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Abstract

:

The need for public fast electric vehicle charging station (FEVCS) infrastructure is growing to meet the zero-emission goals of the transportation sector. However, the large charging demand of the EV fleet may adversely impact the grid’s stability and reliability. To improve grid stability and reliability, the development of a DC microgrid (MG) leveraging renewable energy sources to supply the energy demands of FEVCSs is the sustainable solution. Balancing the intermittent EV charging demand and fluctuating renewable energy generation with the stable DC bus voltage of a DC MG is a challenging objective. To address this objective, a piece-wise droop control strategy is proposed in this work. The proposed scheme regulates DC bus voltage and power sharing with droop value updating in a region-based load current distribution. Voltage compensation in individual regions is carried out to further improve the degree of freedom. In this paper, the performance of the proposed strategy is evaluated with the consideration of real-time solar PV dynamics and EV load dynamics. Further, to showcase the effectiveness of the proposed strategy, a comparative analysis with a maximum power point tracking (MPPT) controller against various dynamic EV load scenarios is carried out, and the results are validated through a hardware-in-loop experimental setup. Despite the intermittent source and EV load dynamics, the proposed piece-wise droop control can maintain voltage regulation with less than 1% deviation.
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1. Introduction


Transitioning from traditional combustion vehicles to electric vehicles (EVs) stands out as the most effective strategy for curbing greenhouse gases and carbon emissions [1]. EVs are four to five times more efficient than internal combustion engines [2]. Additionally, the considerably good driving range and rapid charging feasibility of EV batteries with the availability of chargers between 25–150 kW have led to a rapid increase in EV adoption worldwide. To supply such a rapid increase in EV charging demand, compatible EV charging infrastructure is necessary. In countries like India, it is projected that by 2030, India may need 205 lakh charging stations to meet the future EV demand [3]. However, this transition presents a significant hurdle: a swift escalation in electricity consumption [4].



The stochastic nature of EV charging, coupled with the random arrival of vehicles at charging stations, poses a threat to utility grid stability and reliability [5]. This is because fast charging stations draw high currents for short durations to charge the EVs to the desired state of charge. Fast charging with pulse load characteristics causes peak loads on the utility grid. Under scenarios of limited power supply during peak load conditions, the voltage at the DC bus fluctuates and may exceed the nominal value against the designed considerations of a 5–10% limit [6,7]. Additionally, overloading issues during peak loads can result in transformer heating and harmonic distortions [8]. The fluctuating voltage at the DC bus may result in unreliable fast charging and voltage stability issues [9]. To address the stochastic nature of EV charging events at fast charging stations, a DC microgrid configuration is proposed in this work. With DC microgrids [10], the detrimental impact of pulse-natured EV charging loads on grid stability and reliability can be significantly improved.



In situations where renewable energy and the grid are unavailable, the inclusion of an energy storage unit (ESU) guarantees an uninterrupted power supply to the load. In particular, compared to AC systems, a DC microgrid is advantageous for EV applications due to fewer conversion stages and losses. Also, the absence of reactive power and frequency, synchronizing tasks between the grid and other renewable sources can be omitted. Among all renewable sources, the photovoltaic system is the most effective and economical technology [11,12]. However, there are challenges with the intermittent nature of solar insolation; hence, the presence of an energy storage unit to maintain reliability is advisable [13,14].



In the integration of the dynamic fast charging station load with the time-varying irradiance of a solar PV into the DC microgrid, there can be a power imbalance issue with fluctuating voltage at the DC bus of the MG. To ensure power balance among various sources integrated into the DC microgrid, a robust controller is essential. Effective control of the microgrid-based charging station is paramount to attaining a stable supply to the dynamic load. Droop control is one such decentralized primary control technique that is robust and not complex [15,16,17,18,19]. The bus parameters of a DC microgrid such as bus voltage and power sharing can be controlled locally without any need for communication, but with a limitation of the trade-off between voltage regulation and current sharing. With proper current sharing, the load is equally distributed to all the parallel sources depending on their rating.



To partially mitigate the drawback of the traditional droop controller, certain controllers like the adaptive droop controller [20], multifunctional droop controller [21], and hybrid coordinated controller [22] are proposed in the literature, but the additional aid of a tertiary controller is needed to balance the trade-off between voltage regulation and power sharing of the DC microgrid. This requires additional communication infrastructure, which is not cost-effective, and the load on which these strategies are tested is not intermittent. The key research gaps identified from the literature are listed below.



	
The limitation of basic droop control is not completely mitigated without additional support.



	
The dynamic performance of the charging station with both an intermittent source and load is not studied.



	
The charging station performance under a sudden load change of a large part of the load is not presented.



	
A focused case study analyzing the impact of intermittent EV load dynamics on MG stability is partially explored.






Considering the stochastic EV charging dynamics and solar PV dynamics, Naik and Mohan [23,24] proposed prediction-based supervisory control strategies. These strategies enhanced the reliability and stability of DC microgrids with economically sized battery storage. In line with the contributions in [23,24], and in an extended effort to achieve enhanced reliability and stability of a DC MG considering fast charging station load against variable solar PV irradiance levels, a piece-wise droop control strategy is proposed in this research work.



