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Abstract

:

This paper proposes a portable 11 kW off-board charger for electric vehicles. In the ac/dc stage, a three-phase power factor correction (PFC) in Vienna topology is chosen. The loss and volume of the PFC inductance are calculated over a wide range of parameters and optimized with regard to design, winding, and core material. A three-phase LLC resonant converter operating at 1 MHz is chosen for the galvanically isolated dc/dc stage. A parametrizable loss model of the high-frequency transformer and the resonance inductor is developed to minimize volume, weight, and losses. With the help of an automated algorithm using these loss models, the inductive components are optimized in terms of winding specification, magnetic material, and core geometry, verified by finite element analysis and measurements. For the ac/dc stage, 900 V SiC devices are adopted, and 1200 V SiC devices are used in the primary and secondary sides of the dc/dc stage. A variable dc-link voltage is utilized to adjust the charging profile and to operate the LLC resonant converter at the most efficient point near the series resonance frequency. A mechatronically integrated portable air-cooled off-board charger prototype with 11 kW, three-phase 400 VAC input, and 620–850 VDC output is realized and tested. The prototype demonstrates a power density of 2.3 kW/liter (37.7 W/in³), a peak efficiency of 96%, and 95.8% efficiency over the defined battery voltage range.
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1. Introduction


The number of available plug-in hybrid electric vehicles (PHEVs) and battery electric vehicles (BEVs) on the market, known commonly as electric vehicles (EVs), has increased significantly in recent years due to the superior properties of the electric powertrain [1], rising fuel costs, and increasing restrictions on the global emission of greenhouse gases [2,3]. All popular EVs are equipped with level-2 conductive on-board chargers (OBCs), which enable the vehicle battery to be recharged at any AC outlet when the car is not in use or at home during the night [4]. As one of the important components in EVs besides battery and powertrain, the performance of OBCs is continuously improved by academia and industry. In the literature, there are various approaches to maximizing system efficiency and minimizing the volume of future OBCs [5,6,7,8,9,10,11,12]. Besides efficient and compact charging solutions, the integration of the auxiliary power module (APM) for the auxiliary battery is becoming more and more important to save costs and construction space [13]. On the part of the automobile manufacturers, the first generation of OBCs is in use, while the second advanced generation is under development or about to be launched in the next generation of EVs [14,15,16,17,18,19,20,21]. Due to the expected high numbers of units, the upcoming OBCs will be further optimized in terms of construction space, reliability, and especially costs.



An overview of OBCs being used in current EVs and optimized chargers that are the subject of literature is given in Figure 1. The system efficiency is plotted versus the power density, as far as these figures are available in the corresponding publications. The type of symbol indicates whether the charger is water-cooled or air-cooled. Presenting the state-of-the-art, the industry-level OBCs are mainly water-cooled for reliability reasons. The chargers operate in the range of 50–150 kHz due to the use of Si technology, resulting in low power densities smaller than 1 kW/liter with efficiencies in the range of 90–94%. New developments focus on efficient SiC semiconductors and optimized passive components, which improve system efficiency to 95% [16,17]. In the literature, the focus is on the application of wide-bandgap (WBG) devices (SiC, GaN) to achieve high switching frequencies above 200 kHz and thus, reduce the size of passive components [5,6,7,8,9]. As shown in Figure 1, the use of WBG devices and the advancement of passive components has continuously increased efficiency and power density limits [7,10,11]. Whiteaker et al. present a very compact 3.3 kW OBC using highly integrated SiC modules for the active front end and the second dc/dc stage [8]. However, efficiency and power density are given without the required EMI filter, which, from experience, reduces the efficiency by 0.5% and raises the system volume by at least 30% (cf. Figure 1) [22]. Using paralleled GaN devices, Lu et al. achieve a very high efficiency of 97% in single-phase charging mode [12]. The first stage operates as an active rectifier switching with line frequency, while the second stage applies the power factor correction and battery charging. Due to the missing dc-link, the battery is charged with double line frequency, which has a negative effect on battery life [23]. For a comparison in Figure 1, the necessary active and passive EMI filters are taken into account by increasing the system volume by 30% and reducing the efficiency by 0.5% [22].



With the continuing development in the field of EVs, the application of OBCs is also being newly considered. The battery capacity of current and future EVs is forced to increase to alleviate range anxiety. Simultaneously, increasing the battery voltage to 800 V reduces the currents in the HV-power network. Hence, the cross-section of the wiring harness can be reduced, which results in savings in weight and material costs due to less amounts of copper [24]. With the expansion of the dc fast-charging infrastructure and the availability of EVs with an 800 V system, battery charging times can be achieved that are comparable with the refueling of conventional gas vehicles (400 km/250 mi vehicle range in 15 min) [24,25]. Therefore, future vehicles will be equipped as standard with the option of dc fast-charging. The presently installed OBC will thus become less important and, in the long term, will only be offered as an option. This transition from a pre-installed on-board version to a portable charger offers several advantages:




	
The portable charger does not need to be stored in the vehicle if the level-3 dc charging function is mainly used, e.g., at a parking place of retail shops or at the workplace [26]. This releases construction space, which can be used for additional battery capacity and thus extends the range of the EV. Furthermore, the portable charger does not have to comply with automotive standards (lifetime, vibration stress).



	
By using the established dc charging interfaces, a specific charger per vehicle type and manufacturer is not necessary. Portable chargers from different manufacturers would be compatible with each other, resulting in lower costs due to economies of scale, less electronic waste, and simple replacement in case of a defect.



	
The universal approach opens up further possibilities: sharing or temporarily lending a portable charger, mobile charging services, and using the portable charger as a charging station at home.








However, aside from the above-mentioned advantages, the question remains about how the functions of the OBC can be transferred to a portable charging system. In conventional OBCs, the power electronic components are mounted and cooled on a cold plate, which is integrated into the EV’s water-cooling system. For the portable design in our study, a cooling solution optimized in weight and size is required. Therefore, the heatsink is mechatronically integrated with the power electronics to achieve the smallest possible volume of the overall system. The remaining empty space in the system can be minimized by proper selection of the size and design of the heatsink, while the cooling performance for the individual components is not compromised and hotspots are avoided.



A commonly published approach to reduce the size of passive components is to increase the switching frequency [6,27]; however, this leads to rising losses in the active devices for hard switching topologies. To minimize the power loss density with increasing switching frequency, the semiconductors must be optimized with regard to technology (Si, SiC, GaN), figure-of-merit (FOM) of the applied device, and packaging. The inductive components must be optimized concerning design, winding structure, and selection of the core material. To maximize the system’s performance, the maximum permissible power loss density of the semiconductors and the inductive components must be reached at the nominal operating point of the charger. In general, this maximum power density is linked to a maximum operating temperature of the components, which is determined by the applied cooling solution. Therefore, the optimum of the system design for the portable charger regarding efficiency and power density results at the intersection with the boundary conditions of the heatsink given by cooler performance and size. Although approaches with simplified calculation methods provide quick solutions, the results are subject to considerable uncertainty. Therefore, accurate models of power semiconductors [28] and inductive components [29] are needed to determine the losses over a wide frequency range. Using these models, together with the procedures for creating a virtual prototype, the optimum between system volume and efficiency can be evaluated for different topologies, technologies, and materials.



In this paper, we present a portable off-board charger for future EVs with an 800 V operating voltage. For the selection of the ac/dc converter topology, the relevant PFC topologies are analyzed thoroughly and the PFC inductance is optimized regarding different magnetic materials and switching frequencies. Furthermore, we will demonstrate how a transformer and a resonant inductance for a 1 MHz switching frequency and 800 V input voltage are optimized with respect to the winding structure and the magnetic material using parametrizable loss models and an automated calculation algorithm.



The remainder of this paper is organized as follows: In Section 2, the system specifications of the proposed portable off-board charger are briefly described. The selection and the design of the PFC topology and the optimization of the PFC inductance are presented in Section 3. In Section 4, the design of the 1 MHz LLC resonant converter is introduced and the optimization process of the high-frequency (hf) transformer and the resonant inductance is presented. Section 5 describes the control strategy of the two-stage system, the active rectifier, and the three-phase LLC resonant converter. In Section 6, a mechatronically integrated portable air-cooled off-board charger prototype with 11 kW, three-phase 400 VAC input, and 620–850 VDC output is presented and the performance is verified with measurements. Finally, Section 7 provides discussions and concluding remarks.




2. Portable Off-Board Charger Specification


The universal adoption of the proposed approach requires the utilization of already established dc charging standards. The portable off-board charger itself can be considered a dc charging station and is subject to IEC 61851-23 [30]. To connect the charger on the vehicle side, the combined charging system (CCS) with the Combo 2 plug, according to IEC 62196-3 is used, as it provides the required approval for output voltages up to 1000 VDC [31,32]. Referring to [30], however, when the CCS Combo 2 connector is applied, the use of galvanic isolation between the mains and the vehicle is mandatory. The off-board charger is operated on a three-phase mains supply, common in Europe. A bidirectional operation is not intended at first, as the portable device is an optional accessory for vehicle owners, who charge their vehicles mainly at stationary dc charging stations. Accordingly, it is not assumed that a large number of these chargers will be active at the same time and thus available to the utility companies for vehicle-to-grid (V2G) services. Attached to a wall mount, the portable off-board charger can, however, be used at home as a dc wallbox. For high portability, small dimensions of the charging system, as well as the lowest possible weight, are advantageous in order to simplify handling for the user.



