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Abstract

:

The diffusion of electric vehicles will be strongly related to the capacity to charge them in short times. To do so, the necessity of widespread fast charging stations arises. However, their intermittent demand represents a challenging load for grid operators. In order to relieve their impact on the electrical grid operation, integrating storage systems in the charging stations represents a potential solution, although it complicates the overall system management. Moreover, standard converter architectures for the MV grid interface require the installation of bulky transformers and filters. In order to cope with the mentioned problems, this paper proposes an ultra-fast charging station topology based on a modular multilevel converter (MMC) structure and dual-active bridge (DAB) converters. Thanks to the multilevel converter properties, the proposed charging station can be directly interfaced with the MV grid without requiring transformers or filters. Additionally, exploiting the degree of freedom in the converter control system, such as circulating components, offers uneven power distribution among the converter submodules that can be managed. Along with the MMC control strategy, the article addresses a straightforward methodology to select the main parameters of the DAB converter as a function of the involved grid power and circulating power contributions, with the primary goal of obtaining a trade-off between internal balancing performances and a broad soft-switching region without incurring in converter oversizing. The effectiveness of the proposed charging station is finally discussed through numerical simulations, where its behavior during a power demand cycle is analyzed.
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1. Introduction


In recent years, the necessity to reduce carbon emissions has pushed institutions to promote and incentivize the adoption of low-emission vehicles and to move energy production from fossil fuels to renewable energy sources (RESs). Among low-emission vehicles, battery electric vehicles (BEVs) are gaining popularity and are supposed to grow in the following years. The will to boost their diffusion necessitates providing users with solid and widespread charging infrastructures. Moreover, in order to make BEVs competitive with internal combustion engines, it is essential to reduce the charging time by developing ultra-fast charging (UFC) stations [1]. However, a widespread UFC network represents a challenge for grid stability due to its intermittent high-power demand [2]. To decouple generation and demand, it is possible to exploit energy storage systems; in particular, the falling cost of batteries in recent years made using battery energy storage systems (BESSs) against other technologies more convenient [3]. Integrating BESSs within charging stations has been the subject of studies for many years, as proposed in [4,5]. Here, batteries can be used to provide peak shaving of the power demand in order to relieve the stress on the grid. Nevertheless, current UFC station topologies present different technological weaknesses leading to high costs and slowing down their diffusion. Some issues are mainly related to using two- or three-level inverter topologies since bulky medium-voltage/low-voltage (MV/LV) transformers and output filters are required for MV grid connection and power quality constraints. Moreover, problems arise whether BESSs with different voltage levels or based on different technologies have to be installed within the same station since further dc-dc converters are required to interface them. In order to cope with previous issues, solutions based on modular multilevel converters (MMCs), including cascaded H-bridge (CHB) converters and MMC in a double-star configuration, have been proposed in the technical literature to integrate storages for grid [6,7,8] or EV charging station applications [9,10,11,12]. The advantages of adopting these topologies are mainly the total harmonic distortion (THD) reduction at the point of common coupling (PCC) and the possibility of reaching a direct MV connection without needing a transformer. Furthermore, modular configurations allow for the integration of the storage system directly in the converter submodules (SMs) and to manage them directly through the converter control.



Focusing on EV charging station applications, Vasiladiotis et al. proposed different topologies and control of charging stations based on a CHB converter with a battery storage system split among the converter modules [9,10,11]. In these architectures, the SM configuration was based on the cascade connection of the main CHB H-bridge and a bi-directional buck converter to control the battery. The battery was then interfaced to the charging station dc bus by means of a dual active half-bridge converter with a unitary winding ratio. However, these topologies may suffer from battery insulation problems since they are placed in the converter SMs without galvanic insulation from the MV side. Moreover, the presence of two dc-dc converters, in addition to the H-module of the CHB, complicates the control and affects the overall efficiency. Investigations on using MMCs in a double-star configuration with the direct integration of batteries and charging spots within the SMs were investigated in [12]. However, the proposed charging station resulted in being unfeasible for direct MV connection. Indeed, even if the charging spots and the BESS can be split at the submodule level, the converter SMs may be interested, among them, in different charging powers, thus affecting the sizing of the installed BESS. In this regard, the authors demonstrate, by analyzing the internal converter power flow, that to avoid BESS oversizing, the rated voltage of the single SM must be higher than the voltage of the grid to which the charging station is connected. Thus, the charging station modularity is limited since only a few SMs are needed to synthesize the required voltages, and it can be connected to the MV grid merely through a transformer.



Therefore, charging station architectures able to handle various voltage and power levels while maintaining proper insulation with respect to the MV grid should be developed. In this regard, power electronic interfaces based on solid-state transformers are possible solutions. Examining the architectures proposed in the technical literature [13,14,15,16], they are typically based on a three-phase CHB converter used to interface the MV grid to LV dc systems. Indeed, each converter SM comprises an additional dc/dc stage based on a dual active bridge (DAB) converter to create an LV dc connection insulated from the grid. However, one of the major limitations of the proposed topologies is the existence of only one LV dc bus. Thus, integrating batteries with different technologies and reaching various voltage levels are not possible. To overcome this issue, in [17], the authors proposed a solution in which each phase of the CHB converter is used to create a dc port, reaching three different dc levels, integrating charging ports, storage systems, and photovoltaic (PV) panels. Nevertheless, there are no considerations regarding the sizing of the installed BESS and PV system. Moreover, since the CHB converter cannot form a common dc bus, the PV panels had to be integrated at different voltage levels, increasing the system complexity and component sizing.



