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 Lay Abstract 

In the pursuit of sustainable transportation, recent scholarly investigations have placed 

significant emphasis on the advancement of electric vehicles (EVs) with a particular focus on solar-

charged EVs and fuel cell range-extended vehicles (FCREVs) in order to help mitigate some of 

the drawbacks of battery EVs such as limited driving range, long refueling times, and charging 

impacts on the grid. Power electronic converters play a crucial role in managing the transfer of 

power between multiple energy sources, such as on-board solar panels, fuel cells, batteries, and 

connection to the grid. The objective of this thesis is to propose novel topologies and control for 

power electronic converters in solar-charged EVs and solar-charged FCREVs. Firstly, a novel 

bidirectional DC/DC topology is proposed for solar-charged EVs that allows a high-efficiency 

transfer of excess solar energy to the grid when the EV battery is full. Additionally, a novel control 

methodology for balancing the DC bus capacitors is introduced, aiming to reduce capacitor size 

and mitigate circulating unbalanced currents. Lastly, this thesis presents the pioneering practical 

implementation of a multi-port converter for a solar-charged FCREV, along with its adaptable 

control approach, enabling efficient power flow management among the grid, on-board battery, 

solar panels, and fuel cell.  
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Abstract 

Electric vehicles (EVs) offer significant advantages over conventional internal combustion 

engine vehicles, including zero emissions and convenient overnight charging. However, there are 

still several challenges that need to be addressed. These challenges include limited driving ranges, 

slow refueling options while on-the-go, concerns related to the supply of lithium for batteries, and 

emissions associated with certain sources of electricity generation, such as coal. Adding on-board 

solar generation and/or fuel cell range extenders to EVs can help to mitigate some of these 

challenges, but also adds the need for optimal power electronic converters to manage the power 

flow of these multiple on-board energy sources, which is the focus of this thesis.  

This thesis first performs a comprehensive review of EV onboard chargers (OBCs) 

including charger system requirements by different standards and codes and different DC/DC 

power converters in the current infrastructures. Various power levels are compared and evaluated 

based on their component ratings, efficiency, cost, and power density.   

Secondly, there has been recent interest in harnessing solar power within electric vehicles, 

leading to the emergence of solar-charged electric vehicles (SEVs), which can offer extended 

driving ranges and less need for grid charging. These vehicles also offer a new opportunity for 

distributed generation when their traction batteries are fully charged, and the plugged-in vehicle is 

still generating solar energy. However, this also presents a unique power electronic dilemma. The 

OBC must exhibit high efficiency in two scenarios: firstly, during normal charging from the grid 

at power levels around 6.6 kW, and secondly, during vehicle-to-grid operation at significantly 

lower solar power levels, typically below 800 W. Unfortunately, conventional OBC designs tend 

to have low efficiency when operating at light loads. To tackle this challenge, this thesis proposes 

a novel bidirectional LLC-based converter, for use within the OBC, that achieves higher vehicle-
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to-grid efficiency at light loads than a traditional dual bridge converter. Detailed PLECS 

simulation results and experimental results are presented to verify the circuit.  

Thirdly, the presence of manufacturing variations can introduce parameter mismatches, 

resulting in voltage imbalances across capacitors in the proposed converter, or in other resonant 

converters with multiple transformer windings and two series-connected capacitors with a center 

connection. Such voltage imbalances pose significant concerns regarding safety and reliability. 

However, the existing capacitor balancing strategies developed for other converter topologies are 

not directly applicable to these new resonant multi-winding topologies. To address this issue, this 

thesis presents a novel method for achieving capacitor voltage balancing in a resonant multi-

winding converter. The proposed method employs a straightforward approach to determine the 

appropriate balancing switching states. Time domain analysis is conducted to quantify the number 

of control cycles required, and an adaptive control strategy is introduced to enhance the balancing 

performance. The effectiveness of the proposed method and the beneficial effects on the 

converter's efficiency and bus capacitor sizes are validated through experimental investigations 

involving multiple bus capacitor sizes.  

Finally, though SEVs offer advantages over non-solar EVs, some challenges remain such 

as lithium supply concerns for large batteries, slow recharging, and driving range that is still 

limited compared to conventional vehicles.  Fuel cell range-extended vehicles (FCREVs) can add 

a small fuel cell and hydrogen tank to allow quick refueling for long trips, and still use a reduced-

size plug-in battery for the majority of short trips. This allows the driver to use efficient and 

convenient overnight charging for most daily commutes, and refuel with hydrogen on long-

distance driving days if hydrogen stations are available. The smaller battery means that lithium 

requirements are reduced. Further, by adding on-board solar generation to a FCREV (S-FCREV), 
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range can be further extended and grid charging requirements can be reduced. However, using 

conventional separate converters for a S-FCREV would be complex and costly, having a high 

number of semiconductor devices. To overcome this, the thesis proposes a practical multi-port 

converter that fulfills S-FCREV requirements with reduced components. A novel triple PWM and 

triple phase shift (TPTPS) control is proposed. Simulation and experimental results validate the 

proposed topology's operation and efficiency, offering a promising solution for integrating power 

electronics in S-FCREV applications. 
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1.1. Background and Motivations 

Due to the depletion of fossil fuels and the growing problem of air pollution, there is an 

increasing interest in electric vehicle (EV) technologies [1]. However, the limited driving range of 

EVs compared to traditional vehicles hinders their development. One promising solution to this 

issue is the use of larger batteries with higher power density. However, the production of larger 

batteries is costly and exacerbates the lithium supply issue.  

Solar energy is garnering more attention due to its clean, renewable, and inexhaustible 

characteristics. The adoption of large-scale Solar-charged Electric Vehicles (SEVs) is a promising 

way to help mitigate some of these obstacles. The power generated by solar panels installed on the 

roof, hood, and trunk of EVs can provide approximately 20% of the energy required to run the 

average vehicle in Los Angeles, annually [2]. With the increasing focus on photovoltaic cells, their 

conversion efficiency has rapidly improved, reaching over 23.55% in recent years [3][4]. Charging 

EV batteries using on-board photovoltaic (PV) cells has become increasingly attractive, offering 

significant benefits such as extending the driving range and reducing the dependence on power 

from the grid, thus reducing the aging of distribution transformers [2].  

Literature [2] did a comprehensive analysis of benefits of large-scale solar-charged electric 

vehicles based on one week of logged vehicle data from 150 vehicles in Toronto, Canada. The 

introduction of large-scale integrated SEVs could lead to noteworthy reductions in annual vehicle 

energy consumption, with Los Angeles experiencing a decrease of 21.5%, and Detroit witnessing 

a reduction of 17.5%. Additionally, SEV implementation could be advantageous for both cities in 

terms of grid load reduction. In Los Angeles, the grid load decreased from 817 kW to 735 kW, 

while in Detroit, it dropped from 810 kW to 732 kW for the SEV full sun case, resulting in 

significant benefits for transformer aging [2]. 
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Moreover, SEVs can bring substantial advantages for drivers. For example, over 8 months 

of the year, drivers in Detroit would achieve a solar range extension of at least 15 km/day, 

enhancing the driving experience. Los Angeles would also benefit from SEVs, observing a daily 

solar range extension of 30 km during full sun, 26 km under average cloud conditions, and 19 km 

with partial shading on an annual basis [2]. In Detroit, the yearly average daily solar range 

extensions amount to 29 km during full sun, 20 km under average cloud conditions, and 14 km 

with partial shading. Manufacturers are also moving forward with SEV designs due to these many 

advantages. Several EV models, including the Hyundai Sonata, Prius Prime, Karma Revere, and 

vehicles produced by Tesla, are incorporating on-board PV cells to extend their driving range [5]-

[8]. 

As the large-scale onboard solar panel provides a short driving range, on days when driving 

needs go far above the average, BEV drivers must carefully consider driving range, find available 

charging stations, and must either interrupt their trip with long charge times or use fast charging 

[9]. Fuel cells provide long driving ranges and faster refueling times for the usage of hydrogen. 

Literature [9] proposes that the anticipated proliferation of hydrogen stations along highways to 

support heavy-duty transport can be leveraged as well for the passenger vehicle segment. By 

adding a relatively small range-extending fuel cell to a passenger BEV, drivers can easily make 

use of these highway hydrogen stations on long-distance driving days, while continuing to use 

convenient at-home overnight charging on average driving days. Thus, fuel cell range-extended 

vehicles (FCREVs) aim to combine the advantages of BEVs and fuel cell vehicles. 

Fuel cell powered vehicles address the refueling time issue, which will also ease range 

concerns if hydrogen fueling stations are available. Furthermore, on-board solar generation can 

replace a portion of the vehicleôs grid charging needs and extend driving range. For both options, 
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a smaller battery could be used, meaning less lithium is required. Adding both large-scale solar 

panels and a small fuel cell range extender to an EV leads to gaining benefits of both technologies. 

This proposed solar FCREV (S-FCREV) would need less grid electricity for charging, provide 

longer driving ranges, allow faster refueling, and use a smaller battery with less lithium compared 

to a conventional EV. 

        These concepts present new power electronic challenges: the on-board charger (OBC) should 

have high efficiency in the grid-to-vehicle (G2V) direction for normal charging power levels (i.e., 

6.6 kW) and also high efficiency in the vehicle-to-grid (V2G) direction for much lower solar power 

levels (i.e., <800 W) to be returned to the grid when the vehicle is plugged in and the battery is 

fully charged. However, typical OBC topologies have low efficiency at light loads. Furthermore,  

the power electronic architecture for S-FCREVs would be complex and costly with conventional 

separate converters.  

1.2. Research Contribution s 

1.2.1  Contribution 1 

The first contribution of this thesis is a thorough review of diverse topologies found within 

current charging infrastructures, including bridge topologies, resonant topologies, integrated 

topologies, and multi-port topologies. Through comparative analysis and evaluation of various 

power levels, taking into account component ratings, efficiency, cost, and power density, this study 

seeks to identify energy control options that exhibit efficiency, affordability, enhanced power 

density, and simplified control EV charging applications. 

1.2.2   Contribution 2 
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The second contribution of this thesis is a high-efficiency bidirectional LLC+C resonant 

converter with parallel transformers for SEVs, which allows high efficiency transfer of on-board 

solar-generated power back to the grid when the EV battery is fully charged. In the grid-to-vehicle 

(G2V) direction, it functions as a full-bridge LLC converter, while in the vehicle-to-grid (V2G) 

direction, it operates as a half-bridge LLCC converter with a smaller transformer, to reduce core 

losses. Simulation results demonstrate that compared to the standard full-bridge LLC converter, 

the V2G direction of this converter achieves a peak efficiency gain of 5.1%. To validate the 

topology and performance, a 6.6-kW prototype with an input range of 450 V to 700 V is designed, 

constructed, and tested. Experimental findings reveal that the proposed converter achieves high 

efficiency in the V2G direction, reaching 95.7% at 700 W. 

1.2.3  Contribution 3 

The third contribution of this thesis is the enhancement of efficiency and power density in 

the proposed LLC-C converter by introducing a novel method for capacitor voltage balancing in 

multi-winding resonant converters with two series connected capacitors. This method utilizes a 

straightforward algorithm to determine the balancing switching states. Time domain analysis is 

conducted to quantify the number of required control cycles, and an adaptive control strategy is 

suggested. Experimental results, considering various bus capacitor sizes, confirm the effectiveness 

of the proposed method. Moreover, the utilization of this method leads to a slight improvement in 

efficiency due to reduced circulating unbalance current. 

1.2.4  Contribution 4 

The final contribution of this thesis involves the proposal of a groundbreaking multi-port 

converter that addresses all the requirements of a S-FCREV with a reduced number of components 
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compared to a non-integrated converter design. This practical converter also incorporates partial 

electrical isolation. A novel control method called Triple PWM and Triple Phase Shift (TPTPS) is 

introduced. Through simulation and experimentation, the proposed converter topology has been 

successfully validated, demonstrating its efficiency and providing a promising solution for the 

integration of power electronics in S-FCREV applications. 

1.3. Publications Related to Thesis Research 

The thesis follows the "Sandwich Thesis" format, in which each of Chapters 3 to 5 represent 

an individual journal article. These articles have been slightly modified to adhere to the thesis 

format, while preserving the main content of the original articles. The following section provides 

an overview of the manuscripts that have been published or in progress in reputable journals and 

conferences as part of this thesis research. The conference papers related to this thesis showcase 

earlier versions of the journal papers, focused on simulation results. 

1.3.1  Journal Publications 

[1] P. Zheng and J. Bauman, "High Efficiency Bidirectional LLC+C Resonant Converter With 

Parallel Transformers for Solar-Charged Electric Vehicles," IEEE Transactions on 

Transportation Electrification, vol. 9, no. 1, pp. 1428ï1442, Mar. 2023. (Chapter 3) 

[2] P. Zheng, C. Wang and J. Bauman, " A Novel Capacitor Voltage-Balancing Method for Multi-

winding Resonant Converters," IEEE Transactions on Industrial Electronics, Early Access, 

2023. (Chapter 4) 

[3] P. Zheng, C. Wang and J. Bauman, "A Multiport Bidirectional Converter for Fuel Cell Range 

Extended Vehicles with On-board Solar Generation with Optimized Control Method," to be 



 

7 

 

submitted to IEEE Transactions on Transportation Electrification, 2023. (Chapter 5, paper in 

progress) 

1.3.2  Conference Publications 

[1] P. Zheng and J. Bauman, "High Efficiency Bidirectional LLC Converter for Solar-Charged 

Electric Vehicles," in 2021 IEEE Transportation Electrification Conference & Expo (ITEC), 

Jun. 2021, pp. 727ï732. (related to Chapter 3) 

[2] P. Zheng and J. Bauman, "A Multiport Bidirectional Converter for Fuel Cell Range Extended 

Vehicles with On-board Solar Generation," in 2023 IEEE Transportation Electrification 

Conference & Expo (ITEC), Jun. 2023. (related to Chapter 5) 

1.3.3  Other Publications 

[1] C. Wang, P. Zheng and J. Bauman, "A Review of Electric Vehicle Auxiliary Power Modules: 

Challenges, Topologies, and Future Trends," IEEE Transactions on Power Electronics, Early 

Access, 2023. 

[2] D. Wang, L. Zhou, P. Zheng, Y. Yang, A. D. Callegaro, M. Goykhman, S. Piranavan, A. 

Baronian and A. Emadi, "1.5kV, 1MVA Inverters for Electric Aircraft Applications: A 

Mission Profile-Based Comparative Study, " in ECCE 2022 - The 31st Annual Energy 

Conversion Congress and Exposition, 2022. 

1.4. Thesis Outline 

This thesis is organized into seven chapters. Chapter 1 provides an introduction to the 

background and motivation behind the development of innovative topologies and control 

techniques for EVs equipped with on-board PV systems. The primary objectives of this research 
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are to minimize power losses in the low power range, enhance power flow control between various 

power sources (PV, fuel cell, battery), and reduce component count to reduce cost and improve 

power density. 

Chapter 2 involves a comprehensive investigation into a range of topologies utilized in 

contemporary charging infrastructures. These include bridge topologies, resonant topologies, 

integrated topologies, and multi-port topologies. By conducting a comparative analysis and 

evaluating their performance at different power levels, considering factors such as component 

ratings, efficiency, cost, and power density, this study aims to identify energy control options that 

demonstrate improved efficiency, affordability, increased power density, and simplified control in 

EV applications. 

Chapter 3 presents the development of a high-efficiency bidirectional LLC+C resonant 

converter with parallel transformers for SEVs to allow high-efficiency power transfer from the PV 

source to the grid, even at much lower power levels than the converter rated power. In the G2V 

direction, the converter functions as a full-bridge LLC converter, while in the V2G direction, it 

operates as a half-bridge LLCC converter with a smaller transformer. Through simulation results, 

it has been demonstrated that the V2G direction of this converter achieves a maximum efficiency 

improvement of 5.1% compared to the standard full-bridge LLC converter.  

Chapter 4 focuses on improving the efficiency and power density of the proposed LLCC 

converter by introducing a novel approach for capacitor voltage balancing in multi-winding 

resonant converters with two series-connected capacitors. This method utilizes a simple algorithm 

to determine the balancing switching states, enabling effective voltage balancing. Time domain 

analysis is performed to determine the required number of control cycles, and an adaptive control 

strategy is proposed. Experimental results, considering different bus capacitor sizes, validate the 
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effectiveness of the proposed method. Furthermore, the utilization of this method leads to a slight 

increase in efficiency by reducing circulating unbalance current. 

Considering the fact that on-board PV provides limited power and large on-board batteries 

increase the requirement of lithium, Chapter 5 introduces the novel range extended EV with solar 

panel and fuel cells and an innovative multi-port converter that fulfills all the requirements of S-

FCREV while employing fewer components compared to non-integrated converter designs. This 

converter not only incorporates partial electrical isolation but also presents a novel control method 

known as Triple PWM and Triple Phase Shift (TPTPS). Through extensive simulation and 

experimentation, the proposed converter topology has been successfully validated, showcasing its 

efficiency and offering a promising solution for integrating power electronics in S-FCREV 

applications.  

Chapter 6 is the concluding chapter of the thesis, offering a comprehensive summary of the 

entire research conducted and presenting valuable recommendations for future research endeavors. 
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2.1 Introduction  

The rapid advancement of electric vehicles (EVs) has opened up significant opportunities 

for the integration of clean energy sources in the automotive sector. On-board DC/DC converters 

are commonly utilized in EVs due to their cost-effectiveness and ease of installation. However, 

the limited space within vehicles and the need for quick charging necessitate OBCs to be power-

dense and highly efficient. Furthermore, the ability of EVs to supply power back to the grid has 

generated interest in bidirectional power flow solutions in the automotive market [1]-[3]. 

