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Abstract
A high degree of electrification in vehicles results in a reduced carbon-dioxide

equivalent (CO2e) footprint. Battery Electric Vehicle (BEV)s encompass the high-

est degree of electrification, which aids in a reduced global carbon footprint from

transportation related Greenhouse Gas (GHG) emissions. Mass-manufactured

commercial BEVs have their powertrain voltage levels set between 400 - 800 V.

Increasing the powertrain voltages provide benefits such as lower DC fast charging

times, lower runtime conduction losses in the powertrain, and thus higher runtime

efficiency. One of the latest commercially available BEV, Lucid Air Dream, has

a maximum powertrain voltage of 924 V, which is close to the limit of the Com-

bined Charging System (CCS) connector, at 1 kV, and exhibits saturation of the

powertrain voltage towards this limit.

Medium- and Heavy-Duty Vehicles (MHDV) requiring higher traction powers

and a low DC fast charging time would penetrate the BEV market over time.

Futuristic DC fast charging standards such as Megawatt Charging System (MCS)

(1.25 kV/ 3000 A/ 3.75 MW) and ChaoJi/CHAdeMO 3.0 (1.5 kV/ 600 A/ 900 kW)

have been introduced to harmonize the DC fast charging of MHDVs. In North

America, the SAE J3068 standard has been proposed for three-phase AC, or Level

3 AC charging up to 166 kW. The North American power grid does not have an

homogenous voltage, and has a range of 208 - 600 V in Canada, 220 - 480 V in

Mexico, an 208 - 480 V in the United States of America. This encompasses the

recommended voltage level by the SAE J3068 standard. With heavy economic

dependency of cross-border freight within the country, it is important for Orig-

inal Equipment Manufacturer (OEM)s to support on-board charging for a wide
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AC input voltage range of 208 - 600 V, for the MHDV to be able to service all

three countries. To support the increasing powertrain voltages lying beyond the

reverse standoff voltages of automotive compatible Silicon Carbide (SiC) devices,

multilevel power conversion is a suitable option.

This thesis studies the status quo of commercialized BEVs, DC fast charg-

ing standards, and their outlook for the next-generation of high-voltage electrfied

BEVs. It also performs a comprehensive review of identifying system-level and

use-case related challenges in transitioning on-board chargers to higher voltages

compared to state-of-the-art, while considering the impact of newly introduced

DC fast charging standards like MCS and ChaoJi/ CHAdeMO 3.0. The exist-

ing research in academia and proof-of-concept designs compatible for high-voltage

on-board charging sub-systems, such as the Power Factor Correction (PFC) and

isolated DC-DC conversion stages is consolidated. Due to the demand for inte-

gration driven by cost-optimization targets, single-stage, traction-integrated, and

auxiliary power unit (APU) integrated on-board chargers are discussed.

The SAE J3068 standard, focused on 3-Φ AC charging recommends compat-

ibility from 208Y/120 to 600Y/347 V, resulting in a large voltage variation of

the PFC stage’s DC link. To accommodate the voltage swing on the DC link of

the PFC stage, this thesis proposes a reconfiguration method of a Neutral- point

clamped (NPC) converter incorporated in a three-level Dual Active Bridge (DAB)

converter. The Reconfigurable Three-Level Dual Active Bridge (R3L-DAB) con-

verter topology is introduced, and its modes of operation are presented. The

steady-state analysis and its soft-switching criterion are discussed. A power loss

model and design optimization procedure for this converter is established to choose

the Switching Frequency (fsw), Secondary to Primary Turns Ratio (n), and DAB
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Converter Leakage Inductance (Lk). Finally, the experimental results of a 15 kW

R3L-DAB converter, with a power density of 3.25 kW/L and peak efficiency of

97.32% are presented.
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Chapter 1

Introduction

1.1 Background and Motivation
A high degree of electrification in vehicles results in a reduced CO2e footprint,

since BEVs encompass the highest degree of electrification, which aids in a reduced

global carbon footprint from transportation related GHG emissions [17]. A study

conducted by the United States Department of Transportation shows that North

American transborder freight accounted for $ 1.325 trillion of economic activity,

which was a +24 % rise from the year 2020. Out of $ 1.325 trillion, truck freight

accounted for $ 828 billion of economic activity [18].

Fig. 1.1 shows the breakdown of North American freight based economic activity

from United States to Canada and Mexico, where both have a 50 % share. Fig. 1.3

shows the distribution of North American freight based economic activity based

on the mode of transportation, and it can be noticed that truck based freight has

the largest share, equivalent to approximately 62 % of the total freight.

Mass-manufactured commercial BEVs have their powertrain voltage levels set

between 400 - 800 V. Increasing the powertrain voltages provide benefits such as

1
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Figure 1.1: North American transborder freight (Source: U.S.
Department of Transportation)

lower DC fast charging times, lower runtime conduction losses in the powertrain,

and thus higher runtime efficiency [19]. One of the latest commercially available

BEV, Lucid Air Dream, has a maximum powertrain voltage of 924 V, which is

close to the limit of the Combined Charging System (CCS) connector, at 1 kV,

and exhibits saturation of the powertrain voltage towards this limit.

The electric truck market is expected to grow at a Compounded Annual Growth

Rate (CAGR) of 58 % between 2021 - 2026 [20]. Thus, Medium- and Heavy-Duty

Vehicles (MHDV) requiring higher traction powers and a low DC fast charging

time would penetrate the BEV market over time. Futuristic DC fast charging

standards such as Megawatt Charging System (MCS) (1.25 kV/ 3000 A/ 3.75

MW) and ChaoJi/CHAdeMO 3.0 (1.5 kV/ 600 A/ 900 kW) have been introduced

to harmonize the DC fast charging of MHDVs. In North America, the SAE J3068
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Figure 1.2: North American transborder freight by mode of trans-
portation (Source: U.S. Department of Transportation)

standard has been proposed for three-phase AC, or Level 3 AC charging up to 166

kW. The North American power grid does not have an homogenous voltage, and

has a range of 208 - 600 V in Canada, 220 - 480 V in Mexico, an 208 - 480 V in

the United States of America. This encompasses the recommended voltage level

by the SAE J3068 standard. With heavy economic dependency of cross-border

freight within the country, it is important for Original Equipment Manufacturer

(OEM)s to support on-board charging for a wide AC input voltage range of 208 -

600 V, for the MHDV to be able to service all three countries.

To support the increasing powertrain voltages lying beyond the reverse standoff

voltages of automotive compatible Silicon Carbide (SiC) devices, multilevel power

conversion is a suitable option.
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Figure 1.3: Three-phase grid voltage range in North America

This thesis studies the status quo of commercialized BEVs, DC fast charg-

ing standards, and their outlook for the next-generation of high-voltage electrfied

BEVs. It also performs a comprehensive review of identifying system-level and

use-case related challenges in transitioning on-board chargers to higher voltages

compared to state-of-the-art, while considering the impact of newly introduced

DC fast charging standards like MCS and ChaoJi/ CHAdeMO 3.0. The exist-

ing research in academia and proof-of-concept designs compatible for high-voltage

on-board charging sub-systems, such as the Power Factor Correction (PFC) and

isolated DC-DC conversion stages is consolidated. Due to the demand for inte-

gration driven by cost-optimization targets, single-stage, traction-integrated, and

auxiliary power unit (APU) integrated on-board chargers are discussed.

The SAE J3068 standard, focused on 3-Φ AC charging recommends compat-

ibility from 208Y/120 to 600Y/347 V, resulting in a large voltage variation of

the PFC stage’s DC link. To accommodate the voltage swing on the DC link of

the PFC stage, this thesis proposes a reconfiguration method of a Neutral- point
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clamped (NPC) converter incorporated in a three-level Dual Active Bridge (DAB)

converter. The Reconfigurable Three-Level Dual Active Bridge (R3L-DAB) con-

verter topology is introduced, and its modes of operation are presented. The

steady-state analysis and its soft-switching criterion are discussed. A power loss

model and design optimization procedure for this converter is established to choose

the Switching Frequency (fsw), Secondary to Primary Turns Ratio (n), and DAB

Converter Leakage Inductance (Lk). Finally, the experimental results of a 15 kW

R3L-DAB converter, with a power density of 3.25 kW/L and peak efficiency of

97.32% are presented.