For the 800 V battery of future EVs, an estimation is made on the basis of the available information regarding current lithium-ion cell chemistries as well as reasonable possibilities for the interconnection of the cells in a high-performance battery pack. The voltage range of the vehicle battery is set to a range between 620 V (end-of-discharge voltage) and 850 V (end-of-charge voltage), with a nominal voltage of 800 V. Further specific parameters of the charger are listed in Table 1.




3. AC–DC Converter Stage


3.1. Evaluation of PFC Topology


In the current literature, high-efficiency and high-power-density totem-pole PFC topologies using WBG devices have been demonstrated for applications with single-phase mains [5,27]. Although the authors in [10] have shown that well-known single-phase PFC topologies can also be used in a three-phase network, three-phase PFC topologies offer some advantages. Compared with three individual single-phase PFC rectifier systems, the size of the required dc-link is significantly smaller due to the superposition of the three mains voltages with sixfold mains frequency. Furthermore, fewer components are required than with parallel connected single-phase rectifiers [4,33].



Therefore, from the numerous three-phase active PFC rectifier systems, the following topologies established in industry and academia are selected for closer consideration: active six-switch boost-type (6S-Boost) PFC rectifier [34], Vienna rectifier [35], neutral point clamped (NPC) inverter [36], T-type (T²C) inverter [37], active six-switch buck-type (6S-Buck) PFC rectifier [38], and SWISS rectifier [39]. Considering the maximum rectified voltage of 565 V at the three-phase mains, the 6S-Buck and SWISS rectifier topologies with buck-type characteristics are excluded due to the nominal battery voltage of 800 V and thus with the accompanying necessity to step up the voltage of the PFC in the subsequent dc/dc stage. The NPC and T²C will not be discussed in the following, as the bidirectional operation is not specified in this approach.



The Vienna circuit topology, shown in Figure 2a, offers the advantage of a 3-level characteristic, which allows for selecting power transistors with a blocking voltage of half of the peak value of the line-to-line voltage. Furthermore, due to the available three voltage levels, the resulting mains current ripple is reduced and the lower switched voltage leads to a generation of lower conducted EMI noise [33]. The 6S-Boost topology offers a simple structure and requires a minimum number of active components (cf. Figure 2b). However, due to the 2-level characteristic, the switches are stressed by a higher reverse voltage compared to a 3-level topology and the emitted conducted EMI noise is higher [33]. To achieve high power density at low losses for the proposed portable system, in the following, the Vienna and 6S-Boost PFC rectifier are analyzed and compared in terms of semiconductor losses in detail. First, the switching losses of SiC MOSFETs with different chip sizes, and on-state-resistance RDSon, respectively, are examined by simulation using a double-pulse measuring setup to determine the switch-on energy, ET,on, and the switch-off energy, ET,off. In contrast to the switching loss data in datasheets [36], with this approach, the switching energies at all arising operating points during PFC operation are obtained. Furthermore, in the case of the Vienna rectifier, the freewheeling diode can be freely selected and thus, the losses in the present configuration are determined, including the dynamic losses of the freewheeling diode. Second, analytical equations are used to calculate the total semiconductor losses over one mains period, considering the dynamic and static loss components. Moreover, the parasitic package inductances and the layout-related commutation inductance are initially neglected, which does not allow for a quantitative but for a qualitative comparison of the two topologies. Thereby, the determined switching energies ET,on, ET,off and the on-state resistance RDSon of the SiC MOSFETs are stated in Table 2 as well as the forward voltage VF and the differential resistance rD of the freewheeling diodes at a 150 °C junction temperature, which are given as input parameters.



The conduction losses PD of the mains and the freewheeling diode are modeled by using the piecewise linear approach


   P D  =  V F   I   D , avg    +  r D   I   D , rms   2   



(1)




with the average current ID,avg and the root-mean-square (rms) current ID,rms through the diode. Using the on-state resistance RDSon of the SiC MOSFETs and the rms current IT,rms through the transistor, the static losses of the MOSFETs can be calculated by:


   P   T , stat    =  R  DSon    I   T , rms   2  .  



(2)







The average and rms value of the device currents are calculated for each switching cycle according to the output current and the present mains voltage. For the Vienna rectifier, the SiC MOSFET S1a in phase a in Figure 2a is controlled with a PWM pulse pattern for the positive line voltage, and S2a for the negative line voltage, respectively. The individual half-bridges in the B6-Boost rectifier can be described as synchronous boost converters, in which the high-side and low-side MOSFETs S1a, S2a in phase a in Figure 2b are controlled in each switching period. Therefore, the intrinsic diodes of the MOSFETs only conduct for a short moment during the required dead time between the gate signals of S1a and S2a. Using the data from double-pulse simulation and the calculated current in the PFC inductance, the total switching energy


   E T  =  E   T , on    +  E   T , off     



(3)




is calculated for all active switches in each switching cycle. The total losses PT,tot of one MOSFET are derived by integrating the dynamic loss components in (3) over a complete mains cycle. With the static losses given in (2), this results in


   P   T , tot    =  P   T , stat    +  P   T , dyn    =  P   T , stat    +  1   T  ac       ∑  m = 1      T  ac      T   sw , PFC          E   T ,  m      



(4)




with the mains frequency fac = 1/Tac and the switching frequency of the rectifier fsw,PFC = 1/Tsw,PFC. Accordingly, the total losses of all semiconductors can be calculated by


   P  semi   = 6    (   P   D , ac    +  P   D , f    +  P   T , tot     )   



(5)




with the static losses of the mains side diodes PD,ac and the freewheeling diodes PD,f.



The comparison of the Vienna and 6S-Boost topologies is carried out using the parameters listed in Table 3. Due to the 2-level operation principle of the 6S-Boost topology, twice the value is required for the PFC inductance compared to the Vienna topology. Thereby the topologies become comparable with each other regarding the current ripple and total harmonic distortion of the mains current (THDi). The distribution of the total semiconductor losses Psemi plotted against the switching frequency fsw,PFC and the drain-source on-state resistance RDSon of the SiC MOSFET, is depicted in Figure 3: in subplot (a) for the Vienna topology with LPFC = 60 µH, respectively, and in subplot (b) for the 6S-Boost topology using LPFC = 120 µH. The semiconductor losses of the Vienna rectifier depend on the on-state resistance of the selected SiC MOSFET. In the wide areas of Figure 3a, the semiconductor losses increase linearly with rising on-state resistance at constant switching frequency. Therefore, the static losses PT,stat in the MOSFET have a dominant influence on total semiconductor loss distribution. Accordingly, the selection of a MOSFET with low RDSon increases the efficiency over a wide range of the considered switching frequency. Furthermore, the losses depend on the static properties of the applied mains side and freewheeling diodes.



In contrast, at a constant chip size of the applied SiC MOSFETs, the semiconductor losses of the 6S-Boost rectifier rise with increasing switching frequency. According to the contours in Figure 3b, there is an optimum chip size for each switching frequency, which does not necessarily result in the lowest on-state resistance. The authors in [40] found that this optimum is located at the intersection of the dynamic losses Pdyn and static losses Pstat for the respective chip size, and depends on the transistor current and the switching frequency. With increasing switching frequency, the optimum chip size decreases, i.e., the on-state resistance RDSon rises and the output capacitance decreases.



Although the loss consideration for the B6-Boost topology indicates lower semiconductor losses for fsw,PFC < 150 kHz, the size and weight of the PFC inductor and heatsink also have to be taken into account in the design of the portable demonstrator. Due to the two-fold lower inductance and the expected lower EMI noise, the Vienna topology is analyzed in more detail regarding the selection of the MOSFET and the optimization of the inductor. Based on the calculated total semiconductor losses Psemi in Figure 3a, a MOSFET with a chip size as large as possible, with low on-state resistance, respectively, should be selected. According to Table 2 and the available types of 900 V SiC MOSFETs from Wolfspeed, a 65 mΩ device (C3M0065090J) is chosen for the following considerations. To further narrow down the two parameters, switching frequency fsw,PFC and inductance LPFC, Figure 4 shows the total semiconductor losses for the selected 65 mΩ SiC MOSFET, including the losses in the mains side and freewheeling diodes. The calculated configurations are plotted versus fsw,PFC and the data points are color-coded with logarithmically distributed values of the PFC inductance. With increasing values of LPFC, the semiconductor losses Psemi decrease and reach their minimum at the low switching frequency. Moreover, for values LPFC > 150 µH, equal semiconductor losses can be achieved with different coil configurations, which can be observed by the superimposed arrangement of the mentioned configurations behind the red operating points for LPFC = 300 µH. As a result, the semiconductor losses are mainly determined by the conduction losses due to the high value of LPFC and the dynamic losses at the turn-on instants and turn-off instants, respectively, of the SiC MOSFET, which hardly differ, for the two different inductance values of the PFC coil. Therefore, from the perspective of circuit analysis, the inductance should be selected as high as possible, while at the same time the switching frequency should be low.




3.2. Inductor Design


Following the suggestion of the preceding topology analysis, to realize the highest possible PFC inductance at a low switching frequency, the process of calculating and optimizing the coil is presented next. Based on analytical calculations, extensive parameter studies are carried out with the aim of determining a Pareto optimum for the power dissipation occurring during operation as a function of the volume of the component and the switching frequency of the PFC. First, the performance of different metal powder-based core materials was compared (Kool Mµ, MPP, High Flux), whereby High Flux turned out to be the most suitable material composition in terms of permeability and losses. For the optimization, a toroidal shape is chosen as the core geometry, which is shown in Figure 5 with the necessary geometrically designations for the following analytical calculation.