In this scenario, this paper proposes a new topology for an insulated ultra-fast charging station topology based on an MMC in a double-star configuration directly connected to the MV grid. In this case, with respect to the CHB converter, the double-star MMC features an accessible dc side that can eventually be exploited to integrate other sources, including photovoltaic systems [18,19]. Each converter SM features a capacitor interfaced to a common dc bus through a dual active full-bridge (DAFB) converter, stepping down the voltage and controlling the power flow between the ac and dc sides. For each converter phase, the output terminals of the DAFB converters are connected in parallel, creating a dc port for a BESS. In this way, three different dc buses are provided, also enabling the capability of integrating batteries with different voltage levels and technologies. Moreover, the internal energy of the MMC can be handled by exploiting the generation of the circulating currents [20]. Considering the proposed charging station architecture, the three different dc buses and, thus, the three converter phases should satisfy different charging power levels due to the various vehicles charging simultaneously. In this situation, by exploiting the injection of only the dc circulating currents, power exchange among the converter phases can be established, achieving BESS SOC equalization. Therefore, with the proposed configuration, the power absorbed by the station is managed through the control of the MMC, while the power flow between the ac side and the dc buses can be managed by acting on the control of the DAFB converters. Additionally, the topology ensures the galvanic insulation of batteries with respect to the MV grid. In the following, the UFC station topology and control are described, starting from the grid-side control and moving to the DAFB converter operation. Furthermore, guidelines for the size of the BESS are also provided. Finally, a case study is defined, and the performances of the proposed UFC station are validated by means of numerical simulations in the MATLAB Simulink® environment.




2. Topology and Control of the Proposed Ultra-Fast Charging Station


The following section briefly outlines the proposed charging station topology. First, a general description is provided, highlighting the main stages composing the converter. Then, control and consideration of the operation of the MMC and DAFB converters are discussed.



2.1. Overview of the Proposed Charging Station Structure


The proposed UFC station topology is shown in Figure 1. As previously introduced, the grid interface consists of an MMC in a double-star chopper-cell configuration. Each converter SM is composed of a cascade of two main stages: the MMC half-bridge (HB) and the DAFB converter; the SM structure is reported in Figure 2. The purpose of the first SM stage, i.e., the MMC HB, is to synthesize the grid voltage, while the DAFB stages provide power exchange between the ac side and the charging station dc bus, and it is controlled to keep the SM capacitor voltage, vsm, at its rated value Vsm. The DAFB LV-side capacitor Cout is connected in parallel with the LV capacitors of the other SMs belonging to the same converter leg. In this way, three independent and insulated dc buses are obtained. Each dc bus integrates a BESS and supplies several charging spots. As discussed in [17], the presence of three different dc buses makes it possible to integrate batteries with different voltage levels or technologies within the same charging station and facilitates the integration of local renewable energy sources. In the scenario of growing electric mobility, this paves the way for flexible exploitation of second-life batteries without being bound to a specific technology.




2.2. Modular Multilevel Converter Generalties and Control


In order to study the MMC operation, one can consider the scheme shown in Figure 3. Each converter arm comprises N SMs and an inductor Larm with its parasitic resistance Rarm. According to the degree of freedom of the MMC, upper and lower arm voltage references (i.e.,    v   u , k   *    and    v   l , k   *   ) can be expressed by [21]


         v  u , k  *  ( t ) =    V  d c  *   2  −  v  p h , k  *  ( t ) −  v  c i r c , k  *  ( t )        v  l , k  *  ( t ) =    V  d c  *   2  +  v  p h , k  *  ( t ) −  v  c i r c , k  *  ( t )                 k = a , b , c   .  



(1)







These voltages are controlled in order to establish the desired power exchange with the grid and manage the internal converter energy. In particular, the component vph,k is used for managing the grid power, while the voltage component vcirc,k is used to balance the sources integrated into the converter. The latter is achieved by injecting the circulating currents without affecting the power exchanged with the grid. Lastly, the fictitious MMC dc bus voltage Vdc is kept constant, and it is necessary to make the arm able to synthesize only positive voltages since their SMs are based on half-bridge converter topology.



In order to produce the arm voltages, different modulation techniques can be used. A comprehensive description and comparison among them can be found in [22]. In this paper, the phase-disposition pulse-width modulation (PD-PWM) is used. In the following sections, the converter control is discussed in more detail. In particular, the control can be subdivided into grid power control, internal converter SOC balancing, and capacitor voltage balancing.