This chapter involves a comprehensive investigation into a range of topologies utilized in 

contemporary charging infrastructures. These include bridge topologies, resonant topologies, 

integrated topologies, and multi-port topologies. By conducting a comparative analysis and 

evaluating their performance at different power levels, considering factors such as component 

ratings, efficiency, cost, and power density, this study aims to identify energy control options that 

demonstrate improved efficiency, affordability, increased power density, and simplified control in 

hybrid EV applications. To understand the power levels of DC/DC converters, this chapter also 

investigates different charging standards. 

2.2 Bridge Topologies 

For most bidirectional charging topologies, between EV and the grid, the required galvanic 

isolation is provided by the transformer. For those converters, namely isolated converters, the input 

DC voltage provided by the Power Factor Corrector (PFC) stage is rectified into different levels 

DC to charge the EV. Typical topologies like (a)dual half bridge, (b)dual active bridge, (c)half 

bridge, are depicted in Figure 2-1 and most of advanced topologiesô primary and secondary sides 

of the transformer are based on different combinations of them. Among them, as is shown in the 
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dotted box, resonant circuits are in series with the transformer to increase the voltage gain and 

widen the soft-switching range. 

(a) (b) (c)  

Figure  2-1. Basic topologies of isolated bidirectional topologies: (a) dual half bridge, (b) dual active bridge, (c) half 

bridge 
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Figure  2-2. Basic topologies of non-isolated bidirectional topologies: (a) buck and boost, (b) buck-boost, (c) cuk, 

(d)sepic and zeta 
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The other group of bidirectional topologies is the non-isolated topology that doesnôt need 

any transformer to transfer power so that the power density and cost will be reduced. However, 

the lack of high step-up voltage gain ratio especially under heavy load conditions makes it less 

popular in the real chargers. Furthermore, non-isolated charger circuits have some safety concerns 

such as leakage current and ground-fault current [4]. Typical basic topologies depicted in Figure 

2-2 are (a) buck and boost, (b) buck-boost, (c) cuk, (d) sepic and zeta [1]-[3], [5].  

2.2.1  Isolated Bridge Topologies 

The half-bridge dual active bridge (HFDAB) converter, shown in Figure 2-3 (a), consists 

only 4 switches and benefits in low cost and higher power density. For low-power OBC 

application, a HBDAB converter with the power factor control capability is proposed in [6]. The 

output power of the prototype is only 600 W.  

(a)

S1

S2

S3

S4

C1

C2

C3

C4

C0Vin Vo 

+

-

Charging

Discharging

 



 

15 

 

(b)

C0Vin Vo 

+

-

Charging

Discharging

S1

S2

S3

S4

S5

S6

S7

S8

 

Figure  2-3. Bidirectional DAB converters: (a) HBDAB converters. (b) FBDAB converters 
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Figure  2-4. Novel DAB converters: (a) hybrid bridge converter. (b) B3CFIDC converter 
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A full -bridge dual active bridge (FBDAB) converter with phase shift control, illustrated in 

Figure 2-3 (b), is proposed in [7]. The detailed information of control methods, operating principles 

and a 5 kW prototype design is shown in [8]. However, their analysis is based on the heavy load 

condition and the efficiency isnôt provided. To improve the system efficiency and dynamic 

performance, a novel double phase control (DPS) is proposed to adjust the duty ratio of the primary 

and secondary voltages in [9]. 

To reduce the transformerôs iron loss and widen the Zero Voltage Switching (ZVS) range at 

light load, a bidirectional switch S9 is added in Figure 2-4 (a), proposed in [10]. According to the 

output power, it can work in HB or FB mode and achieve the maximum efficiencies of 92.9% at 

the light load and 93.4% at the heavy load. To extend the operation range, a bidirectional buck-

boost current isolated DC/DC converter (B3CFIDC), depicted in Figure2-4 (b), is proposed with 

a new modulation strategy and the cooperative control scheme [11]. A low average inductor 

current and current ripple is achieved in this converter and in the entire operation range, no voltage 

spike appears. 
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Figure  2-5. FB converters with interleaved PFC stage: (a) PSFB converter. (b) ZVS FB converter 

 

To achieve higher power density and higher efficiency at heavy loads, a new methodology 

aiming to minimize the physical size of the capacitor is proposed in [12], which is shown in Figure 

2-5 (a). In Figure 2-5 (b), a FB zero-voltage switching (ZVS) converter with a PFC stage is 

proposed in [13]. Although it behaves like a traditional hard-switching topology, with the pulse 

width modulated control method, the ZVS transition occurs during the resonant delay period which 

achieves the efficiency of 93.6% at 3.3 kW. 

Two new topologies based on the FBDAB in the primary side and complex circuits in the 

secondary side are proposed in [14] and [15]. Figure 2-6 (a) depicts a FB circuit with a tapped 

primary winding with a simple self-driven synchronous rectification. It has advantages of lower 

input current ripple and less voltage pressure on switches. A novel dual-transformer-based 
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asymmetrical dual-bridge (DT-DAB) converter is proposed in Figure 2-6  (b). In this topology, the 

primary side is a FBDAB and the secondary side is a semi-active bridge with one active leg and 

two passive legs. The secondary-side phase shift (SSPS) control is proposed which makes this 

topology have a wider voltage gain and a 1% higher efficiency compared with similar converters. 
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Figure  2-6. DAB converters: (a) power stage of FB converter. (b) DT-ADB converter 

 

To realize a bidirectional power flow capability under the heavy load condition, two novel 

DAB-based converters are proposed in [16] and [17]. DAB-based dc-dc matrix converter in Figure  

2-7 (a) is suited for high voltage and medium power applications like EV charger where isolation 
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and high- power density are quite important [18]-[21]. A novel modulation strategy is proposed to 

overcome problems of power factor correction, soft-switching and electrolytic capacitor. However, 

its efficiency is below 90% even though the power factor is up to 0.99. To power the EV from the 

PV and grid at the same time, an interleaved flyback converter is shown in Figure 2-7 (b) which is 

three-ports DAB-based. Four power flows: PVŸEV, EVŸgrid, gridŸEV and PVŸgrid are 

allowed and the use of silicon carbide and the DC bus between the EV and PV increases the 

efficiency and power density [22] [23]. 
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Figure  2-7.  (a) matrix converter. (b) interleaved flyback converter 
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2.2.2  Non-isolated Bridge Topologies 

In terms of non-isolated bridge converters, a half-bridge (HB) bidirectional charger for the 

distribution system or smart homes is introduced in [24] and [25] as in Figure 2-8 (a) and (b). Both 

of them focus on the control methods to meet different active power and reactive power (PQ) 

requirements from the system. No discussion about the isolation method is mentioned and the low-

voltage input power limits its applications in EV charging systems. 

(a)

Vo 

+

-

vac 

Lac 
S1 

S2 

S3 

S4 

(b)

S5 

S6 

Vo 

+

-

va La 
S1 

S2 

S3 

S4 

S5 

S6 

va La 

va La 

 

Figure  2-8.  (a) single phase HB converter. (b) three phases HB converter 

2.3 Resonant Topologies 

In terms of outputting high frequency voltage or current and reducing switching loss and 

switching noise, resonant circuits are widely used in power supply circuits [26]. Typically, a 

resonant circuit which can produce oscillations in response to externally applied energy, comprises 

different numbers of inductors and capacitors. By using resonance phenomenon, partial resonance, 

provided by the resonant circuit, helps switches turn on or off at zero current or current. With these 

switching methods, switching losses of those converters will be much smaller than typical circuits 

and this is quite helpful to increase the efficiency [26] [27]. A variety of topologies with different 

resonant circuits have been proposed.  
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2.3.1  LLC Resonant Topologies 

The LLC resonant converter comes with a magnetizing inductance, a resonant capacitor a 

series resonant inductor which can be substituted by the leakage inductance if itôs quite small. As 

shown in Figure 2-9, LLC resonant converters have the features of low component count, low 

noise and high efficiency, which makes it most popular [26] [28].  

In 2011, a HB LLC resonant converter for on-board battery charger is proposed by Hyundai 

as shown in Figure 2-9 (a) in [29]. To reduced the demanded leakage inductance, a HB LLC 

resonant converter with a resonant capacitor connected to an auxiliary winding is presented in [30], 

compared with the conventional LLC resonant converter which has high number of turns of the 

transformer [31] [32], the capacitor in this paper is connected in parallel to the magnetizing 

inductor through an auxiliary winding as an LCLC resonant transformer. In this way, the copper 

loss of the transformer will be less because of less transformer turns. 

To meet the wide input voltage range requirement, the LLC resonant converter must have 

different operation method [33]. Figure 2-9 (b) depicts the interleaved structure of FB LLC 

resonant converter presented in [34]. The phase-shifted modulation is usually used in the FB 

resonant converter to realize soft switching and a wide range of output voltage [35]-[37]. A novel 

pulse frequency modulation is proposed to overcome the large secondary peak current. 

The switches in the lagging leg has a narrow soft-switching range in conventional FB 

converters [38]-[41]. To ensure the switches in the lagging leg operating at fully ZVS condition, 

A novel soft-switching hybrid converter combining the phase-shift full-bridge (FB) and half-

bridge (HB) LLC resonant convertersô configuration with shared zero-voltage switching (ZVS) 

lagging leg is proposed in [42]. The proposed converter has the peak efficiency of 98.3% at the 

1.9 kW output power with the output voltage of 433 V. 
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Figure  2-9. (a) HB LLC converter. (b) three phases HB LLC converter. (c) hybrid HB-FB LLC converter. (d) FB 

LLC converter. (e) hybrid FB LLC converter 

 

FB LLC resonant converters are widely used in many recent applications [43]-[50]. To 

improve the efficiency and the power density, different control methods or wide-band gap devices 

are used [47]-[50]. [47] proposes an analytical approach to determine the accurate zero-voltage 

switching (ZVS) criterion for both zero- and finite-phase overlap operations of an FB network. A 

novel PWM modulation is presented to achieve naturally bidirectional power flow and 

synchronous rectification without adding auxiliary circuit in [48]. a transformer saturation 
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prevention algorithm (SPA) is proposed in [49] by detecting the variation in transformer current 

slope near the boundary of saturation and applying duty-cycle offsets to the DAB converter full 

bridges. [50] proposes A reverse LLC voltage gain compensation control by regulating dc-link 

voltage and based on the LLC primary driver signals, a digital adaptive synchronous rectification 

driving scheme is proposed as well. 

To improve efficiency at low voltage and light load conditions, as is shown in Figure 2-9 

(e), a deprived FB LLC resonant converter is proposed in [51]. The converter can operate as a full-

bridge converter, dual-phase half-bridge LLC converter or single-phase half-bridge LLC converter 

which is switched by different modulation schemes. 

2.3.2  CLLC Resonant Topologies 

Compared with LLC converter, through reasonable parameter optimization, CLLC resonant 

converter features fruitful advantages including minimized switching losses at the rating condition, 

simple structure, and ease of control, and, hence, turns out to be meritorious for the high step-down 

application [52]-[55]. Figure 2-10 (a) is the typical FB CLLC resonant converter where resonant 

tank comprised of resonant capacitor and resonant inductor is located on the secondary side for 

resonant PWM operation and the capacitor located on the primary side is for voltage-doubling 

operation. [54] proposes a structure change method to increase the converter gain into double. 

Wide-band gap (WBG) devices such as GaN and SiC have a better figure of merit than Si devices 

[56] [57]. Due to the superior switching performance of WBG devices, high switching frequency 

is used in [56] which increases the power density and efficiency. 
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Figure  2-10. (a) FB CLLC converter. (b) HB CLTLC converter 

2.3.3  Fourth-order Resonant Topologies 

(a) (b) (c)
 

Figure  2-11. (a) LCLC resonant tank. (b) LCL2 resonant tank. (c) L3C resonant tank 

In comparison with well-known LLC resonant converters which is limited by the existence 

of diode junction capacitances in terms of maximum frequency [58]-[60], as shown in Figure 2-

11, fourth-order resonant tanks like L3C, LCL2 and LCLC, present a high voltage gain and a steep 

voltage gain versus frequency which make them good candidates for high-voltage battery pack to 

PV applications [61]-[63]. Based on FB converters, voltage gains of different resonant power 

converters versus normalized switching frequency and constant values of normalized parameters 
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are analyzed in [63]. According to the obtained results, L3C and LCLC resonant topologies have 

the highest and lowest regulation capability among all resonant power converters and L3C 

topology has a voltage gain of more than two, which makes it an excellent candidate for PV to 

high-voltage battery pack applications. 

2.4 Integrated Topologies 

Increasing the power density of OBC is one of the most important research hotpots. An idea 

about integrating motor windings and the traction system into the charger is presented in [64]. The 

inverter in the traction system can work as a rectifier and the motor windings can be used as the 

grid-side filter inductor or an inductor in DC/DC converter. In this way, the weight, size and cost 

of OBC can be reduced a lot. Typically, they can be classified into three types: converter based, 

switched reluctance motor (SRM) windings based and converter and windings based. 

2.4.1  DC/DC Converter Integrated Topologies 

By adding some components, as shown in Figure 2-12 (a), traditional DC/DC converters can 

be integrated as a part of OBC and a rectifier to transmit power between the motor/grid to EV 

batteries [65]-[68]. in [65] [66], the converters perform function of a rectifier in these integrated 

chargers so that they can achieve bi-directional power flowing, and save many devices. Besides, 

the system cost less and the efficiency can be enhanced. 



 

26 

 

DC/DC 

converter
BatteryAC

Motor
Inverter

S1

S2

S3

S4

AC PV

(a)

(b)  

Figure  2-12. (a) Traditional integrated DC/DC converter. (b) Z-source integrated DC/DC converter 

 

The Z-source inverter (ZSI) topology is able to remove multiple stages and achieve voltage 

boost and dcïac power conversion in a single stage. The use of passive components also presents 

an opportunity to integrate ESS into them [69]. Reference [69] proposes a modified Z-source 

integrated EV charger. Only one stage can realize voltage boost. And the Z-source integrated with 

a spilt charger for battery charging. A control method of Z-source integrated charger is proposed 

in 70]. No additional components are added to achieve battery charging, as shown in Figure 2-12 

(b). 

2.4.2  Switched Reluctance Motor Windings Integrated Topologies 

SRM has three windings and its inverter has three dual active bridges which can performs 

function of DC/DC converter or rectifier [71]-[74]. As shown in Figure 2-13, a three-phase power 

electronics interface is connected to the system to work as a three-phase integrated charger. 
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Typically, in most of this kind of charger, the motor windings and the inverter are used to regulate 

the battery voltage and correct the power factor. however, these converters are suited only for ac 

charging and need special design of the winding structure. Reference [75] chooses a four-phase 

eight-slot/six-pole (8/6) SRM as shown in Figure 2-13  (b) and develops a control strategy to enable 

the vehicle to be charged by both dc and ac power subject to availability of power sources. 

AC

(a)

(b)  

Figure  2-13. (a) SRM windings integrated DC/DC converter. (b) split SRM integrated DC/DC converter 

2.4.3  Motor Winding and Converter Integrated Topologies 

As depicted in In Figure 2-14(a), based on three-phase three-level NPC topology, motor 

windings perform the function of filter inductors in the three-phase integrated charger. The fast 

charging mode and slow charging mode are realized. Three modes including boosting drive motor 

mode, directly drive motor mode and charging mode are achieved in [76] [77]. The motor inverter 

is used as rectifier and motor windings are used as grid-side filter inductors. 
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(a)
 

(b)
 

Figure  2-14. (a) Motor system utilized as rectifier and DC/DC converter. (b) integrated charger with motor 

windings 

Reference [78] introduces an integrated OBC. In Figure 2-14 (b), motor windings are utilized 

as mutually coupled inductors, to construct a two-channel interleaved boost converter. This 

charger capable of fast charging of PEVs will combine the benefits of both the conventional 

onboard and off-board chargers, without additional weight, volume and cost. 

2.5 Charging Standards 

To enable power transmission from photovoltaic (PV) sources, bidirectional DC/DC 

converters and AC/DC rectifiers are connected to the grid for charging electric vehicles (EVs). 
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However, integrating different ports requires meeting several charging requirements. Various 

organizations, including IEEE, the Society of Automotive Engineers (SAE), and the Electric 

Power Research Institute (EPRI), have established standards and codes for charger system 

specifications [79][80] as in Table 2-1 and Table 2-2. In North America, SAE has outlined two 

common methods for EV charging: Level 1 and Level 2. Level 1 charging is designed for home 

or office use, with a power rating of 120 VAC and a maximum current of 16 A. Level 2 chargers 

operate at 208-240 VAC with a maximum current of 80A [81]. Level 3 charging, also known as 

DC fast charging, utilizes technologies like CHAdeMO (Japan), CCS (SAE), GB/T (China), or 

Tesla Supercharger. These chargers can deliver power through a 200-600 V DC system, reaching 

up to 240 kW (400 A) [82][83]. The SAE Hybrid Committee has developed detailed charging 

configurations and rating terminologies, as shown in Table 2-1 and Table 2-2 [84]. For battery 

electric vehicles (BEVs) with a usable pack size of 25 kWh, charging typically begins at 20% state 

of charge (SOC) and operates at rates faster than 1C. Charging stops at 80% SOC rather than 

reaching full 100%. Plug-in hybrid electric vehicles (PHEVs), on the other hand, can start charging 

from 0% SOC due to their hybrid mode. 

Underwriters Laboratories (UL) has established several personnel safety requirements for 

Electric Vehicle Charging System Equipment (EVSE), such as UL 2000 and UL 2594. UL has 

defined a threshold of 5 mA or 15-20 mA for EVSE manufacturers. To mitigate the risk of nuisance 

tripping caused by potential leakage current between the EVSE and the vehicle, most 

manufacturers opt for the 15-20 mA trip threshold instead of the 5 mA threshold [85]. In order to 

comply with these requirements, different chargers, both isolated and non-isolated, employ various 

topologies, each with its own advantages and disadvantages. Isolated chargers incorporate a 
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transformer, providing galvanic isolation between the EV and the high-voltage source, although 

this results in lower power density and increased cost [85][86]. 