The proposed piece-wise droop control technique establishes three regions [25,26,27,28,29] for the considered DC microgrid with DC fast charging station load. Three DC fast chargers are integrated with a solar PV and an ESU such that when each charger is connected to an EV, the load current falls into one region of the piece-wise droop curve. This primary controller can mitigate the trade-off in voltage regulation and power sharing among the parallel sources of microgrids without any additional circuitry. The droop value and reference voltage are updated in every region individually to minimize the limitation of traditional droop controllers. In this work, the DC microgrid model intends to supply a fast electric vehicle charging station comprised of a solar PV and an ESU, which are connected to a DC bus through DC–DC converters. All the fast chargers are rated at 62.5 kW high-power charging, representing the standards of the Indian EV market. The Matlab/Simulink environment is utilized to analyze the performance and stability of the charging station under dynamic source and load conditions during rapid and substantial load changes. The modeling results are validated using the OPLALRT real-time simulator experimental setup.



The following objectives are achieved with the proposed controller in this work:




	(i)

	
voltage regulation and power balance improvement without any trade-off, unlike traditional controllers;




	(ii)

	
low degree of communication between integrated sources, which makes the charging station ineffective from any communication failure;




	(iii)

	
piece-wise droop controller with two degrees of freedom of control;




	(iv)

	
stable charging station operation against real-time intermittent source and EV load dynamics;




	(v)

	
investigation of the dynamics of charging stations under substantial fluctuations in EV load, incrementally varying by one-third of the total EV load;




	(vi)

	
fast charging EVs up to 80% SOC within an hour with a real-time rapid charger.









Section 2 illustrates the configuration of a microgrid-based DC fast charging station. Section 3 focuses on the proposed piece-wise droop control. Section 4 presents the Modeling results and assessment followed by the Experimental Validation through RT lab in Section 5. Section 6 concludes the paper.




2. Proposed Microgrid-Based DC Fast Charging Station Configuration and Control


The proposed DC fast charging station model shown in Figure 1, comprises solar PV connected to a DC bus through a unidirectional DC–DC converter and ESU connected through a bidirectional DC–DC converter in the source side. The bus voltage is considered 750 V in this work, which is reasonable for the high-power rapid charging of EVs. The unidirectional converter steps up the voltage from the solar PV to 750 V at the output terminal of the converter. The proposed piece-wise droop controller is used to operate this converter to generate a stable bus voltage and proper current sharing between the solar PV and ESU for stable and reliable operation. The proposed controller updates the droop value based on the load demand and generates pulses to the converter accordingly such that a stable bus voltage is maintained. Perturb and Observe MPPT control is also implemented in this converter to compare the robustness of the proposed controller.



The bidirectional converter ensures the power flow from the PV to charge the ESU when the PV power is more than the load power. It discharges the ESU by supplying load whenever the PV power is insufficient for the total demand. The voltage–current loop control is implemented for the bidirectional converter. The load to the PV–ESU microgrid is a DC fast charging station with three real-time 62.5 kW rapid chargers of Indian standards. Each charger is connected through a DC fast charger and can charge one EV at a time. Each charger can charge the EV battery at 500 V and 125 A such that a high power of 62.5 kW is supplied to each EV, aiding in rapid charging. The detailed control of the converters is discussed in the following sub-sections. The one-sided arrow in red from the Figure 1 represents the uni-directional power flow and two-sided arrow represents the bi-directional power flow.



2.1. Control of Unidirectional and Bidirectional DC–DC Converter


The boost converter is used to integrate the solar PV with the DC bus through an input capacitor (Cpv) as shown in Figure 2. It boosts the input voltage (Vpv) to the desired level using an inductor (Lpv). The proposed piece-wise droop controller for this converter consists of a cascaded voltage–current loop. The inner current loop generates the reference (Ipv-ref) for the outer voltage loop. Droop updating and voltage compensation are integrated with the outer voltage loop. The signals are generated through a pulse width modulator (PWM) for the boost converter. The ESU is integrated with the DC bus through a bidirectional DC–DC converter, which can boost or buck the input voltage (Vesu) according to the system operation. These arrows presents complementary pulses and it is self-explanatory form the figure.



When the solar power exceeds the total EV power, the excess energy is used to charge the ESU, and the DC–DC converter acts in buck mode. When the solar power is not enough to supply the load to the bus, the ESU discharges the energy through the converter acting in boost mode. The pulses are generated by the PWM through the voltage control loop. In Figure 2, Cout is the output capacitance of the boost converter, Ipv is the solar PV current, Rcp and Rce are the cable resistance of unidirectional and bidirectional converters, respectively, Vref is the reference voltage, Vbus is the DC bus voltage, Iesu is the input current of ESU, Cesu and Lesu are the capacitor and inductor of the bidirectional converter, ΔVref is the change in voltage reference value in the voltage compensation loop, and Rin is the initial droop value.