2.2.1. Grid Power Control


As previously mentioned, the grid voltage reference component    v   ph , k   *    is related to the active and reactive power exchanged with the grid. It is obtained by controlling the direct and quadrature components of the grid current. Considering a rotating reference frame synchronous with the grid voltage, it is possible to retrieve the d and q current components from the active and reactive power references    P g *    and    Q g *    as [23]


   i d *  =  2 3     P g *     v d                     i q *  = −  2 3     Q g *     v d     



(2)




where vd is the d component of the measured grid-phase voltage while its quadrature component is zero for the selected reference frame. From the knowledge of grid parameters, Rgrid and Lgrid, it is possible to control the current using PI regulators. For the sake of simplicity, the reactive power reference is set to zero, while    P g *    is given by


   P g *  =  k  p , g         S O C  ¯   *  −   S O C  ¯     



(3)




where     SOC  ¯    is the average SOC of all the BESSs integrated into the UFC station,       SOC  ¯   *    is its reference value, and kp,g is the P-regulator constant. Moreover, a feed-forward term equal to the total charging power profile, ptot(t), is used to improve the dynamics response of the system.




2.2.2. Converter SOC Balancing


According to the converter architecture and its degree of freedom obtainable from the control strategy, the circulating components are handled to achieve the internal SOC balancing. In particular, the circulating currents are used to balance the SOCs of the BESSs of the different legs. In this regard, as introduced before, the term    v   circ , k   *    is taken to control circulating currents within the converter.



For each phase k, the circulating current icirc,k can be defined starting from the arm currents as


   i  c i r c , k   =    i  u , k   +  i  l , k    2  .  



(4)







As demonstrated in [20], the circulating currents can be exploited to move active power among the converter arms and legs. Specifically, icirc,k can be expressed as


   i  c i r c , k   =  i  c i r c , d c , k   +  i  c i r c , 1 , k    



(5)




where icirc,dc,k and icirc,1,k are the dc and fundamental frequency components, respectively. The first one is responsible for moving power among converter legs, while the latter is used to manage the power mismatch between the arms of the same leg. It follows that controlling circulating currents allows for equalizing the SOCs of the distributed BESSs.



In the considered topology, a single dc bus is supplied by all the SMs of a converter leg. Therefore, no power unbalances can occur between the upper and lower arms, and only the dc circulating component is necessary for SOC balancing. The reference value    i   circ , dc , k   *    can be obtained starting from the definition of the two reference loop currents    i   a , b   *    and    i   a , c   *   , as shown in Figure 3, which are related to the power to move from leg a to legs b and c, respectively. The three-phase circulating currents can then be obtained as


         i  c i r c , d c , a  *         i  c i r c , d c , b  *         i  c i r c , d c , c  *        =  1 3        − 1     − 1      2    − 1       − 1    2             i  a , b  *         i  a , c  *          .  



(6)







Reference values for loop currents can be obtained from a PI regulator as


   i  a , j  *   t  =  k p  c i r c , d c     S O  C a   t  − S O  C j   t    +  k i  c i r c , d c      ∫ 0 t     S O  C a   τ  − S O  C j   τ    d τ     with    j = b , c    



(7)




where    k p   circ , dc      and    k i   circ , dc      are the proportional and integral gains of the PI regulator, respectively. It is worth noting that the performances of the balancing control are strongly affected by the circulating current maximum value    I   circ , dc       max     . In particular, this has to be chosen considering a trade-off between performances and component sizing of both the MMC HB and DAFB. Indeed, a high circulating current allows for fast balancing but requires a higher current capability of the switching components in the converter.




2.2.3. Capacitor Voltage Balancing


Considering the adopted modulation technique for the MMC, i.e., the PD-PWM, voltages of SM capacitors within the same converter arm can be balanced by acting on their order of insertion in the modulation process, as originally proposed in [24]. Specifically, the order of insertion of SMs to synthesize the arm voltage reference is chosen based on the arm current direction and the individual SM voltages. Considering, as an example, the upper arm and considering the current direction to be the one indicated in Figure 3, the sorting algorithm acts as follows:




	
When iu,k ≥ 0, the current is charging the SM capacitors. The capacitor voltages within the arm are sorted in ascending direction. Thus, the least charged capacitors are inserted first.



	
When iu,k < 0, the current is discharging the SM capacitors. The capacitor voltages within the arm are sorted in descending direction. Thus, the most charged capacitors are inserted first.










2.3. Dual Active Full-Bridge Control


As anticipated in Section 2.2., for each converter phase, the power exchange between the MMC HB and the charging station dc buses is performed by controlling the parallel-connected DAFB converters. Initially proposed in [25], the DAFB architecture allows for obtaining an insulated bi-directional dc-dc converter capable of zero-voltage switching (ZVS) operations. As shown in Figure 2, the converter comprises two H-bridges and a transformer. In the considered application, the DAFB is controlled with the single phase-shift (SPS) modulation, where the two H-bridges synthesize two high-frequency square waves with a phase shift ϕ. In this way, the voltage phase difference across the transformer leakage inductance Ld allows for exchanging power between the two converter sides. The waveforms concerning the converter are reported in Figure 4. The generic DAFB output power relative to the n-th SM of the k-th phase, PDAB,k,n, can be expressed as a function of the p.u. phase shift Dk,n = ϕk,n/π as


   P  D A B , k , n   =    v  s m , k , n    v  o u t , k    N s   D  k , n     1 −  D  k , n       2  f s   L d     



(8)




where vsm,k,n and vout,k are the high-voltage (HV) and low-voltage DAFB voltages, Ns is the transformer turns ratio, and fs is the converter switching frequency [26]. For the sake of conciseness in notation, the index n refers to the SM numeration in each leg (i.e., it spans from 1 to 2N). As described in [27], the soft-switching operating region is mainly influenced by the converter actual voltage ratio d, defined as


  d =    v  s m , k , n      N s   v  o u t , k       .  