Table 2-1 AC charging power levels 

Power Level Types Power Level Charging location Supply Interface 

Level 1 

120 Vac, 

1.4 kW,12 amp 

120 Vac, 

1.9 kW,16 amp 

At home or office outlet 

Level 2 
240 Vac, 

19.2 kW,80 amp 
At home or office EVSE 

Level 3(TBD) 
208 Vac-600 Vac, 

>20 kW 

Commercial fast 

charger 
EVSE 

 

Table 2-2 DC charging power levels 

Power Level Types Power Level Charging location 
Supply 

Interface 

Level 1 
200-450 Vdc, 

Up to 36 kW,80amp 

Commercial fast 

charger 
EVSE 

Level 2 
200-450 Vdc, 

Up to 90 kW,200 amp 

Commercial fast 

charger 
EVSE 

Level 3(TBD) 
200-600 Vac, 

Up to 240 kW,400 amp 

Commercial fast 

charger 
EVSE 
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3.1 Introduction  

  Electric vehicle (EV) technologies have the potential to alleviate problems like fossil fuel 

shortages, air pollution, and climate change. However, EVs need to charge from the electric grid, 

and in areas with high carbon intensity (e.g., with coal-based generation), the generation of 

electricity to charge EVs can still contribute to significant amounts of air pollution and CO2 

emissions. Furthermore, high levels of EV charging at certain times of the day can cause 

overheating and lifetime reduction of distribution transformers [1]. It is also well-known that EVs 

have a more limited driving range than internal combustion engine vehicles, which can lead to 

range anxiety for some drivers. To help address these challenges, EVs with on-board solar energy 

generation have recently been proposed. Reference [2] provides a detailed analysis of a proposed 

large-scale solar EV (SEV) with photovoltaic (PV) cells integrated onto all upwards-facing vehicle 

body panels (hood, roof, trunk), and finds that on average, about 20% of a vehicleôs daily energy 

needs can be met by on-board solar generation, which benefits drivers, the grid, and the 

environment. Other research has focused on using on-board solar generation to assist in battery 

balancing [3], the addition of on-board solar to aircraft [4], reconfigurable PV systems for EVs 

[5], and the high step-up converters required in SEVs [6]. Some automakers are also investigating 

on-board solar: the Toyota Prius Prime [7] and bZ4X [8], the Karma Revero [9], and the Hyundai 

IONIQ-5 [10] all have solar cells integrated onto the roof for assisting traction. Further, Sono 

Motors [11] and Lightyear One [12] are currently developing large-scale SEVs with solar cells 

covering larger portions of the vehicle to more significantly increase driving range and/or reduce 

grid charging needs.  

  For non-solar EVs, the much-researched topic of vehicle-to-grid (V2G) charging for grid 

support always requires discharging of the EV battery [13], [14]. Thus, while V2G power flow can 
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benefit the grid, it also has drawbacks for the driver, namely losing battery charge when it may be 

needed and more battery cycling which can impact battery health and lifetime. With on-board solar 

generation, and especially a large-scale SEV as in [2], [11],[12], a new V2G paradigm emerges 

where if an EV battery is fully charged while parked and plugged in, the SEV can send back newly 

generated solar energy to the grid with no negative effect on the vehicle battery. Thus, while the 

main purpose of a SEV is to use the solar energy to recharge the battery throughout the day to 

extend range and reduce grid charging needs, there are some situations where the battery could be 

full, and thus extra solar energy would be available to send back to the grid. If the SEV is assumed 

to be fully charged by the grid overnight, this scenario can commonly occur in two ways: (1) the 

SEV remains parked at home for part or all of a day, and thus all solar energy generated before the 

first drive of the day can be sent to the grid, and (2) the SEV drives a short distance in the morning, 

then parks and plugs in for a large portion of the day (e.g., back at home, or at a workplace), such 

that the solar energy generated fully charges the slightly depleted battery and there is excess solar 

energy for the later portion of the day to send to the grid. Reference [2] has modeled case (1) using 

the driving data from 150 unique drivers and has found that, annually, 21% more solar energy 

could be captured in Los Angeles, and 16% more solar energy could be captured in Detroit, if a 

bidirectional OBC was used to send extra solar energy back to the grid during the daytime before 

the first drive of the day. Adding the potential of case (2) could increase these values somewhat. 

Thus, this potentially wasted solar energy is the focus of this paper, as designing the OBC to have 

efficient energy transfer at low solar power levels can help make the large-scale SEV a new 

distributed energy source. Thus, SEVs can act as distributed energy sources in the emerging 

distributed generation grid paradigm. 
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As shown in Figure 3-1, a SEV charger includes two main parts: a low-power maximum 

power point tracking (MPPT) DC/DC converter for efficiently transferring solar power from the 

PV panels to the DC bus and traction battery, and a high-power OBC. The OBC consists of an 

isolated DC/DC converter and a rectifier/inverter for transferring electricity between the AC grid 

and the DC bus. Within the OBC, the isolated DC/DC converter plays an important role and is the 

focus of this research. The LLC resonant converter, as shown in Figure 3-2, is commonly used for 

this DC/DC converter due to its high efficiency, simple topology, and straightforward control [15], 

[16]. Recent research on bidirectional LLC converters includes [27], which proposes a center-

tapped transformer and new modulation strategy to reduce EMI and switching losses for low-

voltage and high-current applications, [28], which proposes a half-bridge topology with full-load-

range zero-voltage switching (ZVS) for low-voltage applications, and [29], which adds an 

auxiliary dual active bridge circuit for integrating different power sources but has lower power 

density. Furthermore, a 3-level bidirectional LLC converter is proposed in [30] which is flexible 

to operate at different loads and integrate different power sources, but the efficiency is low. 

However, these advancements are either not suitable for the target OBC application and/or do not 

focus on the efficiency at the very light load conditions important for the SEV V2G operation. 

 

Figure 3-1. Block diagram of the SEV charger 
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Figure  3-2. Traditional FB LLC resonant converter 

 

The use of SEVs for V2G power flow presents a new power electronic challenge: while 

Level 2 grid-to-vehicle (G2V) charging often occurs around 6.6 kW, the solar V2G power flow 

would have a peak between 600 W ï 800 W for a large-scale integrated SEV [2], [7], and would 

be even lower near the start and end of the day or under cloudy conditions. Many researchers have 

focused on improving efficiency across a wide load range. For Level 2 OBCs, the rated charging 

power is usually 6.6 kW and the minimum charging power considered is usually 1.5 kW or higher, 

as described in [16] ï [19], and these topologies have poor efficiency at the very low power range 

of 200 W to 800 W, which is the critical power range for the SEV application (under 12% of rated 

load). For LLC converter efficiency improvement at light loads, several approaches have been 

proposed. Reference [20] proposes a hold-up time compensation circuit for high light-load 

efficiency which improves the performance of the resonant tank in light-load conditions, but the 

auxiliary resistor, capacitor, diode and switch will decrease the converter power density and reduce 

efficiency at high loads. A new synchronous rectification control method is proposed in [17] to 

increase the efficiency and voltage gain. Compared to the traditional control, at the same load 

conditions, the switching frequency is lower which decreases the switching power losses. 

However, the characteristics of the LLC resonant converter with parasitic capacitances limit the 

use of the proposed control to only high voltage gain applications, so it is not well-suited to the 

OBC application. In [22], the approach is to reduce the voltage across the transformer to reduce 
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magnetic flux to reduce core losses. Using circuit reconfiguration, the converter in [18] can work 

with a half-bridge at light load to increase efficiency, but a four-quadrant switch is needed which 

increases the converter volume and cost. References [23] ï [26] propose new control methods with 

duty cycle regulation to increase the converter efficiency but these controls are only effective in 

converters that always boost or always buck, and a dc bias caused by the control complicates 

transformer design, making it not ideal for the OBC application. The contribution of this paper is 

the development of a DC/DC converter for the on-board EV charger that can achieve high 

efficiency at 6.6 kW in the G2V direction as well as high efficiency at 800 W and under in the 

V2G direction. The traditional LLC converter shown in Figure 3-2 is used as the benchmark due 

to its high efficiency, simple design, compact size, and the fact that it has been widely applied by 

many researchers and in many commercial products.  

Vbus

+

-

Vbat

 
 

Figure  3-3. Traditional HB LLCC resonant converter 

 

Figure  3-4. Proposed bidirectional LLC+C converter 

 

The power loss breakdown of the 6.6 kW bidirectional charger in [23] shows that 78% of 

the total losses come from the semiconductor switching and conduction losses and 5.1% comes 
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from the transformer core loss. However, since the transformer core loss is constant with changing 

load, it will form a much larger percentage of the losses when the charger power is < 800 W. This 

analysis shows that to increase efficiency, it is advisable to i) use switches with low on-resistance 

to reduce conduction loss, ii) achieve soft-switching to reduce switching loss, and iii) decrease 

transformer core size to reduce core loss. Especially for the low power SEV V2G power flow, 

reducing transformer core loss is important to attain high efficiency since core losses are not 

proportional to the load.  

The approach of this research is to utilize two smaller same-sized transformers in the LLC 

converter, such that at low power, one transformer can be used, reducing core losses due to reduced 

core volume and flux swing in use. However, the traditional full-bridge topology does not allow 

for enough loss reduction at low power to meet the goals of the SEV application. In [24], to broaden 

zero-voltage switching (ZVS) range and achieve high efficiency, a shared lagging leg is in series 

with a hybrid full-bridge half-bridge (FB-HB) converter and two different transformers and diode 

rectifiers are paralleled. Despite having good efficiency, the large number of components and 

complex control make it impractical for EV applications. Reference [15] proposes to reduce the 

number of components by connecting the capacitor to the primary-side midpoint of two same-

sized transformers and uses four full-bridge switches to operate in different modes to increase the 

efficiency at light loads. However, the converter in [15] is unidirectional whereas the SEV 

application requires bidirectional operation. The structure in [25] parallels the primary side of two 

different transformers and cascades the secondary side of them to achieve high efficiency 

bidirectionally, but its efficiency at light load is low. Figure 3-3 shows the traditional HB LLCC 

converter [16]. A resonant capacitor is in parallel with the secondary side of the transformer to 

achieve efficient small volume power supplies. A new series-type LLCC resonant converter with 
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two secondary side windings is proposed in [20] which shows that the LLCC resonant converter 

has better performance of both efficiency and voltage gain at low power, but has lower efficiency 

and is difficult to control in high power applications [26], so is not well-suited to the OBC 

application. 

  To achieve high efficiency at high load, different FB LLC converters are widely used in 

the aforementioned literature. Usually there are eight switches and a full-size transformer operating 

in both directions, so it is difficult to reduce switching and core losses. In heavy load applications, 

these two losses are a small part of the overall loss. However, in lower power applications such as 

the V2G SEV application, it would be very challenging to achieve a high efficiency without 

reducing these two losses. In order to address this issue, this paper proposes a topology with fewer 

switches and a reduced-size transformer in the V2G direction, which is a combination of LLC and 

LLCC converters and can achieve both high efficiency and wide voltage gain at different loads. 

The proposed novel topology is named the LLC+C converter since it has a hybrid operational 

mode, and can operate as an LLC resonant tank for high power in the G2V direction or as an LLCC 

resonant tank for low solar power in the V2G direction. It features: i) the combination of LLC 

resonant and LLCC resonant converters, ii) bidirectional operation, and iii) high efficiency at light 

load (i.e., 200 to 1000 W) in the V2G direction. The converter was first proposed in [26] and this 

paper extends this work by: i) analyzing the transformer leakage inductance, ii) analyzing 

transformer parameter mismatch for optimal design, iii) analyzing the voltage gain of LLC and 

LLCC resonant tanks, iv) presenting updated simulation and loss breakdown results, and v) 

presenting the prototype design and experimental results. Section 3.2 presents the detailed 

converter operation and Section 3.3 presents the analysis and design of the proposed converter. 

Section 3.4 shows the simulation results, in which the efficiency of the proposed converter is 
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compared to that of the traditional LLC converter. Section 3.5 presents the prototype design and 

the experimental results. Section 3.6 concludes the paper and discusses future work. 

3.2 Proposed Converter Operation 

3.2.1  Operational Analysis of the Proposed Converter 

This paper proposes a bidirectional LLC+C converter for SEV chargers, as shown in Figure 

3-4, which operates as a FB LLC converter in G2V mode and as a HB LLCC resonant converter 

in V2G mode for lower solar powers. The size-reduced transformers are used to reduce the core 

loss in both directions, which is especially important in the low-power V2G operation as the power 

rating of two same-sized transformers is 3.3 kW each, half of the total 6.6 kW, and a lower switch 

loss is achieved because fewer switches are used. The input is Vbus which is connected to the 

rectifier/inverter in Figure 3-1 and the output is Vbat which is connected to the traction battery. The 

primary side adopts a FB circuit with silicon-carbide (SiC) switches S1-S4. Midpoints A and B of 

the circuit are connected to a resonant tank consisting of Lpr and Cpr. Two pairs of windings of two 

same-sized transformers are in series and their primary-side midpoint Op is connected to the 

midpoint of bus capacitors while the secondary midpoint Os is in cascade with Csr. SiC switches 

S5-S6 and diodes D1-D2 form the rectifier circuit. The secondary leakage inductance Lsr, which is 

the equivalent inductance of Lpr, works in the secondary side resonant tank. In the proposed 

converter, the two pairs of resonant tanks and transformers have the same parameters. 

By using different modulation strategies, the converter can operate as a FB LLC converter 

or a HB LLCC converter. For a better explanation, all inoperative components are marked by 

dashed lines in the following figures. For G2V operation, the converter will work as a FB LLC 

converter to transfer power from Vbus to the battery, as shown in Figure 3-5. In G2V operation, S1, 

S4 and S2, S3 will conduct complementarily. To transfer solar power to the grid for V2G operation, 
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S5 and S6 will operate as a HB LLCC converter and turn on complementarily, as shown in Figure 

3-6. For this operation, the energy from Vbat is transferred through Vbus to the grid. Any parameter 

mismatch between the transformers will cause an unbalanced current proportional to the 

inductance mismatch. Transformers with tight tolerances shall relieve this problem [15]. For a 

mismatch of other components, frequency-control or duty cycle-control have been proposed to 

balance the current [27], [28]. Otherwise, it will perform the same as the traditional FB LLC 

converter as shown in Figure 3-7. S1/S4 and S2/S3 will conduct complementarily. Current through 

the resonant circuit will rises as S1/S4 turn on. 

 

Figure  3-5. G2V operation for vehicle charging from the grid 

 

Figure  3-6. V2G operation for solar power transfer to the grid 

 

Figure 3-7 and Figure 3-8 are sketches of relevant waveforms in the proposed converter 

under high power conditions. In V2G operation, which is at lower power than G2V operation, only 

the upper transformer is used and S5 and S6 conduct complementarily while S1 and S2 turn on 

symmetrically, as shown in Figure 3-9. Before t0, S5 is off and is1 is zero. As shown in Figure 3-8, 
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at t0, S5 and D2 are off, and the deadtime between the complementary switches allows time for 

energy stored in the magnetizing inductance to discharge the parasitic capacitor of S6. Thus, S6 

will be turned on at zero voltage switching (ZVS) at the next switch. As iLpr drops down to zero 

when the phase changes, the primary side switches can realize soft-switching. In the meantime, 

the top capacitor Co1 is discharging and its voltage drops. The bottom capacitor Co2 naturally 

discharges through the load and Co1. During interval 2 from t1 to t2 (Figure 3-9(b)), S5 turns on at 

ZVS, and the current starts to charge the resonant tanks as well as Co1. Different from traditional 

LLC converters, apart from DC blocking function, the secondary side capacitor Csr will also 

transfer energy from the battery. The combination of the LLC resonant tank and Csr form the LLCC 

resonant tank in the proposed LLC+C converter which is efficient at low power applications. Thus, 

in V2G operation light load, only 2 switches are operated in the HB LLCC with soft-switching, 

and one small-sized transformer is used to reduce core losses, giving higher efficiency and power 

density compared to other hybrid bidirectional LLC converters. Though the intended V2G power 

level is < 1 kW for excess solar energy, the proposed topology can transfer up to 3.3 kW in the 

V2G direction. 

3.2.2  Optional Design for 6.6 kW V2G Operation 

The primary focus of the proposed bidirectional converter is to efficiently transfer low solar 

powers to the grid when the SEV battery is fully charged, as V2G operation that discharges the 

EV battery will reduce battery charge that may be needed for future driving trips and can negatively 

impact battery state-of-health. However, during emergencies such as power outages, higher V2G 

power may be desired. The proposed converter in Figure 3-4 can send 3.3 kW back to the grid 

using the upper transformer. However, if the Vehicle Technical Specifications require a higher 

V2G power, an optional simple change can be made to the converter to allow it to transfer power 
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across both transformers in the V2G direction, meaning the full 6.6 kW can be transferred. The 

proposed optional design is to replace diodes D1 and D2 with switches S7 and S8 to create a FB 

structure on the secondary side, as shown in Figure 3-10. This optional design works as a FB LLC 

converter to process up to 6.6 kW in the V2G direction. When lower V2G powers are required, it 

will operate as a HB LLC converter, using only S5 and S6 on the secondary side and the upper 

transformer, to achieve the desired high efficiency for solar V2G power transfer. 