To optimize the geometry of the toroidal core without changing the volume of the component, the ratios


   {       Θ C  =      C     Tc       A     Tc             Θ B  =      B     Tc       A     Tc             



(6)




are introduced as parameters. As a measure of the required space regarding the system integration, the overall component volume VTc is defined with the outer diameter ATc and the height CTc of the core as follows:


   V  Tc   =   π      A  Tc  2   4   C  Tc   .  



(7)







The flowchart describing the optimization strategy for the PFC inductance is shown in Figure 6. Utilizing the data of the operating point of the PFC from Section 3.1, the progression of the coil current iL(t) is calculated by setting LPFC and fsw,PFC. With the material data and a specified volume VTc, the core and winding losses in the component are calculated for all combinations of ΘB and ΘC. As a result of this optimization, the optimal coil design is obtained depending on its volume and the selected operating point, which further leads to the representation of a Pareto frontier based on the respective parameter.



Using the definitions in [41,42], the length of the magnetic path le,Tc, the magnetic cross-section Ae,Tc, and the necessary number of turns NPFC to obtain the selected inductance LPFC can be calculated as:


   {       l   e , Tc    = π    A  Tc    B  Tc      (   A  Tc   −  B  Tc    )    ln  (     A  Tc      B  Tc      )           A   e , Tc    =  C  Tc      A  Tc    B  Tc     2    (   A  Tc   −  B  Tc    )       (  ln  (     A  Tc      B  Tc      )   )   2         N  PFC   =     2 π ⋅  L  PFC      μ 0   μ r   C  Tc   ln  (     A  Tc      B  Tc      )      .        



(8)







In comparison to common ferrite materials, metal powder materials show a soft saturation behavior. This effect, however, is not taken into account in the calculation of the time-dependent coil current, but the influence of saturation on the individual loss components is discussed in the following. To exclude too strong saturation effects of the core material during operation, the validity of the calculated results is linked to the condition that, even at the maximum value of the calculated coil current, the permeability of the core material is still at least 60% of its nominal value. Crucial issues arising from temperature-dependent material properties can also be excluded. In a temperature range up to 120 °C, the permeability variations of the considered materials are below 2% of initial permeability. Regarding the core losses, a temperature rise of the core material does not lead to higher losses, since High Flux core losses have a negative temperature gradient [43].



The losses in the core material are determined based on the effective core parameters defined in (8) with the help of a modified Steinmetz equation (MES) [44]. Each switching period Tsw,PFC is considered as a sub-loop in the hysteresis loop of the core material. Since the excitation of the magnetic flux density of the core depends only on the applied voltage time area, the number of turns NPFC and the magnetic cross-section Ae,Tc, the non-linearity of μr can be neglected in calculating the core losses. Using the equations given in [44], for each switching period, the average losses in the core material are calculated and subsequently, the losses caused by the fundamental are superimposed, resulting in the total core losses. Furthermore, the authors in [45] have shown that dc bias has only a minor impact on core losses; therefore, this effect is neglected in the present approach.



For the calculation of the winding losses, first, the turns are evenly arranged along the surface of the toroidal core, according to Figure 7. The diameter of the wire is chosen so that 60% copper and 40% air are present along the dashed line in Figure 7 along the inner circumference. The impact of the skin effect on the winding losses is calculated according to [46]. For the calculation of the proximity losses, it is necessary to determine the magnetic field at each of the NPFC turns around the toroidal core. To simplify the field problem to be solved, the arrangement shown in Figure 7 is assumed to be infinitely extended in the z-direction. This enables the separation of the field problem into two-part problems, as can be seen in Figure 8. For the calculation of the magnetic field of the inner turns, the arrangement shown in Figure 8a is used, while for the outer turns, the arrangement in Figure 8b is applied. In the following considerations the external magnetic fields at the connections between the forward and return conductors are neglected and furthermore, the conductor currents are modeled by line currents I. The magnetic vector potential at the inner turns is expressed by the sum of the vector potentials A1e and A1s (cf. Figure 8a). Thereby, A1e corresponds to the vector potential in the vacuum caused by the line currents; for the calculation of this vector potential, please refer to the literature on field theory. The influence of the core material on the magnetic field is described by A1s, which can be calculated by using the partial derivatives of the magnetic vector potential A1e at the transition between air and core material:


         ∂   A ⇀    1 e      ∂ ρ    |   ρ =    B  Tc    2    =       = −   e ⇀  z     μ 0  I   2 π     ∑  τ = 1    N  PFC         ρ  qi   cos  (  ϕ −  ϕ   q τ     )  −    B  Tc    / 2     ρ  qi  2  +    (     B  Tc    / 2   )   2  −  ρ  qi    B  Tc   cos  (  ϕ −  ϕ   q τ     )          =   e ⇀  z   (   a   i 0    +   ∑  υ = 1  ∞     a ^    i υ    cos  (  υ ϕ  )     )     



(9)






         ∂   A ⇀    1 e      ∂ φ    |   ρ =    B  Tc    2    =       =   e ⇀  z     μ 0  I   2 π     ∑  τ = 1    N  PFC         ρ  qi    (     B  Tc    / 2   )    sin  (  φ −  φ   q τ     )     ρ  qi  2  +    (     B  Tc    / 2   )   2  −  ρ  qi    B  Tc   cos  (  φ −  φ   q τ     )          =   e ⇀  z    ∑  υ = 1  ∞     b ^    i υ    sin  (  υ φ  )       



(10)







Applying the Fourier series expansion to (9) and (10), the sought vector potential A1s can be expressed as follows:


    A ⇀    1 s      =   e ⇀  z      ∑  υ = 1  ∞       b ^    i υ    −  μ r   (     B  Tc    / 2   )      a ^    i υ      υ    (   μ r  + 1  )     (   ρ     B  Tc    / 2     )     υ  cos  (  υ φ  )   



(11)







For the field problem to be solved for the outer turns shown in Figure 8b, the influence of the return conductors is described by a single line current with (NPFC·I) lying on the rotational axis; the vector potential caused by this line current is denoted as AIL. For the determination of A2s, again, the partial derivatives


         ∂   A ⇀   2 e     ∂ ρ    |   ρ =    A  Tc    2    =       =   e ⇀  z     μ 0  I   2 π     ∑  τ = 1    N  PFC         ρ  qa   cos  (  φ −  φ   q τ     )  −    A  Tc    / 2     ρ  qa  2  +    (     A  Tc    / 2   )   2  −  ρ  qa    A  Tc   cos  (  φ −  φ   q τ     )          =   e ⇀  z    ∑  υ = 1  ∞     a ^    a υ    cos  (  υ φ  )       



(12)






         ∂   A ⇀    2 e      ∂ φ    |   ρ =    A  Tc    2    =       = −   e ⇀  z     μ 0  I   2 π     ∑  τ = 1    N  PFC         ρ  qa    (     A  Tc    / 2   )    sin  (  φ −  φ   q τ     )     ρ  qa  2  +    (     A  Tc    / 2   )   2  −  ρ  qa    A  Tc   cos  (  φ −  φ   q τ     )          =   e ⇀  z    ∑  υ = 1  ∞     b ^    a υ    sin  (  υ φ  )       



(13)




of the magnetic vector potential at the material transition, caused by the remaining line currents, are calculated, and finally the contribution of the vector potential


    A ⇀    2 s      = −   e ⇀  z      ∑  υ = 1  ∞      (     A  Tc    / 2   )      a ^    a υ    +  μ r    b ^    a υ      υ    (   μ r  + 1  )     (   ρ     A  Tc    / 2     )      − υ   cos  (  υ φ  )     



(14)




is determined. Thus, the magnetic vector potential in the area of the turns is determined and the proximity losses in the winding can be calculated by applying the method shown in [46].



To validate the analytical approach for the calculation of the winding losses, these losses are additionally determined by a numerical calculation using the finite element method (FEM). The comparison of both results in Figure 9 shows that the analytically calculated solution predicts higher losses in the winding because the influence of eddy currents occurring in the turns is neglected in the calculation of the magnetic field. Utilizing the described calculation methods, extensive parameter studies are carried out to optimize the geometry, the winding, and the core material of the PFC inductance, with the parameter space considered being summarized in Table 4. As a result, in Figure 10, the total losses versus volume VTc of the PFC inductor is depicted for different switching frequencies. For each of the plotted data points, all remaining parameters listed in Table 4 are selected to achieve the lowest possible losses and, consequently, Figure 10 illustrates the Pareto optimum of the design at different volumes and switching frequencies. According to the presented results, efficient designs can be realized with increasing volume due to decreasing losses. Since small volumes additionally impose higher demands on thermal management due to increasing power loss density, the minimum volume of the component is limited due to its maximum heat dissipation. Furthermore, the losses also decrease with increasing switching frequency, so higher switching frequencies can contribute to a reduction in the required volume of the PFC inductor. Considering the recommendation made from the perspective of circuit analysis for the selection of inductance and switching frequency in Section 3.1 regarding semiconductor losses and EMC behavior, the switching frequency is set to 140 kHz, as higher frequencies cause only a small reduction in the losses. The volume of the coil is selected at around 30 cm³, as the expected losses in the range of 10 W lead to a power loss density in the range of 0.3 W/cm³, which is thermally manageable.