1.2 Thesis Contributions
The key contributions of this thesis are as follows:

1. A novel reconfiguration method is proposed for a full-bridge NPC converter,

that aids in reduction of the conversion effort of a dual active bridge con-

verter, by reducing the voltage swing observed by the high-frequency link.

The proposed method aids in switching the bridge between the half-bridge or

full-bridge mode, and eliminates the need of additional relays or contactors,

which are limited by a fatigue life.

2. The steady-state analysis to derive the closed-form solution of instantaneous

current stress, RMS current stress, voltage stress, and zero voltage switching

(ZVS) conditions under the defined modulation scheme is defined.

3. The power loss model utilizing the steady-state analytical equations is pro-

posed, to estimate the efficiency of the R3L-DAB converter under varying

operating conditions, and a design optimization procedure to select the turns
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ratio (n), leakage inductance (Lk) and switching frequency (fsw) has been

proposed.

4. The experimental verification of a 15 kW R3L-DAB converter under the

defined specifications is performed, and its efficiency map is developed.

1.3 Thesis Outline
The thesis develops the prototype of a 15 kW Reconfigurable Three-Level Dual

Active Bridge Converter for on-board charging of next-generation MHDVs with

high-voltage powertrains. The prototype achieves a power density of 3.25 kW/L

and a peak efficiency of 97.32 %.

Chapter 2 discusses the classification of electric vehicle charging, and its use

cases. The status quo of powertrain voltages in existing BEVs has been discussed,

to identify the future projection of powertrain voltage levels based on DC fast

charging and on-board charging standards and their co-dependency.

Chapter 3 discusses the various architectures of on-board chargers, and their

sub-systems such as the PFC stage and Bidirectional Isolated DC-DC Converter.

A case study for comparing various topological variations of the dual active bridge

converter is performed. The regulatory standards for qualification of on-board

chargers are also discussed.

Chapter 4 introduces the Reconfigurable Three-Level Dual Active Bridge Con-

verter. The operating principle of the Reconfigurable Neutral Point Clamped

(RNPC) is discussed. The modulation technique of the R3L-DAB is defined, and

the steady-state analysis solving the equations of the instantaneous currents, and

RMS currents is developed and the accuracy of the modeled equations is verified.
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Chapter 5 focuses on the design of the R3L-DAB converter compatible for 1.25

kV on-board charging applications. The requirements for the DC-DC converter

are defined. The steady-state analysis is incorporated with a power loss model to

estimate the efficiency of the DC-DC converter. A design optimization procedure

to choose the fsw, Lk, and n based on the battery charging profile is proposed. The

implementation details of the RNPC, planar transformer and the power electronics

packaging are presented.

Chapter 6 shows the experimental verification of the R3L-DAB converter for

comparison with simulation and modeling results. The efficiency map of the R3L-

DAB converter under varying load conditions are developed.

In the end, Chapter 7 discusses the conclusion and future work.
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(ITEC), Detroit, MI, USA, 2023, pp. 1-6, doi: 10.1109/ITEC55900.2023.10186921.

2. R. Pradhan, N. Keshmiri and A. Emadi, "On-Board Chargers for High-
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Belgium, 2022, pp. 1-6, doi: 10.1109/IECON49645.2022.9968503.

9



Chapter 2

Electric Vehicle Charging and

Powertrain Voltage Trends

2.1 Electric Vehicle Charging
To meet the electric vehicle (EV) market goals set by the Global EV Outlook

and governments around the world, expansion of the charging infrastructure is

necessary. In 2021, the number of publicly available EV charging stations increased

by 41% [21]. EV chargers fall under three categories: DC fast charging, on-board

charging, and wireless charging. In this Section, an overview of charging methods

is discussed.

DC fast Charging

DC fast charging permits the EV to be fully charged in less than an hour. Fast

charging stations are installed on highway rest areas over the US and cities in

North America and Europe, similar to a gas station. These systems typically

derive power from the grid at voltages of 380 V or higher [22]. These chargers

are off-board, meaning they require external installation and infrastructure. Since
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Level 3 chargers operate at higher power levels (50 kW and higher), the chargers

are larger in size, leading to the need for off-board infrastructure. Public stations

typically use Level 2 or 3 chargers to permit rapid charging. However, high-power

charging can increase the demand on the grid, impacting the local distribution

infrastructure, especially at peak times [23]. In this case, a lower charge power is

beneficial to minimize peak time impact. Since DC fast charging is analogous to

filling the tank of an ICE vehicle, this method is the most appealing to consumers,

in terms of convenience and efficiency. However, the higher cost associated with DC

fast chargers and the long-term impact on the battery’s state of health (SOH) act as

a deterrent for some consumers from using these chargers [24]. Another drawback

associated with fast chargers is the scarcity of DC fast charging infrastructure and

the resultant range anxiety.

Conductive On-Board Charging

The on-board charger is an electronic sub-assembly (ESA) of the vehicle and is

classified into Level 1/ Level 2/ Level 3 AC charging, and can be bidirectional or

unidirectional in nature. Unidirectional charging from the grid to the EV is the

most common type of charging. This method reduces the hardware requirements

and lowers the cost. Battery degradation is also reduced with unidirectional charg-

ing, extending the battery lifetime [25]. Bidirectional charging permits charging

of the EV from the grid while enabling power flow back to the grid from the EV

battery, i.e. V2X operation. With on-board chargers, the power level is limited

due to cost, space, and weight limitations. Integration of the OBC with the elec-

tric drive enables the design of power dense solutions [25]. OBCs can be further

categorized into inductive and conductive chargers. Charging through direct con-

tact between the charge inlet and connector is referred to as conductive on-board
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charging. The process through which power is transferred magnetically is known

as inductively coupled on-board charging. Compared to DC fast chargers, an OBC

permits the EV owner to charge their vehicle overnight at the convenience of their

home. Since charging typically occurs outside of peak hours (overnight), the net

cost of on-board charging is lower than that of DC fast charging. The risk of bat-

tery degradation is also reduced due to lower C-rates encountered by the battery

pack [26].

Inductive (Wireless) On-Board Charging

In recent years, wireless charging has gained a lot of attention. As with consumer

products, wireless charging of an EV permits more convenient charging. This

process occurs via inductive coupling, where the electric current passing through a

coil creates a magnetic field, transferring power between the primary and secondary

coils [27]. The concept of wireless charging can take place in a parking lot or at a

rest stop while the vehicle is parked. Instead of charging over extended periods of

time, charging can take place prior to the EV battery reaching 100% charge and

before the battery is drained to nearly 0%.

Charger Use Case Trends

The total number of publicly available fast chargers was about four times that of

publicly available slow chargers, from 2015-2021 [28]. There are increasing concerns

about the stability of the grid with the increased use of DC fast charging [29–32].

The low cost of residential electricity versus the cost of public charging stations

as well as the cost of gas, makes home charging the most affordable charging

option. In Canada, the cost comparison between OBC and DC fast chargers can

be summarized as below [33]:
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• In Quebec, the use of OBC is 30% less expensive than DC fast chargers and

six times less expensive for driving 62 miles on electricity as opposed to gas.

• In Ontario, it is 65% less expensive to use an OBC than a DC fast charger

and five times less expensive to drive 62 miles on electricity versus gas.

• In British Columbia, it is 30% cheaper to charge at home compared to using

a fast charger and five times less expensive to drive 62 miles on electricity

versus gas.

A consumer case study performed by Morrissey et al. shows that peak usage

of DC fast charging happens in the evening, while it happens in the afternoon

and night for the standard charging (on-board charging) [34]. When consumers

park their vehicles, on-board charging is more suitable since there is ample time to

top-up the vehicle. This data suggests that most EV consumers prefer on-board

charging, and this trend is expected to stay the same, with increased deployment

of DC fast chargers, due to the cost incentive of using on-board chargers.