Vgs1

t0

iLpr

VCo1

t1 t2

0

1000V/div
0

0

305

0

VAB

2A/div

10-5V/div

200V/div
Vds6Vgs6

t

t

t

t

t

ZVS

200X

 
Figure  3-7. Detailed waveforms of G2V operation 
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Figure  3-8. Detailed waveforms of V2G operation 
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Figure  3-9. Mode diagrams of V2G operation: (a) Interval 1; (b) Interval 2 

3.3 Prototype Design 

3.3.1  Transformer Parameter Mismatch 

Ideally, the leakage inductance of the two transformers is identical and there is no current iop 

in G2V operation. However, during manufacturing, slight parameter mismatch in transformers is 
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possible, which is a potential disadvantage for the proposed converter. This issue can be minimized 

with tight manufacturing tolerances. 

Figure 3-11(a) is the equivalent LLC circuit of two LLC resonant tanks. In ideal conditions, 

I1=I2, and the circuit in Figure 3-11(a) can be shown as Figure 3-11(b) by simplifying cascaded 

inductors and capacitors. Co1 and Co2 equally share the bus voltage as VCo1=VCo2=0.5Vbus. rT1 and 

rT1 are the copper resistances of transformer 1 (top) and transformer 2 (bottom), respectively. 

Magnetizing inductance Lm1, Lm2 and leakage inductance Lpr1, Lpr2 are parameters of the two 

transformers respectively. Inductance ratios can be derived as   ɚ=Lm1/Lpr1=Lm2/Lpr2. I1 and I2 are 

the currents through the two resonant tanks. According to Kirchhoffôs voltage law, the voltages 

and currents in this Figure 3-11(a) can be derived as 
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The leakage inductance mismatch is defined as k. The copper resistance mismatch is defined 

as m. They can be expressed as 
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According to (3-1)-(3-4), resonant tank currents can be obtained as 
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Figure  3-10. Optional design for 6.6kW V2G operation based on the proposed converter 

   
The mismatch impact on the transformerôs imbalance current ratio is defined as ɔ which is 

defined as follows 

2 1

1

I I

I
g=

-
                                                                      (3-7) 

where ɤ=2ˊfr, and fr is the resonant frequency. For the prototype, rT1=13.5 mÝ, fr =300 kHz, 

Lr1= 15 µH, Cpr=18 nF which will be explained in the following discussion. 

Cpr

Cpr

Lpr1

Lpr2

VC1

+

-

Lm1

Lm2VC2

I1

I2

rT1

rT2

                         

(a)                                                                                 (b) 

Figure  3-11. LLC Resonant circuits of G2V operation: (a) Two LLC resonant tanks; (b) Equivalent circuit 
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Figure  3-12. Copper resistance mismatch influence 

 

The imbalance current caused by different mismatch coefficients is analyzed separately in 

Figure 3-12, Figure 3-13 and Figure 3-14. Normally, in OBC applications, the copper resistance 

is only dozens of milliohms which has a negligible influence on the imbalance current ratio ɔ. As 

illustrated in Figure 3-12, the current imbalance ratio will be less than 0.0016 when m changes 

from 0.5 to 1.5 where ɚ=6, k=1 is used as an example. Figure 3-13 shows the leakage inductance 

mismatch influence on ɔ, which uses ɚ=6, m=1 as an example. Normally, the mismatch will be 

within 1% and the current imbalance will be less than 1.2%. In 6.6 kW applications, the maximum 

RMS current will be 15.7 A so the maximum imbalance current is 0.1884 A. Two transformers 

with tight tolerances are desired for the application [15]. 
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Figure  3-13. Leakage inductance mismatch influence 

 

Figure  3-14. Inductance Ratio mismatch 

 

Also, the inductance ratio ɚ will influence the imbalance current ratio ɔ at different k. In order 

to relieve the unbalance current as much as possible, the inductance ratio ɚ should be optimized as 

well. Figure 3-14 illustrates the relationship between ɚ and ɔ at different inductance ratios. To 

clarify this relationship, k is fixed to be 1.001 here. As shown in the figure, the current imbalance 

will be smaller as ɚ increases. As a result, in this application, ɔ should be as big as possible and the 

unbalanced current will be around the acceptable 1.25 when ɚ>8. 
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3.3.2  Design of Resonant Parameters 

Table 3-1 shows the system parameters for the proposed converter. This paper targets to 

design a 6.6 kW dc/dc converter for a Level  charger which will be plugged into a typical 240 V 

outlet [29], [30]. This AC voltage will be rectified as 450 V-700 V DC voltage. The target battery 

is a 400V battery pack and the minimum voltage is set to be 300 V when itôs depleted and the fully 

charged voltage is 420 V. The converter works from 300 V/15.7 A to the maximum power of 6.6 

kW at 420 V/15.7 A where it works at the constant current (CC) mode. Then it switches to the 

constant voltage (CV) mode until the battery is fully charged. 

Table 3-1 System Parameters 

Parameter Value 

Bus voltage (V) 450-700 

Battery voltage (V) 300-420 

Maximum G2V charging power (kW) 6.6 

Maximum V2G PV power (W) 1000 

Resonant frequency (kHz) 300 

 

Under ideal conditions, the input and output voltage for identical transformers T1 and T2 

should be divided by 2. The following analysis will take transformer T1 as an example. As a result, 

the maximum transformer turns ratio nmax and the minimum transformer turns ratio nmin is derived 

as 
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The turns ratio should be constrained by (3-8) and (3-9), as in (3-10). Turns ratio n will affect 

the number of primary turns (Np) and secondary turns (Ns) which will have an impact on the total 

loss of the converter including copper loss and core loss. If n increases, the secondary turns Ns 

drops which will increase the flux swing on the core, and the core loss will increase. Furthermore, 

if n increases, to realize the same voltage gain of the system at the operation frequency range of 

this design, the operation frequency goes up which will increase the core loss and switching losses. 

A higher turns ratio will also result in higher copper loss, as for the primary turns Np=nNs (for a 

constant battery voltage which means Ns is fixed) more turns will be added to Np. Thus, the turns 

ratio n = 1.2 is selected for the initial design, since it is in the lower portion of the acceptable range. 

min maxn n n¢ ¢                                      (3-10) 

3.3.2.1  G2V Operation LLC Parameter Design 

In G2V operation, the proposed converter works as a FB LLC converter and its switching 

bridge gain is 1. For each transformer, the input voltage is from 225 V to 350 V and the output 

voltage range is 150 V to 210 V. For each LLC resonant tank, its maximum gain and minimum 

gain range are calculated as 
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The equivalent LLC resonant tank is illustrated in Figure 3-11(b).  Normalized operating 

frequency fn, LLC resonant frequency fr, reflected load resistance Rac and quality factor Q, are 

defined as 
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As a result, the voltage gain of LLC resonant tank MLLC can be derived as 
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where fs is the switching frequency. 

Based on (3-14), further optimization of the inductance ratio ɚ is analyzed in Figure 3-15 

which shows curves of gain versus normalized frequency at different ɚ. For a better illustration, R 

is selected as 50 Ý and M is chosen to be 0.9-1.  All curves cross at the resonant frequency point 

and have unity gain at this point. For the gain between 0.9 and 1, the normalized frequency regions 

will shrink from 1-1.36 to 1-1.28 as ɚ decreases from 13 to 7. From the analysis in Section 3.3.2.2, 

the inductance ratio ɚ should be bigger than 8 to alleviate the unbalanced current problem.  For the 

minimum unbalanced current and a smaller operating frequency region, ɚ is optimized as 9 here. 

Based on R=26.72 Ý at 6.6 kW, the quality factor Q is optimized as 2.16 after iterations [31]. 

Consequently, Lm1 is calculated as 135 ɛH, the resonant inductance Lpr1 is 15 ɛH and the 

resonant capacitance Cpr is calculated as 18 nF for the benefits of ZVS operation. What needs to 

be mentioned is that for the practical design, necessary cooling is needed since Cpr will heat up at 

a high operation frequency. To verify the design above, based on (3-14), Figure 3-16 indicates the 
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voltage gain for loads from 20 Ý to 100 Ý. When normalized frequency drops, the maximum 

voltage gain increases from 1 at R=26.72 Ý which usually is the minimum equivalent resistance 

of 400V vehicle battery to more than 2 at R=200 Ý which is wider than results from (3-11) and (3-

12). As a result, the preceding design meets the voltage gain requirement. 

3.3.2.2  V2G Operation LLCC Parameters Design 

In G2V operation, as shown in Figure 3-17, the secondary capacitor Csr forms a LLCC 

resonant tank with the primary side LLC resonant circuit. Re is the primary side equivalent 

resistance of Vco1. Due to the fact that the voltage of Vco2 will be as same as Vco1 since both 

capacitors are charged complementarily, Vbus equals twice Vco1. Csr is reflected to the transformer 

primary side as Csr/n
2. As the switching gain is 1 for a full-bridge and 0.5 for a half-bridge, the 

primary and the secondary equivalent voltage is 0.5Vbus and 0.5nVbat respectively. The LLCC 

resonant tank voltage gain can be deduced as follows, where ɤ=2ˊfs. The converter will work in 

V2G operation at Vbat=380 V-420 V when the traction battery is fully or nearly-fully charged, 

because if the battery state-of-charge is low, the solar energy will instead be used to charge the 

battery. To alleviate operation complexity, the output voltage Vbus range can be reduced to 600V-

700 V. Re, Cpr and Lpr are in series which can be defined as Z0 in (3-15). Similar, Lm is in parallel 

with Z0 and the equivalent impedance is shown as (3-16). As a result, according to Kirchhoffôs 

voltage law, the voltage gain MLLCC is calculated as (3-17). 
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Figure  3-15. Gain curves at different ɚ 

 

Figure  3-16. Gain curves at ɚ=9 
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Figure  3-17. Equivalent LLCC circuit for G2V operation 

 

The LLCC resonant frequency fsr is defined by cascading Cpr, Lpr and Csr/n
2 as shown in (3-

18). Based on (3-17), the voltage gain is plotted in Figure 3-18(a) which indicates all gain curves 

are intersected at unity gain where the operation frequency fs equals fsr. Compared to LLC resonant 

tank, LLCC has much higher voltage gain ranges which makes it suitable for the boost operation 
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in the V2G direction. As Vbat=380V-420V and Vbus=600 V-700 V, the LLCC voltage gain should 

be calculated in (3-19) and (3-20) as from 1.19 to 1.535. From the zoomed-in plot Figure 3-18(b), 

the operation range is from 0.35 to 0.55. 
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3.3.2.3  Transformer Design 

The transformer design is critical for the overall converter efficiency as it determines core 

losses. To compare the efficiency between the traditional FB LLC converter and the proposed 

converter, two sets of transformers are designed. Equation (3-21) shows the flux density Bo where 

ȹT is the approximate temperature rise (40  in this design), the input frequency f is 300 kHz, 

and ɆVA is 3.3 kW as the maximum power for each transformer in the proposed converter and 6.6 

kW for the maximum power for the transformer in the FB LLC converter. The core has a 

coefficient of heat transfer hc=10, dimensionless constants ka=40, kc=5.6, kw=10, voltage waveform 

factor of the square waveform Kv=4, core stacking factor kf=1, window utilization factor ku=0.4, 
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and electrical resistivity ɟw=1.72x10-8 [35]. The core material is Mn-Zn Ferrite DMR96 and the 

material parameters are Kc=16.9, Ŭ = 1.02, and ɓ=1.89 [32],[33]. 
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The flux density Bo is 0.145 to the FB LLC transformer and 0.163 to the LLC+C transformer. 

Both B0 are smaller than the peak flux density (0.49 [33]) so that the optimum flux design is 

unlimited by saturation. To select the core, the Ap equation is applied in this design for the product 

of the core window winding area x cross-sectional area, as shown in (3-22) where 

 

(a) (b) 

Figure  3-18. Gain curves of G2V operation at different Re: (a) Gain curve at fn from 0.2 to 1; (b) Gain curve at fn 

from 0.4 to 0.5 

 

Kt is a core coefficient of 1.72×103 [33], as 
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In addition, the magnetizing inductance Lm can be derived as 
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bat d

m

r s bus

V T
L

f C V
=                                                                 (3-23) 



 

61 

 

where Td is the deadtime, fr is the resonant frequency, and Coss is the parasitic capacitance of 

the SiC switches [15]. The resonant inductor Lr can be derived from the inductance ratio ɚ=Lm/Lr 

where ɚ is 9 and the resonant capacitor Cr can be derived from (3-24) as 

1

2
r

r r

f
L Cp

=                                                               (3-24) 

The core loss is proportional to the core effective volume at the fixed frequency. Under low 

power applications, transformer core loss comprises a large part of total losses and can be 

calculated by the Steinmetz equation [34]. 

vP kf Ba b= D                                                                 (3-25) 

k is the coupling coefficient which is derived as 

1 1 6.8244
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where Pv is the time-average power loss per unit volume, Ŭ and ɓ are core-material related 

Steinmetz parameters as in (3-21), and ȹB is the maximum flux swing defined as 

4

s

s c s

V
B

N A f
D =                                                           (3-27) 

where Ns is the secondary turns Vs is the secondary voltage across the transformer and Ac is 

the core effective cross-sectional area. The total core loss can be calculated as 

fe vP PV=                                                                (3-28) 

where Pfe is total core loss and V is effective core volume. 
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The primary turns Np is illustrated as [35] 
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where Ac is the cross-sectional area of magnetic core. For the prototype design, the value of 

Np is calculated as 8. Since a choice of Ns = 7 would have given a turns ratio close to the lower 

bound in (3-9), Ns = 6 was selected, giving a final turns ratio of 1.33 for the prototype. 

Table 3-2 Converter Design Comparison 

 

The primary copper resistance Rp is proportional to the mean length of core (MLT), 

resistance per unit length (ɟ) and Np which is shown as 

Parameter Proposed LLC+C Converter FB LLC Converter 

Turns ratio 8:6 8:6 

Core type EE42/21/15×2 ECW64A 

Materials Mn-Zn Ferrite DMR96 

Core effective volume (cm3) 34.6×2 112.57 

Ap (cm4) 5 13.51 

Ac(cm2) 1.78 5.3 

MLT (cm) 9.3 10.62 

Primary DC resistance (mÝ) 38.7×2 44.3 

Secondary DC resistance (mÝ) 29×2 33.2 

Resistance per unit length ɟ 

(mÝ/m) 
5.211 

Skin effect factor ks 4.16 

Primary AC resistance (mÝ) 212.5×2 242.7 

Secondary AC resistance (mÝ) 159.3×2 159.5 

Relative core loss 

(W/cm3 at 200mT, 100kHz, 25°C) 
0.29 

Core loss 

(W at 200mT, 100kHz, 25°C) 
10×2 32 

Magnetizing inductance Lm (ɛH) 135 75 

Resonant inductance LPr (ɛH) 15 16.51 

Resonant capacitance CPr (nF) 18 17 

Secondary capacitance CSr (nF) 47 N/A 

SiC half-bridge module CAB016M12FM3×3 CAB016M12FM3×4 

Diodes FFSH5065B×2 N/A 
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(MLT)p pR N r=                                                              (3-30) 

At high frequencies, the skin effect and the proximity effect give rise to increased loss in 

conductors, due to the non-uniform distribution of current in the conductors. These effects are a 

direct result of Faradayôs law, whereby eddy currents are induced to oppose the flux created in the 

windings by the AC currents. Dowellôs formula is used to calculate the high-frequency proximity 

effect loss with sinusoidal excitation [32]. Defining the DC resistance as Rdc and the AC resistance 

as Rac, the skin effect factor is defined as ks =Rac/Rp: 

0 00.5sk r fp m sº                                                        (3-31) 

where ɛ0 is the magnetic permeability of free space 4ˊ x10
-7 H/m and ů is the electrical 

conductivity of copper as 58.7×106 Siemens/m [36], r0 is the radius of bare wire which is 1mm for 

12 AWG copper wire [37]. As a result, ks is derived as 4.16. 

The proximity effect arises when the distribution of current in one layer of winding 

influences the distribution in another layer. The proximity effect resistance for an arbitrary 

waveform is given as Reff and the optimum ratio of Reff/Rp is given as 4/3 in [38]. The secondary 

DC resistance Rs can be derived as Rp/n and similarly, the primary AC resistance Rp(AC) equals the 

product of the secondary AC resistance Rs(AC) and n. The secondary parameters can be calculated 

accordingly. The results are illustrated in Table 3-2. 

Table 3-2 shows a design comparison between the different converters. Parameters of the 

proposed converter are based on the analysis above and parameters of the FB LLC converter are 

proposed in [23] which is designed for the same application and test condition. For a better 

understanding of the core loss optimization in this paper, the core losses at 200 mT, 100 kHz, 25 °C 

are calculated in the table based on the datasheets [39], [40]. It shows that the core loss of the 

proposed converter is only 20 W which is 62.5% of the reference design. In the proposed LLC+C 



 

64 

 

converter, the multi-winding design decreases the total core volume compared to the traditional 

FB LLC converter which can significantly decrease total core loss and achieves a higher efficiency 

especially under low power conditions. It shows 12 W lower losses at 200 mT, 100 kHz, 25 °C, 

which at 600 W V2G operation, is 2% of the total power. 

3.4 Simulation results 

Two 6.6 kW bidirectional SiC-based converters are designed and simulated in PLECS: the 

proposed LLC+C converter and the traditional FB LLC converter for comparison. Operational 

waveforms of G2V operation at 6.6 kW are shown in Figure 3-19. The turn-off time of S1 is before 

its driving signal which achieves ZVS and decreases losses. iOp and iOs remain near zero which 

illustrates the optimal inductance ratio is effective in suppressing the unbalanced current. For 

diodes, as the current remains zero when the voltage drops, ZVS can be realized as well. Figure 3-

20 shows the simulation waveforms of V2G operation when the battery voltage is 420 V, Vbus is 

600 V, and the power is 800W. S5 can also realize ZVS as it turns on after the drain-source voltage 

drops to zero which decreases the switching loss. The capacitor Csr not only works as a component 

of the resonant tank but also eliminates the harmful loop current between diodes and the 

transformer which also decreases various losses. 