2.2. DC Fast Charger


The DC fast charger shown in Figure 3 consists of a buck converter decreasing the DC bus voltage to the incoming EV voltage (Vev) requirements. A cascaded voltage–current loop is implemented to control the fast charger. The reference voltage and EV voltage are compared to generate an error signal in the voltage control loop, which is the primary control loop. This is passed through the PI controller to generate the reference current for the secondary control loop, which is the current control loop. The pulses are generated by a PWM generator such that the rapid charger provides the rated voltage and current of 500 V and 125 A, respectively, to charge the incoming EV at the 62.5 kW power level. The real-time specification of a high-power DC fast charger of 62.5 kW is considered in this work. The reference voltage and current for the charger are listed in Appendix A, Table A1.



Iev is the EV current, Iev-ref is the reference current for the controller, and Lev and Cev are the inductor and capacitor of the DC fast charger.



The SOC is the state of charge of the battery, which indicates the capacity of the battery remaining compared to its full capacity. It is always advisable for EV consumers to maintain the battery SOC within safe limits. Deep discharge or overcharge of the battery may deplete its life span and affect the travel range of the EV. The specifications of the EV considered in this work are mentioned in Appendix A, Table A1.





3. Piece-Wise Droop Control along with Voltage Compensation


3.1. Limitation of Traditional Droop Control


The output voltage of the unidirectional converter of the solar PV with cable resistance is as given by Equation (1).


   V  b u s   =  V  r e f   −  I  p v   (  R  i n   +  R  c p   )  



(1)







The linear droop resistance value can be estimated from the maximum allowable change in bus voltage (ΔVmax) and the maximum solar PV power. Practically, the droop resistance value is limited to the value satisfying Equation (2).


   R  i n   ×  I  p v   = Δ  V  max    



(2)







The bus voltage deviation and current sharing are the functions of load resistance (Rl) and cable resistance of the parallel sources, i.e., the PV and ESU of the charging station, which is given by Equation (3) [29].


   V  b u s   =    R l  (  R  c e   +  R  i n   )  V  p v   +  R l  (  R  c p   +  R  i n   )  V  e s u      R l  (  R  c p   +  R  i n   ) +  R l  (  R  c e   +  R  i n   ) + (  R  c p   +  R  i n   ) (  R  c e   +  R  i n   )        



(3)







The current-sharing difference (ΔI) between the PV and ESU is given by Equation (4).


  Δ I =  I  p v   −  I  e s u   =      R l     V  p v   −  V  e s u     +  V  p v   (  R  c e   +  R  i n   )   −    R l     V  e s u   −  V  p v     +  V  e s u   (  R  c p   +  R  i n   )      R l  (  R  c p   +  R  i n   ) +  R l  (  R  c e   +  R  i n   ) + (  R  c p   +  R  i n   ) (  R  c e   +  R  i n   )    



(4)







From the above equations, the higher the droop resistance, the lower the bus voltage, and the better the current sharing. The lower the droop resistance, the higher the bus voltage, and the worse the current sharing. This means that there exists a trade-off between voltage regulation and current sharing throughout the operation with a predetermined droop value. To mitigate this, the droop resistance value should be updated according to the load condition. Under light load conditions, the source nearer to the load with less resistance supplies more power, which is advantageous, but it creates a lower-utility system in heavy load conditions. Hence, low droop resistance under light loads and high droop resistance under heavy load is preferable. Hence, the smaller the droop resistance, the better the voltage regulation, and the larger the current-sharing difference. The larger the droop resistance, the worse the voltage regulation, and the better the current sharing. With the proposed controller, the power sharing of the source with the higher resistance increases as the load increases.




3.2. Piece-Wise Droop Curve Construction


To overcome the limitation of the traditional droop control technique, the droop characteristics plot is divided into certain regions through the boundary current (Ir), and the droop value is updated in every region. The droop value is small for the initial region, and it keeps increasing with the progression of the region. This increases the utilization of sources under both light and heavy loads, unlike the traditional controllers. The source near to the load shares more power than the other sources under the light load condition with a low droop value, whereas the high droop value under heavy load exhibits the better power sharing among all the sources, improving plant utilization under all circumstances. The constraints for the droop value in each region are the maximum allowable voltage and the current range for that particular region.



Apart from the droop coefficient, the reference voltage also impacts the bus voltage, which is inferred from Equation (1). Voltage can be compensated for by varying the reference voltage in each region, thereby aiding in better voltage regulation. The piece-wise droop curve having three regions with both droop updating and voltage compensation is depicted in Figure 4. The three regions of the proposed droop controller [26] are Region I (RI), Region II (RII), and Region III (RIII). The voltage constraint for each region is given by Equation (5).


  Δ  V  m a x   =   ∑  j r  Δ  V j   



(5)




where ΔVmax is the maximum allowable variation in voltage, which is 5% of the nominal bus voltage, and j = 1…, r in which j = 1 for Region II, and so on. The current constraint (Imax) for each region is given by Equation (6).


   I  m a x   =   ∑  j r  Δ  I j   



(6)




where Imax represents the maximum source current of that region. The estimated values of ΔVmax and Imax are given in the following equations [25].


  δ V = a × j × δ  V 1   



(7)






  δ I = b × ( r + 1 − j ) × δ  I r   



(8)







δV1 and δIr are the variations in voltage range in RI and the current range in RIII. Substituting Equations (7) and (8) into Equations (5) and (6) gives the values of δV1 and δIr as follows.