2.2 Increasing Battery Pack Voltage
In a BEV, the high-voltage (HV) battery pack is the primary and sole source

of energy for both propulsion and auxiliary functions of the vehicle. The battery

pack is typically constructed using a combination of paralleled and serialized Li-ion

cells. The cell configuration is generally denoted as XsYp, where X is the number

of series-connected cells, and Y is the number of parallel-connected cells used to

form the battery pack. There has been a general trend of vehicle manufacturers in-

creasing the battery pack voltage. A high-voltage battery pack reduces the current

required to transfer the same power at a lower voltage and thus offers benefits such

13



M.A.Sc - Rachit Pradhan; McMaster University - ECE

Table 2.1: List of BEVs (Sedans) in production indicating their
Li-ion battery voltages, capacities, and OBC power levels [1–11]

Vehicle Release Origin Max. Battery
Voltage (V) Cell Cell

Config.
Battery

Capacity (kWh)
OBC Power
Level (kW)

≈ Charge
Time

Lucid Air Touring 2022 U.S 756 21700 180s30p 93 19.2 4h 51m
Audi e-Tron GT 2021 Germany 832 Pouch 198s2p 93 11* 8h 27m
Lucid Air Dream 2021 U.S 924 21700 220s30p 118 19.2 6h 09m
BYD Han 2020 China 420 BYD Blade 115s1p 76.9 6.6 11h 39m
Porsche Taycan Turbo S 2019 Germany 832 Pouch 198s2p 93.4 11* 8h 30m
Porsche Taycan 2019 Germany 706 Pouch 168s2p 79.2 11* 7h 12m
Tesla Model 3 LR 2018 U.S 403 21700 96s31p 82 11 7h 27m
* 22 kW Power Level is available as an optional upgrade. The default power level of 11
kW is specified.

as lower run-time ohmic losses, very low DC fast charging duration, and reduction

in the overall weight of the powertrain conductors. Table 2.1 consolidates a list

of production BEVs (Sedans) sorted as per their release/serial production date,

indicating the above-mentioned trend of increasing battery pack voltages [1–11].

2.2.1 Projection of Battery Voltage Limits

The first standard indicating the connector specifications of a conductive coupling-

based charging method was established in 2001 with the standard SAE J1772-

2001 [35]. The first serial production BEV with a Li-ion battery pack was a Tesla

Roadster, released in 2008 [36], seven years after the connector specification was

first defined. Tesla and other consortiums have established their own charging

standards as the BEV landscape evolved. Historically, the charging connector

specification has attempted to be standardized ahead of its vehicle production

timeline. Based on a study in the UK, DC fast charging installations have seen

an average year-on-year (YoY) increase of 35% [37], indicating a heavy push to

fast charging infrastructure. The U.S. Department of Transportation (U.S. DOT)

and U.S. Department of Energy (U.S. DOE) have committed $5 Billion towards

building a national EV charging network under the National Electric Vehicle Infras-

tructure (NEVI) formula program [38]. With ample capital expenditure budgets

towards charging infrastructure, on-road and upcoming BEVs are required to be

14



M.A.Sc - Rachit Pradhan; McMaster University - ECE

Table 2.2: >1 kV DC fast charging connector specifications

DC fast charging
Connector Region Voltage

(V)
Current

(A)
Power
(kW)

CHAdeMO 3.0
/ ChaoJi

Japan,
China 1500 600 900

Megawatt Charging
System (MCS)

North America,
E.U 1250 3000 3750

compatible with the specifications of DC fast charging infrastructure.

The charging connector standards indicating the DC fast charging levels im-

plemented worldwide have been listed in [22, 39]. As of 2022, the highest voltage

offered by any DC fast charging connector is via the CHAdeMO 2.0 or CCS Combo

2 at 1000 V. The 2021 Lucid Air Dream has a battery operating at a maximum

of 924 V, which is indicative of saturation towards the upper voltage limit offered

by existing DC fast charging connectors [1]. In addition, regional variations of the

charging connectors introduce additional stock-keeping units (SKUs) in a vehi-

cle’s grid-interface components and increase the cost overheads experienced by an

Original Equipment Manufacturer (OEM), which percolates to the user. CharIN

has defined the specifications of the Megawatt Charging System (MCS) capable

of delivering up to 3.75 MW of power (1.25 kV/ 3000A) and is intended for global

adoption for DC fast charging of trucks, buses, and perhaps aerospace, marine,

and mining equipment as well [40]. This standard is also proposed for harmoniza-

tion under SAE J3271, which is currently under development [41]. In Japan and

China, the CHAdeMO 3.0/ChaoJi standard can provide DC fast charging up to

900 kW (1.5 kV/ 600 A) [42]. The definition of this standard opens up possibilities

of increasing the battery pack’s voltage level beyond the existing limit of 1 kV [43].

Fig. 2.1 shows the graphical representation of the battery pack voltages, and
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Figure 2.1: Current status of battery voltage and OBC power
levels of BEVs in comparison to the DC fast charging connector
voltage limits

OBC power levels of the vehicles discussed in Table 2.1. The voltage limits have

been compared against existing DC fast charging connector capabilities [22, 42].

Table 2.1 shows that all vehicles have battery pack voltages limited to 1 kV. This

opens up a new band of the vehicle’s battery pack voltage level, where 1 kV <

Vbatt < 1.5 kV.

2.2.2 Challenges in Scaling the Battery Voltage

A high serialized cell count is required to increase the battery pack voltage. Based

on the type of vehicle (Sedan/Hatchback/SUV/Van/Bus), the volume available

for the battery pack is fixed. Increasing the allocated battery pack volume can

compromise product-level features such as available passenger space, or reduction

in maximum attainable speed. From Table 2.1, it can be observed that the general

battery pack capacity of Sedans lies between 77-94 kWh, with an exception of

Lucid Air Dream, which is the high-range variant of Lucid Air [1]. With the limit
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of the battery pack capacity in battery-operated Sedans being well established, a

similar consolidation shall be foreseen in other vehicle types. Based on the existing

cell configurations and in-production cells, a reconfiguration can be performed to

increase the battery voltage, however, the following challenges are observed:

• Due to increased voltage, additional clearance and creepage distance are re-

quired to avoid insulation failure/partial discharge, while meeting the battery

safety requirements as per UL 2580 [44]. This consumes unused volume in

the battery pack’s chassis and packaging the same number of cells as the

lower voltage battery pack may not be possible.

• Scaling the voltage up to 1.5 kV requires reconfiguration of the cell count such

that existing battery packs have their parallel cell count reduced, and serial

cell count increased to achieve the desired string voltage. This is possible in

cases where parallelling is performed , unlike the BYD Han, which utilizes

the BYD Blade cell in a 1p configuration [6].

• The battery management system (BMS), which is responsible for the safety

and state estimation of the battery, generally follows a functional safety de-

velopment cycle, recommended by ISO 26262 due to its safety-critcal role

in the vehicle powertrain [45, 46]. Measurements such as redundant battery

string voltage and contactor weld detection circuits require isolation ampli-

fiers with enhanced isolation to maintain isolation between the low-voltage

and high-voltage circuitry [47].

• The high-voltage battery has a redundant disconnect mechanism as a func-

tional safety requirement. The chemical pyrofuse is activated when the con-

tactors are unable to open the battery circuit in the event of a critical safety
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Table 2.3: Battery specifications of medium and heavy-duty
BEVs [12–16]

Vehicle Vehicle
Type Origin

Battery
Voltage

(V)

Battery
Capacity

(kWh)
Nikola Tre Semi-Truck U.S 800 753

Tesla Semi (300) Class 8 U.S 800 ≈ 600
Tesla Semi (500) Class 8 U.S 800 ≈ 1000

BYD K9M 40’ Bus China 693 313
BYD K11M 60’ Bus China - 578

Scania Electric
Truck

Electric
Truck Sweden 650 624

violation. The contactors are typically realized using the white-labeled ver-

sions of the TE Connectivity KILOVAC/GIGAVAC/EVC series automotive

contactors, which are rated up to a maximum voltage of 900 V among all

the above-mentioned series [48]. Switchgear manufacturers would require to

work with OEMs to develop and validate a high-voltage series of automotive

contactors and fuses to support voltages up to 1.5 kV.

2.2.3 Applications of > 1 kV Battery Voltage

The list of existing DC fast charging standards and their respective charging con-

nector current and voltage limits are discussed by the authors in [39]. As the

voltage increases, the ability to deliver higher power at a particular current limit

increases. This will vary the C-rates at which the battery packs are being charged.