Figure 3-21 shows the simulated efficiency ɖ of the proposed converter compared to the 

standard FB LLC converter at Vbat = 420 V and Vbus = 600 V, where ɖ is defined as 

,out PLECS switch core copper other

in

P P P P P

P
h

- - - -
=                                          (3-32) 

where PLECS gives input power Pin and output power Pout,PLECS. As PLECS considers 

conduction losses directly but not switching loss, transformer core loss, etc., the actual output 

power should be the PLECS output power minus the other losses. Switching loss Pswitch is obtained 
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from the PLECS thermal tool [41]ï[46]. A dedicated semiconductor loss subsystem is utilized in 

PLECS to estimate switching losses where parameters from the datasheet of CREE SiC module 

CAB016M12FM3 are applied [47]. This subsystem includes five blocks: MOSFET parameters 

block (Ron=16 mÝ, external Ron=1 Ý, external Roff=1 Ý), diode parameters block (Vf=5.5 V, 

Ron=0.06875 Ý), periodic average block (averaging time=1/f), periodic impulse average block 

(averaging time=1/f) and heat sink (initial temperature=25 °C, thermal resistance=0.49321 K/W). 

In the semiconductor parameter blocks, thermal descriptions of the SiC module are provided by 

CREE [47] [48]. Transformer core losses are added based on the preceding calculations (3-25), (3-

26). Transformer copper loss is calculated from Pcopper=I2r where I is the rms current through 

transformer windings and r is the AC winding copper resistance which has been calculated in 

Section 3.3.3. The primary and secondary winding AC copper resistances are 242.7 mÝ are 159.5 

mÝ for the FB transformer and 212.5 mÝ and 159.3 mÝ for the LLC+C transformer. Pother 

includes small additional losses such as resonant capacitor loss, circuit copper loss, and other 

capacitor loss. 

As shown in Figure 3-21 (a), in G2V operation up to 6.8 kW, the proposed converter is 

slightly more efficient than the FB LLC converter, especially at low power, due to the lower core 

losses. At the G2V charging power of 1 kW, the efficiency improvement is 0.24%. Yet the main 

focus is low solar power V2G operation, shown in Figure 3-21(b), where the proposed converter 

shows significantly higher efficiency and is up to 5.1% more efficient than the traditional FB LLC 

converter because of lower core losses of the size-reduced transformer and fewer switching and 

conduction losses owing to fewer operating switches. At 700 W, a typical solar power charging 

level for a passenger vehicle, the proposed converter is 96.2% efficient, compared to the traditional 

FB LLC converter at 94.5%. At lower powers like 400 W, which represents the case of partial 
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shading on the vehicle or times of the day when the solar radiation is below its peak, the proposed 

converter achieves 94.9% efficiency, which is 3% higher than the FB LLC converter at 91.9%. 

Since much on-board solar power generation throughout the day can be between 200 W and 800 

W, these efficiency gains at low power are important to maximize solar power delivered to the 

grid. 

        

(a)                                                                          (b) 

Figure  3-19. Simulated waveforms of G2V operation at 6.6 kW 

 

Figure  3-20. Simulated waveforms of V2G operation at 800 W 
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(a)                                                                   (b) 

Figure  3-21. Simulated efficiency comparisons between the proposed converter and FB LLC converter: (a) G2V 

operation; (b) V2G operation 

 

                 

(a)                                                                        (b) 

Figure  3-22. Detailed power loss breakdown at V2G 800 W: (a) Proposed LLC+C converter; (b) Traditional FB 

LLC converter 

 

As the proposed converter mainly focuses on higher efficiency at low power in V2G 

direction, Figure 3-22 shows the detailed loss breakdown at 800 W, Vbat=420 V and Vbus=600 V of 

the proposed LLC+C converter and the traditional FB LLC converter in V2G direction. The overall 

power losses are 28 W and 40 W respectively. Semiconductor losses are obtained directly from 

PLECS as follows: the switching loss in the proposed converter is 7.04 W and in the traditional 

LLC converter is 12.12 W, and the conduction loss including switch and circuit conduction loss is 

8.21 W in the proposed converter and 12.31 W in the traditional LLC converter. As per the 



 

68 

 

discussion in Section 3.2, only one smaller transformer works in the proposed converter at this 

power level. The core loss decreases from 8.95 W in the traditional LLC converter to 2.22 W in 

the proposed converter, which is calculated according to (3-25) ï (3-28) where the switching 

frequency and ȹB are 146 kHz and 333 mT for the proposed converter and 180 kHz and 183 mT 

for the traditional LLC converter. As a result, the average power loss is 6.42×104 W/m3 for the 

proposed converter and 7.95×104 W/m3 for the LLC converter. The copper loss remains the same 

and forms a higher percentage in the proposed converter because of the lower overall loss. As more 

capacitors and leakage current exists in the proposed converter, Pother increases from 3.6 W in the 

traditional LLC converter to 6.22 W in the proposed converter. 

3.5 Experimental Results 

Based on the analysis and parameters in Sections 3.3 and 3.4, a bidirectional LLC+C 

prototype was built as shown in Figure 3-23 and Figure 3-24. To relieve parameter unbalance on 

the converter, four SiC modules-CAB016M12FM3 are applied so that the only mismatch 

parameters are from transformers which was analyzed in the previous section. The rated V2G 

power is 6.6 kW with 300 kHz LLC operation and the G2V resonant frequency is 396 kHz. 

Choosing this resonant frequency is crucial for achieving high power density, and it requires 

careful consideration during hardware design to prevent EMI problems. Alternatively, a lower 

frequency like 100 kHz could be chosen to minimize switching losses and reduce the load on gate 

drivers and controllers. The TI LAUNCHXL-F28379D Launchpad is adopted to generate the 

switching control signals. The Tektronix MSO54 4-channel 500 MHz mixed signal oscilloscope 

is used for measurement. The power density is 24 W/in3 without natural cooling and 55 W/in3 with 

the forced airflow cooling system: ATS-1151-C1-R0 @ 200 LFM. 
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Figure 3-25 shows the G2V waveforms with 550 V bus voltage at 5.8 kW and 280 kHz, 

where the battery voltage is 420 V. Figure 3-25(a) illustrates that S1 will turn off ahead of the 

voltage to realize ZVS which decreases the switching losses. Meanwhile, the leakage current of 

iop is extremely small, as predicted. In Figure 3-25(b), the voltage of the secondary side capacitor 

Csr is stable to be half of Vbat so that there is no unbalanced voltage issue on the secondary side. 

Similarly, Figure 3-26 demonstrates that S1 can also realize ZVS at 1 kW and 500 V bus voltage. 

The leakage current is extremely small so that the converter can achieve high efficiency. 

Figure 3-27(a) shows the V2G waveforms at 600 V bus voltage when the battery is fully 

charged at 420 V. It indicates S5 can achieve both turn-on and turn-off ZVS at 1 kW load. Under 

this condition, it can achieve 600 V bus voltage at 180 kHz. When the load increases to 800 Ý and 

the battery voltage drops to 400 V, as shown in Figure 3-26(b), the bus voltage naturally drops to 

550 V and the output power decreases to 200 W. Itôs observed that ZVS can be achieved as well 

and switching losses decrease. 

Figure 3-28 shows the dynamic load transition process of the V2G operation when the solar 

power reduces suddenly, for example due to partial shading. The battery voltage remains constant, 

since the battery is fully charged when solar power is being sent to the grid. The example in Figure 

3-28 shows a load drop from 1500 W to 1000 W in V2G operation. As explained in the analysis 

in Section 3.3, the voltage gain varies as the load changes. To output lower PV power to the grid, 

the switching frequency increases to decrease the voltage gain so that the bus voltage drops from 

550 V to 450 V. Since the output resistance is constant, the output current drops accordingly. 
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Figure  3-23. Experimental test platform 

 

Figure  3-24. Converter prototype 
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(b) 

Figure  3-25. Experimental waveforms of G2V operation at 5.8 kW 
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 (b) 

Figure  3-26. Experimental waveforms of G2V operation at 1 kW 
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(b) 

Figure  3-27. Experimental waveforms of V2G operation: (a) Vbus=600 V at 1 kW; (b) Vbus=500V at 200 W 
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(a) 

 

(b) 

 

(c) 

Figure  3-28. The dynamic load transition process from 1500 W to 1000 W for V2G operation: (a) the entire 

process, (b) steady-state just before the transition, and (c) steady-state just after the transition 
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(a)                                                               (b) 

Figure  3-29. Prototype efficiency maps: (a) G2V operation; (b) V2G operation 

 

 

Figure  3-30. Prototype efficiency maps of the optional design for higher power V2G operation 

 

Figure 3-29 shows the experimentally-measured efficiency of the proposed converter for 

both G2V and V2G operation. Figure 3-29(a) indicates two typical charging voltages: Vbat=300 V 

& Vbus=450 V (blue line) and Vbat=420 V & Vbus=600 V (red line). At common charging powers 

over 3.3 kW, the efficiency is over 98% when battery voltage is 420 V and is over 97.7% when 

battery voltage is 300 V. The experimental efficiency peaks at 98.13% at 5 kW in the G2V 

operation. However, efficiency can be seen to drop significantly at lower powers. In the V2G 
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direction in Figure 3-29(b), the test condition is the typical Vbat=420 V (battery fully charged) & 

Vbus=450 V. Under these conditions, the efficiency peak is 97.4% around 3 kW. Even at 430 W of 

solar power, which can occur during cloud cover, the proposed converter has an experimental 

efficiency of 94.47%, which is very useful for the solar vehicle to grid application. 

Figure 3-30 shows the experimental results for the optional higher power V2G operation, as 

described in Section 3.2.2. These results show that if higher power V2G power transfer is needed, 

as may be the case during times of grid outage, the proposed converter with the optional design 

can achieve high efficiencies over 97%. 

3.6 Summary  

The unique requirement of a SEV OBC is that high efficiency should be achieved in the V2G 

direction at solar powers that are much lower than the rated G2V charging direction. Thus, this 

paper proposes a bidirectional DC/DC converter for use in SEV OBCs that operates as a FB LLC 

converter in G2V operation and as a HB LLCC resonant converter in V2G operation. With careful 

transformer design and manufacturing, the leakage current resulting from the transformer 

mismatch can be kept extremely low. Both simulation and experimental results show this topology 

decreases core loss, conduction loss, and switching loss because of the smaller core volume and 

fewer operating switches. The experimental results support the theoretical analysis, and find that 

at a typical solar power charging level of 700 W, the proposed converter is 95.6% efficient, which 

makes it useful for SEV applications. In the case of partial shading on the vehicle or times of the 

day when the solar radiation is below its peak when the powers are lower, around 400 W, the 

proposed converter achieves 94.25% efficiency.  
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4.1 Introduction  

ocietyôs accelerating transition to electrified transportation is leading to new applications 

and requirements for isolated DC/DC converters. Electric vehicles (EVs) require isolated OBCs 

[1], off-board fast chargers [2] and auxiliary power modules to power low-voltage accessories [3], 

all of which rely on isolated DC/DC converters. Furthermore, emerging EV applications such as 

on-board solar generation pose new requirements for isolated DC/DC converters [4], [5], such as 

having high efficiency over a wide load range.  

The dual-active-bridge (DAB) converter is a well-known solution for higher power 

applications, yet it has a small soft-switching range, especially at light load conditions [6]. 

Resonant half-bridge [7], [8] and full-bridge LLC converters [9], [10] allow for high switching 

frequencies (and thus high power density) and provide high efficiency near the rated load. 

However, the conventional LLC converter has a narrow reverse voltage gain and exhibits lower 

efficiency at light loads. Thus, much research has focused on developing derivatives of the LLC 

converter to achieve specific improvements. For example, [11] proposes an L3C resonant 

converter for high efficiency power conversion from on-board solar panels with wide voltage 

variation.  

Recently, novel resonant topologies have been proposed with multiple transformer windings 

and two series-connected capacitors with a center connection. For example, the multi-CLLC 

converter in [12] has a half-bridge primary side topology, two transformers, and is designed to 

achieve high frequency and high efficiency over a wide voltage and load range, including 

bidirectional power conversion. Reference [13] proposes to connect the resonant capacitor to the 

primary-side midpoint of two same-sized transformers in a unidirectional resonant converter to 

increase efficiency at light loads for an EV OBC application. In [14], the authors propose an 

S 
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LLC+C resonant bidirectional converter with two series transformers for use in the OBC of an EV 

with on-board solar generation. The goal is to transfer excess solar energy to the grid at high 

efficiency when the high-voltage battery is fully charged, which is challenging since the solar 

power is much lower than the rated charging power, and so only one transformer core is used for 

this mode of operation. Reference [14] extends [5] by providing detailed experimental results and 

further analysis and design procedures. Reference [15] proposes a similar unidirectional topology 

for an off-board fast charging system with multiple outputs, and [16] extends the topology to be 

bidirectional. 

However, as mentioned in [14], there will inevitably be a mismatch of transformers and 

semiconductors because of manufacturing processes, which can cause unbalanced voltage on the 

neutral point of the series capacitors in many of these novel resonant topologies. This unbalanced 

voltage will increase the voltage stress on switches and capacitors [17]. In extreme cases, this can 

lead to overvoltage stress and cause device damage and/or reduced lifetimes. Furthermore, less 

severe voltage imbalance may cause uneven stress on the capacitors and power devices, potentially 

causing early component failure and losses. This problem has been thoroughly discussed in the 

literature [18]ï[20]. Although the use of very large capacitors can reduce the impact of the voltage 

imbalance, this will significantly increase cost and size.  

Though many capacitor voltage balance control techniques have been proposed in the 

literature for multi-level inverters and converters, these techniques are not compatible with the 

novel multi-winding resonant DC/DC converters due to the fundamental differences in circuit 

topology. For example, the neutral-point-clamped (NPC) three-level converter is commonly 

proposed for EV applications, and many control methods have been developed to balance its 

neutral-point voltage based on different modulations [18], [21]ï[24]. For higher voltage 
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applications, NPC converters with more voltage levels are proposed and [25], [26] propose a new 

balancing method based on new carrier-overlapped PWM. T-type three-level converters have a 

similar issue and [23] proposes its solution. Furthermore, modular multi-level converters will have 

unbalanced current on cell capacitors which causes unbalance issues, and different balancing 

control strategies have been proposed in [27]ï[29]. However, for the balancing voltage issues in 

multi-winding resonant DC/DC converters, these control strategies are not applicable because of 

the different converter structures. 

Thus, this paper proposes a novel voltage-balancing method for the multi-winding LLC+C 

resonant DC/DC converter introduced in [5], [14], as shown in Figure 4-1, and its principles can 

also be applied to other similar topologies which have LLC resonant tanks and DC link capacitors 

with a midpoint. In general, the proposed method makes use of the time-varying unbalance current 

going to the midpoint of the capacitors, iop, and slightly changes the turn-on and turn-off times of 

certain switches at certain instants to provide the desired balancing of the capacitor midpoint 

voltage, VM. To the authorsô knowledge, this is the first capacitor voltage-balancing method to be 

proposed for a resonant DC/DC converter, and is thus a new contribution to this field. 

The proposed method is straightforward to implement as it uses simple logic tables and few 

computations. Experimental results are provided to verify the theory. The results show that when 

the balancing method is employed, smaller capacitors can be used more reliably and safely since 

the voltage imbalance issue is remedied, meaning the converter cost and size can be reduced. 

Furthermore, the experimental results show that the proposed balancing method slightly increases 

the efficiency of the converter. The rest of the paper is organized as follows: Section 4.2 describes 

the multi-winding converter of interest including the underlying cause of the voltage imbalance, 

Section 4.3 describes the proposed voltage-balancing method including the time-domain analysis, 
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and Section 4.4 provides experimental results. Section 4.5 concludes the paper. 

4.2 Converter Overview 

4.2.1  Circuit Description 

A bidirectional LLC+C DC/DC converter for use in the OBC of a solar-charged EV [14] is 

shown in Figure 4-1, where two same-sized transformers are connected in series, Vbus is the dc-

link voltage on the grid side of the OBC, and Vbat is the EV traction battery voltage. Its purpose is 

to transfer excess solar energy to the grid at high efficiency when the high-voltage traction battery 

is fully charged. The converter operates as a full-bridge LLC converter in the grid-to-vehicle (G2V) 

mode and a half-bridge LLCC converter in the vehicle- to-grid (V2G) mode, since the solar power 

being transferred during V2G is much lower than the typical G2V power level.  

 

Figure  4-1. Bidirectional LLC+C converter 

 

In Figure 4-1, all pairs of passive components like Lpr, Lsr, Cpr, T and Co are marked with the 

subscripts of 1 and 2 to differentiate the upper and lower circuits. Resonant tank 1 includes Cpr1, 

Lpr1, and T1 for the LLC resonant tank and the secondary side Lsr1, Csr1 for the LLCC resonant tank. 

Resonant tank 2 includes Cpr2, Lpr2, and T2. Lpr1 and Lsr1 are the equivalent leakage inductances of 

the transformer on the primary and secondary sides. Two capacitors in series, Co1 and Co2, provide 

the bus voltage and the transformers' midpoint O1. The ideal voltage of Co1 and Co2 is 0.5Vbus, and 

VM is the midpoint voltage of Co1 and Co2. Two pairs of windings of two same-sized transformers 
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are in series and their primary-side midpoint O2 is connected to the midpoint of bus capacitors O1, 

and n is the transformer turns ratio. 