Based on the selection of switching frequency and volume, Figure 11 shows the calculated losses for VL = 30 cm³ and fsw,PFC = 140 kHz as a function of the inductance LPFC for different core materials. The core losses increase for the decreasing inductance values, whereas the proportion of winding losses in the total losses increases with the rising inductance values. Following the power dissipation curve for the material “High Flux 60” in Figure 11 to the local minimum, results in an inductance of LPFC = 100 µH for the selected volume and switching frequency. In Table 5, the parameters and results of the chosen optimized PFC coil from Figure 11 and the built prototype are summarized. Due to the availability of a core geometry very similar to the optimal design, the values taken from the Pareto frontier are very well met by the realized prototype, which is shown in Figure 12.





4. DC-DC Converter Stage


Numerous research projects [47,48,49,50] have been focused on the design, modeling, and improvement of LLC resonant converters operating at a switching frequency between 100 kHz and 250 kHz in a wide range of applications. Only a few authors have published results for LLC converters working at frequencies of 1 MHz or higher compared to the voltage and power ranges considered in this publication [51]. The authors in [27] have shown that increasing the switching frequency from 65 kHz to 1 MHz reduces the size of the required passive components by about 50%, which can significantly increase power density. For the LLC converters with switching frequencies greater than 400 kHz, PCB coils and planar integrated transformers are often used [6,51,52,53,54]. They are suitable for mass production due to the good reproducibility of the magnetic properties and they achieve high power density due to PCB integration. However, in this paper, the performance of Litz wire-based components at 1 MHz will be investigated due to the following considerations: Compared with Litz wire-based magnetics, PCB integrated magnetics are most sensitive to high-frequency ac winding losses. Operating at 1 MHz, the skin and proximity effect will generate a significant amount of eddy current losses. As a result, the authors in [53] showed that a Litz wire-based transformer has a lower total loss at a similar volume compared to a PCB transformer. Furthermore, Litz wire-based transformers are better suited for integrating and adjusting the necessary leakage inductance [55]. Although the authors in [56,57] have shown that the integration of the resonant inductance is successful for a PCB transformer, however, it is with significantly higher ac winding losses compared to Litz wire. In addition, for a PCB transformer, a thorough design of the primary and secondary windings must be chosen to reduce the resulting intra-winding capacitances as much as possible [58].



The structure of the isolated dc/dc stage using the LLC converter is shown in Figure 13a. It achieves zero voltage switching (ZVS) for the active switches S11–S14 on the primary under all load conditions by a proper selection of the resonant parameters. For the rectifier diodes of D11–D14 on the secondary, zero current switching (ZCS) can be achieved in a step-up operation. The primary full-bridge applies a square wave voltage with a 50% duty cycle across the resonant tank formed by Lres, Cres. Due to the low-pass characteristic of the resonant tank, mainly the fundamental component of the applied square wave voltage transfers power to the secondary side and thus charges the battery. The rectifier on the secondary-side conducts according to the polarity of the output voltage vsec of the transformer, e.g., during the positive half-cycle of the transformer output voltage, the secondary resonant current isec is positive and D11, D14 conduct. The output voltage of the LLC converter is controlled by varying the switching frequency fsw,LLC and is selected to enable converter operation in the inductive range in which the primary resonant current iprim lags behind the applied resonant tank voltage vprim. This ensures that the drain-source voltage vDS across the primary switches has dropped to zero before the resonant current iprim reaches a positive value, providing the condition for ZVS. Detailed operation principles, detailed analysis considering the operating modes, and methods for voltage regulation of the LLC resonant converter can be found in [59,60,61].



4.1. Configuration of the LLC Resonant Converter


To handle a large amount of power at a 1 MHz switching frequency, three different design concepts for the LLC converter are considered: single-phase implementation, single-phase implementation with split transformers, and three-phase implementation. With a single-phase implementation, as shown in Figure 13a, the entire power is provided on the primary and secondary sides using a full-bridge inverter and rectifier, which can reduce the required number of semiconductors to a minimum. However, the nonlinear increase in switching energies and the high currents at the turn-off instant of the MOSFETs lead to significantly higher switching losses, which must be thermally dissipated along with the conduction losses that occur. Likewise, the hf transformer is stressed by a high applied voltage and high currents in the primary and secondary windings, which cause significant core and winding losses.



One possibility to reduce the losses in the transformer is to divide the electrical load between three transformers, which are connected in series on the input side and on the output side, as shown in Figure 13b. The three magnetic cores can be selected smaller, in terms of their cross-section and volume, due to the reduced volt-second balance to one third compared with the single-phase configuration. However, on the primary side, each transformer is loaded with the nominal current, which in turn leads to high winding losses. Analysis shows that, due to the high switching frequency, an increase in conductor cross-section does not reduce losses: as the cross-section increases, dc and skin losses decrease, but proximity losses rise to the same extent. A thorough discussion of the loss components of Litz wire-based magnetics can be found in [29]. Moreover, the same high losses occur in the primary and secondary power semiconductors, as already discussed for the single-phase implementation.



In order to increase the efficiency and simultaneously reduce the core and winding losses, a three-phase realization is selected for the dc/dc stage. Although it requires three times the number of semiconductors, they cause significantly lower conduction and switching losses due to the lower load current. Furthermore, the reduction in the load current per phase relieves the hf transformer, which can result in smaller components that can be cooled and integrated more efficiently.




4.2. Design of the LLC Resonant Converter


With a constant 800 V dc-link voltage provided by the Vienna rectifier, the dc/dc stage has to adapt to the defined battery voltage range (cf. Table 1). This results in a wide switching frequency range to adjust the gain of the resonant converter to the changing battery voltage during charging. However, the LLC converter reaches its most efficient operating point close to the series’ resonant frequency:


   f  sr   =  1  2 π    L  res    C  res       .  



(15)







Thus, the efficiency of the converter decreases for switching frequencies, which deviate significantly from the resonant frequency [47]; at constant dc-link voltage, this applies to wide ranges of the battery voltage. For this reason, a system concept with variable dc-link voltage is implemented [6,47], which offers the possibility of reducing the switching frequency range considerably. Due to the maximum rectified voltage of


   V   ac , peak    = 2  2  ⋅ 230   V ≈ 650   V  



(16)




at the three-phase mains, the minimum dc-link voltage is about 750 V considering a 10% tolerance of the mains voltage. Thus, the maximum dc-link voltage variation results in 750–900 V using 650 V rated boost diodes in the Vienna rectifier and two stacked 500 V dc-link capacitors. The dc-link and battery voltage range are shown in Figure 14, together with the selected gain M = (n VBatt)/Vdc = 1 of the LLC converter. With a transformer turns ratio of n = 1.06:1, the converter operates at unity gain within the nominal battery voltage range of 720–820 V. By varying the dc-link voltage accordingly, the switching frequency of the LLC converter stays near fsr, which maximizes efficiency. Below the nominal battery voltage range and near the defined end-of-discharge voltage at 620 V, a phase-shift modulation method can be applied. Above the nominal voltage range, the LLC converter operates with unity gain up to the end-of-charge voltage VBatt = 850 V with Vdc = 900 V.



At the chosen switching frequency of 1 MHz, hard switching of the primary transistors must be prevented to avoid excessive switching losses. Therefore, the magnetizing inductance Lm must be selected to ensure that ZVS can be achieved in the given dead time. The output capacitances of the four primary transistors are assumed to be equal and the recharging process is accomplished after


  t =     2    C  oss    V  dc      I  prim      



(17)




where Coss denotes the time-related equivalent output capacitance of each transistor [62]. Due to the operating point at fsr, it is not sufficient to consider only the output capacitances of the transistors at the primary, as the rectifier changes its polarity at the same time the inverter is switching. Accordingly, the junction capacitances of the rectifier diodes are also recharged by the primary resonant current iprim, translated to the secondary. Thus, (17) is extended to


  t =     2    (   C  oss   +  n 2   C j   )     V  dc      I  prim      



(18)




where Cj denotes the time-related equivalent junction capacitance of each diode and Im the peak of the primary resonant current. In general, the LLC converter uses the peak of the magnetizing current Im, flowing through Lm, to achieve ZVS at the turn-on instant of the transistors, which can be expressed as [62]:


   I m  =       n    V  Batt     4    L m     f   sw , LLC      .  



(19)







At the series resonant frequency fsr, the gain of the resonant tank equals unity, which implies that n VBatt = Vdc. Noting that Im = Iprim, the upper limit of Lm is obtained by combining (18) and (19) as


   L m  <        t  dead     8    (   C  oss   +  C j   )     f   sw , LLC       



(20)




where tdead denotes the dead time between the high-side and low-side transistor in one phase leg of the primary inverter. Since the capacitances of the power semiconductors do not scale with switching frequency, a dead time of tdead = 100 ns is selected.