  δ  V 1  =   Δ  V  m a x     1 + a      r 2    r + 1     − 1      



(9)






  δ  I r  =    I  m a x     1 + b      r 2    r + 1     − 1      



(10)







The droop coefficient for each region is given as follows.


   d r  =    b a       j  r + 1 − j         δ  V 1    δ  I r       



(11)







The droop values calculated for all the regions are listed in Table 1 as follows.




3.3. Bus Voltage and Current Sharing for Various Regions of the Droop Curve


In the proposed piece-wise droop controller, the droop curve is divided into three regions. Dividing the droop curve into more than three regions will provide minimal improvement in the system performance for the same load current distribution [29]. The governing equations as a function of droop resistance and reference voltage for various regions of the piece-wise droop curve are given as follows. Equation (12) indicates the bus voltage equation for RI, Equation (13) for RII, and Equation (14) for RIII, respectively, with droop updating.


    V  b u s   =  V  r e f   −  I  p v      R  i n   +  R  c p         for    I  p v   <  I  r 1     



(12)






    V  b u s   =    V  r e f   + Δ  V  r e f 1     −  I  p v      R  i n   +  R  c p   +  p 1    +  p 1     I  r 1         for    I  r 1   <  I  p v   <  I  r 2     



(13)






    V  b u s   =    V  r e f   + Δ  V  r e f 2     −  I  p v      R  i n   +  R  c p   +  p 2    +  p 2     I  r 2         for    I  p v   >  I  r 2     



(14)







The constants p1 and p2 are the function of source voltage and resistance values as shown in Equations (15)–(17).


   p r  =  p 1  +  p 2   



(15)






   p 1  =    V  b u s      R  c p   +  R  c e     −  I r   R l   R  c p    R  c e   − 2  R l  Δ  V  b u s    /  2  V  b u s   − 4  I r   R l     



(16)






   p 2  =             I e   R l  −  V  b u s     2      R  c p   2  +   R  c e   2    + 4   R l  2  Δ   V  b u s   2  − 2  R  c p    R  c e     V  b u s   2      + 4  I r   R l     R  c p    R  c e    V  b u s   −  R l     R  c p   +  R  c e     Δ  V  b u s            1 2     /  2  V  b u s   − 4  I r   R l     



(17)







The voltage compensation for the reference voltage in each region is given by Equation (18), and the updated reference value of each region is listed in Table 2.


  Δ  V  r e f r   =   0.5 ×   ∑ r    I  r r       ×  R  i n   × r  



(18)




where r = 1 for RII and r = 2 for RIII. Figure 5 shows the flowchart of the various steps involved in updating the droop coefficient and voltage compensation in each region. The sample calculations are listed in Appendix B, Table A2 and Table A3. After the droop updating and voltage compensation by the above equations, the current difference equation implying power sharing between the PV and ESU for RII and RIII is given by Equations (19) and (20), respectively.


  Δ I = =    α  I I   −  β  I I      γ  I I      



(19)




where


  Δ I =  I  p v I I   −  I  e s u    










   α  I I   =    R l     V  p v   + Δ  V  r e f 1   −  V  e s u     + (  V  p v   + Δ  V  r e f 1   ) (  R  c e   +  d  p v I I   )    










   β  I I   =    R l     V  e s u   −  V  p v   + Δ  V  r e f 1     +  V  e s u   (  R  c p   +  d  p v I I   )    










   γ  I I   =    R l  (  R  c p   +  d  p v I I   ) +  R l  (  R  c e   +  d  p v I I   ) + (  R  c p   +  d  p v I I   ) × (  R  c e   +  d  p v I I   )    










  Δ I =    α  I I I   −  β  I I I      γ  I I I      



(20)




where


  Δ I =  I  p v I I I   −  I  e s u    










   α  I I I   =    R l     V  p v   + Δ  V  r e f 1   −  V  e s u     + (  V  p v   + Δ  V  r e f 1   ) (  R  c e   +  d  p v I I I   )    










   β  I I I   =    R l     V  e s u   −  V  p v   + Δ  V  r e f 1     +  V  e s u   (  R  c p   +  d  p v I I I   )    










   γ  I I I   =    R l  (  R  c p   +  d  p v I I I   ) +  R l  (  R  c e   +  d  p v I I I   ) + (  R  c p   +  d  p v I I I   ) × (  R  c e   +  d  p v I I I   )    













4. Simulation Assessment of FEVCS


The proposed microgrid-based DC fast charging station model is simulated with real-time variable solar irradiation at different load conditions to validate the efficacy of the proposed control algorithm. The real-time variable solar irradiation of the Nagpur region in India for 2022 is scaled down to 12 s and is plotted in Figure 6. The system parameters are listed in Appendix A, Table A1. The load on the DC bus consists of three EVs, for which EV1 is in at t = 1 s to the charging station and out at t = 12 s. Likewise, EV2 is in at t = 4 s and out at t = 12 s. EV3 is in at t = 8 sec and out at t = 12 s. Based on the total EV power, the load current is divided into three regions.