4.2.2  Cause of Voltage Imbalance 

Normally, the converter works in different resonant modes as described in [30]. Under ideal 

conditions, if the switches, Co1/Co2, Cpr1/Cpr2, Lpr1/Lpr2 and T1/T2 are identical, the voltages of Co1 

and Co2 would be 0.5Vbus. In G2V mode, when both transformers are in use, there is a resonant 

current flowing through each of the two resonant tanks: in tank 1, it is the current flowing through 

Lpr1, called iLpr1, and in tank 2, it is the current flowing through Lpr2, called iLpr2. However, because 

of component manufacturing differences and aging problems [13], [31], [32], these parameters 

may be different, and this mismatch in resonant tank parameters causes iLpr1 and iLpr2 to be slightly 

different. Due to the connection between the transformer midpoint, O2, and the capacitor midpoint, 

O1, the difference between iLpr1 and iLpr2, called iop, will flow to the capacitor midpoint. In general, 

iop will not be perfectly sinusoidal and may have a non-zero average value, which will lead to 

voltage imbalances between Co1 and Co2. Since the voltage imbalance only occurs when both 

transformers are transferring power (G2V mode), this research focuses on G2V operation. In V2G 

mode, only one transformer is operating, and thus the voltage imbalance issue does not occur. 

4.3 Proposed Capacitor Voltage Balancing Method 

4.3.1  Principle of Operation 

The overall philosophy of the proposed balancing method is to slightly change the turn-on 

and turn-off times of certain switches at certain times to allow a small amount of resonant 

balancing current to discharge the target capacitor to move the voltages of Co1 and Co2 towards 

each other. Since VCo1 and VCo2 are in series and add to form Vbus, the discharging of the capacitor 
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with the higher voltage helps to balance their voltages. Table 4-1 shows the two normal switching 

states (M1 and M2) as well as the four proposed balancing switching states (P1, P2, N1, and N2), 

where a ó1ô indicates the switch is on, and a ó0ô indicates the switch is off. The normal operation 

of the LLC circuit in G2V mode, without the balancing method, includes state M1 (with S1 and S4 

on), state M2 (with S2 and S3 on), and the necessary deadtimes between these two states. When the 

balancing strategy is used, states M1 and M2 are still used, but additional small time periods of P1, 

P2, N1, and N2, are added to the normal deadtimes to perform the balancing. 

When VM < 0.5Vbus, states P1 and P2 are used to increase VM by discharging Co1. Table 4-1 

shows that in P1 state, only S1 is on for a short time, and this is shown in the circuit diagram of 

Figure 4-2(a). To operate in P1, the controller turns off S4 slightly earlier than usual (since the 

converter was operating in M1), by a time duration called tbalance, as shown in Figure 4-4(a). State 

P1 operates from t0 to t1 in Figure 4-4(a), where tbalance = t1-t0. During this time, iop is positive (as 

shown in Figure 4-4(a)), so from Figure 4-2(a), it is clear that Co1 will be discharged from t0 to t1. 

Then, the normal deadtime exists from t1 to t2, where no switches are on. Table 4-1 shows that in 

P2 state, only S3 is on for a short time, and this is shown in the circuit diagram of Figure 4-2(b).  

After the deadtime, state P2 begins. To implement state P2, S3 is turned on as usual at t2, but the 

controller delays the turn-on of S2 by tbalance, so S2 is not turned on until t3. Thus, from t2 to t3 , the 

circuit works in P2, as shown in Figure 4-2(b). Again, iop is positive, and as shown in Figure 4-

2(b), this causes Co1 to be discharged during this time, helping to bring the two capacitor voltages 

into balance.  

When VM > 0.5Vbus, states N1 and N2 are used to decrease VM by discharging Co2. Table 4-1 

shows that in N1 state, only S2 is on for a short time, and this is shown in the circuit diagram of 

Figure 4-3(a). To operate in N1, the controller turns off S3 slightly earlier than usual (since the 
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converter was operating in M2), by tbalance, as shown in Figure 4-4(b). State N1 operates from t0 to 

t1 in Figure 4-4(b). During this time, iop is negative (as shown in Figure 4-4(b)), so from Figure 4-

3(a), it is clear that Co2 will be discharged from t0 to t1. Then, the normal deadtime exists from t1 

to t2, where no switches are on. Table 4-1 shows that in N2 state, only S4 is on for a short time, and 

this is shown in the circuit diagram of Figure 4-3(b).  After the deadtime, state N2 begins. To 

implement state N2, S4 is turned on as usual at t2, but the controller delays the turn-on of S1 by 

tbalance, so S1 is not turned on until t3. Thus, from t2 to t3 , the circuit works in N2, as shown in Figure 

4-3(b). Again, iop is negative, and as shown in Figure 4-3(b), this causes Co2 to be discharged 

during this time, helping to bring the two capacitor voltages into balance.  

4.3.2  Time Domain Analysis  

Traditionally, the switchesô on-time is 0.5Ts, where Ts is the switching period. Since the 

switching time is different in the proposed control strategy, itôs useful to calculate how many 

switching cycles, k, will be required to balance the capacitors for a given starting voltage imbalance 

and tbalance. Hence, time-domain (TD) analysis of multi-winding resonant converters is presented 

in this section to achieve this goal. TD analysis gives a precise description of the converter 

characteristics when the switching frequency varies [33]. As [14] explains, in the charging 

direction, the LLC+C converter operates at the switching frequency fs Ò fr  for the designed voltage 

gain range where fr is the resonant frequency, and the operational waveforms are illustrated in 

Figure 4-5. 

The on time of each switch in each switching state is shown in Table 4-2. Among them, the 

on time of S1 or S3 is denoted as TS1/S3, and the on time of S2 or S4 is denoted as TS2/S4. tbalance is the 

on time difference from the traditional operation. As in [14], different switching frequencies cause 
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different resonant currents which will affect the midpoint current iop which will be presented by 

TD analysis.  

Table 4-1 Switching States 

Switching 

State 
S1 S2 S3 S4 Effect on VM 

M1 1 0 0 1 - 

P1 1 0 0 0 increase 

P2 0 0 1 0 increase 

M2 0 1 1 0 - 

N1 0 1 0 0 decrease 

N2 0 0 0 1 decrease 

 

 

(a) 

 

(b) 

Figure  4-2. Equivalent circuits when VM<0.5Vbus. (a) state P1: t0~t1, (b) state P2:  t2~t3 

 

(a) 
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(b) 

Figure  4-3. Equivalent circuits when VM>0.5Vbus. (a) state N1: t0~t1, (b) state N2: t2~t3 

                   

(a)                                                                          (b) 

Figure  4-4. Waveforms of the proposed control:    (a) VM < 0.5Vbus, (b) VM > 0.5Vbus 

Many papers have discussed the TD analysis process for LLC resonant converters [34], [35]. 

For the accurate analysis of the aforementioned converter, it's necessary to explain how to calculate 

iop. Figure 4-6 is the equivalent circuit of converters with multi-windings by KVL, and the mesh 

analysis at t is performed for different switching frequencies as below. Figure 4-5 shows the 

general behaviour of the waveforms of the equivalent circuit at fs = fr and fs > fr. The mesh analysis 

at t is performed as, 

1

1 1 1 1

( )Lpr

Cpr pr out co

di t
v L nV V

dt
+ + =                                                          (4-1) 

By taking its derivative with respect to time, 

2

1 1

1 2
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0
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pr

dv t d i t
L

dt dt
+ =                                                             (4-2) 

The relationships between the voltage and current of the capacitor and inductor are, 
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nV L
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Inserting the differential equation of vCpr1, (4-2) into (4-3), gives, 

2
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The parametric method is applied to solve this second-order ordinary differential equation, 

1
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where A and B are constant values, and Ŭ and ɓ are coefficients. Applying 
1( )Lpri t , 

2

1

2

( )Lprd i t

dt
 

from (4-6) to (4-5), (4-7) is obtained: 

1

1 1 1 1

1 1
( ) sin cosLpr

pr pr pr pr

i t A t B t
C L C L

= +                                                       (4-7) 

As the voltage on Lm1 equals nVout1, by applying Kirchhoffôs Circuit Laws to  the primary 

loop (Cpr1, Lpr1, Lm1), the voltage over Cpr1 is derived as, 

1 1 1

1 1 1 1

1 1
( ) sin cosCpr co out

pr pr pr pr

v t C t D t V nV
C L C L

= + + -                                            (4-8) 

where C and D are constant values. The values of A~D at fs = fr are denoted as A1~D1 and 

derived as in (4-9). The operational waveforms are symmetric about 
a

1

2 s

t t
f

= = . Applying iLpr1(ta) 

and vCpr1(ta) to (4-7) and (4-8), the following is obtained: 
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(a)                                                                                              (b) 

Figure  4-5. Operational waveforms for LLC G2V mode. (a)  fs = fr, (b)  fs < fr 

 

 

Figure  4-6. Equivalent circuit of converters with multi-windings 

 

Table 4-2 Switch On Time in Each Switching State 

Switching State Ts1/s3 Ts2/s4 

M1/M2 0.5Ts-tdead 0.5Ts-tdead 

P1/P2 0.5Ts-tdead 0.5Ts-tdead-tbalance 

N1/N2 0.5Ts-tdead-tbalance 0.5Ts-tdead 
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With the constant values calculated, substituting A1 and B1 in (4-9) to (4-7), the resonant 

current iLpr1(t) is obtained as, 

1

1 1 1 0 1 0
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1 1
( ) ( ( ))sin ( )cos

pr

Lpr co out Cpr Lpr

pr pr pr pr pr
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= - - +       (4-10)                    

Similarly, the expression of iLm1 is derived from (4-4) by integrating (4-4) and using the 

inductor current of iLm1(ta) at t=ta , 
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Reference [36] indicates that the initial value of the inductor current iLpr1 (ta) and the 

capacitor voltage iCpr1(ta) are given by (4-12), 
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Using the MATLAB Symbolic Math Toolbox which provides functions for solving symbolic 

math equations, the resonant current through Lr1 and Lr2 can be expressed as (4-13) and (4-14). 

When fs < fr, iLpr1 is not sinusoidal and is divided into two half cycles as shown in Figure 4-

5(b). Reference [36] shows that the intial value of Vcpr1 can be calculated as (4-15), where 
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The values of A~D in (4-7) and (4-8) are denoted as A2~D2 when fs < fr . At ta (ta=2Nˊ, 

N=0,1,2é), Equation (4-7) is shown as, 

1 2 2

1 1 1 1

1 1
( ) sin cosLpr a a a

pr pr pr pr

i t A t B t
C L C L

= +                                      (4-16) 

which is simplified as iLpr1(ta)=B2 and as shown in Figure 4-5(b), iLpr1(ta) is 0, as a result, the 

resonant current is shown as, 

( )1

1 1 1 1

1 1 1

1
( ) ( ) sin

pr

Lpr co out cpr a

pr pr pr

C
i t V nV V t t

L C L
= - -                                      (4-17) 

Figure 4-6 shows the equivalent circuit of the resonant tank, and by doing KCL for the node 

O1, iop can be expressed as, 

            op 1 2( ) ( ) ( )Lpr Lpri t i t i t= -                                                 (4-18) 
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As the driving waveforms are symmetrical, the on time of uncontrolled switches is 0.5Ts-

tdead while for controlled switches, the overall on time is 0.5Ts-tdead-tbalance as in Table 4-2. It is the 

operational time tbalance which performs the rebalancing effort. Since the current through a capacitor 

equals the capacitance multiplied by the derivative of the voltage across the capacitor, the number 

of cycles required to balance the capacitors, k, can be calculated according to the (4-19), where 

Cbus is the capacitance of Co1 or Co2, and VM0 is the initial voltage of VM before the control starts. 

Integrating from t0 to t1 is analagous to integrating across the balancing time, tbalance. 

1

0
M0 op

bus

( )
t

M
t

k
V V i t dt

C
- = ñ                                                   (4-19) 

    Equation (4-19) provides the bus capacitor charging/ discharging energy with respect to 

the voltage deviation (|VM-VM0|) and the bus capacitance (Co1/Co2). Equation (4-19) can be used to 

calculate k for a given tbalance if the specific values of the resonant components are known, i.e., 

from measurement of Cpr1, Cpr2, Lpr1, Lpr2, etc. Thus, the preceding TD analysis provides the 

theoretical basis for balancing. However, in a practical situation where multiple converters are 

built and each may have slightly different parameters due to manufacturing tolerances, it is more 

useful to use an adaptive control strategy that does not require precise knowledge of all circuit 

parameters ï such an adaptive control strategy is proposed in Section 4.3.4.  

4.3.3  Selection of tbalance 

    The minimum deadtime that should be applied for safe operation of the circuit, tdead,min, is 

defined in (4-20) based on [37], and will ensure that two switches in the same bridge are not 

simutaneously on. In (4-20), Coss is the switch's output capacitance. 

,min oss8 Cdead m st L f=                                                         (4-20) 
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Thus, tbalance will always add to tdead. The choice of a longer or shorter tbalance is a tradeoff. 

For a smaller tbalance, the length of time required to achieve capacitor balancing (i.e., the number of 

switching cycles, k) will be be larger. If tbalance is too small, the effect of the balancing action may 

be overshadowed by the imbalance naturally occuring in the circuit, so that balancing cannot be 

achieved. However, if tbalance is too large, two problems can occur: (1) After a certain time, as 

shown in Figure 4-4 and Figure 4-5, iop will change direction to have the opposite influence on the 

target capacitor. This again will prevent proper balancing from being achieved. (2) Using a longer 

tbalance leads to more losses. Taking P1 as an example, as shown in Figure 4-7, after S4 is turned off, 

iLr2 won't be zero immediately but will flow through the body diode of S3, which will increase the 

conduction loss. In this sense, tbalance should be smaller if possible. To achieve a good result from 

this tradeoff, it is suggested to initially choose tbalance = tdead, where tdead > tdead,min. The adaptive 

control strategy proposed in Section 4.3.4 includes a process to detect if problem (4-1) is occuring 

from too large a tbalance, and shorten tbalance accordingly. 

 

Figure  4-7. Diode recovery scheme 

4.3.4  Proposed Adaptive Control Strategy 

   Equation (4-19) can be used to calculate the number of cycles (k) to apply N1/N2 or P1/P2 

switching states if the exact mismatched parameters are known. However, this may often  not be 

the case, so an adaptive control strategy that can run in real time without this specific information 

is useful. The proposed adaptive control strategy flow is shown in Figure 4-8.  
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   The strategy starts by getting the reference voltage for VM, 0.5Vbus, the tolerance voltage, 

Vtol, which specifies the maximum error allowed between the measured VM and 0.5Vbus, and the 

selected tdead, based on (4-20). The initial neutral voltage is measured, called VM0. If the difference 

between VM0 and 0.5Vbus is less than or equal to Vtol, no balancing is needed and the converter 

operates normally in states M1/M2 until the next VM0 measurement is read. If the difference 

between VM0 and 0.5Vbus is greater than Vtol, balancing is required and the next step is to check if 

VM0 is > 0.5Vbus. If so, switching states N1/N2 are used to decrease VM. Initially, tbalance is set equal 

to tdead as a reasonable starting point, and VM is measured again. If VM > VM0, it means the balancing 

is not occuring as required because tbalance is too large; thus the new tbalance is set to 90% of the prior 

value and N1/N2 switching states are applied. This process is looped until the present measurement 

of VM is less than the initial unbalance votlage, VM0. At this point, tbalance is confirmed to be set 

properly and N1/N2 switching states continue to be applied until |VM ï 0.5Vbus| < Vtol. If VM0 was 

initially  < 0.5Vbus, a similar process is used to increase VM using switching states P1/P2. 

4.4 Experimental Results 

5 Table 4-3 Converter Design Comparison 

Parameter 
Resonant 

Tank 1 

Resonant 

Tank 2 

Bus voltage(V) 450-700 

Co1(ɛF) 1200, 800, 400 

Co2(ɛF) 1200, 800, 400 

Battery voltage(V) 300-420 

Maximum charging power (kW) 6.6 

Resonant frequency (kHz) 300 

Magnetizing inductance Lm (ɛH) 130.06 
131.02 

Resonant inductance LPr (ɛH) 14.56 14.71 

Resonant capacitance CPr (nF) 18 

Secondary capacitance CSr (nF) 47 

SiC half-bridge module CAB016M12FM3×4 
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The experimental prototype is designed to verify the performance of the proposed control 

strategy. Since the issue of unbalanced voltage only arises in G2V mode, the following tests are in 

the G2V direction. Reference [14]  explains the calculation of parameters for the proposed 

converter. To measure the unbalanced resonant tank parameters of the prototype, a Keysight 

handheld LCR meter is used, and the results are shown in Table 4-3.  

 

 

 

Figure  4-8. Block diagram for proposed adaptive control strategy 
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Figure 4-9 shows the experimental prototype, where the reconfigurable capacitor stack is 

shown in Figure 4-9(b). The C2000 LAUNCHXL-F28379D LaunchPad controller is used for the 

prototype due to its high speed and accuracy. The silicon carbide (SiC) module is CREE 

CAB016M12FM3, and its Coss is 0.29 nF. The switching frequency is the same as the resonant 

frequency, 300 kHz. Using (4-20), the minimum tdead that can be used is calculated as 94 ns. For 

safety, this value is rounded up slightly to tdead = 100 ns for use in the prototype.  

Figure 4-10 and Figure 4-11 show experimental results at 3 kW without and with the voltage-

balancing method. In Figure 4-10, the total bus capacitance is 600 ɛF, meaning Co1 = 1200 ɛF and 

Co2 = 1200 ɛF. The input voltage is 400 V and ideally, Vco1 should be half of the input voltage, 

200 V. Before balancing, with the parameter mismatch shown in Table 4-3, the voltage of Co1 is 

221 V and the voltage of Co2 is 178 V, for a total deviation between the capacitors of 43 V as 

shown in Figure 4-10(a). As the neutral voltage VM (178 V) is smaller than 0.5Vbus (200 V), the 

balancing method uses states P1 and P2 to achieve balancing.  

 

(a) 
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(b)                                                          (c) 

Figure  4-9. Experimental test platform with changeable capacitor stack: (a)Test set-up; (b) Reconfigurable capacitor 

stack; (c) DC/DC converter 

 

After 1.2 ms, the capacitor voltages are balanced evenly at 200 V. The corresponding switch 

driving waveforms are shown in Figure 4-10(c). 