(9)







In particular, ZVS is always ensured when d = 1. When this condition is not respected, the ZVS region boundaries also depend on the converter load [27]. In [26], it is demonstrated that the ZVS operation is ensured if


   π 2    1 −    V  m i n      V  m a x       ≤ ϕ ≤  π 2    ,  



(10)




where


   V  m i n   = min    v  s m , k , n   ,  N s   v  o u t , k                                V  m a x   = max    v  s m , k , n   ,  N s   v  o u t , k       .  



(11)







From previous considerations, the DAFB could be controlled to ensure d = 1. However, with the output voltage being dependent on the battery SOC and the voltage drop on the battery resistance, this would imply having a variable SM capacitor voltage vsm,k,n. Since vsm,k,n has to be sufficient to synthesize the arm voltages correctly, even when the DAFB output voltage is minimum, this control strategy would affect the MMC HB component sizing. For this reason, we decided to control the DAFB in order to keep the input voltage average value at its rated value Vsm, at the expense of losing the ZVS operation in some operating conditions.



From the DAFB control perspective, we decided to regulate the power transfer between the HV and LV sides, keeping the SM voltage at its rated value, as anticipated above. The power is related to the square of the SM capacitor voltage through the following transfer function


   P  s m , k , n   ( s ) =    V  s m , k , n  2  ( s )    Z  e q     +  1 2  s  C  s m    V  s m , k , n  2  ( s ) .  



(12)




where s is the Laplace variable, Psm,k,n is the power value exchanged by the DAFB of the individual SM in the Laplace domain, Vsm,k,n is the individual SM voltage in the Laplace domain, and Zeq = Vsm2/PDAB is the dual active bridge equivalent impedance, depending on the rated power absorption PDAB and the rated SM voltage Vsm. In particular, (12) is useful during the regulator tuning process.



For the sake of completeness, it is necessary to analyze the operating points of the DAFB briefly. It is worth noting that (8) provides two solutions for the same power reference, one higher than 0.5 and the other one lower according to


   D  k , n   =  1 2  ±    1 4  −   2  f s   L d     v  s m , k , n    v  o u t , k    N s     P  D A B , k , n      



(13)







As can be seen in Figure 5, solutions higher than 0.5 represent an unstable operating condition since an increase in the phase shift leads to a decrease in the output power of the converter. For this reason, it is necessary to limit the possible values of the p.u. phase-shift reference    D   k , n   *    in the interval [−0.5, 0.5]. In particular, the value of    D   k , n   *    is obtained through a PI regulator providing a small-signal value    d   k , n   *    and by a feed-forward term      D ¯    k , n  *   . The feed-forward term is computed considering (13). In this equation, the reference output DAFB power, i.e.,    P   DAB , k , n   *   , consists of the sum of the reference values of the dc circulating power    P   circ , dc , k   *    and grid power    P g *   , as reported in the control diagram in Figure 6.




2.4. Vehicle Charging Control


Vehicles connected to the UFC station dc buses are assumed to be charged at constant power, provided that the leg dc bus voltage vout,k is above a minimum threshold    V  bus      min     . When this limit is hit, the charging power is limited to obtain the converter dc bus voltage at the minimum allowable value. The activation of this limitation depends both on the stationary battery SOC and the current concerning it, which influences the voltage at the terminals due to the presence of the battery internal resistance Rbatt. The complete control diagram of the charging station is reported in Figure 6. The vehicle charging power on the k-th dc bus is indicated with Pch,k.





3. Case Study and Results


In order to demonstrate the operation and performance of the proposed UFC, a case study was undertaken, and the system was modelled and simulated in the MATLAB Simulink® environment. The following subsections will be devoted to defining the UFC power profile, showing the grid-side converter and BESS parameters used, and drawing conclusions regarding the optimal DAFB rating. The last subsection will discuss the obtained numerical results.



3.1. Charging Station Power Profile and BESS Sizing


Several studies have been conducted to determine possible EV load forecasting techniques [28,29] to optimize the charging station operation. In this context, adequately planning the EV charging station behavior through multi-objective optimization algorithms can be beneficial [30,31]. These algorithms are typically defined according to the load demand, grid requirements, and economic indicators. However, this study intends to validate the converter operation and the BESS sizing, highlighting scenarios in which different power levels should be satisfied. For this reason, a simple power profile was considered, but the same analysis can be addressed and extended if forecasting and optimization methods are adopted.