The load profile of the EV charging station consists of operating conditions from no load to full load, which is represented by Table 3. From t = 0 to t = 1, the charging station is under no load. From t = 1 to t = 4 s, the charging station is under one-third load. From t = 4 to t = 8 s, the charging station is under a two-thirds load. From t = 8 to t = 12 s, the charging station is under full load.



The proposed DC fast charging station is simulated with the MPPT controller, which is widely used for solar PV control, and compared to the proposed controller.



4.1. With MPPT


The Perturb and Observe MPPT technique is implemented for the unidirectional converter of the solar PV. The DC bus voltage (   V  b u s    ) in Figure 7 has ripples beyond 5% of the nominal bus voltage.



Figure 8 shows the voltage, current, and power output of the solar PV with an MPPT controller. The variation in current and power is due to the variable irradiation. Figure 9 represents the ESU voltage, current, and power. The rate of the SOC rise and fall in the ESU varies with variations in the solar PV output. Figure 10 represents the power-sharing plot of the solar, ESU and total EV power (   P  e v    ), which is the sum of the powers of EV1, EV2, and EV3. From t = 0 to t = 1 s, there is no load on the DC bus. Hence, the total power produced by the solar PV is utilized to charge the ESU. From t = 1 to t = 4 s, the load requirement is approximately 62.5 kW. The excess power from the solar PV after supplying the load is utilized to charge the ESU. At around t = 7 s, the solar irradiation is very low and is sufficient to charge only the EV load on the bus; hence, the ESU is ideal without charging or discharging.



All the EVs are charged at 500 V and 125 A, which is the rated voltage and current of a fast DC charger. The initial voltage is 474.2 V for all the EVs, as shown in Figure 11a, Figure 12a and Figure 13a. All the EVs are charging at 125 A as shown in Figure 11b for EV1, Figure 12b for EV2, and Figure 13b for EV3. According to the EV rating considered in this work, the maximum voltage of the EV battery can reach 516 V if it is charged up to 100% SOC. However, it is always recommended to stop the fast charging when the SOC of the EV reaches 80%, after which slow charging is preferred.



The SOC of EV1 starts rising from 30% from t = 1 s to 30.34% until t = 12 s, as shown in Figure 11c. The SOC of EV2 rises from 30% at t = 4 s to 30.25% until t = 12 s, as shown in Figure 12c. The SOC of EV3 rises from 30% at t = 8 s to 30.13% until t = 12 s, as shown in Figure 13c.




4.2. With the Proposed Controller


The piece-wise droop curve is divided into three regions based on the load on the DC bus with two boundary currents. The boundary current of RI and RII is Ir1 = 150 A and the boundary current of RII and RIII is Ir2 = 300 A.



4.2.1. Region I (t = 1 to t = 4 s)


When EV1 is plugged into the charging station, the DC bus is under one-third load and the EV load current is 125 A, which is less than Ir1 and falls into RI. The droop value is the same as the initial droop value without any updating and no voltage compensation for this region, which means the performance of the charging station is the same as with the basic droop control.



Figure 14 represents    V  b u s    , which is almost tracking the reference voltage without any ripple out of tolerable range in the instances of EVs being plugged in. There is an ignorable fluctuation in the bus voltage, which settles in almost less than 0.1 s when EV1 is plugged in. The highest peak attained in this region is 754.34 V, and the voltage dips up to 744.36, V which is in the tolerable range of fluctuation for the bus voltage. Figure 15 shows    V  p v    ,    I  p v    , and    P  p v     of the solar PV. The solar input voltage is constant throughout the operation, irrespective of the variable irradiation, which shows the robustness of the proposed controller. The current and power are variable according to the variable irradiation of the solar PV. The ripples in the ESU current are minimized with the proposed controller when compared to the MPPT controller, which is evident from Figure 16, indicating the improved power balance with the proposed piece-wise droop controller.




4.2.2. Region II (t = 4 to t = 8 s)


EV2 is plugged into the charging station at t = 4 sec and EV1 is plugged in throughout the simulation time, which increases the load current to 250 A. This means that the charging station is under two-thirds load. The load current now falls into RII, which is less than Ir2 and greater than Ir1. The control algorithm now calculates p1 and updates the droop value and compensates for the reference voltage. The maximum real-time solar irradiation obtained in this region is 626 W/m2. The bus voltage with the proposed controller is tracking the reference voltage more accurately when compared to the bus voltage with the MPPT controller. The fluctuations in the bus voltage at t = 4 s settle down in 0.12 s. Also, the ripples in the ESU current are very much reduced with the proposed controller when compared to the MPPT controller, which is evident from Figure 16. With this, the power balance is also improved with the proposed controller when compared to the MPPT controller in RII as shown in Figure 17. At t = 7 s, the solar irradiation is at its lowest value, which is 304 W/m2, and the power produced by the solar PV is sufficient to supply the load to the bus, but the rate of charge of the ESU battery slows down at this instance.