 

(a) 
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(b) 

 

(c) 

Figure  4-10. Experimental results without and with the voltage-balancing method: (a) Waveforms with total input 

capacitance = 600 ɛF; (b) Zoomed-in waveform; (c) MOSFETs driving waveforms during P1/P2 operation 

For  Figure 4-11, Co1 and Co2 are set to 400 ɛF each, so the total bus capacitance is 200 ɛF. 

Before balancing, with the parameter mismatch in Table 4-3, the voltage of Co1 is 229 V and the 

voltage of Co2 is 171 V, for a total deviation between the capacitors of 58 V, and P1/P2 are used to 

perform balancing. As the capacitance is smaller and the charging/discharging current is smaller, 

it takes 1.5 ms to balance the voltage to 200 V.  
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(a) 

 

(b) 

Figure  4-11. Experimental results without and with the voltage-balancing method: (a) Waveforms with total input 

capacitance = 200µF; (b) Zoomed-in waveform 

Figure 4-12 demonstrates the dynamic waveforms when the output voltage and current 

changes. Since in the target application, load changes will occur more gradually (during charging 

of the vehicle battery), this fast step change in voltage and current is a worst-case scenario. To 

cause this change, the LLC switching frequency is changed from 240 kHz to 250 kHz so that the 

output voltage, Vbat, increases from 338 V to 354 V. The experiment is performed using a constant 

52 Ý load resistance, thus the load current changes from 6.5 A to 6.75 A. When the load changes 

from about 2.2 kW to about 2.4 kW, Vco1 momentarily increases to 218 V and Vco2 momentarily 
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drops to 182 V. The balancing control is running, and it takes about 20 ms for the voltage deviation 

to be resolved, making Vco1/Vco2 balanced again. Since the magnitude of iop is not related linearly 

to the output power, and the power levels in Figure 4-12 are lower than those in Figs. 10 and 11, 

the magnitude of iop is 10 times smaller in Figure 4-12, meaning the time required to balance is 

longer. Overall, these experiments validate the effectiveness of the voltage-balancing method, so 

that smaller bus capacitance can be safely and reliably used, which increases the converter power 

density and reliability.  

 

Figure  4-12. Dynamic waveforms when load changes from 2.2 kW to 2.4 kW 

 

 

Figure  4-13. Efficiency comparison with and without the proposed voltage-balancing method in G2V mode 
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A further benefit of implementing the proposed balancing strategy is that converter 

efficiency can be slightly improved. The unbalanced voltages cause extra voltage stress on the 

switches which is unfavorable for the converter efficiency because DC bias: 1) increases overall 

conduction losses [38], 2) affects the volt-seconds of the transformer which can lead to flux 

changes [18], and 3) increases even-order harmonics [17]. The proposed voltage balancing method 

will help eliminate these effects in the converter and thus slightly raise efficiency [20]. Figure 4-

13 compares the efficiency of the prototype converter with and without balancing, and shows that 

the efficiency is slightly improved when the proposed balancing strategy is implemented. With the 

balancing strategy implemented, the efficiency improvement is approximately 0.1% at the lower 

power levels, and approximately 0.14% at the higher power levels. 

 

Figure  4-14. Power loss breakdown at 3 kW with and without balancing 

 

Figure 4-14 shows the loss breakdown when the converter is operating with and without the 

proposed capacitor voltage balancing method. The loss breakdown includes conduction and 

switching losses of S1-S4, copper and core losses of the transformers, and other losses on the 
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transformersô secondary side. With the voltage balancing method, voltages of the switches and 

transformers are even, which reduces conduction losses as well as transformer losses. The switch 

conduction losses decrease from 10.2 W without the balancing method to 7.5 W with balancing. 

The transformer copper loss drops by 0.3 W as well, and the other losses have a slight reduction. 

5.1 Summary 

This paper proposes a unique capacitor voltage-balancing method for resonant DC/DC 

converters with multi-winding transformers. To the authorsô knowledge, the proposed method is 

the first to focus on balancing capacitor voltages with a midpoint in a resonant DC/DC converter. 

The method makes use of the varying imbalance current in the resonant converter, and changes 

the turn-on and turn-off times of particular switches at instants when the unbalance current is 

positive or negative to allow discharging of the target capacitor, and bring the two capacitors into 

voltage balance. An adaptive control strategy is also proposed to allow use of the balancing method 

when the exact circuit parameter values are unknown. Experimental results up to 3 kW are 

presented to validate the theory. When the balancing method is used, smaller input capacitance 

can be more safely and reliably used, improving converter power density. Future work will focus 

on adapting the proposed method to work with other resonant topologies, potentially with more 

than two capacitors in series.  
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5.1 Introduction  

In the ongoing battle against climate change and the scarcity of energy resources, 

governments worldwide, including Canada, the US, and China, are implementing measures to 

prohibit the sale of gas-powered vehicles and mandate the adoption of zero-emission vehicles by 

2035 [1]ï[3]. Extensive research has focused on electric vehicles (EVs) as they operate using 

electricity instead of fossil fuels [4]ï[6]. However, battery EVs face several challenges: 1) Coal is 

the worldôs largest single source of electricity and in Southeast Asia, it will fuel 39% of electricity 

in 2040 [7], meaning a massive deployment of PEVs charging from this electricity source will not 

produce the environmental gains desired [7]; 2) Even with large batteries, EVs have limited range 

ï fast-charging can help this issue on long trips but bring about other issues such as availability of 

fast-charging stations, time required for fast-charging, and battery degradation effects from fast-

charging [8]; 3) Longer-range EVs with larger batteries require large quantities of lithium which 

widens the lithium supply gap. In 2035, the forecasted globe lithium supply will be 3.5 million 

tons while the demand will grow to 4.6 million tons [9]. The larger gap will increase the cost of 

vehicle batteries. 

Adding a fuel cell to EVs and reducing the battery size is a promising way to extend range, 

reduce lithium requirements, and allow faster (hydrogen) refueling on long trips [10], while 

maintaining zero-tailpipe emissions. Hydrogen, with its higher energy density (120 MJ/kg at 700 

bar) [11] compared to EVs (0.7 MJ/kg) [12] and comparable refueling times to gas vehicles, is 

promising for on-board energy storage. Leading automotive manufacturers, including Toyota with 

the Mirai, Honda with the Clarity, and Hyundai with the Nexo, have invested in the development 

of fuel cell hybrid vehicles (FCHVs) [11]ï[13]. However, FCHV challenges remain, such as 

hydrogen station infrastructure investment, green hydrogen production, and overall vehicle 
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efficiency. By contrast, fuel cell range-extended vehicles (FCREVs) use a small chargeable battery 

for most daily commutes and a small hydrogen tank for longer-distance drives, which may be 

convenient to fill at highway hydrogen stations, since these stations are anticipated to be developed 

for near-future green heavy-duty transport. Reference [12] introduces the FCREV concept with 

Whole Day Driving Prediction control,  and found that a FCREV equipped with a 30 kWh battery, 

a 19.2 kW fuel cell, and a 6.4 kg hydrogen tank with the same cost as a BEV with a 60 kWh battery 

can achieve 105% to 150% longer range than the BEV when H2 refueling is not considered and 

150% to 250% longer range than the BEV when H2 refueling is allowed every 4 hours from the 

start of the driving day. This approach offers advantages by reducing battery costs compared to 

BEVs, fuel cell costs compared to FCEVs, extending driving range, and reducing the need for 

extensive hydrogen station construction within cities and suburban areas. 

On-board PV panels offer another sustainable solution for the transportation system. While 

some automakers have incorporated small solar roofs into their EVs, [16] proposes a large-scale 

solar EV concept using low-cost, integrated thin-film solar cells on upward-facing surfaces of the 

vehicle, such as the roof, hood, and trunk. A modeling study in [16] demonstrates that in sunny 

conditions, peak solar generation can reach 700 W, resulting in a daily driving range extension of 

30 km in locations like Los Angeles. Additionally, [17] suggests that solar electric vehicles (SEVs) 

can act as distributed renewable energy sources by feeding excess solar energy back to the grid 

when the vehicle's high-voltage battery is fully charged. 

By adding on-board solar generation to a FCREV, the benefits of both are combined, with 

less reliance on grid electricity, less lithium required, extended range, and fast refueling times. As 

the onboard PV panel is made to be isolated from the outside with a floating ground, drivers and 

passengers are safe without the access to the electrical connections. However, numerous power 
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electronic converters would be required to connect and control this power source. Furthermore, 

bidirectional chargers can serve as power sources for emergencies or outdoor activities, such as 

power outages or camping, allowing solar, fuel cell, or battery energy to be used off-board. 

However, to meet these requirements, the use of multiple converters as shown in Figure 5-1 is not 

cost-effective or power dense. A better solution is the development of a multi-port bidirectional 

charger (MPC) with shared components, offering a lower cost and higher power density, which is 

the focus of this chapter. 

Numerous MPC designs have been proposed in recent years. For example, [18] presents a 

three-port full bridge converter that integrates low-voltage systems into OBCs, and [19] extends 

this concept by employing a novel modulation method to decouple different power sources. 

Similarly, [20] introduces a modified MPC dual-active bridge converter with a three-level bridge 

on the secondary side to connect to the low-voltage DC system. Reference [21] proposes a full 

bridge non-isolated MPC charger that can connect PV to the DC bus. However, energy sources 

such as fuel cells and PV systems often have low output voltages and are susceptible to high-

frequency ripple. Current-fed power converters, which are boost-derived topologies, offer low 

input current ripple. Three-port current-fed dual-active-bridge-based MPCs are proposed in [22]ï

[24]. These converters, featuring a port voltage clamping capacitor on the primary side and dual 

active bridges on the secondary side, can integrate multiple resources efficiently without voltage 

spike issues [25]. Reference [26] extends this concept to a four-port MPC by dividing the dual 

bridges into separate bridges connected to PV and wind turbine generators. Furthermore, [27] 

presents an MPC for a fuel cell and supercapacitor hybrid system, but it employs a multi-winding 

transformer, making the converter design complex. None of the mentioned converters have a 

dedicated port for fuel cell power transmission, which is crucial for the proposed application of a 
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S-FCREV, and does not require an isolation transformer between the fuel cell and battery, since 

both are high voltage. 

Reference [28] proposes a three-port MPC for PV/high-voltage (HV)/battery applications. It 

employs a conventional buck boost and a boost converter to track the maximum power of PV and 

regulate FC power. A similar topology is introduced in [29] with an additional output port but with 

only two degrees of freedom. [30] presents a novel five-port converter to integrate more resources, 

offering more control over different voltages. However, this design requires additional switches 

and two larger inductors to suppress current ripple, and it increases input current ripple when using 

only one phase from FC and PV. Consequently, it lacks the advantages of low input current ripple, 

bidirectional power flow, and high-power density. 

Since no previously-proposed MPC is suitable for the proposed S-FCREV application 

described in Figure 5-1, this chapter proposes a novel integrated multi-port bidirectional converter 

with a reduced component count. A conceptual diagram for this MPC for the S-FCREV application 

is shown in Figure 5-2. 
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Figure  5-1. Example of a potential non-integrated power electronic architecture for S-FCREVs 
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Figure  5-2. Conceptual diagram of the proposed integrated MPC for S-FCREVs 

 

Many MPCs have been proposed in the literature [18] ï [30], and Section 5.2.3 provides a 

comparison between the leading MPCs from the literature for the target application and the 

proposed topology. The main finding is that no prior MPC has been proposed that is well-suited 

to the S-FCREV application with (i) low current ripple for the PV and fuel cell ports, (ii) isolation 

between the PV and high voltage battery (HVB) since the PV is generally low voltage, (iii) 

bidirectional capability, and (iv) low component count for cost and size reduction. This chapter is 

the first to present an MPC specific for the S-FCREV application, which also has the following 

additional features: (i) it can regulate PV and fuel cell voltages at the same time to charge the HVB, 

(ii) an interleaved converter is utilized to process the fuel cell power, reducing filtering 

requirements, and (iii) the fuel cell, PV, or HVB can provide electricity back to the grid. A novel 

control method called Triple PWM and Triple Phase Shift (TPTPS) is customized for differential 

modes. This method not only achieves maximum power point tracking (MPPT) for PV systems 

and enables multiphase currents for the fuel cell, but also simplifies power control across four 

different sources. Section 5.2 describe the proposed converter and its operation. Section 5.3 
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analyzes the power expression and soft-switching conditions. Section 5.4 shows hardware design 

considerations. The simulation and experimental results are shown in Section 5.5, and a summary 

is provided in Section 5.5. 

5.2 Converter Description and Operation 

5.2.1 Circuit Description 

To help develop the integrated MPC, it is useful to consider the specific DC/DC converter 

topologies that could be used in the Figure 5-1 architecture. The isolated bidirectional DC/DC 

converter in the OBC could be a dual-active-bridge (DAB) converter or an LLC converter, both of 

which have 8 switches and 1 transformer. The lower power unidirectional isolated converter for 

PV power would be served well by an LLC converter, containing 4 switches, 4 diodes, and 1 

transformer. The fuel cell is often of higher voltage and does not generally require isolation, as per 

the Toyota Mirai unidirectional boost converter [15]. The Mirai uses an interleaved 4-phase 

topology, with 4 switches and 4 diodes. These design choices would sum to 16 switches, 8 diodes, 

and 2 transformers. If the fuel cell boost converter were instead designed with 2 interleaved phases, 

the device count would reduce to 14 switches and 6 diodes, but the filter capacitor size would need 

to increase to achieve the same output voltage ripple. 

The proposed S-FCREV MPC is shown in Figure 5-3, where Vbus is the dc bus connected to 

the AC/DC converter going towards the grid, VPV is the PV voltage, VFC is the fuel cell voltage, 

and Vbat is the voltage of the HVB. Figure 5-3(a) shows an option with 4 interleaved phases 

connected to the fuel cell, for a total of 10 switches, 2 diodes, and 1 transformer, and Figure 5-3(b) 

shows an option with 2 interleaved phases, for a total of 8 switches and 1 transformer. The two 

diodes connected directly to VPV and VFC are not included in this count because they would be 

needed in any case to protect these components from bidirectional current flow. The proposed 
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converter is flexible so that a different number of interleaved phases can be used, based on the 

specific power levels and goals of a particular design. The remainder of this chapter will focus on 

the 4-phase option, as this will reduce the filter capacitor size, and aligns with the number of phases 

used in the Mirai. 
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Figure  5-3. Proposed integrated MPC for S-FCREV, (a) 4-phase interleaved option, (b) 2-phase interleaved option 

Maximum power point tracking (MPPT) of the PV panel is performed by an interleaved 

current-fed full-bridge (CF-FB) (S1-S4, L1 and L2) with a port voltage-clamping capacitor (C1). The 

full -bridge converter (S5-S8) on the transformerôs secondary side regulates this voltage to Vbat. Also, 

S5-S8, along with S9, S10, D2, D3 and two pairs of inverse coupled inductors (L3-L6) form a 4-phase 

interleaved boost converter to integrate the on-board fuel cell. Vbus is in parallel with C1 so that 

when the other sources are offline at night, the proposed converter works as a DAB DC/DC 

converter (S1-S8) to charge the HVB from the grid.  

5.2.2 Operating Principles 

The proposed MPC can transmit energy between the fuel cell, PV, HVB, and DC bus of the 

OBC. Figure 5-4 presents the seven main operating modes. The operating modes used while 
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driving is categorized as Mode D, while the modes that are active during parking are referred to as 

Mode P. During Mode D1, the HVB of the vehicle is solely charged by the energy generated from 

the PV system. On days with long-distance driving requirements, both the PV system and the fuel 

cell can simultaneously charge the HVB, as observed in Mode D2. When driving at night during 

Mode D3, only the FC charges the HVB. Once the HVB reaches full capacity and the vehicle is 

parked, any surplus power from the PV system can be transferred to the DC bus and subsequently 

to the grid. This operation is governed by the MPC system, functioning in Mode P1. Mode P2 is 

used for charging of the HVB, either from the grid, from the PV, or from both at the same time. 

When the grid is no longer available (power outage or outside activity such as camping), the fuel 

cell can send power to the DC bus (Mode P3), similar to the Honda Clarity [17]. PV power can 

also be sent to the grid (DC bus) in Mode P3.  If neither the FC nor the PV system are accessible, 

the converter works in Mode P4, to allow the battery to send power to the grid (DC bus). 
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Figure  5-4. Operating modes of the proposed topology 
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Having numerous different modes can lead to control complexity, thus this research proposes 

TPTPS control to simplif y the power flow by defining duty cycles and phase shift for switches in 

the same bridges. Figures 5-5 to 5-8 present the main steady-state waveforms of the proposed 

circuit in the different modes. Switches in the same bridge are turned on complimentarily and their 

switching frequency is fs with period Ts. The duty cycle of S1, S5 and S9 is defined as d1 , d2 and d3 

separately. The phase shift between S1 and S5 is the outer phase shift Ŭ. The phase shift between 

S1 and S3, S5 and S7 are the inner phase shift ű1 and ű2. 

As illustrated in Figure 5-5, when the fuel cell is not involved, the converter is working in 

Mode D1, P1, P2 or P4, and S9-S12 are off. The duty cycle d1 regulates the clamping voltage of C1 

(Vbus=VPV/d1), to realize soft-switching [18] and Ŭ controls the power flow between the primary 

side and secondary side of the transformer. Two inner phase shifts control the power out of sources 

at the same side. In Mode P4 when the PV and fuel cell are offline, the converter will work as the 

normal DAB with phase shift control and d1 and d2 are 0.5. 
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Figure  5-5. Steady-state waveforms in Mode D1, P1, P2 and P4 
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In Mode P1 when the vehicle is parked and the onboard battery is full, the fuel cell is offline, 

and the PV sends power to the grid via the DC bus. S1-S4 switch at d1 to realize MPPT and output 

power to the DC bus. The transformer voltage is vab but since there is no load on the secondary 

side, thereôs no current through to the secondary side.  