Generally, for a specific load condition, RL = VBatt/IBatt—the loaded quality factor


   Q L  =            L  res      C  res          n 2   R L     



(21)




known from the fundamental harmonic analysis (FHA), and is used to calculate Lres and Cres [47,63]. However, the FHA does not consider parasitic components (output and junction capacitances) and non-ideal control signals (dead time), which leads to inaccurate results [60]. In order to consider the influence of nonlinear capacitances and dead time on the output power and the ZVS condition, the parameters Lres and Lm are analyzed with a simulative approach. Operating at fsw,LLC = fsr, the LLC converter should achieve the nominal output power PLLC,nom at M = 1. Further, the phase angle


  ϕ = ∠ (  v  prim   ,  i  prim   )  



(22)




should be wide enough to enable ZVS and, at the same time, chosen as small to reduce the reactive power in the resonant tank. In Figure 15, (a) the simulated output power PLLC, (b) the normalized drain-source voltage vDS/Vdc of the high-side transistor S11 at the end of the dead time, and (c) the phase angle ϕ according to (22), are plotted versus Lres and Lm at M = 1 and fsw,LLC = 1 MHz. With increasing values of the magnetizing inductance Lm, the available output power PLLC starts to decrease, which can be observed in Figure 15a. In comparison, the influence of the resonant inductance Lres on the output power is minor; increasing values of Lres are accompanied by a moderate increase of PLLC. Thus, it can be determined from Figure 15a that the nominal output power PLLC,nom = 3.6 kW can be achieved with a magnetizing inductance of 25 µH < Lm < 45 µH, which is initially selected independently of Lres. The considered parameter range is additionally indicated by a red hatched pattern in Figure 15a and is chosen marginally wider, due to the possible deviations of the component parameters in the final design. The achievement of the ZVS condition is illustrated in Figure 15b by the plot of the ratio vDS/Vdc at the end of the dead time. During a soft switching operation, the output capacitances of the transistors are completely recharged to the input voltage Vdc, which in Figure 15b corresponds to a value close to unity and is satisfied in a wide area for the evaluated operating point. The valid parameter range of Figure 15a is thus limited to values 5 µH < Lres < 15 µH, which is indicated by the now reduced red hatched area in Figure 15b. To ensure efficient operation, the phase angle ϕ has to be greater than zero to enable ZVS, but as small as possible to minimize the reactive power circulating in the resonant tank. In order to provide a certain phase margin, a phase angle of ϕ = 25° is selected for this design, which in turn significantly limits the valid parameter range, as can be seen in Figure 15c.



According to the previously discussed design considerations, a resonant inductance of Lres = 15 µH and a magnetizing inductance of Lm = 39 µH are selected from Figure 15c. In order to operate the LLC converter slightly in step-up mode and thus enable ZCS at the rectifier, the series resonance is selected 20 kHz higher than the switching frequency. Using (15) and fsr = 1.02 MHz, the value of the resonant capacitor is calculated at Cres = 1.62 nF. The design parameters for one phase of the LLC converter are summarized in Table 6.




4.3. HF Transformer and Resonance Inductor Design


To achieve the required power density, efficiency, and high switching frequency, the optimized magnetic components are indispensable. First, the modeling of the core geometry and the calculation of the magnetic fields in the core and winding window for the transformer and resonance inductor are briefly explained. This is followed by a short description of the optimization process, and finally, a discussion of the results.



Considering commonly used geometries, the E-cores and their variations (E, ER, and PQ) are selected for the following calculations. The geometrical dimensions of the E-core are depicted in Figure 16, where AEc and 2·BEc are the length and height of the core, and MEc and 2·DEc are the length and height of the winding window. With the depth of the core CEc, the total volume VEc of this arrangement is defined as follows:


   V  Ec   =   2  A     Ec     B     Ec     C     Ec    .  



(23)







In order to achieve a homogeneous magnetic flux density distribution and thus reduce the core losses, the magnetic cross-sections are selected as the same in all subsections of the magnetic core. To reduce the number of geometric dimensions, the ratios


   {       χ  BA   =      B     Ec       A     Ec             χ  CA   =      C     Ec       A     Ec             χ w  =     2  M  Ec    D     Ec         A     Ec     B     Ec             



(24)




of the outer dimensions of the E-core and the winding window are defined. With a copper filling factor ρw, the maximum diameter of a round Litz wire can be calculated as


   d  li   = 2        ρ w   A w    N π      



(25)




where Aw = 2MEcDEc defines the size of the winding window, and N is the total number of turns. Assuming a Cartesian coordinate system (x, y) within the winding window of width wx and height wy (cf. Figure 16), the N turns are placed in a manner, that each of them takes the largest possible distance from the air gap with length lg and, thus, reducing the proximity losses due to the stray fields to a minimum.



Assuming a fixed inductance value L, the core geometry parameters VEc, χBA, χCA, χw, the filling factor ρw, and the number of turns N remain as tuning parameters and, thus, remain as degrees of freedom for the efficiency-optimal design of the hf transformer and the resonance inductor. The calculation of the core geometry parameters as a function of the tuning parameters can be summarized as follows:


   {       A  Ec   =        V  Ec     2  χ  BA    χ  CA      3  ,  B  Ec   =    χ  BA    A  Ec          C  Ec   =    χ  CA    A  Ec          D  Ec   =    1 8   [  4  B  Ec   −  A  Ec   +      (   A  Ec   − 4  B  Ec    )   2  + 16  A  Ec    B  Ec    χ w     ]         F  Ec   =    1 2   (   A  Ec   − 2  M  Ec    )         M  Ec   =      A  Ec    B  Ec    χ w    2  D  Ec            



(26)






   {       l e  =    C 1 2     C 2             A e  =    C 1     C 2             V e  =  l e   A e          L =      μ 0   N 2     1   μ r     (   C 1  −    l g     A c     )  +    l g     A g             A c  =  F  Ec    C  Ec          A g  =  A c  +  l g     C  Ec   +  F  Ec    2  ln  (    4  D  Ec      l g     )           



(27)







Considering the large number of tuning parameters, the magnetic parameters for the optimization process are calculated by analytical equations, which are summarized in (27). To determine the magnetic parameters in (27), the magnetic path length le, magnetic cross-section Ae, effective core volume Ve, and the core factors C1 and C2 are used, which are derived from the core geometry parameters according to [41,42]. Furthermore, the self-inductance L of any winding arrangement with N turns within the E-core can be calculated with the analytical formulas according to [41,42]. Thereby, Ac represents the geometric cross-section of a core section and Ag represents the effective expansion of the magnetic cross-section in the air gap. Using (27) for the determination of Ag leads to good results for small air gaps [41,64]. To realize a desired inductance value L, the length of the air gap lg is adjusted for a given number of turns N.



The losses in the core material are determined with the help of the corresponding Steinmetz parameters and modified Steinmetz equation (MSE) [44,65]. The magnetic flux density in the magnetic core is determined by the magnetizing current, the magnetic cross-section Ae, and the number of turns N. Skin losses in the Litz wire are calculated with the analytical Bessel formulas according to [41]. Thereby, the connections between the forward and return conductors, which are not shown in the two-dimensional view in Figure 16, are also taken into account. In order to consider the proximity losses in the winding, it is necessary to determine the magnetic field at each of the N turns in the winding window. To reduce the calculation effort on a personal computer, the field problem is simplified to a two-dimensional problem. According to [41,46], the entire coil arrangement is assumed to be infinitely extended in the z-direction, with the magnetic field having only components in the x- and y-direction (cf. Figure 16). Furthermore, to limit the number of tuning parameters, only one air gap centrally located in the center leg of the E-core is considered. The field problem, however, can be extended to the distributed air gaps and the air gaps in the outer legs of the E-core using the same approach. In the following consideration, the external magnetic fields at the connections between the forward and return conductors are neglected and, furthermore, the conductor currents are modeled by line currents with in = 1 A. The total external magnetic field is obtained by calculating the field distribution of each individual turn and the subsequent superimposition of all fields.



To calculate the magnetic field distribution in the winding window, the boundary value problem for a single turn must be solved and the solutions are superimposed afterwards. The most important steps for the calculation of the solution are shown in the following; all these steps are carried out according to the procedure described in [41]. Depending on the magnetic parameters defined in (27), the analytic solution of the magnetic field in the air gap


   H g  =      i n     A g       [   1   μ r     (   C 1  −    l g     A c     )  +    l g     A g     ]    − 1    



(28)




and the magnetic field in the core


   H c  =      i n     μ r   A c       [   1   μ r     (   C 1  −    l g     A c     )  +    l g     A g     ]    − 1    



(29)




are derived [41,46]. To calculate the magnetic field around the turns, the first boundary conditions for the fields in (28) and (29) are formulated: while for the boundaries at x = wx, y = 0, and y = wy, the tangential component of the magnetic field is assumed to be constant:


   {       H x   ( x )   |  y = 0   =    H y   ( y )   |  x =  w x    =  H c           H x   ( x )   |  y =  w y    = −  H c             



(30)




Differentiation for the tangential component is made at the boundary x = 0 as follows:


   H y   ( y )   |  x = 0   =  {      −  H c  ,       −  H g  ,       −  H c  ,                                             0 ≤ y <  D  Ec   −  l g  / 2        D  Ec   −  l g  / 2 ≤ y <  D  Ec   +  l g  / 2        D  Ec   +  l g  / 2 ≤ y ≤ 2  D  Ec        



(31)







Second, the exciting magnetic field is subtracted from the original fields at the boundaries, so that only the Laplace equation within the winding window has to be solved. The solution to the boundary field problem results in the magnetic field components in the x- and y-direction at the conductor positions (x, y) in the winding window with