4.2.3. Region III (t = 8 to t = 12 s)


EV3 is plugged into the charging station at t = 8 s. The charging station is under full load. The EV load current is 375 A, which falls into RIII of the piece-wise droop curve. The proposed control algorithm calculates and updates the droop value of RIII and the voltage compensation to achieve less voltage regulation and proper power balance. The fluctuations in the bus voltage at t = 8 s after connecting EV3 rise to 771.45 V and die out within 0.9 s, reverting back to the reference voltage. The solar PV power is not enough to supply the full load with its variable irradiation at the instance of t = 7, and the ESU changes to boost mode to deliver the load for about a second and then switches back to buck mode since the irradiation continues generating solar PV power sufficient to charge the EV load.



Figure 18 represents the voltage, current, and SOC level of EV1. Similarly, Figure 19 is for EV2 and Figure 20 is for EV3 throughout the operation. EV1 charges from 30% SOC to 30.34% in 12 s from t = 1 to t = 12 s. EV2 charges from the initial SOC of 30% at t = 4 s to 30.25% at t = 12 s. EV3 charges from 30% SOC at t = 8 s to 30.13% at t = 12 s.



The fast-charging criteria are fulfilled by charging the SOC up to 80% within an hour. Each EV is charging at a rate of 500 V and 125 A with a 62.5 kW fast charger. Table 4 shows the performance analysis of FEVCS with the widely used MPPT controller and the proposed piece-wise droop controller, proving the superiority of the proposed controller in attaining proper voltage regulation and improved dynamic performance. The improvement in the power balance between various sources with the proposed controller is evident from comparing Figure 1 and Figure 17. The periodic voltage of the DC bus, solar PV, and ESU with the proposed controller is listed in Appendix C, Table A4.






5. Experimental Validation in RT Lab


The effectiveness of FEVCS using the proposed piece-wise droop controller has been validated in the RT lab using the OP4500 OPAL-RT real-time digital simulator (RTDS), which replicates real-time conditions. FEVCS is simulated for 10 s in RTDS with the proposed controller with three regions for real-time variable solar irradiation and dynamic EV load. The Simulink model undergoes compilation by the host PC via the RT-LAB interface. The outcomes are captured utilizing a digital storage oscilloscope (DSO) via the analog outputs of the OP4500 target. To check the similarity of the proposed FECVS with the simulation results, a sampling time of 30 µs is considered to obtain HIL results in RT lab.



Figure 21 represents the real-time results of the DC bus voltage and power sharing between the solar PV and ESU for a variable EV load with the proposed piece-wise droop controller, which is in complete agreement with Figure 14 and Figure 17 for all the three regions of the proposed piece-wise droop controller, i.e., RI, RII, and RIII. The solar PV and ESU are sharing power according to the change in EV load. The bus voltage is almost tracing the reference voltage of 750 V, which shows the robustness of the proposed controller in maintaining bus stability. The EV load changes at the time instants of t = 1, i.e., RI t = 4, i.e., RII and t = 8 s, i.e., RIII. At t = 4.1 s, i.e., in RII, the total solar PV power is 285 kW, which is supplying 125 kW of the EV load, and the balanced power is charging the ESU battery, which is approximately 160 kW. The appropriate power sharing of the sources along with the stable bus voltage is possible due to the droop updating in individual regions of the proposed three-region piece-wise droop controller.



Figure 22 represents the variable solar irradiation and voltage and current of solar PV with the proposed piece-wise droop controller integrated with voltage compensation using the OPAL-RT digital simulator. The voltage of the solar PV is almost constant at 600 V throughout the operation, irrespective of the variable irradiation and EV dynamics, showcasing the effectiveness of the proposed controller. The solar current follows the variable irradiation, which is in complete agreement with the simulation plot shown in Figure 15.



Figure 23 shows the RT lab results of the ESU SOC, voltage, and current with the proposed controller. Whenever the ESU is charging, the SOC of the ESU is raised, and when the ESU is discharging, the SOC falls. The rate of rise and fall of the SOC of the ESU depends on the charging and discharging current, which in turn is determined by the EV load dynamics and the solar irradiation. This plot confirms that the ESU is operating bidirectionally, which is desirable and crucial for the stable operation of FEVCS. The initial SOC of the ESU is 50% and is charged at 50.57% until t = 8 s due to the sufficient power supplied from the solar PV to meet the EV load demand and to charge the ESU. At t = 8 s, the solar PV power is insufficient to supply the EV load, and the SOC of the ESU starts discharging from 50.57% to 50.56% until t = 8.5 s to facilitate a balanced EV load demand. The ESU voltage drops from 545.5 V at t = 8 s to 523 V at t = 8.5 s.



Figure 24, Figure 25 and Figure 26 depict the real-time results of the SOC, voltage, and current of EV1, EV2, and EV3, respectively, with the proposed piece-wise droop controller. The initial SOC of all the EVs is considered to be 30%, and the EVs are charging at 125 A with 62.5 kW rapid chargers. The initial voltage of the EVs is 474 V. The voltage and SOC keep rising throughout the time the EVs are connected to the DC fast chargers. These results are in complete agreement with the simulation results of the EVs, which are depicted in Figure 18, Figure 19 and Figure 20 from the previous section. The SOC of EV1 rises from 30% at t = 1 s to 30.28% at t = 10 s. Similarly, EV2 rises from 30% at t = 4 s to 30.19% at t = 10 s and EV3 rises from 30% at t = 8 s to 30.07% at t = 10 s. Based on this analysis, it is evident that reaching 80% state of charge (SOC) for the EV battery takes less than an hour, showcasing the fast charging capabilities of the proposed FEVCS with the piece-wise droop controller.