Ebatt(kW h) = 400V.Bcap(Ah) = 1500V.

(
Bcap(Ah)

3.75

)
(2.1)

To portray the impact of varying C-rates, a comparison between 400 V and

1500 V systems is made. As highlighted in the previous subsection, the maximum
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C-rates for a Tesla Model 3 vary between 2.6 C-3.3 C at 195-250 kW. The total

energy capacity of the battery pack Ebatt(kW h) is achieved by having a battery

capacity of Bcap(Ah) for a 400 V system, as seen in (2.1). In the case of a 1500

V system, the same energy capacity is achievable by having a battery capacity of
Bcap(Ah)

3.75 . Under a case where the resultant charging currents are the same (almost

one fourth the charging power at 400 V compared to 1500 V), the C-rates for an

assumed energy capacity of a battery will be 3.75 times at the 1500 V bus voltage

level. Maintaining a moderate temperature rise at the higher C-rates will increase

challenges on the thermal management significantly [49]. This means that as the

battery pack voltage increases, it would be imperative to increase the battery pack

capacity to keep the thermal management reasonable at higher power levels. As

seen in Table 2.1, the average battery capacity of BEV Sedans is approximately

90 kWh. With increased voltage levels, and to fully utilize the benefits of higher

voltage charging while maintaining existing C-rates, the battery pack capacity is

required to be at least 4x, i.e. 360 kWh. This also aligns with the motivation of

introducing the MCS and CHAdeMO 3.0/ChaoJi standard, that was to cater the

medium to heavy vehicles DC fast charging segment. Table 2.3 shows the battery

voltages and capacities of medium and heavy duty vehicles that are in production

and due for release [12–16]. It can be observed that the battery capacities lie

in the > 300 kWh range. The voltages, however are still in the < 1 kV range

due to large deployment of CCS compliant DC fast chargers, lack of a charging

connector standardization, and a lack of maturity of high-voltage DC fast charging

standards [50] .
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2.2.4 Power Level Classification

The three key markets in the world with high penetration of BEVs are the United

States (U.S), European Union (EU), and China. Their regional electrical transmis-

sion networks operate at unique and incompatible voltage levels, which drives the

power-conversion stage design based on regional need. It is notable that the EU

and China have similar operating voltages, and hence the OBC can be designed

for inter-compatibility between these regions. On-board charging can be classified

into 3 levels.

AC Level 1 (L1) Charging (< 3.7 kW)

This level is used in cases where very slow charging is acceptable. The general

charging duration for a full charge varies between 3-4 days depending upon the

power level and the vehicle’s battery capacity. The United States supports two

connectors for L1 charging, the SAE J1772 and the Tesla proprietary connector.

As per SAE J1772, 1.92 kW L1 charging can be supported with a 120 V/16 A

single-phase supply [51]. The Tesla proprietary connector supports a 1.4 kW L1

charging level with its mobile connector that plugs into a standard NEMA 5-15

wall outlet, drawing 12 A from a 120 V single-phase supply [52]. The L1 charging

specification is not applicable to the EU and China.

AC Level 2 (L2) Charging (3.7 - 22 kW)

This level is used in cases where the vehicle is required to be fully charged under

a 7-8 hour charging use case. In the United States, both the SAE J1772 and Tesla

connectors support L2 charging up to 19.2 kW [51] and 11.5 kW [11] when powered

up using a 240 V single phase (1 Φ) supply. In installation cases where the power is

drawn between two phases of a three phase (3 Φ) Wye-connected rail, the available

20



M.A.Sc - Rachit Pradhan; McMaster University - ECE

voltage is 208 V, and the power is limited to 16.6 kW, within the specification of

SAE J1772. Tesla’s OBC does not support the 208 V voltage level. In the EU,

charging is supported by the IEC 62196 Type 2 connector. With 1 Φ 230 V, the

power level is limited to 7.36 kW, while at 3 Φ 400 V, a charging power of 22 kW

can be achieved. This power is limited by the connector contact’s current rating of

32 A [53]. In China, the GB/T 20234 AC connector supports L2 charging. With

1 Φ 220 V, the power level is limited to 7.04 kW, while at 3 Φ 380 V, a charging

power of 21.12 kW can be achieved. This power is also limited by the connector

contact’s current rating of 32 A [54].

AC Level 3 (L3) Charging (22 - 166 KW)

This level was originally considered for a range of 22 - 43.5 kW by the SAE J1772

standard, however was never implemented for light vehicles. As per Appendix M of

the SAE J1772 standard, the SAE J3068 standard was referred for the development

of three-phase on-board charging for medium to heavy-duty vehicles [51]. Since the

SAE J1772 connector does not support three-phase charging, a modification of the

IEC 62196-2 connector has been proposed for use under the SAE J3068 standard

for use in North America [55]. The 3 Φ supply is available at distinct voltage

levels such as 208/480/600 line-line voltage (VLL). The power level is limited

by the current capability of the IEC standard contacts at 63 A. SAE J3068 has

also defined advanced contacts of 100 A, 120 A, and 160 A to further increase

the power delivery to the OBC when heavy-duty vehicles such as buses, trucks,

industrial machinery are manufactured with large battery packs. In the EU and

China, the OBC levels are restricted to 43.5 kW and 40.92 kW, as originally defined

under SAE J1772.
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Table 2.4: Regional, voltage, and power based classification of
OBCs

North America
SAE J1772

Level Connector Voltage (V) Current (A) Power
(kW)

AC Level-1
3.7 kW

J1772 1 Φ 120 16 1.92
Tesla 1 Φ 120 12 1.4

AC Level-2
3.7-22 kW

J1772 3 Φ VLL 208 80 16.6
Split 1Φ 240 80 19.2

Tesla Split 1Φ 240 48 11.5

AC Level-3* IEC 62196
Type 2

3 Φ 208Y/120 63/160† 22.7/57.6
3 Φ 480Y/277 63/160† 52.3/133
3 Φ 600Y/347 63/160† 65.6/166.5

Europe
AC Level-1

3.7 kW - - - -

AC Level-2
3.7-22 kW

IEC 62196
Type 2 1 Φ 230 32 7.36

IEC 62196
Type 2 3 Φ 400Y/230 32 22

AC Level-3
22-43.5 kW

IEC 62196
Type 2 3 Φ 400Y/230 63 43.5

China
AC Level-1

3.7 kW - - - -

AC Level-2
3.7-22 kW

GB/T 20234
AC

1 Φ 220 32 7.04
3 Φ 380Y/220 32 21.12

AC Level-3
22-43.5 kW

GB/T 20234
AC 3 Φ 380Y/220 64 40.92

* SAE J1772 was never implemented for L3
charging in the U.S, and was replaced by SAE
J3068 [55]
† Maximum amperage of the Advanced Contact
defined under SAE J3068.
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2.2.5 Co-Dependency of DC fast and On-Board Charging

Voltage Levels

The DC fast charging connector specification is one of the most significant factor

in driving the battery voltage limits of a vehicle. The available on-board charging

power is determined by the limits of the AC charging connector, which varies based

on the geographical region of operation. The AC and DC fast charging connectors

are often integrated into one connector (such as the CCS Combo). For moving

to higher voltage levels, identifying the points of interaction betweeen DC fast

and on-board charging is required. Fig. 2.2 discusses the various architectures and

their relevant use cases that can be expected as an interaction between DC fast

charging and conductive on-board charging.

< 1 kV Battery with a Lower Voltage DC fast Charger

The configuration shown in Fig. 2.2 (a) is representative of a case to support

a DC fast charger with a lower voltage compared to the battery pack voltage.

An intermediate stage of DC-DC conversion is required to match the voltage of

the DC fast charger with that of the battery. In this case, the battery voltage

range is 400 V - 1 kV, and the DC fast charger is rated up to 400 V. Matching

the voltage between the output of the DC fast charger and the battery pack is

typically achieved by operating the OBC in the DC-DC conversion mode. This

can be done by bypassing the PFC stage, and only utilizing the DC-DC converter

in the OBC. Lucid Air has this support for legacy 400 V chargers for its 924 V

battery voltage, enabling legacy charging up to 50 kW due the ’Wunderbox’, which

acts as an active front end [56]. Vicor Power has launched the NBM6123, which is

a 6 kW power module with a peak efficiency of 99.3% for assisting compatibility

between 400 V DC fast charger and 800 V BEV architectures [57]. Matching the
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power level of the on-board DC-DC converter to that of the DC fast charger (up

to 400 kW) is unrealistic due to associated cost and added weight in the vehicle.