     H   x , n     (  x , y  )  =  B 0  +  C 0  x − 2  D 0  y −    i n    2 π     y −  y n       (  x −  x n   )   2  +    (  y −  y n   )   2        −   ∑ ι    (   (   E ι  cosh  (  ι  (  x −  w x   )   )  +  F ι  cosh  (  ι x  )   )  sin  (  ι y  )  ι  )        +   ∑ ι    (   (   G ι  sinh  (  ι  (  y −  w y   )   )  +  H ι  sinh  (  ι y  )   )  cos  (  ι x  )  ι  )       



(32)




and


     H   y , n     (  x , y  )  = −  A 0  −  C 0  y − 2  D 0  x +    i n    2 π     x −  x n       (  x −  x n   )   2  +    (  y −  y n   )   2        −   ∑ ι    (   (   E ι  sinh  (  ι  (  x −  w x   )   )  −  F ι  sinh  (  ι x  )   )  cos  (  ι y  )  ι  )        +   ∑ ι    (   (   G ι  cosh  (  ι  (  y −  w y   )   )  +  H ι  cosh  (  ι y  )   )  sin  (  ι x  )  ι  )       



(33)




where (xn, yn) describes the position of the n-th exciting conductor, ι is the summation index, and    A 0  −  D 0    as well as    A ι  −  D ι    are constants determined by the boundary field problem. The practical implementation showed that sufficient convergence is achieved with the termination of the sum at ι = 400. Assuming the external magnetic field to be homogeneous over the conductor cross-section, proximity losses in the round turns are calculated according to [41]. The described procedure does not take into account the influence of current displacement in round conductors on the characteristics of the external field at the individual turns. However, this influence has only a minor effect on the accuracy of the loss calculation when using high-frequency Litz wires [29].



The flowchart describing the optimization strategy for inductive components is shown in Figure 17. In the first step, the specification and the boundary conditions are defined. It is assumed, however, that the currents of the individual turns can be described analytically or are otherwise known for the operating point under investigation. Since each turn can be excited individually, the procedure is not limited to the inductors. After selecting the tuning parameters, the parameter space is sampled evenly, whereby the configuration with the lowest losses is selected for each volume VEc. These points serve as input parameters for an optimization based on the MATLAB function fminsearch() and result in a loss versus volume plot.



The specification of the resonant tank parameters and the switching frequency fsw,LLC are listed in Table 6. Due to the selected high switching frequency of 1 MHz, the high-performance ferrite material Fi337 from SUMIDA Components & Modules GmbH, and a Litz wire with a strand diameter of ds = 0.05 mm from Elektrisola GmbH, are selected. The number of turns Np, Ns is determined from the diameter dli according to (25), and a typical copper fill factor of a Litz wire is assumed [41,66]. In general, the integration of the resonance inductance as leakage inductance directly into the transformer offers advantages in terms of a reduction in components, costs, and construction space. However, the utilization of the leakage flux significantly reduces the efficiency of the component due to high proximity losses in the windings at 1 MHz. Therefore, the resonant inductance is not integrated into the transformer but designed as an external component. As a result, a coupling of almost unity results in the best possible compensation of the primary and secondary currents in the hf transformer and the magnetizing inductance Lm, the resonance inductance Lres, and the number of turns ratio n can be tuned more precisely, leading to efficient and compact components.



As the degrees of freedom and parameters of the optimization process remain the normalized parameters of the core geometry, the volume of the transformer VEc,tr, the resonance inductance VEc,res as well as the number of turns of the transformer Np, Ns, and the resonance inductance Nres, are listed in Table 7.



As a result, in Figure 18, the total loss versus volume of (a) the transformer and (b) the resonance inductor is depicted for the different number of turns and optimized geometric parameters. According to Figure 18a, a higher number of turns results in lower losses for transformers with small volumes VEc,tr. This is primarily due to the core losses, which increase for ferrites with exponents greater than two to the magnetic flux density in the core and thus, a certain number of turns is necessary to limit the magnetic flux density. Above a certain number of turns, the proximity losses in the windings increase more strongly, whereas, for comparatively large volumes, the conduction losses in the windings dominate, which is why low numbers of turns lead to low losses. As the volume VEc,tr increases, the losses in the represented range decrease; up to a volume of 0.05 L, they decrease to about half of their initial value and decrease only slightly for larger volumes. The same behavior of the losses as a function of the volume is also observed for the resonance inductance seen in Figure 18b, where a variation of the number of turns in the range 1 to 10 is considered. By limiting the total volume for the inductive components to less than 0.1 L, configurations for the transformer at VEc,tr = 0.054 L with Np = 16 and for the resonance inductance at VEc,res = 0.028 L are selected. From the Pareto frontier solutions in Figure 18, the optimal values of the geometric and magnetic parameters are obtained for each point. For the selected transformer and resonance inductance designs, the effective magnetic cross-section Ae versus volume VEc,x (transformer: VEc,tr, inductor: VEc,res) is shown in Figure 19a, respectively, for the air gap length lg in Figure 19b.



The preceding sensitivity analysis, using analytical equations, helps to limit the parameter space defined in Table 7 in order to exclude the unfavorable parameter combinations with respect to the losses. Based on the design parameters, which, according to Figure 18 lead to the prototypes with losses near the Pareto frontier, PQ50 cores are selected to realize the inductive components. While the required magnetic cross-section Ae corresponds well to the selected geometry, the height of the core halves is adjusted to the ideal magnetic path length le to build the transformer. The leakage flux in the winding window and thus the proximity losses in the windings are reduced by a triple distributed air gap. The height of the ferrite plates used to realize the air gaps follows the results in [67].



In the selected design, the resonance inductor is not implemented as a single component but is attached directly to the transformer. A part of the lower half of the magnetic core of the transformer serves as a magnetic return path, which means that volume can be saved compared to the calculated ideal design parameters. In Figure 20a, the prototype design of the inductive component is shown, including the geometric dimensions. To verify the aforementioned analyses and the results of the optimization strategy, a finite element method (FEM) based 3D model for the transformer and the resonance inductance is developed using ANSYS Maxwell. Figure 20b illustrates the FEM simulation results of the maximum magnetic flux density at the nominal operating point (fsw,LLC = 1 MHz, Iprim = 7.6 A, Isec = 6.5 A), which is used to calculate the core losses for the selected Fi337 material. On average, the core is excited with a maximum value of 40 mT, which corresponds to an average power loss density of 150 kW/m3 at room temperature compared to the loss measurements on the toroidal core samples of the same material [68]. In summary, the calculated results and the results determined by the FEM simulation for the winding and core losses are listed in Table 8. The results of both methods are consistent and follow similar trends.





5. Control Strategy


5.1. Two-Stage System Control


As previously described, the ac/dc stage performs the PFC function and controls the battery charging current. The LLC converter can thus be operated at a constant switching frequency as a dc transformer, thereby achieving high efficiency over a wide battery voltage range [6].



The Vienna rectifier is controlled by three control loops, which are shown in Figure 21. To simplify matters, only one mains’ phase of the rectifier with the corresponding control is shown in Figure 21; the other two phases are each provided with their separate current control loop.



	
The red control loop realizes the peak current mode control, the current limitation, and the PFC function. The current through the MOSFETs is sensed by a shunt, which is inserted between the MOSFETs and the “M” potential. A detailed description of the peak current mode control can be found in [69].



	
The blue control loop is the outer voltage control loop for the dc-link, which also balances the voltage across the series-connected dc-link capacitors to ensure that they are uniformly loaded with Vdc/2 during operation. Only one voltage control loop is implemented, and the control value is passed to all three PFC current controllers.



	
A charge controller realizes the different charging modes “constant current” (CC), “constant power” (CP), and “constant voltage” (CV), which is shown in orange. A PI controller compares the measured output current multiplied by the battery voltage with the target output power. In addition, the current system temperatures are taken into account for the implementation of a derating function, which reduces the nominal value of the charging power depending on the thermal conditions. The control value of the charge controller is passed to the input of the blue voltage control loop and thus for the dc-link voltage, which is varied according to the current battery voltage and state of charge, respectively.







5.2. Current Sharing in LLC Resonant Converter


By operating the LLC converter as a dc transformer, the voltage ripple is directly passed to the battery as a current ripple due to the characteristic of the resonant tank. The three-phase mains connection, however, leads to a very low ripple in the dc-link. This results in a low current ripple so that the gain of the LLC converter does not need to be regulated.



However, the synchronous parallel operation of the three individual LLC phases still poses a challenge. In the literature, the gain, respectively, and the output power of the LLC resonant converter are usually controlled by the switching frequency [61]. Due to the three separately assembled resonant circuits, the absolute values of Lres,x and Cres,x differ from each other, caused by deviations of the components. As a result, the series resonant frequency is different for each phase; accordingly, the resulting frequency-dependent output characteristics are shifted against each other along the frequency axis [70]. For equal distribution of the output power, an individual switching frequency must be set for each phase. However, a reduction in the resulting current ripple, due to the phase-shifted superposition of the output currents of the individual phases, cannot be achieved in this way. Instead, the different switching frequencies lead to beats in the output power, which must be filtered with additional measures. Furthermore, the design of EMI filters is hampered by the selection of a variable switching frequency, as the attenuation for the entire switching frequency range must be considered for the fundamental harmonics on the one hand and for the resulting harmonics on the other.