Table 5 discusses the comparison of existing work in the literature with the proposed FEVCS model using a piece-wise droop controller in this work. This indicates the effectiveness of the proposed piece-wise droop controller in achieving proper power sharing and minimal voltage deviation with an intermittent source and load.




6. Conclusions


A piece-wise droop controller with three regions is proposed for a microgrid-based DC fast EV charging station integrated with a solar PV, ESU, and EV load consisting of three 62.5 kW fast chargers. An evaluation of the dynamic performance of the system is conducted under intermittent source and load conditions, comparing the traditional MPPT controller with the proposed piece-wise droop controller.



Unlike the traditional droop controller, the voltage regulation and power balance are improved with the proposed controller without any trade-off. The relative comparison between MPPT control and the proposed control strategy for one-third, two-thirds, and full load conditions reveals that the proposed piece-wise droop controller has achieved 7.48%, 10.02%, and 9.84% improved voltage regulation, respectively. Also, a further observation infers that the settling time of the proposed controller for Region I is 0.07 s, whereas the MPPT’s settling time is 0.14 s, which is double the time required by the proposed controller. Similarly, for the second and third regions, the proposed controller leads the MPPT controller by 0.18 s and 0.1 s, respectively. Mapping the settling time of the controller with respective voltage fluctuation against the EV dynamics at various load conditions, it is inferred that the proposed piece-wise droop controller has achieved improved dynamic stability compared to the MPPT controller. The HIL results and modeling findings have corroborated the bus voltage stability and dynamic stability during the rapid charging of EVs under intermittent source and load conditions. This study concludes that the proposed controller for the DC-microgrid-based FEVCS offers significant benefits in remote areas with unreliable or nonexistent power grids, thereby enhancing reliability and sustainability in the clean transportation sector.
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Table A1. System design parameters.






Table A1. System design parameters.





	
Solar PV array

	
Number of cells

	
98 × 17




	
Open circuit voltage per module (   I  s c    )

	
44.4 V




	
Short circuit current per module (   V  o c    )

	
8.69 A




	
Maximum power per module (   P  m p p    )

	
300.12 W




	
Maximum input voltage (   V  p v − max    )

	
622.2 V




	
Maximum solar PV current (   I  m p p    )

	
803.6 A




	
Maximum solar PV power (   P  p v − m p p    )

	
500 kW




	
Uni-directional DC-DC converter

	
    L  p v     

	
0.0463 mH




	
    C  o u t     

	
16.11 µF




	
    C  p v     

	
0.1 F




	
    R  c p     

	
0.005 Ω




	
    V  r e f     

	
750 V




	
Switching frequency

	
20 kHz




	
    R  i n     

	
0.05 Ω




	
PI controller gains

	
0.9, 0.0015




	
Piece-wise droop controller

	
   I  r 1    ,    I  r 2    

	
150 A, 300 A




	
   a , b   

	
1, 1




	
ESU

	
    V  e s u     

	
500 V




	
Capacity

	
100 Ah




	
Initial SOC

	
50%




	
Bi-directional DC-DC converter

	
    L  e s u     

	
92.5 µH




	
    C  e s u     

	
1 mF




	
    R  c e     

	
0.006 Ω




	
PI controller gains

	
0.002, 0.068




	
EV battery

	
    V  e v     

	
444 V




	
Capacity

	
114 Ah




	
Initial SOC

	
30%




	
EV fast charger

	
Rating

	
62.5 kW, 500 V, 125 A




	
    L  e v     

	
20 mH




	
    C  e v     

	
25 µF




	
PI controller gains

	
0.75, 50
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Table A2. Piece-wise droop value calculation.






Table A2. Piece-wise droop value calculation.





	Parameter
	Calculation
	Value





	   δ  V 1    
	     37.5   1 + 1      3 2    3 + 1     − 1       
	6.25



	   δ  I 3    
	     515.5   1 + 1      3 2    3 + 1     − 1       
	85.92



	    d  I I     
	      1 1       2  3 + 1 − 2         6.25   85.92       
	0.0727



	    d  I I I     
	      1 1       3  3 + 1 − 3         6.25   85.92       
	0.2182










 





Table A3. Compensation in reference value calculation.






Table A3. Compensation in reference value calculation.