Due to this reason, the DC fast charging power is limited to the power level of the

on-board DC-DC converter, and is the drawback of this use case.

< 1 kV Battery with a Compatible DC fast Charger

The configuration shown in Fig. 2.2 (b) is representative of a case to support a DC

fast charger that is compatible with the battery pack voltage (<1 kV). The support

of both 400 V and 800 V class vehicles can be done with the use of a wide-output

voltage DC fast charger [58]. No additional DC-DC conversion stages are required

in the case of DC fast charging, and hence charging power level is not compromised.

CCS and SAE J3068, both have a DC connector voltage specification of 1 kV, and

hence the battery voltage is limited by it. The charging infrastructure is currently

tackling the inter-compatibility issue between 400 V and 800 V class vehicles [19,

59].

< 1 kV Battery with a Compatible DC fast Charger and Automated

Connection Device (ACD) Support

The SAE J3105 standard defines the electrical and physical properties of an Auto-

mated Connection Device (ACD), that is used to enable conductive charging via

an overhead pantograph [60]. The voltage level of this standard also matches that

of CCS and SAE J3068, which is why the architecture represented in Fig. 2.2 (c)

integrates an ACD network upon the architecture defined in Fig. 2.2 (b). Since

the voltage levels are compatible, the ACD can be integrated by having a selection

path between the DC fast charging and ACD input being routed to the battery

pack [61].
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1-1.5 kV Battery With a Lower Voltage DC fast Charger

This use case is similar to the one shown in Fig. 2.2 (b), with a difference being

rated at a higher voltage. As seen in [28], the number of publicly available DC

fast charging stations is increasing, and there is a large deployment of CCS com-

pliant charging stations for light vehicles. It is also discussed in Section 2.2.3 that

higher voltage powertrains would be advisable for medium to heavy-duty vehicles.

The parking locations differ in size between light and medium to heavy-duty ve-

hicles [62]. Due to this reason, the existing charging infrastructure would not be

applicable for for higher voltage vehicle applications. Tesla Megachargers are being

installed to support the charging of Tesla Semi [63]. To utilize the full potential

of DC fast charging, the on-board DC-DC converter used to match the voltage

level is required to be sized for the full power level, which is not feasible. Due to

these reasons, the likelihood of mass adoption of the charging architecture shown

in Fig. 2.2 (d) as a long term solution is not viable.

1-1.5 kV Battery With Independent DC fast and On-Board Charging

Connectors

Both CCS and the combined AC and DC connector of SAE J3068 are limited up

to 1 kV operation from the DC connector’s specification. This is a major barrier in

increasing the battery voltage beyond 1 kV for medium or heavy-duty vehicles, for

which SAE J3068 is also the intended on-board charging standard. The SAE J3068

charging connector is a derivative of the IEC 62196-2 connector system, which is a

reason for this limitation. Higher voltages cannot be achieved without changes in

the connector geometry to accommodate suitable creepage and clearance limits for

higher voltages [64]. The architecture shown in Fig. 2.2 (e) relies upon separated

AC charging and DC charging connectors. AC Level 3 charging has a possibility
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Table 2.5: Potential regional combination of AC Level 3 and DC
fast charging connectors

Region AC L3 charging
connector

DC fast charging
connector

Max. Battery
Voltage (V)

North
America SAE J3068 MCS 1250

Europe IEC 62196-2 MCS 1250
Japan/
China GB/T 20234 AC CHAdeMO 3.0/

ChaoJi 1500

to be scaled up to 166 kW. DC charging can be scaled up to 3.75 MW via the

MCS, and 900 kW via CHAdeMO 3.0/ChaoJi, and there is no combined AC and

DC charging connector currently planned. Taking an example of DC fast charging

at 900 kW/ 1.5 kV, the current rating is 600 A. The weight of a compatible 1.5

meter DC fast charging cable will be about 26 kg [19]. Management of cable weight

in combining a connector for both the DC fast and AC Level 3 charging power

levels will be challenging, and thus acts as a catalyst to separate the charging

connectors. Based on the planned region of operation, Table 2.5 discusses the

possible combination of the AC Level 3 and DC fast charging connector and their

relevant battery voltages.
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Figure 2.2: Co-dependency scenarios of DC fast and on-board
charging (a) < 1 kV Legacy DC fast charging (b) < 1kV DC fast
charging (c) < 1kV DC fast charging with ACD support (d) 1-1.5
kV legacy DC fast charging (e) 1-1.5 kV with independent DC fast
and on-board charging.
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Chapter 3

High-Voltage On-Board Chargers

3.1 On-Board Charger Sub-Systems
In this Section, the sub-systems of a two-stage on-board charger have been dis-

cussed. Possible candidates of the AC-DC converter stage i.e the power factor

correction (PFC) and the DC-DC converter stage have been presented. A con-

solidated comparison of all the relevant topologies has been discussed for each

converter type.

3.1.1 Power Factor Correction (PFC) Stage

The PFC stage is encountered at the grid interface. It is required since the con-

ventional AC-DC converters (rectifiers) lead to a poor power factor, and manifest

as issues such as harmonic injection, voltage droop, flat-topping at the AC mains,

that lead to poor power quality [65]. OBCs with high power levels, such AC Level

2 (>19.2 kW) and Level 3 require three-phase operation because of the limited

power that can be drawn from a single phase supply. The variations of boost or

buck type PFCs is discussed in detail in [66]. Since this thesis focuses on high-

voltage charging, this discussion is limited to three-phase boost-type PFCs for

28



M.A.Sc - Rachit Pradhan; McMaster University - ECE

Table 3.1: OBC voltage range based on region and charging level

Region 1 Φ Voltage
Range (V) L1 L2 L3 3 Φ Voltage

Range (V) L1 L2 L3

North America 120-240 ✓ ✓ 208-600 ✓
Europe 230 ✓ 400 ✓ ✓
China 220 ✓ 380 ✓ ✓

the sake of brevity. As seen in Table 3.1, BEV applications in North America

require support of a three-phase PFC capable of managing 208-600 VLL, since the

three-phase distribution voltage levels in the U.S. and Canada vary as 208Y/120,

480Y/277, 600Y/347, and are also under the purview of SAE J3068 [55]. It is

also seen that Europe and China have one three-phase distribution voltage level

at 400Y/230 V and 380Y/220 V respectively.

The three-phase full bridge (FB) PFC is shown in Fig. 3.1 (a). It is constructed

using three inductors at the input of the bridge that act as the boost inductors,

six active switches (Q1 to Q6), and a filter capacitor to develop the DC link. A

98.8% efficient Silicon Carbide (SiC) based 5 kW three-phase full bridge PFC is

developed in [67]. The three phase three-level (3L) T-type PFC is shown in Fig. 3.1

(b). It is a boost type PFC constructed in the same philosophy as that of the full

bridge PFC, however it has six additional switches (Q7 −Q12) connected to the ne-

tural point generated by a split-capacitor network on the DC link. The additional

switches are used to develop a 3-level waveform that provides a reduced dv/dt and

better control on the boost inductor current, resulting in improved electromag-

netic interference (EMI) and total harmonic distortion (THD) performances of

the PFC stage [68]. A 97.3% efficient SiC based 10 kW three-phase T-type PFC is

developed in [69]. Due to the high power operation of three-phase PFC rectifiers,

they typically operate in the continuous conduction mode (CCM) [70]. Operation
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Figure 3.1: Three-phase (a) full bridge and (b) 3L T-type PFC
converters
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Figure 3.2: (a) 3L NPC and (b) 3L ANPC PFC converters
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in CCM causes increased switching losses in the PFC rectifier and reduces its ef-

ficiency [71, 72]. The previously discussed PFC converters suffer with increased

switching losses, that can be reduced using a neutral-point clamped (NPC) con-

verter structure. Fig. 3.2 (a) shows the schematic of a 3L NPC PFC converter. It

is constructed using three boost inductors, 12 switches (Q1 − Q12), six clamping

diodes (D1 − D6) and a split DC bus using two capacitors. The 3L NPC PFC suf-

fers from doubled conduction losses since two additional switches are included in

every current conduction path [73]. An IGBT based 95.2% efficient NPC converter

has been developed for EV charging station applications in [74]. The efficiency of

this converter is low, due to the use of Si IGBTs, and can be further improved

with the use of SiC MOSFETs [75]. To reduce the forward conduction losses in

the diode, they can be replaced by active clamps, resulting in further improved

efficiency with the implication of increased cost. A 98.5% efficient 11 kW Gallium

Nitride (GaN) based 3L-ANPC PFC stage has been developed by the authors

in [76]. It is worth mentioning that an additional leg is required for balancing the

capacitor voltage of a three-level converter in case the applied modulation scheme

cannot maintain balance [77].