Instead of adjusting the switching frequency for each of the three LLC converters, all phases are operated at the same frequency in this approach. However, different resonant currents result in a higher output current ripple, unequally distributed loss, component stress, and consequently temperature, which can lead to positive feedback, further exacerbating the imbalance. To solve this problem, the modulation of the phase-shift between the two half-bridges within the driving full-bridge on the primary side is used for the control [70]. This results in a further degree of freedom, which can be used for balancing the phase currents. In addition, all primary-side MOSFETs are controlled using a common microcontroller to precisely set the phase-shift between the individual LLC converter phases to 120° without jitter or complex synchronization, thus eliminating most of the current ripple at the output.



In each of the three converter phases, the rms values of the primary and secondary resonant current iprim, isec, are measured (cf. Figure 13a). The controller reduces the phase-shift for the phase with the lowest current and concurrently increases the phase-shift for the phase with the highest current. This balancing process is completed once all three LLC phases share the same primary and secondary resonant currents. Since the charging current changes only slowly over the charging time, the balancing control is implemented as a low-bandwidth PI controller, which is shown as a green control loop in Figure 21. Moreover, in the range between the end-of-discharge voltage and VBatt = 740 V, the ac/dc stage operates at its minimum dc-link voltage Vdc = 750 V. At this operating point, the balancing control limits the primary resonant current to the preset maximum value iprim = iprim,max by reducing the phase-shift of all three phases and thus, realizes the CC charging mode.





6. Experimental Verification


Based on the presented calculations and simulations, the demonstrator of an 11 kW portable off-board charger is realized, which is shown in Figure 22. The components are mainly arranged around the centrally located heatsink and are mechanically and thermally attached to it. All PCBs were designed such that large components could fill the voids between the circuit boards and passive components to improve power density. The PFC inductors are mounted directly behind the fans in a cut-out section in the heatsink, below the ac/dc stage. The hf transformers are placed in a 3D printed fixture directly in the outgoing air flow of the heatsink, which allows the windings and the core to be optimally cooled. The EMI filters are attached along the length of the charger, where the mains and battery terminals are also located. Figure 23 shows a size comparison between the assembled off-board charger and the selected CCS Combo2 vehicle connector and the CEE plug. The volume of the prototype is 4.85 dm³ with the dimensions (L × W × H) of 225.5 mm × 244.5 mm × 88 mm. In Figure 24a, the proportions of the components to the total volume of the assembled off-board charger are shown. In Figure 24b, the proportions of the total weight are depicted. Due to the requirement for air-cooling, the heatsink contributes about 1/4 of the volume and weight of the system, which represents the largest part in both cases. The inductive components account for 22% of the total weight because of their material properties, but are of minor importance in terms of volume (only 6%) due to the high integration and the achieved high power density. The power semiconductors, the circuit boards, and the necessary control and signal electronics only account for a small proportion of the total volume (18%) and weight (12%). The EMI filters also contribute significantly to the volume and weight of the system due to the applied passive components, especially the input filter with a part of 13% each. However, as a result of the high degree of integration of all subsystems and components, the unused enclosed space in the system has been reduced to 17% (cf. Figure 24a), which corresponds to a filling factor of 83%. Accordingly, a power density of 2.3 kW/liter (37.7 W/in³) is achieved, including heatsink, auxiliary supply, pre- and discharge circuits, and EMI filters.



The testing waveforms of the Vienna rectifier with the 800 V battery voltage and full load are shown in Figure 25, where ILa, ILb, and ILc are the mains’ input currents of La, Lb, and Lc (cf. Figure 2 or Figure 21). At full load, a power factor of 0.99 and a total harmonic distortion of the mains current of 3.8% is achieved. The harmonic current limits, defined in DIN EN 61000-2, are met up to the 40th harmonic.



The measured key waveforms of the LLC resonant converter are shown in Figure 26 at full load and with an 800 V battery voltage. In Figure 26, vprim and iprim are the input voltage and input current of the resonant tank, respectively, vsec and isec are the output voltage and output current of the transformer on the secondary. The primary inverter switches turn-on at negative iprim and thus achieves ZVS. By selecting the operating point slightly below the series resonance, the secondary-side resonant current isec becomes zero before the end of the switching period and the rectifier diodes turn off under the ZCS conditions.



The operating waveforms of all three LLC phases are shown in Figure 27. At the tested operating point at full load and with an 800 V battery voltage, phase 2 of the LLC converter is exposed to the highest load (îprim,2 = 8.4 A), phase 3 to a medium load (îprim,3 = 7.7 A) and phase 1 to the lowest load (îprim,1 = 7 A) (cf. Figure 27a). With active balancing control, the amplitudes of iprim,x for all three phases are equalized to the same peak (îprim,x = 7.5 A) and rms values (see Figure 27b). Therefore, the control reduces the phase-shift of phase 2 and increases the phase-shift for phase 1 until the balancing process is completed. The precise superposition of the output currents of the three LLC converter phases reduces the peak-to-peak ripple of the charging current into the battery to less than 0.3 A.



The measured efficiency of the portable off-board charger is shown in Figure 28. For 400 VAC mains voltage, a total efficiency of 95.8% is achieved over the entire battery voltage range, the maximum efficiency reaches 96% at 800 V battery voltage and a charging power of 9 kW. Compared with the state-of-the-art on-board chargers build by industry and academia in Figure 1, the portable off-board charger is among the best 20% of the evaluated systems. The Vienna rectifier achieves an efficiency of above 97% from 1 kW output power and reaches efficiencies of 98% at nominal power over a wide output voltage range. According to Figure 28, the three LLC converters operated in parallel achieve a high efficiency of 97.7% over a wide range of the battery voltages.



To evaluate the performance of the optimized hf transformer and the resonant inductance, a single phase of the LLC converter is analyzed separately. Figure 29 shows the measured efficiency plotted versus the output power at an output voltage of 800 V when driving the primary-side full-bridge with a 50% duty cycle. Thereby, the output power is adjusted by varying the input voltage. An efficiency of over 96% is already achieved at 1 kW output power, which increases to 98.12% at nominal power. Compared to the efficiency of the total system in Figure 28, this value is higher as the three individual LLC converters are controlled with different duty cycles using the balancing control. Therefore, the efficiency of the individual phases decreases slightly with reduced duty cycles, which leads to a lower overall value.



The thermal behavior is also tested with the prototype, as shown in Figure 30. The measured temperatures are determined after reaching a steady state at 24 °C room temperature, and the fans are operated at 60% of their rated power. At a charging power of 11 kW and an efficiency of 95.8% at a battery voltage of 800 V, the total thermal losses add up to 482 W. It can be observed, that the hottest spot with 87 °C is located inside the winding in the area of the center leg of the optimized hf transformer. A comprehensive comparison between the proposed portable off-board charger and other state-of-the-art galvanically isolated on-board chargers is shown in Table 9 (cf. Figure 1).