The considered charging station is equipped with 12 charging spots, 4 of each of the available dc buses. It is worth noting that the management of the communication protocols of the charging spots is out of the scope of this paper. This work focuses on defining an effective power electronic interface capable of satisfying the different load demands required by the connected electric vehicles. The public charging points can be supplied in direct or alternating current; however, a standard classification based on the available charging power is still not present. As an example, the Alternative Fuels Infrastructure Directive of the European Union only differentiates between normal (<22 kW) and fast (>22 kW) charging points, leaving the Member States the possibility of defining the criteria for distinguishing the power rating of the charging points [32]. In this regard, taking, as a reference, the Italian case, four topologies are distinguished: slow (up to 7.4 kW), quick (up to 22 kW), fast (up to 50 kW), and ultra-fast (>50 kW) [33].



In this work, the charging spots are connected to the dc ports, and the achievable charging powers are defined as follows: the maximum charging power level of the station, i.e., ultra-fast, was set to 350 kW, while two further fast charging levels of 46 kW and 100 kW were used to create a heterogeneous power demand. Finally, the rated dc bus voltage is set to 400 V. The vehicles to be charged were selected according to the charging level mentioned above. Their main data are reported in Table 1, where charging times are calculated to charge the vehicle battery from 20% to 90% of the SOC. The single spot power profile, taken from [12], lasts Ttot = 100 min and is shown in Figure 7a. It is supposed that all 12 charging spots are working at the same time, and the power profiles of the spots are uniformly delayed one from the other, i.e., the profiles are obtained with a time shift of Ttot/12 [12]. As a consequence, the charging station profile ptot(t) is obtained by summing the power profiles of the spots and is shown in Figure 7b. In the figure, the average power of the charging demand Pm = 902.1 kW is also indicated.



The energy storage system can be sized starting from the defined profile and the power delivered by the grid pg(t). For the sake of the sizing procedure, it is possible to assume that the grid provides the average power of the profile, i.e., pg(t) = Pm. Thus, the storage energy profile es(t) can be retrieved as


   e s  ( t ) =   ∫     p  t o t   ( t ) −  p g  ( t )   d t      =   ∫     p  t o t   ( t ) −  P m    d t      .  



(14)







The minimum BESS sizing energy    E s  min     can be computed as


   E s  m i n   = max    e s  ( t )   − min    e s  ( t )     .  



(15)







Nevertheless, it is always recommended to avoid full discharge of the battery. For this reason, a 30% capacity margin is considered.



In order to size the BESS, it is possible to also consider the system efficiency ηsys, and the total BESS sizing energy    E s  tot     is obtained as


   E s  t o t   =    E s  m i n     0.7    η  s y s     .  



(16)







Since the storage system is split among three BESSs connected to MMC legs, each BESS is sized to have one-third of the total energy. The equivalent leg energy is indicated by Ebatt. The parameters of the BESS and of the battery pack are shown in Table 2, while the SOC-VOC characteristic considered is reported in Figure 8. For the sake of simplicity, the installed BESSs were considered equal among the converter phases. However, the results can be easily extended in the case of integrating BESSs with different voltage levels, states of health, or technologies.



It should be pointed out that since the installed BESS is responsible for proving only peak shaving, it is expected that, if correctly sized, its SOC at the end of the total power charging profile will reach the initial value. Furthermore, depending on the demanded dc bus power, differences among the three BESS SOCs may arise during the converter operation. In this case, the circulating current control will tend to equalize their SOCs, avoiding compromising the overall system. However, this is limited by the maximum circulating injectable current. In addition, it is worth noting that the total installed BESS energy depends only on the charging station power profile and the grid power. Then, it is possible to subdivide the BESS into multiple subgroups according to the system requirements. However, since the installed energy does not vary, the BESS cost remains unchanged. Instead, the BESS disposition mainly affects the management of the integrated sources, the system reliability, and the required cooling systems. The proposed charging station architecture achieves a trade-off among the previously mentioned issues. Indeed, the BESS installation is performed at the MMC leg level, achieving a certain modularity without increasing the system complexity.




3.2. Grid-Side Converter and DAFB Parameter Selection


The main parameters of the considered MV grid and of the grid-side converter are reported in Table 3 and Table 4, respectively.



In order to ensure proper and efficient operations of the charging station, it is necessary to pay particular attention to the DAFB rating and parameter selection. Indeed, as anticipated in the previous section, ZVS operations of the converter are ensured only inside the boundaries identified in (10). To respect this relation, estimating the DAFB voltage levels and selecting the proper turns ratio Ns are necessary. As explained in Section 2, vsm is controlled to be constant (i.e., equal to Vsm), while the dc bus voltage Vbus is dependent on the battery SOC and working conditions. For this reason, by considering the open circuit battery voltage at SOC equal to 0.5, the transformer turns ratio is defined as


   N s  = round      V  s m          V  O C       S O C = 0.5         .  