Table 3.2 shows the tabulated count of HV field effect transistors (FETs), low-

voltage (LV) FETs, diodes, gate drivers, and voltage sensors required to construct

the discussed topologies. The data on existing work is available for varying fre-

quencies, voltages, and device technologies. Identifying the most viable trade-off

as an option for the PFC stage requires an extensive common-baseline comparison

curated for this application.
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Table 3.2: Summary of power factor correction (PFC) stage op-
tions

Topology HV FETs LV FETs Diodes Drivers Voltage Sensors Power Switches Vdc fsw Eff. Ref.
2L Full Bridge 6 0 0 6 4 5 kW SiC 700 V 45 kHz 98.8% [67]
3L T-type 6 6 0 9 5 10 kW SiC 800 V 50 kHz 97.3% [69]
3L NPC 12 0 6 12 5 2 kW IGBT 460 V 25 kHz 95.2% [74]

3L ANPC 12 6 0 18 5
11 kW
4.2 kW
10 kW

GaN
Si+SiC
Si+SiC

800 V
650 V
570 V

100 kHz
40 kHz
140 kHz

98.2%
99.1%
99%

[76]
[78]
[79]

3.1.2 Bidirectional Isolated DC-DC Converter

The isolated DC-DC converter is encountered after the PFC stage, and is the link

between the battery and DC link of the PFC stage. Galvanic isolation between the

battery pack and the grid is a requirement of the UL 2202 standard, and is the con-

ventional form of developing the DC-DC converter [80]. The risk of a shock during

the converter operation is also governed by the leakage current limits between the

battery’s negative terminal and the vehicle chassis. There are some advances in

transformerless DC-DC converters, by forcing the common-mode voltage to zero

and eventually reducing leakage current to earth [81]. However, they are suscepti-

ble to unsafe operation due to single-point faults in the power converters that can

risk exposure of a direct connection between the grid and battery pack. System-

atic failure analysis and counter-measures against the identified failures is required

to make it viable for mass adoption. The most commonly used isolated DC-DC

converter topologies such as the two-level (2L) dual active bridge (DAB), LLC,

CLLC converter have been covered extensively in literature. The objective of this

subsection is to focus on multi-level DC-DC converters that can be applied to the

next-generation 800 V, 1.25 kV, and 1.5 kV classes of vehicles.

Fig. 3.3 shows a LCL-T resonant network based stacked half bridge (SHB) con-

verter, which was proposed in [82]. This converter is fed from a constant voltage
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800 V universal PFC output, and is intended for use in universal DC fast charg-

ing (150 - 950 V) with the means of external reconfiguration contactors. The

mode created using a stacked half bridge can be utilized for HV on-board charging

applications. This converter is constructed using eight GaN high electron mobil-

ity transistors (HEMTs) (Q1 − Q8), an LCL-T network designed with a resonant

frequency equal to the converter’s switching frequency, and two DC blocking ca-

pacitors CB1 and CB2 to avoid transformer core saturation. This 6.6 kW converter

exhibits a full-load efficiency of 97.4% at a battery voltage of 750 V.

Fig. 3.4 shows a dual active bridge converter constructed using a 2L full bridge
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(Q1-Q4), and isolation transformer, leakage inductance (L1), and 3L NPC half

bridge (HB) using (Q5-Q8, D1, D2) on the HV side, and is proposed in [83]. The

intended use of this converter is in weight-sensitive aircraft applications with an 8

kV bus created using 4 serialized converters [84]. The output voltage of each con-

verter is approximately 1.7 - 2 kV, and is thus useful in the HV on-board charging

application as well. It is constructed using cascode-connected 1.7 kV SiC JFETs,

operated at 100 kHz, and has an efficiency of 97%. Fig. 3.5 shows a multilevel dual

active bridge converter constructed using a 2L full bridge on the LV side (Q1-Q4),

a leakage inductance (L1), isolation transformer, and a full bridge constructed

using 3L NPC converters (Q5-Q12, D1-D4). This converter was first proposed by

Moonem et al. for solar photovoltaic and DC microgrid applications in [85]. This

converter is realized using IGBTs operated at 5 kHz, and exhibits a full load ef-

ficiency of 88%, while the transformer efficiency is at 93% [86]. Fig. 3.6 hows a

3L dual active bridge converter with blocking capacitors [87]. It is an extension of

the previously discussed multilevel dual active bridge converter, with a 3L NPC

bridge on both the interfaces, and DC blocking capacitors (CB1, CB2) to prohibit

DC voltage generated by the 3L NPC bridges to be passed to the transformer.

An SiC based 3.5 kW DC-DC converter operating at 50 kHz exhibits a full-load

35



M.A.Sc - Rachit Pradhan; McMaster University - ECE

C1

C2

VPFC D1

D2

L1

CB1CFC1 CFC2
CFC3

CFC4
CB2

D3

D4

D5

D6

D7

D8

+

-

Vbatt+

Vbatt-

Q9

Q10

Q11

Q12

Q14

Q15

Q16

Q13Q1

Q2

Q3

Q4

Q5

Q6

Q7

Q8

C3

C4

Figure 3.6: 3L dual active bridge converter with blocking capac-
itors.

D1

D2

L1

L2

L3
C1

VPFC

D3

D4

D5

D6

+

-

Vbatt+

Vbatt-

Q5

Q6

Q9

Q10

Q11

Q12

Q15

Q16

Q18

Q17

Q14

Q13

Q1

Q2

Q3

Q4

Q7

Q8
C2

C3

Figure 3.7: 2L-3L three-phase dual active bridge (DAB3).

efficiency of 95.5% at 700 V. Fig. 3.7 shows a 2L-3L three-phase dual active bridge

converter (DAB3) for solid-state transformers (SST) applications [88]. It is con-

structed using a three-phase 2L bridge (Q1-Q6), three single-phase high-frequency

transformers connected in a ∆-Y configuration, leakage inductance, and a three-

phase 3L bridge on the high-voltage side. It has been tested for operation from

400 V to 1.5 kV, which makes it suitable for the HV on-board charger application.

Efficiency data has not been reported for this configuration, however since the con-

verter has a three-phase operation, it is suitable in building higher power building

blocks of an on-board charger compared to all previously discussed topologies.
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Table 3.3: Summary of suitable DC-DC converter candidates for
high-voltage on-board charging

Bridge 1 Bridge 2 Vin Vout Power fsw Eff. Switches Power Density Ref.
3L SHB 3L SHB 800 V 750 V 6.60 kW 500 kHz 97.4% GaN 7.3 kW/L [82]
2L FB 3L NPC HB 750 V 1.7 - 2 kV 6.25 kW 100 kHz 97% * SiC JFET - [83]
2L FB 3L NPC FB 292 1.68 kV 3.34 kW 5 kHz 88% † IGBT - [86]

3L NPC FB 3L NPC FB 700 V 200 - 700 V 3.5 kW 50 kHz 95.5% SiC - [87]
3 Φ FB 3 Φ NPC FB 400 V 1500 V 5 kW 50 kHz - SiC - [88]