7. Conclusions


In this paper, a portable 11 kW off-board charger for electric vehicles with 800 V battery technology is proposed. For the active PFC rectifier, different candidates are evaluated and compared, and the Vienna topology is selected together with a variable dc-link voltage concept. Using analytical calculations, the loss and volume of the PFC inductance are optimized over a wide range of input parameters. Considering the calculated power semiconductor losses of the active Vienna rectifier, the optimum PFC coil is selected and manufactured for the chosen switching frequency. For the galvanically isolated dc/dc stage, a three-phase LLC resonant converter operating at 1 MHz is selected. A parametrizable loss model of the hf transformer and the resonance inductor is developed to minimize volume, weight, and losses. Using these models with an automated algorithm, the inductive components are optimized in terms of winding specification, choice of the magnetic material, and design of the core geometry. For the selected switching frequency of 1 MHz, a transformer with external but attached resonant inductance, which shares part of the transformer’s magnetic path, is built, and the results are verified by finite element analysis and measurements. Finally, a mechatronically integrated portable air-cooled off-board charger prototype with 11 kW, a three-phase 400 VAC input, and a 620–850 VDC output using SiC devices was built and tested. The prototype demonstrates a peak efficiency of 96% with 95.8% efficiency over the battery voltage range, while one phase of the optimized LLC resonant converter achieves a peak efficiency of 98.12% at 1 MHz and full load. With the compact dimensions of the inductive components and a high level of mechatronic integration, a power density of the entire system of 2.3 kW/liter (37.7 W/in³) is reached, including heatsink, EMI filter, auxiliary power supply, and pre- and discharge circuits.
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Figure 1. Overview of the state-of-the-art and prototype on-board chargers in terms of efficiency and power density. The shape of the symbol indicates the use of air- or water-cooling. 
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Figure 2. Considered topologies for the ac/dc stage: (a) Vienna rectifier; (b) active six-switch boost-type (6S-Boost) PFC rectifier. 
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Figure 3. Distribution of the total semiconductor losses Psemi versus the switching frequency fsw,PFC and the drain-source on-resistance RDSon of the SiC MOSFET for (a) the Vienna topology with LPFC = 60 μH (including mains and freewheeling diodes) and (b) the 6S-Boost topology with LPFC = 120 μH. 
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Figure 4. Semiconductor losses of Vienna topology for SiC MOSFETs with 65 mΩ on-state resistance depending on switching frequency and PFC inductance. 
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Figure 5. Toroidal core with the geometrical designations for the analytical calculation. 
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Figure 6. Flowchart describing the optimization strategy for the PFC inductance. 
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Figure 7. Arrangement of the windings around the toroidal core. 
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Figure 8. Two parts of the field problem to be solved for the calculation of the magnetic field: for the (a) inner windings and (b) outer windings. 
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Figure 9. Frequency-dependent resistance Rac(f) of the winding for NPFC = 27 calculated using an analytical approach and numerical method. 
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Figure 10. Loss PL versus volume VTc of the PFC coil for different selected switching frequencies fsw,PFC. 
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Figure 11. Loss PL versus inductance LPFC of the PFC coil for different permeabilities at fsw,PFC = 140 kHz and VTc = 30 cm³. 
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Figure 12. Assembled prototype of the toroidal PFC coil with NPFC = 27. 
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Figure 13. Considered topologies for the dc/dc stage: LLC resonant converter in: (a) single-phase implementation and (b) single-phase implementation with split transformers. 
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Figure 14. Gain of the LLC converter with n = 1.06 for variable dc-link voltage (750–900 V) covering the nominal battery voltage range. 
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Figure 15. Parameter sweep of the magnetizing inductance Lm and resonant inductance Lres at fsw,LLC = 1 MHz, M = 1 using simulation. The red hatched pattern indicates the valid parameter range for (a) the simulated output power Pout, (b) the ZVS condition of the primary inverter, and (c) the phase angle ϕ. 
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Figure 16. Cross-section of E-core winding arrangement with air gap. The schematic representation is assumed to be infinitely in z-direction. 
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Figure 17. Flowchart for optimal design of inductive components. 
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Figure 18. Loss P versus volume VEc,x Pareto frontier for (a) the transformer and (b) the resonance inductance. 
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Figure 19. Efficiency-optimal design parameters of the inductive components as a function of volume VEc,x and under consideration of the boundary conditions in Table 7. (a) Effective magnetic cross-section Ae and (b) length of the air gap lg. For the transformer, Np = 16 is selected. 
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Figure 20. Image of (a) the built transformer and resonance inductance and (b) the simulated magnetic flux density. 
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Figure 21. Two-stage system control: Peak current mode controller for PFC function (red control loop), dc-link voltage regulation and balancing (blue control loop), charging regulation (orange control loop), and power balancing of the individual LLC converter phases (green control loop). 
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Figure 22. Prototype of the proposed portable off-board charger. The dc EMI filter is removed in the upper picture to provide a view of the PFC inductors and the hf transformers placed inside the heatsink. 
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Figure 23. Top view of the 11 kW charging converter with dimensioned edge lengths. The selected CCS Combo2 vehicle connector and the CEE plug are shown for size comparison of the assembled off-board charger. 
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Figure 24. Breakdown of the system components according to their contribution to (a) the volume of the charger of 4.85 L and (b) the mass of the charger of 5.78 kg. 
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Figure 25. Experimental waveforms of the Vienna rectifier with 800 V battery voltage and full load (Pac = 11 kW). 
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Figure 26. Experimental waveforms of single-phase operation of the dc/dc stage with 800 V battery voltage and full load (PLLC = 3.5 kW). 
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Figure 27. Experimental waveforms of three-phase operation of the dc/dc stage with 800 V battery voltage and full load (Pac = 11 kW) with (a) symmetry control inactive and (b) symmetry control active. 
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Figure 28. Measured efficiency of the Vienna PFC, the three-phase LLC resonant converter, and the entire system under full load. 






Figure 28. Measured efficiency of the Vienna PFC, the three-phase LLC resonant converter, and the entire system under full load.



[image: Electronics 11 01818 g028]







[image: Electronics 11 01818 g029 550] 





Figure 29. Measured efficiency of a single phase of the LLC resonant converter plotted versus the output power at 800 V battery voltage and driving of the primary inverter switches with a fixed 50% duty cycle. 
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Figure 30. Thermal image of the prototype operating at full load. (a) View on hf transformers; (b) view on secondary-side rectifier. 
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Table 1. Target specification of the portable off-board charger.
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	Parameter
	Value





	Input voltage Vac
	3~, 400 VAC, 50 Hz



	Output voltage VBatt
	620–850 VDC



	Input power Pac
	11 kW



	Target weight
	5 kg



	Target volume
	5 L



	Charging connector
	CCS Combo2



	Galv. isolation
	mandatory



	Thermal management
	forced air-cooling
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Table 2. Characteristics of SiC MOSFETs used for comparison.
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	Topology
	Voltage Rating (V)
	Current Rating (A)
	On-State Resistance

RDSon (mΩ)





	VIENNA
	900
	11.5 … 35
	65 … 280



	6S-Boost
	1200
	30 … 115
	16 … 75
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Table 3. PFC rectifier parameters used for comparison.
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	Parameter
	Value





	Mains voltage Vac
	3~, 400 VAC, 50 Hz



	DC-link voltage Vlink
	800 VDC



	Input power Pac
	11 kW



	Switching frequency fsw,PFC
	50 kHz … 500 kHz



	PFC inductance LPFC
	10 μH … 300 μH
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Table 4. Defined parameter space for PFC coil.
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	Parameter
	Value





	Core material
	High Flux 14

High Flux 26

High Flux 40

High Flux 60



	Component volume VTc
	15 cm³ … 75 cm³



	Geometry ratio ΘB
	0.1 … 0.9



	Geometry ratio ΘC
	0.1 … 1



	Switching frequency fsw,PFC
	50 kHz … 200 kHz



	PFC coil inductance LPFC
	30 μH … 180 μH
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Table 5. Optimization results and values of the prototype of the PFC coil.
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	Parameter
	Optimization Result
	Prototype





	Core material
	High Flux 60
	High Flux 60



	ATc
	45.2 mm
	46.7 mm



	BTc
	24.9 mm
	24.1 mm



	CTc
	19.2 mm
	18 mm



	LPFC
	100 μH
	100 μH



	NPFC
	27
	27



	Winding diameter
	1.6 mm
	1.5 mm



	Sum core loss
	4.98 W
	4.76 W



	Sum winding loss
	4.17 W
	4.45 W



	Total loss PL
	9.15 W
	9.21 W










[image: Table] 





Table 6. Specification of the LLC resonant converter.
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	Parameter
	Value





	Input voltage Vdc
	750–900 VDC



	Output voltage VBatt
	620–850 VDC



	Number of phases
	3



	Nominal output power per phase PLLC,nom
	3.6 kW



	Switching frequency fsw,LLC
	1 MHz



	Resonant frequency fsr
	1.02 MHz



	Primary MOSFET
	C3M0065100J



	Equivalent output capacitance MOSFET Coss
	70 pF



	Secondary diode
	IDM10G120G5



	Equivalent output capacitance diode Cj
	60 pF



	Dead time tdead
	100 ns



	Transformer turns ratio n
	1.06:1



	Resonant capacitance Cres
	1.62 nF



	Resonant inductance Lres
	15 μH



	Magnetizing inductance Lm
	39 μH



	Target volume of transformer and inductance
	0.1 L
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Table 7. Tuning parameters for a loss-optimized design of the hf transformer and resonance inductor.
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	Parameter
	Range





	Transformer: number of turns (primary) Np
	5, 10, 16, 20



	Transformer: number of turns (secondary) Ns
	5, 10, 16, 20



	Resonance inductor: number of turns Nres
	1 … 10



	Core geometry ratio χBA
	0.2 … 2



	Core geometry ratio χCA
	0.2 … 2



	Winding window ratio χw
	0.1 … 0.9



	Filling factor of Litz wire in the winding window ρw
	0.05 … 0.7



	Volumes VEc,tr, VEc,res
	0.01 L … 1 L
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Table 8. Simulated and measured losses of the hf transformer and resonance inductor.
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	Loss (W)
	3D Simulation
	Measurement





	Transformer winding loss
	9.3
	-



	Inductor winding loss
	2.4
	-



	Sum winding loss
	11.7
	10.5



	Transformer core loss
	6.4
	-



	Inductance core loss
	4.5
	-



	Sum core loss
	10.9
	-



	Total loss
	22.6
	23.8
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Table 9. Comparison between the proposed portable off-board charger and other state-of-the-art galvanically isolated on-board chargers.
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	References
	Efficiency (%)
	Cooling
	Characteristics





	[5]
	96
	air-cooled
	
	
Bidir. 300 kHz LLC resonant converter



	
WBG SiC devices, Totem Pole PFC, 6.6 kW








	[6]
	96.2
	water-cooled
	
	
Bidir. 500 kHz CLLC resonant converter



	
WBG SiC devices, Totem Pole PFC, 6.6 kW



	
Variable dc-link voltage control








	[7]
	94.7
	water-cooled
	
	
Bidir. 80 kHz CLLC resonant converter



	
WBG GaN devices, Totem Pole PFC, 6 kW



	
Variable transformer turns ratio, modular








	[8]
	94.7
	air-cooled
	
	
Unidir. 200 kHz phase-shifted full-bridge



	
WBG SiC devices, bridgeless boost PFC



	
6 kW, no EMI filter considered








	[9]
	96
	air-cooled
	
	
Bidir. 200 kHz CLLC resonant converter



	
WBG SiC devices, Totem Pole PFC, 6.6 kW








	[10]
	94
	water-cooled
	
	
Unidir. 315 kHz CLLC resonant converter



	
Silicon devices, Boost PFC, 3.7 kW








	[12]
	97
	air-cooled
	
	
Unidir. 500 kHz DAB converter



	
WBG GaN devices, active rectifier, 7.2 kW



	
No EMI filter considered, no DC-link








	Our proposal
	95.8
	air-cooled
	
	
Unidir. 1000 kHz LLC resonant converter



	
WBG SiC devices, Vienna PFC, 11 kW
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