(17)







In order to determine the converter-rated active power, it is necessary to consider both the grid and the balancing powers. In the considered case, the charging station can absorb a maximum power    P g     max      from the grid. Hence, the maximum active power entering an SM that the single DAFB has to manage is


   P  S M   m a x   =  1  2 N        P g  m a x    3  +  P  c i r c , d c   m a x      



(18)




where    P   circ , dc       max      =    V  dc    I   circ , dc       max     . From the obtained power values, it is possible to establish sizing parameters for the DAFB. For a fixed switching frequency fs and after having established the turns ratio Ns according to (17), it is necessary to select the converter leakage inductance, i.e., Ld, to ensure the capability of delivering the maximum requested power at the minimum dc bus voltage    V  bus      min     . Thus, the DAFB leakage inductance, on the HV side, can be retrieved substituting in (8): D = 0.5, vout =    V  bus      min     , and PDAB =   1  . 05  ·  P  SM      max     . In this way, the maximum requested power is delivered in every condition. Finally, the DAFB parameters defined according to the previous procedure are reported in Table 5.




3.3. Simulation Results


The first simulation aims to show the output voltage and current waveforms of the MMC. In this first case, the station absorbs the average power of the power profile previously defined, i.e., Pm = 902.1 kW. Figure 9 shows the three line-to-line voltages, while Figure 10 shows the phase currents. In order to evaluate the THD of the phase currents, it is possible to refer to the standard IEEE 519–2022, which suggests computing the THD up to the 50th harmonic [34]. For this reason, the switching frequency harmonic component is not interesting in the computation. The THDs of the phase currents are reported in Table 6. As is possible to see, the converter ensures low THD values without the need for additional filters when connected to the considered grid.



The second simulation was performed to assess the capability of the charging station to fulfil the power demand and to test its control. The initial SOCs of the three stationary batteries were assumed to be equal to 0.75. For each dc bus, four of the twelve profiles defined in Section 3.1. were summed to obtain three different power profiles. These were assigned in order to create load imbalances among the converter legs, aimed at testing the converter capability to manage imbalances through the circulating current control. The three power demands Pch,k required by the spots to the dc buses are reported in Figure 11, along with their sum to better visualize the overall power profile. Here, it is possible to observe the imposed imbalances in the power demand among the three converter dc buses, as happens, for example, around t = 10 min, where the dc bus of phase-a experiences a peak power demand while the load on the other two dc buses is low. Figure 12 shows the power measured on each converter leg along with their sum, equal to the total power provided by the grid, while Figure 13 shows the SOC of each dc bus BESS. By comparing the previous three plots, it is possible to appreciate, from Figure 12, that the circulating current control is able to effectively move power among the converter legs according to the SOCs of the three integrated batteries and the power demanded by vehicles connected to the three charging station dc buses. In particular, when the single dc bus power demand is below the maximum power transferrable by the circulating current (which is limited at    P   circ , dc       max     ), the leg powers tend to follow the correspondent power demand in Figure 11, and, thanks to the injection of the circulating currents, the three battery SOCs are equalized, as shown in Figure 13. Moreover, in this scenario, since the overall charging station power demand is less than the maximum power that the grid can provide, the average converter SOC is kept at 0.75 by the grid power controller. Instead, in the event of a dc bus power demand exceeding the circulating power limit, the control saturation causes the three SOCs to be unequal for short periods, while the balancing is restored once the power peak is finished, as indicated in Figure 13.



Figure 14 shows the three-leg dc bus voltages. Here, it is possible to notice that during the battery discharge, the voltage decreases due to the SOC decrease and the voltage drop in the battery internal resistance, while when the batteries are being charged, the relative voltage increases. Moreover, for each of the three dc buses, the voltage does not decrease under the minimum allowed value    V  bus      min    = 310   V  , i.e., the power demand of the vehicles is not reduced by the control, as explained in Section 2.4. Thus, the charging station is able to fulfill the power demand completely.



The front-side capacitor voltages of each SM in the upper arm of phase-a are reported in Figure 15. Here, it is shown that the average value is kept at the rated value of 1500 V from the DAFB voltage control, while the sorting algorithm guarantees the balancing of the N arm capacitors. Moreover, it is possible to observe that small-voltage overshoots arise in correspondence with sudden changes in the leg power (i.e., in the leg current), while the oscillation around the average value Vsm increases during higher-power intervals, as happens, for example, in the first 20 min, around 40 min, and at the end of the profile.



For what concerns the operation of the DAFB converters, the average DAFB control angles versus time are reported, for each phase, in Figure 16, Figure 17 and Figure 18, where the ZVS lower boundary, computed using (10) and (11), is shown in black. In particular, it is possible to observe that DAFB converters operate above the ZVS limit angle during high-power peaks, while, as expected, ZVS is not achieved for low-power demand.