	Parameter
	Calculation
	Value





	   δ  V  r e f 1     
	       150 + 300  2    × 0.05 × 1   
	11.25



	   δ  V  r e f 2     
	       150 + 300  2    × 0.05 × 2   
	22.5
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Table A4. Periodic variations of    V  b u s     with the proposed piece-wise droop controller.
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	Time (s)
	0.5
	2
	3
	5
	6
	7
	9
	10
	11





	Irradiation (W/m2)
	504
	626
	612
	527
	412
	304
	382
	550
	554



	   V  p v     (V)
	601.5
	601.8
	601.7
	601.6
	601.3
	600.6
	601.1
	601.6
	601.5



	   V  e s u     (V)
	586
	585.1
	584
	564.2
	552.5
	540.2
	534.6
	551.5
	554.6



	   V  b u s     (V)
	751
	751.4
	748.3
	749.7
	749.9
	735.7
	752.7
	756.3
	750.2
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Figure 1. Schematic view of proposed microgrid-based DC fast charging station. 
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Figure 2. Control structure of solar PV and ESU. 
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Figure 3. Control configuration of DC fast charger to charge the EV batteries. 
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Figure 4. Piece-wise droop curve for three regions with voltage compensation. 
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Figure 5. Flowchart of the proposed piece-wise droop control for three regions along with voltage compensation. Different colours represents different regions of the pice-wise droop curve. 
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Figure 6. Solar irradiation. 
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Figure 7. DC bus voltage with MPPT controller. 
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Figure 8. Solar PV (a) voltage, (b) current, and (c) power with MPPT controller. 
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Figure 9. ESU (a) SOC, (b) current, and (c) voltage with MPPT controller. 
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Figure 10. Power sharing with MPPT controller. 
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Figure 11. EV1 (a) voltage, (b) current, and (c) SOC with MPPT controller. 
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Figure 12. EV2 (a) voltage, (b) current, and (c) SOC with MPPT controller. 
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Figure 13. EV3 (a) voltage, (b) current, and (c) SOC with MPPT controller. 
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Figure 14. DC bus voltage with the proposed controller. 
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Figure 15. Solar PV (a) voltage, (b) current, and (c) power with the proposed controller. 
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Figure 16. ESU (a) SOC, (b) current, and (c) voltage with the proposed controller. 
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Figure 17. Power sharing with the proposed controller. 
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Figure 18. EV1 (a) voltage, (b) current, and (c) SOC with the proposed controller. 
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Figure 19. EV2 (a) voltage, (b) current, and (c) SOC with the proposed controller. 
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Figure 20. EV3 (a) voltage, (b) current, and (c) SOC with the proposed controller. 






Figure 20. EV3 (a) voltage, (b) current, and (c) SOC with the proposed controller.



[image: Processes 12 00892 g020]







[image: Processes 12 00892 g021] 





Figure 21. RT lab results for bus voltage and power sharing of FEVCS with the proposed controller. 
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Figure 22. RT lab results for solar PV input irradiation, voltage, and current of FEVCS with the proposed controller. 






Figure 22. RT lab results for solar PV input irradiation, voltage, and current of FEVCS with the proposed controller.



[image: Processes 12 00892 g022]







[image: Processes 12 00892 g023] 





Figure 23. RT lab results for ESU SOC, voltage, and current of FEVCS with the proposed controller. 
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Figure 24. RT lab results for EV1 SOC, voltage, and current with the proposed controller. 
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Figure 25. RT lab results for EV2 SOC, voltage, and current with the proposed controller. 
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Figure 26. RT lab results for EV3 SOC, voltage, and current with the proposed controller. 
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Table 1. Droop coefficients for piece-wise droop curve.
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	Control Strategy
	Region I
	Region II
	Region III





	MPPT
	0.05 Ω
	NA
	NA



	Piece-wise droop control
	0.05 Ω
	0.0727 Ω
	0.2182 Ω







NA—not applicable.













 





Table 2. Voltage reference for piece-wise droop curve.
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	Control Strategy
	Region I
	Region II
	Region III





	MPPT
	750 V
	NA
	NA



	Piece-wise droop control
	750 V
	761.25 V
	772.5 V







NA—not applicable.













 





Table 3. Load profile of DC fast charging station.
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	Time (s)
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12





	EV1
	
	
	RI
	
	
	
	
	
	
	
	
	
	



	EV2
	
	
	
	
	
	
	RII
	
	
	
	
	
	



	EV3
	
	
	
	
	
	
	
	
	
	
	RIII
	
	










 





Table 4. Qualitative comparative analysis of MPPT and the proposed controller.
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Performance Index

	
Controller

	
RI

(1–4 s)

	
RII

(4–8 s)

	
RIII

(8–12 s)






	
Maximum

voltage deviation (%)

	
MPPT

	
12.16

	
12.91

	
12.66




	
Piece-wise droop

	
0.57

	
2.89

	
2.82




	
Settling time (   t s   ) (s)

	
MPPT

	
0.14

	
0.30

	
1.45




	
Piece-wise droop

	
0.07

	
0.12

	
0.9











 





Table 5. Comparison of performance of existing literature with the proposed droop controller.
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	Ref [22]
	Ref [23]
	Ref [24]
	Ref [25]
	Ref [29]
	Proposed FEVCS





	Voltage level (V)
	48
	6 k
	380
	750
	10
	750



	Dynamic input
	✓
	✗
	✗
	✗
	✗
	✓



	Dynamic EV load
	✗
	✗
	✗
	✓
	✗
	✓



	Fast charging
	✗
	✗
	✗
	✓
	✗
	✓



	Proper power sharing
	✓
	✓
	✓
	✓
	✓
	✓



	Voltage regulation (%)
	1.29
	1.72
	0.70
	5.00
	4.50
	0.84







✗—Not considered; ✓—Considered.
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