method [32] due to the non-linear nature of the 
system and the outputs are designed as the rectangular as linear function. The membership functions of the 
system are taken as the range of negative big (NB) to positive big (PB) [33] with medium, small and zero (ZE). 49 
numbers of rules are formed based on the inputs of the controller and the rules are formed based on If-Then 
rules. The techniques used to analyze performance are stated the objective functions and rules adopted to 
achieve the best optimized results. 

Table 2 Fuzzy logic rule table for 2nd output 
e\∆e NB NM NS ZE PS PM PB 

NB NB NB NM NM ZE ZE ZE 

NM NB NB NM NS NS ZE NS 

NS NB NM NS NS NS PS PS 

ZE NM NM NS ZE PS PM PB 

PS NM NS ZE PS PS PM PB 

PM ZE ZE PS PS PM PB PB 

PB ZE ZE PS 
 

PM PM PB PB 

 
The developed fuzzy data is utilized to run in the fuzzy inference system to reduce and avoid the error to 

zero. This controller is used in the DAB converter to replace the existing Pi controller, which is useful for the 
better operation of the charging station. The operation of the Fig 7 is whenever the error is occurred it is 
compared to the change in error, the change is applied to the fuzzy-pi inference system [34] to modify and 
further it is applied to the tuning controller where the Kp &Ki values are to be modify, then change in error will 
be resolved and the signal will give to the PWM generator to generate the pulses. 

 

Fig. 7 Fuzzy-PI functioning diagram 

 

 

Fig. 8 Fuzzy-PI surface viewer 
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5. Artificial Neural Networks Controller Designing 
Artificial neural networks are the most advanced techniques used for the controlling purpose, these are 
developed from the natural inspiration [35] of the systems. These networks are formed by connecting points 
named as nodes, which are connected to each other. In this these neural networks are trained in the feed-
forward method to obtain the proper data. 
 

               

Fig. 9 Representation of ANN 

In general, these neural networks contain very inputs and several hidden layers of data. Further these all-
hidden layers are merged using summation points and then output of the system is obtained. 

6. Simulation Results and Analysis 
The simulation results of this paper are executed using both Fuzzy-PI and ANN as controllers as mentioned 
earlier, a capacity of 11kV for the medium voltage grid [43] and rating of 1.2 MVA fast charging station. Initially 
the system is in an unbalanced state of operation, after the balancing controller turned ON, the system will 
operate in balanced state. Various currents and voltages at the front-end side is simulated for the time of 2secs, 
at which the controller is ON. After the system operates in stable condition the operations of EV’s at 3 ports are 
simulated and variations in SOC due to the effect charging and discharging. 

The simulation is performed for the 3 charging ports of 800V, 400V and 48V charging capacity at three ports 
and for battery SOC is executed considering the max of battery charging is 80%. 

 

 
    (a)                                                                                    (b) 

 
                                                       (c)                       (d) 
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                                              (e)                                     (f) 
 

                                                        
                                                                                                                (g) 
 

Fig. 10 (a) Avg of capacitor voltages for every phase; (b) Grid currents; (c) Cluster currents; (d) Voltages of grid; (e) 
CHB voltages; (f) Grid currents; (g) Cluster currents 

 

 

 

Fig. 11 Power levels at all 3 FC ports using Fuzzy-PI controller 

The simulations are executed to compare and understand the real-life scenario practically; the results in Fig 
(10) are executed when the system is in unbalanced condition and also after the balancing controller turned ON. 
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The PV is functioning constantly at a fixed MPPT point to deliver throughout the operation, this is to 
understand and proper analysis of the system. Three cases are considered for the operation and understanding 
of the powers in the EV’s and system i.e., (i) requirement of power by EV’s & batteries (ii) The amount of power 
generated by the PV [21] at max point (iii) Battery [39] capacities at the 3 ports. 

The three clusters are connected parallel to the FC of three levels of voltages [42] i.e., 800 V for heavy EV’s, 
400 V for medium EV’s and 48 V port for the light EV’s and battery capacities of 180 kW,100 kW and 40 kW 
respectively. 

The simulation is carried out for a duration of 40 min and represents the entire operation within simulated 
time of 4sec, where initially the simulation is started with a EV connected at 1st& 2nd ports while 2 EV’s are 
connected to 3rd port. 

The demand of EV1 at port 1 is satisfied and after a few min another EV is connected to port1, where the 
demand power at port1 is not sufficiently generated by PV and battery, hence the deficit energy is shared via., 
circulated currents.  

 

               

       

        

Fig. 12 Variations in SOC at all 3 FC ports using Fuzzy-PI controller 

The energy deficit among the FC ports is managed by the utility grid and when there are no EV’s connected 
to the port, the energy generated by the PVs of individual ports transfers the amount to the MV grid. For data 
validations from the reference work [21] all data are compared and verified for feasibility and implementation. 

6.1 Comparison Table of PI, FUZZY-PI & ANN 
The THD values of the system are observed for 50Hz frequency as the comparative analysis between the PI, 
Fuzzy-Pi and ANN [40] is represented below. It clearly shows that various techniques are compared and 
analyzed with the given conditions. 
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Table 3 Comparative analysis of various controllers 

Name of the Controller THD % (50Hz) 

PI Controller 10.39% 

FUZZY-PI Controller 2.7% 

ANN Controller 1.37% 

 

Fig. 13 Power levels at all 3 FC ports using ANN controller 

The State of Charge (SOC) [41] variation is taken limited in between 20%-80%, due to its best operational 
range, whenever there is deficit in the system the battery supplies the power to balance the amount required 
and all the battery is charged by the amount generated by the PV’s and excess supply is given to other side of the 
ports. 
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Fig. 14 Variations at SOC at all 3 FC ports using ANN controller 

From the results it’s observed that THD component reduction is 1.37% which is highly appreciable as for as 
the grid system integration. The convergence of required functions is faster over Fuzzy systems by ANN, since 
the functions minimize the mathematical calculation by rules. 

7. Conclusions 
The integration of PV’s and batteries with the MV utility grid is developed using the solid-state transformer for 
constructing the fast-charging station with Fuzzy-Pi and ANN as controllers is achieved. By using advanced 
controlling techniques like Fuzzy-Pi and ANN fast response in the system is achieved due to its performance. The 
entire system is also made more resilient to withstand sudden variations while connecting and disconnecting 
the EV’s. Using these modern techniques gives a better range of interoperability to the system and tends to 
reduce the THD% to permissible limits. The Fuzzy-PI & ANN controllers had better outcomes compared to the 
existing controller which can be clearly observed by THD% of various techniques results depicts and reduce 
from 10.39 to 1.37 percentage and values as stated in IEEE 519-2014 lead to acceptable level. Focusing on 
developing modern controlling techniques gives much smoother operation to the system, when various types of 
energy sources are integrated; this is the much more area to be focused on and had a wide range of scope. The 
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future research of this paper is to implement the practical hardware by doing complete analysis of the developed 
model. 
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