Finally, operations of the DAFB were analyzed in more detail around a change in the power reference. In particular, the analysis focuses on a DAFB in the upper arm of phase-a and concerns the demand power change occurring at t = 2 min, as reported in Figure 11. The results in a time window of 0.8 s are reported in Figure 19 and Figure 20. Figure 19 shows the control angle ϕ of the converter, where it is possible to observe that, in correspondence with an increase in the required power, the average control angle raises as easily deducible from (8). In particular, the increase in the average value is due to the feed-forward term in the DAFB control, while the oscillations are related to the PI-regulator output. Figure 20 shows the inductor current iL in time. The behavior of the inductor current is strictly related to the phase shift of the converter: as it increases, the current peak increases. However, its increase is not continuous with the phase shift one due to the presence of a discrete time step in the simulation, which influences the minimum phase shift detectable by the converter. The angle resolution ϕres can be computed as


   ϕ  r e s   = 360  f s   T  s t e p   = 0.9 °  



(19)




where Tstep = 50 nS is the simulation time step. By analyzing a time window of 60 μs, reported in Figure 19 and Figure 20, it is possible to confirm the described behavior. In particular, this is evident by analyzing the zoom reported in the figures. From Figure 19, it is possible to appreciate that when ϕ crosses 5.4°, i.e., 6ϕres, the inductor current peak changes, while in correspondence with the next step in ϕ, the current peak is not affected since the angle difference is below the system resolution. This effect can also be visualized in Figure 21, where the two voltage square waves vHV and vLV are reported and where it is possible to observe the slight change in the phase shift between the two.





4. Discussion


The results presented in Section 3.3 show that the proposed charging station topology ensures high performances and provides a filter-less connection to the MV grid with peak-shaving capabilities thanks to the installed BESS. In the following, the results are analyzed in more detail, and some considerations on the investigated charging station topology are addressed.



First, it is possible to see, in Figure 11, Figure 12 and Figure 13, that the circulating current control is able to keep the three SOCs of the three batteries equalized when the required balancing power is below the limit. As expected, when the load imbalance among the three dc buses is high, the balancing power limit is hit, and the balancing is no longer effective. However, the SOC equalization is restored quickly once the short imbalance ends. Moreover, thanks to the grid regulator, the average SOC of the charging station is kept equal to the reference one, i.e., 0.75, when the power demand is within the maximum converter rating (depending on grid and circulating powers), while during the demand peaks, the batteries provide for peak shaving.



It is possible to notice that the power to be absorbed from the grid has to be necessarily higher than the demand average, i.e., Pm = 902.1 kW, in order to compensate for power losses in the system. In this way, the final average SOC is equal to the initial one. Since losses in the switches (i.e., due to conduction and switching) were not considered in this work, the main dissipative elements are the arm and the battery resistances. In particular, losses on the arm resistance Rarm = 2 mΩ can be considered negligible with respect to ones due to the battery resistance Rbatt = 85 mΩ.



Even if it was not addressed in this paper, the BESS size is interesting. In fact, as the charging power involved in UFC is very high, a smaller battery capacity (as the one considered here, which is the minimum one required to satisfy the demand considered) leads the battery to work at very high C rates, with repercussions on the system efficiency and the battery lifetime. For this reason, further studies may regard the selection of the optimal battery capacity, considering the aging effect and its efficiency.



Moving to the analysis of the operation of the DAFB converters, Figure 16, Figure 17 and Figure 18 show that the sizing procedure ensures ZVS during the high loading operation of the converters. In this way, the efficiency of the DAFBs and, consequently, of the charging station, is maximized. Moreover, it is shown that the maximum duty control angle reached during the simulation is around 60°, while the maximum value is 90°. The maximum angle is reached when the maximum power has to be transferred in the presence of minimum dc bus voltage (i.e., the second    P  DAB      max      value in Table 5), a condition that never occurs in the considered case study. A possible improvement may be related to the study of the possibility of extending the ZVS region acting on both the MMC and DAFB control.



For what concerns the capacitor voltage, Figure 15 shows that the SM voltage is kept around the rated value of 1500 V thanks to the DAFB control, while the balancing between intra-arm capacitors is maintained through the sorting algorithm.



Considering the presence of circulating components, the circulating current control strategy allows for moving power among the three dc buses and equalizing the SOC of the three batteries. In this way, it is possible to manage a very imbalanced load between the three converter phases, keeping balanced absorption from the grid without the need to oversize the storage system. However, it is worth noting that the presence of the circulating current is always associated with a decrease in the converter efficiency. For this reason, the possibility of finding an optimum combination of storage capacity and circulating current limits can be studied in order to find the trade-off between balancing performance, storage sizing, and efficiency.




5. Conclusions


The paper proposes a UFC station topology based on MMC and DAFB capable of filter-less and direct MV grid connection. In particular, by adopting insulated dc-dc converters as the DAFB in the MMC submodules, for each converter leg, it is possible to obtain three different LV dc buses through the connection of their LV sides in parallel. In this way, a storage system can be easily connected and sized, and galvanic insulation is ensured. This topology allows for the adoption of batteries featuring different technologies (e.g., second-life batteries) while preserving the modularity of the charging station. Moreover, due to vehicles connected to different charging spots, power imbalances among the dc sides occur only among the three converter legs, and they can be managed through a simple control acting on the dc component of circulating currents. The latter is exploited to move power among the phases to equalize the SOCs of the distributed BESSs.