* Modeled efficiency data, † 93% efficient transformer

3.1.3 Deployment Capable Designs

Table 3.4 shows the summary of commercial examples of either the sub-systems

or the on-board charger. The current work does not cater to a battery voltage

> 1 kV, and is limited up to approximately 800 V, and opportunities for com-

mercialization are present. Wolfspeed has developed a 98.5% efficient 22 kW SiC

based PFC stage at a 4.6 kW/L power density [89]. Wolfspeed has presented the

concept of a SiC based 25 kW PFC stage [90]. Infineon has developed a 97.2%

efficient CLLC resonant DC-DC converter for an 800 V class vehicle’s on-board

charger with a 4.1 kW/L power density [91]. Wolfspeed has developed a 98.5%

efficient CLLC resonant DC-DC converter with a 8 kW/L power density [92]. Infi-

neon and ETH Zürich have co-developed a GaN based OBC demonstrator, based

on a vienna rectifier PFC and series-parallel dual-active bridge DC-DC conversion

stage [93]. EDN and innoelectric have commercialized 800 V class vehicles com-

patible on-board chargers [94, 95]. It is observed that the commercialized on-board

chargers have poor efficiencies compared to a combination of AC-DC and DC-DC

converter’s reference design efficiency, which can be attributed to need of slowing

down the switching operation at the cost of EMI reduction for qualification of

regulatory standards for commercialization.
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Table 3.4: Summary of reference designs and commercialized on-
board charger sub-systems

Converter Maturity Manufacturer Power (kW) Efficiency AC Voltage DC Voltage Power Density Reference
DC-DC Ref. Design Wolfspeed 22 98.5% N/A 480-800 8 kW/L [92]
DC-DC Ref. Design Infineon 11 97.2% N/A 550-800 4.1 kW/L [91]

AFE Ref. Design Wolfspeed 22 98.5% 305-450 VLL 650-900 4.6 kW/L [89]
AFE Ref. Design Wolfspeed 22 - 400-480 VLL 800-900 - [90]

OBC Ref. Design Infineon
ETH Zürich 10 - 320-530 VLL 250-1000 10 kW/L [93]

OBC Commercial innoelectric 22 94% 380-480 VLL 400-900 - [94]
OBC Commercial EDN 22 94% 400-480 VLL up to 840 - [95]

3.1.4 Regulatory Standards

Since the on-board charger is an electronic sub-assembly (ESA), it is required to

comply with certain regulatory standards for safe vehicle operation, interoperabil-

ity and acceptance to be integrated in the vehicle. Table 3.5 shows a summary of

the standards required to be complied in case of the development of an on-board

charger. IEEE 519 and IEC 61000-3-2 are power quality regulations to determine

the total harmonic distortion (THD) limits beyond which it is forbidden to operate

a power converter at a point of common coupling (PCC), which in the context of

on-board chargers is an EVSE [66, 96]. CISPR 25, segregated as Class 1 (most

lenient) to Class 5 (most stringent) governs the limits of conducted and radiated

EMI during the operation of the on-board charger [97]. The scope of the CISPR

25 standard is limited for voltages up to 1 kV, and hence requires re-assessment

to be applied for the the 1 - 1.5 kV battery voltage range. To verify the suscep-

tibility of the on-board charger’s operation under external EMI imposed on it,

ISO 11452-1 to ISO 11452-11 covers the tests related to electromagnetic suscepti-

bility, such as bulk current injection (BCI) and absorber-lined shielded enclosure

(ALSE) methods [98, 99]. ISO 10605 describes the test procedures to evaluate
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Table 3.5: Summary of regulatory standards applicable to on-
board charger development

Standard Description
IEEE 519
IEC 61000-3-2*

Limits of the harmonics injected into the grid
from the EVSE

CISPR 25 Limits of radiated/conducted electromagnetic
interference

ISO 11542 Test of the OBC’s susceptibility to radiated
/conducted electromagnetic interference

ISO 10605 Electrostatic discharge (ESD) susceptibility
ISO 16750 Environmental Stress for ESAs

ISO 26262 Development cycle recommendation for
functional safety assessment and design

UL 2202 Electrical safety test for an on-board charger

ISO 15118 Vehicle to grid (V2G) operation’s communication
interface specifications

* Applicable in Eu-
rope [66]

the immunity of a module against electrostatic discharge (ESD) [100]. The envi-

ronmental stresses such as thermal, humidity, vibration tests are defined by ISO

16750. To reduce the risk of systematic faults in the vehicle, a functional safety

compliant development cycle can be utilized if the on-board charger is deemed

to be safety-critical in nature based on the system’s safety failure mode effects

and analysis (S-FMEA) [46]. UL 2202 defines the electrical safety requirements of

on-board battery chargers, and the subjected tests are in the category of leakage

current, operational safety, vibration, and environmental stress [80]. ISO 15118

defines the requirements of vehicle to grid (V2G) communication for bidirectional

discharging/charging of electric vehicles, determines the details of the application

protocols requirements for interoperability [101].
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3.2 Comparison of DC-DC Converter Topologies

3.2.1 DC-DC Converter Candidates

Two popular candidates for isolated soft-switched topologies are the Dual Active

Bridge (DAB) and the LLC converter. These DC-DC converters are popular due

to their simple control methods; Modulation of phase shift between the 2 bridges

for the DAB and frequency variation in case of the LLC converter. It is found that

DAB exhibits higher efficiency compared to the LLC converter at heavy loads,

while it is vice versa for light load operation [102]. The converter shall operate

under heavy load (>75%) for its entire operating time. Efficient light-load opera-

tion, which is one of the key advantages of an LLC converter is not fully exploited

in a 800 V OBC application. The LLC converter also contains higher number of

resonant components compared to a DAB, and contributes to a larger converter

volume. Due to these aspects, various configurations of the DAB shall be evalu-

ated in the further subsections. The Dual Active Bridge and the Multilevel-Dual

Active Bridge (ML-DAB) DC-DC converters have been discussed in this section.

Fig. 3.8 and Fig. 3.9 depict the schematics of the topologies, along with the

parasitic elements encountered during their construction. Rcontact is the contact

resistance of the converter’s termination and current carrying busbar. RP CB is the

AC resistance introduced due to the power-plane routing. Rs is the Equivalent

Series Resistance (ESR) of the capacitors. Rpri and Rsec are the AC resistances of

the transformer and its interface to the active bridges. The stray inductances on

the secondary side of the transformer are lumped as Lk.
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Figure 3.8: PLECS based Power Loss Model of a Dual Active
Bridge

Dual Active Bridge (DAB) Converter

The Dual Active Bridge, introduced in [103] is a widely used topology for isolated

soft-switched applications requiring bidirectional power flow. As shown in Fig. 3.8,

it interfaces the output voltage of the PFC stage VP F C and the battery voltage Vbatt

using two active bridges with a switching frequency fsw, an isolation transformer

with turns ratio n, and a leakage inductance Lk to enable power transfer across

it. The power flow is controlled by the phase shift Dop between both the bridges.

The expression for power transfer PSP S under single-phase shift modulation is seen

in (3.1). The normalized operating phase shift (−0.5 < Dop < 0.5), as seen in (3.2)

is calculated by solving (3.1) for a defined operating point. The soft-switching

criterion to ensure Zero-Voltage Switching (ZVS) on the PFC and battery-side

bridges is seen in (3.3).

PSP S = nVP F CVbattDop(1 − Dop)
2fswLk

(3.1)

Dop =
−1 ±

√
1 − 8nPopfswLk

VP F CVbatt

−2 (3.2)
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Figure 3.9: PLECS based Power Loss Model of a Multilevel-Dual
Active Bridge (ML-DAB)



I1 = VP F C+nVbatt(2Dop−1)
4fswLk

> 0 (PFC-side ZVS)

I2 = Vbatt(2Dop−1)+nVP F C

4fswLk
> 0 (Battery-side ZVS)

(3.3)

ILk(RMS) =
√

1
3(I2

1 + I2
2 + (1 − 2Dop)I1I2 (3.4)

The resultant RMS current through the leakage inductance ILk(RMS) for a partic-

ular operating point can be calculated as seen in (3.4).