In Mode D2 when only the PV and fuel cell are online, S1-S4 are operating to regulate the 

clamping voltage and S5-S10 are operating with d2 to control the fuel cell output power. The power 

from the PV to the battery is controlled by Ŭ. The shifting-phase between S5-S10 needs to be 

considered because coupled inductors L3&L4 and L5&L6 need 180° alternative currents to realize 

a compact inductor design and smooth output current. For this purpose, the phases are offset by 

90° each in the order of S5, S9, S7, and S10 as shown in Figure 5-6(a). Figure 5-6(b) shows the 

relevant current and voltage waveforms. In Mode P3, PV and/or fuel cell power is sent to the DC 

bus, so S9 and S10 are kept off and S5-S8 turn on at d2 to regulate the clamping voltage across C2 

(Vbat=VFC/(1-d2)). S1-S4 operates as the MPPT regulator by modifying d1. The power level and 

direction are controlled by Ŭ.  

When the PV is offline and only the fuel cell is providing power, the converter works in 

Mode D3. S5-S10 are operated if the load is larger than half of the full load, yet when the load is 

less than half of the full load, only S5-S8 are operated to decrease switching losses. The phase delay 

is the same as illustrated in Mode D2. The output power from the fuel cell is controlled by d2. 
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Figure  5-6. Steady-state waveforms in Mode D2, D3 and P3: (a) Switching patterns. (b) Current and voltage 

waveforms 
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Figure  5-7. Proposed control diagram for different modes 

As depicted in the above-mentioned sections, TPTPS control provides different strategies 

based on different factors such as the PV and fuel cell status. Thus, Figure 5-7 demonstrates the 

control diagram to summarize the control flow. If emergency commands come, the converter 

operate in Mode P3 or P4 depending on PV/FCôs availability. When PV and FC is on and HVB is 

not full, the converter operates in Mode D2. If FC is not on, Mode D1 starts. If HVB is fully 
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charged and PV or/and FC is on, Mode P1 or P3 will be initiated. If PV is offline while FC is on, 

Mode D3 will start.  

5.2.3 Comparison to Other Converters 

As the first proposed multiport converter for a S-FCREV, it has multiple modes to transfer 

power from different sources. In comparison, to realize the same functionality, there are two 

possible solutions: three independent converters or four-port converters. A comprehensive 

comparison is made in Table 5-1 between the proposed topology and other possible topologies. 

Table 5-1 Comparison Between Different Topologies for Potential S-FCREV Use 

 

All of the proposed topologies in [20] ï [25] have only unidirectional power flow, so do not 

meet the needs of the proposed S-FCREV. Furthermore, [20] lacks isolation and does not exhibit 

soft-switching, leading to a low reported efficiency of 93%, [23] does not have MPPT functionality 

to maximize solar energy capture, and [22] also does not operate with soft-switching, which 

negatively affects converter efficiency. Furthermore, [22] and [23] utilize two transformers 

whereas the proposed topology achieves all isolation requirements with one transformer, reducing 

circuit size and complexity. In comparison to the other converters, the proposed converter can 

achieve bidirectional power flow between the DC bus and battery with only one transformer, 

features MPPT control, operates with soft-switching, and uses current-fed circuits for both the PV 

and FC to reduce current ripple. The only solution from Table 5-1 that can meet all S-FCREV 

Topologies 
Independent 

converters 
DIDO FB-IB3+SAR-BO Four-port 

LCVB 

converter 
TSFPC FB-PFC 

Proposed 

MPC 

Reference [18], [19] [20] [21] [22] [23] [24] [25] Proposed 

Soft-switching Yes No Yes Yes Yes No Yes Yes 

Number of switches 16 2 6 4 12 3 6 8 or 10 

Number of diodes 8 2 4 4 0 2 2 0 or 2 

Number of 

transformers 
2 0 1 2 2 1 1 1 

MPPT Yes Yes Yes Yes No Yes Yes Yes 

Power flow direction Bidirectional Unidirectional Unidirectional Unidirectional Unidirectional Unidirectional Unidirectional Bidirectional 
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requirements is to use independent converters from [18] and [19], but this leads to a requirement 

of 16 switches, 8 diodes, and 2 transformers. This is the main advantage of the proposed converter: 

it meets the same functional requirements but uses 8 switches and 0 diodes (for the 2-phase 

interleaved design) or 10 switches and 2 diodes (for the 4-phase interleaved design), and only one 

transformer, leading to lower cost and higher power density.  

5.3 Power Expression and Soft-switching Conditions 

5.3.1 Power Expression 

Figure 5-8 shows the simplified circuits for Mode P1 and Mode D3 when the converter 

operates as a two-phase boost converter and a four-phase boost converter respectively. The voltage 

gain and power expression can be easily obtained. 
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Figure  5-8. Simplified circuits: (a) Mode P1, (b) Mode D3 

 

For other modes when there is power flow from the primary side to the secondary side, the 

transferred power changes with the changes of duty cycles (d1 and d2) and phase shifts (Ŭ), and 

these relations can be divided into regions as shown in Figure 5-9. As the power flow is 

symmetrical about the duty cycle 0.5, the duty cycle regions can be divided into four regions with 

different colors (orange, blue, green, and peach).  
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Figure  5-9. Different duty cycle regions 

 

Take the blue region as an example, the power flow from the primary side to the secondary 

side can be calculated. The power expressions can be derived as the integration of the primary side 

voltage vab and leakage inductance current iLr, 

0

1
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ab LrP v t i t dt
T
= ñ                                                                (5-1) 

where T is the switching period. vab is a periodic value with the amplitude of Vbus as shown in 

Figure 5-6(b). Reference [32] gave the average current of iLr under different duty cycles. As a 

result, P is derived as,  
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It needs to be noticed that for phase-shift control, the reactive power (defined in paper [33]) 

is inherent and contributes to system power losses as well. Accordingly, the reactive power Q is 
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described as (5-3) when d1<0.5 as the power flow is symmetrical. The reactive power is always 

zero when d1>d2 and 1-d1>d2>d1. 
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5.3.2 Soft-switching Conditions 

During Mode D1 and Mode D3, the proposed converter operates in a similar manner to 

multi-phase boost converters. The analysis of the ZVS condition remains the same, so the ZVS 

condition in Mode D1 can be used as an example. In order to achieve ZVS, the minimum current 

flowing through L1/L2 should be sufficient to discharge the energy stored in the switches' parasitic 

capacitor (Coss) during the dead time (td). Since IL1 and IL2 are equal, the energy (Eoss) stored in Coss 

can be calculated as follows: 

2

os

1

2
oss d sE VIt C V= =                                             (5-4) 

where V, I represent the applied voltage and current through Coss, respectively. V is equal to 0.5Vbus 

and I denotes the average value of the minimum current flowing through L1/L2. Since L1 and L2 

are identical components, their average currents are the same.  

PV output power PPV is expressed by the average value of iL1 and iL2 as (5-5). The current 

deviation of L1 ȹiL1 is express as (5-6). By combining (5-4) to (5-6), the inductance is obtained as 

(5-7). 

1 2( )PV PV l lP V i i= +                                                      (5-5) 
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In Mode P4, the converter functions as a dual-active bridge converter. Similarly, the 

minimum current passing through the secondary side should be capable of dissipating the energy 

stored in the parasitic capacitance, as indicated in (5-4). The phase shift Ŭ can be expressed as: 

os1 2
2 C

2

r bat s

bus d

nL Vd d

V Tt
a

-
= -                                                  (5-8) 

where n is the turns ratio. 

The most critical ZVS condition occurs in Mode D2, P2 and P3, where iL1 and iLr provide 

the energy to drain-out the parasitic capacitance as in (5-9). 

1 osmin min
( ) 2 CL Lr d bus si i t V+ ³ ²                                         (5-9) 

5.4 Circuit  Design and Simulation Results 

The proposed converter employs a TPTPS control with multiple control parameters. The 

hardware design should meet the system requirements, e.g., maximum power, current, but also 

ZVS operations should be efficient. The converter parameters are listed in Table 5-2. 

To strike a balance between component size and switching losses, a switching frequency of 

50 kHz is chosen. In Mode P1 of the CF-FB converter, the parameter d1 is set to Vbus/Vpv. In order 

to achieve ZVS during PV operation, the design of inductors L1 ï L6 is carried out using (5-7) as 

described in [27]. 
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The maximum transformer turns ratio nmax and the minimum transformer turns ratio nmin is 

derived as  

   max

_ min

400
1.29

310
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min maxn n n¢ ¢                                                   (5-12) 

The selection of the turn ratio is subject to the constraints outlined in (5-10) and (5-11), as 

demonstrated in (5-12). The turns ratio has an impact on various aspects of the converter's total 

loss, including copper loss and core loss. Increasing 'n' leads to a decrease in the number of 

secondary turns (Ns) while increasing the flux swing on the core, resulting in higher core loss.  

Moreover, a higher turns ratio also results in higher copper loss. This is due to the fact that, 

for a constant battery voltage (implying a fixed Ns), adding more turns to the primary side (Np = 

nNs) increases the primary turns (Np). Considering these factors, a turns ratio of 1.1 is initially 

selected for the design, as it falls within the lower acceptable range. 

The transformer core selection is critical for the hardware design. To find out the suitable 

cross-sectional winding area, the Ap equation is applied as in (5-14) [34], 

8
7

2 VA
[ ]p

v o f t u

A
K fB k K k T

=
D

ä
                                                                 (5-14) 

All parameters in (5-12) have been elaborated in [34]. The core material is Mn-Zn Ferrite 

N97 from TDK. Ap is calculated as 9.59 cm4. By giving some margin for the air gap in case of 

saturation, ETD-54 with 12.6 cm4 area is selected. The primary turns Np is 12 calculated from  
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Table 5-2 Simulated Converter Details 

Symbol Description Value 

Vbus Bus voltage 400 V 
VPV PV voltage 40 V 

VFC FC voltage 100 V 

Vbat Battery voltage 400 V 

Pbus Bus to battery power 3.3 kW 

PFC-bat FC to battery power 40 kW 

PFC-bus FC to bus power 3.3 kW 

PPV PV maximum power 800 W 

fs Switching frequency 50 kHz 

L1/L2 PV inductance 18 ɛH 

L3-L6 FC inductance 60 ɛH 

C1 Capacitance 200 ɛF 
C2 Capacitance 500 ɛF 

 

A simulation model for the proposed MPC was built in the PLECS environment. The 

converter parameters are listed in Table 5-2. As only 40 kW of power is needed from the fuel cell 

in this design, a fuel cell stack from EH Group Engineering is chosen. Figure 5-10 shows the Mode 

D3 simulation waveforms when the converter transfers 800 W from the PV to the DC bus. The 

input voltage from the PV is 40 V and output voltage is 400 V when d1 is 0.1. The optimal design 

of L1/L2 ensures ZVS as shown by Vgs1 and Vds1. The simulation waveforms in Mode P2 are also 

illustrated in Figure 5-11. The whole converter operates as a FB converter and 3.3 kW power is 

transferred through the transformer. Waveforms of S1/S5 are captured and ZVS on both switches 

are easily realized as in shown in the zoomed-in screenshots.   

Figure 5-13 illustrates the simulated comparative efficiencies of various modes. The 

efficiency of the proposed converter, denoted as ɖ and defined by (5-16), is simulated using PLECS.  
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The input power Pin and the output power Pout (accounting for conduction losses) are 

obtained from PLECS. Additionally, the switching loss Pswitch is determined using the PLECS 

thermal tool. To estimate switching losses, a semiconductor loss subsystem within PLECS is 

employed, incorporating parameters from the datasheet of discrete MOSFETs C2M0160120D (S1-

S4) and C3M0015065D (S5-S10), as well as CREE SiC diodes C4D40120H (D2-D3), as well as 

CREE SiC diodes C4D40120H (D2-D3). Transformer core loss and copper loss are calculated as 

in [16]. 

 

Figure  5-10. Simulation waveforms in Mode III at 800W 
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Figure  5-11. Simulation waveforms in Mode V at 3.3kW 

 

 

Figure  5-12. Simulation waveforms in Mode D3 at 40kW 
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Figure  5-13. Simulation efficiency at different modes 

 

  The x-axis denotes normalized power, while the y-axis represents efficiency. In Mode D1, 

the PV system delivers a maximum power of 800 W to the battery with a peak efficiency of 97.34%. 

At full load, Mode D3 demonstrates a comparable peak efficiency of 97.28%. Mode P1, where the 

FC charges the battery while the vehicle is in motion, attains 98.4% peak efficiency at 50% load, 

and this decreases to 96.16% as the output power drops. When the DC bus charges the battery, the 

peak charging power is 3.3 kW with an efficiency of 98.01%. Even at 30% load, the efficiency 

remains as high as 97.03%. In Mode P3, energy transfers from the FC to the DC bus, with a peak 

efficiency of 96.68% at full load. Overall, the low number of components and soft-switching 

behaviour of the proposed MPC leads to high operating efficiencies over a wide power range. 

5.5 Experimental Results 

To verify the analysis and parameters in Sections 5.3 and 5.4, a multiport DC/DC converter 

prototype was built as show in Figure 5-14 and Figure 5-15. The onboard PV system generates a 
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peak power of 800 W. As discussed in the introduction, a 40kW fuel cell is considered for this 

application and specs are determined based on the commercially available EH81 product from EH 

Group. The voltage range is 93V-206V. For the verification of the proposed converter, the fuel 

cell power is scale down to 3.3kW and the FC output voltage is set to be 150V. All other specs are 

calculated as equations in Section 5.3 and 5.4 and illustrated in Table 5-3. Figure 5-14 shows the 

experimental test platform. The TI LAUNCHXL-F28379D Launchpad is adopted to generate the 

switching control signals. The Tektronix MSO54 4-channel 500 MHz mixed signal oscilloscope 

is used for measurement. As in the modes illustration, only one or two power sources are working 

at a time, so two power sources are applied: Sorensen SGX600X25C-0ASAR with 

600V/25A/15kW capability and ITECH IT6523C solar array simulator with 200V/60A/3000W 

output. Limited by the availability of SiC modules, Wolfspeed CAB016M12FM3 SiC modules are 

applied here. 

Table 5-3 Converter Prototype Details 

Symbol Description Value 

Vbus Bus voltage 350 V 

VPV PV voltage 100 V 

VFC FC voltage 92-206 V 

Vbat Battery voltage 310-395 V 

Pbus Bus to battery power 3.3 kW 

PFC-bat FC to battery power 3.3 kW 
PFC-bus FC to bus power 3.3 kW 

PPV PV maximum power 800 W 

fs Switching frequency 50 kHz 

L1/L2 PV inductance 178 ɛH 

L3-L6 FC inductance 174 ɛH 

C1 Capacitance 200 ɛF 

C2 Capacitance 500 ɛF 
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Figure  5-14. Experimental test platform 
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Figure  5-15. Prototype 

 

The experimental waveforms captured by the Tektronix oscilloscope are presented in 

Figures 5-16 to 5-21. Figure 5-16 showcases the steady-state waveforms of various signals in 

Mode D1. These signals include the gating signal Vgs1, primary side and secondary side voltages 
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of the transformer Vab and Vcd, and the leakage inductance current iLr. To control the power flow, 

an outer phase shift ű of 0.43 is employed. 

In Figure 5-17, the waveforms in Mode D2 are depicted. Specifically, Figure 5-17 (a) 

demonstrates the duty cycles of 0.45 for the primary side and 0.47 for the secondary side. The 

voltages Vbus and Vbat are measured as 320 V and 350 V, respectively. At Ŭ value of 0.01, the PV 

output power is recorded as 473 W, while the overall battery charging power is 2910 W. 

Moreover, Figure 5-17 (d) and (e) provide zoomed-in waveforms across switches S1 and S5. 

It is evident from these waveforms that the switching process is completed before the switches 

start conducting, indicating the realization of Zero Voltage Switching (ZVS) in this mode. Once 

the PV is not operating, it works in Mode D3. The waveforms are similar to Mode D2 and switches 

on the primary side stop conducting. 

 

Figure  5-16. Mode D1 waveforms 
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(a) 

 
(b) 

 

(c) 
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(d) 

Figure  5-17. Mode D2/D3 waveforms 

 

Figure 5-19 displays the waveforms for Mode P2, while operating in Mode P1 involves the 

offline status of the secondary side, with only switches S1-S4 in operation. It is readily apparent 

that S1 operates under ZVS conditions. In Mode P2, the primary side duty cycles are d1 = 0.284 

and d2 = 0.32. By setting the outer phase shift to 0.24, the battery charging power is regulated to 

1800 W. The ZVS condition of S1 can be observed in Figure 5-19 (c). 

 

Figure  5-18. Mode P1 waveforms 
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(a) 

 

(b) 

 

(c) 

Figure  5-19. Mode P2 waveforms 
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Figure 5-20 illustrates the operating waveforms in Mode P3 when d1 is 0.29 and d2 is 0.429. 

When the outer phase shift equals 0.14, the PV power is 434 W and the overall power is 2664 W 

to the DC bus side. The currents across L1 and L3 are captured in (c). The zoomed-in waveforms 

of S1 and S5 illustrate that ZVS is also realized. Figure 5-21 captures the waveforms in Mode P4 

when Vbat and Vbus are 320 V and 350 V respectively. To output 3 kW of power, the outer phase 

shift Ŭ is controlled as 0.31 and the inner phase shift ű1 is 0.1. ZVS is also observed in Figure 5-

21 (c). 

 

(a) 

 

(b) 



 

138 

 

 

(c) 

 

(d) 

 
(e) 

Figure  5-20. Mode P3 waveforms 
