According to the internal converter power flow, the DAFB parameter selection and BESS sizing are provided. The BESS sizing procedure was performed to guarantee the demand peak shaving with the minimum amount of energy, while the DAFB sizing procedure was defined to always guarantee the maximum balancing power while ensuring ensure ZVS during the high loading operation of the converter. In this way, the efficiency of DAFBs, and consequently of the charging station, can be maximized.



The proposed charging station was validated through numerical simulations in MATLAB Simulink®, demonstrating its effectiveness.
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Figure 1. Proposed charging station topology. 
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Figure 2. Submodule configuration. 






Figure 2. Submodule configuration.



[image: Energies 16 03960 g002]







[image: Energies 16 03960 g003 550] 





Figure 3. MMC converter equivalent circuit. 
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Figure 4. Qualitative DAFB voltage and current waveforms. 
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Figure 5. Instability region of the power-phase shift DAFB characteristic. The unstable regions are highlighted in red. 
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Figure 6. Charging station control diagram. 
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Figure 7. Power profiles. (a) Single spot profile; (b) charging station total profile. 
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Figure 8. SOC-VOC curve of the considered battery. 
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Figure 9. Line-to-line voltage waveforms at the PCC. 
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Figure 10. Phase current waveforms. 
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Figure 11. Vehicle charging power of each dc bus and total load power. 
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Figure 12. Leg-measured power and total grid contribution. 
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Figure 13. SOC of batteries connected to each LV dc bus. 






Figure 13. SOC of batteries connected to each LV dc bus.



[image: Energies 16 03960 g013]







[image: Energies 16 03960 g014 550] 





Figure 14. Voltage of each LV dc bus. 
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Figure 15. SM capacitor voltages for the phase-a upper arm. 
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Figure 16. DAFB control angle ϕ and ZVS angle limit (black line) for DAB connected on leg a. 
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Figure 17. DAFB control angle ϕ and ZVS angle limit (black line) for DAB connected on leg b. 
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Figure 18. DAFB control angle ϕ and ZVS angle limit (black line) for DAB connected on leg c. 
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Figure 19. DAFB control angle during a change in the power reference. 






Figure 19. DAFB control angle during a change in the power reference.



[image: Energies 16 03960 g019]







[image: Energies 16 03960 g020 550] 





Figure 20. Inductor current waveform during a change in the power reference. 
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Figure 21. High- and low-voltage side voltage square wave of the DAB during a change in power reference. 
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Table 1. Selected vehicle data.
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	Vehicle
	Charging Power
	Battery Capacity
	Charging Time





	BMW i3
	46 kW
	37.9 kWh
	35 min



	Nissan Leaf e+
	100 kW
	56 kWh
	24 min



	Porsche Taycan
	350 kW
	83.7 kWh
	10 min
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Table 2. Converter BESS parameters.
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	Parameter
	Value
	Unit





	Minimum BESS energy    E s  min    
	28
	kWh



	System efficiency ηsys
	0.9
	-



	Total BESS energy    E s  tot    
	45
	kWh



	Single battery energy Ebatt
	15
	kWh



	Nominal voltage Vbatt
	400
	V



	Internal resistance Rbatt
	85
	mΩ
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Table 3. Grid parameters.






Table 3. Grid parameters.





	Parameter
	Value
	Unit





	Grid short-circuit power
	190
	MVA



	Grid line-to-line voltage Vg
	11
	kV



	Grid frequency fg
	50
	Hz



	Grid inductance Lg
	2
	mH



	Grid resistance Rg
	0.113
	Ω
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Table 4. MMC parameters.
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	Parameter
	Value
	Unit





	MMC rated active power    P g     max     
	1
	MW



	Rated SM voltage Vsm
	1500
	V



	Number of SMs per arm N
	15
	-



	Rated dc bus voltage Vdc
	22.5
	kV



	SM capacitance Csm
	20
	mF



	Arm inductance Larm
	5
	mH



	Arm resistance Rarm
	1
	mΩ



	Switching frequency fs,MMC
	3150
	Hz



	Maximum circulating power per leg    P   circ , dc       max     
	300
	kW



	Maximum circulating current    I   circ , dc       max     
	13.33
	A
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Table 5. DAFB parameters.






Table 5. DAFB parameters.





	
Parameter

	
Value

	
Unit






	
Rated output voltage Vout

	
400

	
V




	
Minimum dc bus voltage    V  bus      min     

	
310

	
V




	
Transformer turn-ratio Ns

	
4

	
-




	
Switching frequency fs

	
50

	
kHz




	
Maximum grid power contribution per SM

	
11.1

	
kW




	
Maximum circulating power per SM

	
10

	
kW




	
DAB rated power PDAB

	
22.15

	
kW




	
HV-side leakage inductance Ld

	
210

	
μH




	
Maximum output power    P  DAB      max      (@D = 0.5)

	
28.6 1

	
kW




	
22.15 2

	
kW




	
Output capacitance Cout

	
0.65

	
mF








1 @ Vbus = Vout. 2 @ Vbus =       V    bus      min     .
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Table 6. Phase current THD values.






Table 6. Phase current THD values.





	Current
	THD [%]





	iph,a
	1.44



	iph,b
	1.41



	iph,c
	1.48
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