Multilevel-Dual Active Bridge (ML-DAB) Converter

The Multilevel-Dual Active Bridge has been introduced in [86], and is shown in

Fig. 3.9. This is particularly used in applications having high conversion gains

or for interfacing high-voltage DC buses. Two 3-level neutral-point clamped (3L-

NPC) legs are used to generate a 5-level NPC bridge (5L-NPC) on the battery-

side, and enables in reducing the switching losses due to reduced dV/dt across each

switch. The generalized power transfer equation for the ML-DAB is seen in (3.5),

where ϕop is the phase shift between the 2L and 5L-NPC bridges, and α + β is the

phase shift between the 5L-NPC bridge’s Leg-a and Leg-b. The conversion ratio

m is seen in (3.7).
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Table 3.6: Modulation criterion of a 5L-NPC bridge

Switch Turn-On Criteria Turn-Off Criteria
Sa1 t > (tα + tβ) t > (tπ + tβ)
Sa2 t > tα t > (tπ + tα + t)
Sb1 t > (tπ − tα) t > (t2π − tα − tβ)
Sb2 t > (tπ − tα − tβ) t > (t2π − tα)

Po = VP F CVbatt

2πfswnLk

(
ϕ −

ϕ2
op

π
− α2

2π
− β2

2π

)
(3.5)

ϕop =
−π ± π

√
1 −

(
8nfswLkPo

VbattVP F C
− 2α2

π2 − 2β2

π2

)
−2 (3.6)

m = Vbatt

nVP F C

(3.7)



m <
π
2

π
2 −ϕop

(PFC-side ZVS)

m > π−2(ϕop+β)
π−2β

(5L-NPC Leg-a ZVS)

m = π−2(ϕop−α)
π−(α+β) (5L-NPC Leg-b ZVS)

(3.8)

Solving (3.5), we get the phase shift between the 2L and 5L-bridges
(
−π

2 < ϕop < π
2

)
,

for a particular operating point and design configuration, as seen in (3.6). The

viability of soft-switching for pre-defined operating points can be established based

on (3.8). Since meeting the soft-switching criteria for the NPC Leg-b is challeng-

ing, it shall lead to asymmetrical loss distribution on the converter. Unlike the

traditional modulation of the two 5L-NPC bridge, the criteria for developing its

switching pattern for the is shown in Table 3.6, where t = time mod tsw.
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Figure 3.10: Possible configurations of the DAB and ML-DAB
converters (a) IPOP (b) IPOS (c) ML-DAB

Table 3.7: Required components and their ratings for the con-
struction of each DC-DC converter configuration

Converter 400 V PFC-stage 800 V Battery-stage
400 V

Modules
650 V
FETs

Module
Current

Current
Sensors

Bridge
Config.

650 V
FETs

650 V
Diodes

1.2 kV
FETs

Module
Current

Voltage
Sensors

Current
Sensors

IPOP-DAB 2 8 Itotal/2 2 FB 0 0 8 Ibatt/2 1 2
IPOS-DAB 2 8 Itotal/2 2 FB 8 0 0 Ibatt/2 2 2
ML-DAB 1 4 Itotal 1 5L-NPC 8 4 0 Ibatt 2 1

3.2.2 Configurations of DAB and ML-DAB

This section discusses the viable configurations of the DC-DC converter topolo-

gies (DAB and ML-DAB), while considering the limitations of available switching

technology, and restricting the total solution cost.

Switching Technology Limitations

The viable semiconductor options being Silicon (Si), Silicon-Carbide (SiC), and

Gallium-Nitride (GaN) have their own operational domain limitations. The au-

thors in [104] have summarized the the state-of-art MOSFETs in the market, and

few of the key limitations highlighted further. Si MOSFETs available up to a

blocking voltage of 900 V are unusable due to insufficient operational voltage mar-

gin, and will also limit the switching frequency of the converter. SiC MOSFETs

and GaN HEMTs with a blocking voltage of 650 V are viable candidates for the

PFC-side, and for the battery-side in a series-connected or multi-level configura-

tion. SiC MOSFETs with a 1.2 kV blocking voltage can be directly used in a
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2L configuration on the battery-side, while also providing a 44% margin on its

operational voltage.

Total Solution Cost

Lowest manufacturing cost with high reliability is of importance in the automotive

sector due to competitive pricing needs, and the push to lower the cost of BEVs.

Addition of switches, gate drivers, voltage, and current sensors to achieve high

efficiency increases the solution cost and can perhaps make it unusable in the

market due to a missed target price point. While designing these configurations,

an additional constraint is that the total switch count shall remain the same in all

the configurations.

Hardware Redundancy and Modularity

Fault-tolerant operation of elements in the powertrain is an added advantage, if

it can be offered at a insignificant cost to an OEM. It adds value to the vehicle

operation in case of field failures, where the user can continue operation of the sub-

system in a degraded mode. Assuming a DC-DC converter is constructed for its

entire operating power, and there is a switching node failure, the converter shall

remain out of service, and requires a full replacement. Designing the converter

in a multi-module approach shall enable an alternate operational mode, where

the DC-DC converter operates at a lower power, while serving its purpose until

the user gets an opportunity to service the vehicle. The Tesla Model 3 Power

Conversion System (PCS), that contains a 11.5 kW OBC that is constructed using

three ≈ 4 kW modules [105]. It is showcased in [106] that modules up to ≈10

kW can be manufactured while maintaining reasonable cooling complexity. The

configurations are hence, split either as one 11.5 kW or two 5.75 kW modules.
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Considered Configurations of the DAB and ML-DAB

Fig. 3.10 depicts the potential configurations in which the DAB and the ML-DAB

can be configured, while adhering to the above mentioned constraints. The Input

Parallel Output Parallel (IPOP-DAB) configuration interfaces two 5.75 kW mod-

ules constructed using 650 V switches on the PFC-side, and 1.2 kV switches on the

battery-side. Each module shall suffer higher switching losses, but needs to handle

half the rated current load current leading to lower conduction losses. It also has

the potential for interleaving that helps reducing the size of the battery-side capac-

itor, along with capability of fault-tolerant operation. The Input Parallel Output

Series (IPOS-DAB) configuration interfaces two 5.75 kW modules constructed us-

ing 650 V switches on the PFC-side, and 650 V switches on the battery-side, that

are serialized to form a DC-link. Fault-tolerant operation is not possible if either

of the modules fail. The ML-DAB is constructed using a 11.5 kW module, which

is fed by 650 V switches on the PFC-side, and a 5L-NPC bridge on thes battery-

side. This configuration is not split into two modules, since the same switch count

as the IPOP/IPOS-DAB configurations is maintained. Thus, it shall have higher

heat concentration, and is also incapable of a fault-tolerant operation. This con-

figuration suffers from increased currents on both the converter ports, leading to

higher conduction losses. The design methods applied for each DC-DC converter

is discussed in the next section.

3.2.3 Design Optimization of the DAB and ML-DAB

To have a fair comparison of the efficiency profile of each configuration, all of them

shall operate at a switching frequency fsw of 100 kHz. Their operating currents

shall be matched to maintain similar conduction losses as well. To ensure this,

the converter design parameters (turns ratio n, leakage inductance Lk, PFC-side
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MOSFET, battery-side MOSFET) will be curated for each configuration, and the

consolidated design parameters are presented in Table 3.8.

3.2.4 IPOP-DAB and IPOS-DAB

(a) RMS Current
Trend (IPOP-DAB)

(b) ZVS Criteria
(IPOP-DAB)

(c) RMS Current
Trend (IPOS-DAB)

(d) ZVS Criteria
(IPOS-DAB)

Figure 3.11: Trend of the RMS Current ILk(RMS) through the
Leakage Inductance Lk and soft-switching fulfillment across oper-
ating points

The currents handled by the DAB are a function of the operating point of

interest, as well as the combination of the leakage inductance and turns-ratio.

These operating currents change the profile of the conduction and switching losses

within the converter. To minimize the currents, a design methodology based on

the fmincon non-linear optimization algorithm has been proposed in [107]. This
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Figure 3.12: Mean of ILk(RMS) for each n, Lk pair

methodology is particularly useful in applications where the loading profile is ar-

bitrary. Since the battery charging profile is fixed, the operating points of interest

are known. Using (3.1) and (3.2), the phase shift Dop is calculated for every oper-

ating point for values of n. The current through the leakage inductance ILk(RMS)

is calculated, and fulfilment of the ZVS criterion as seen in (3.3) is verified. The

results of these trends is shown in Fig. 3.11. To decide the design points, the mean

of the currents for each pair of n, Lk is taken, and is presented in Fig. 3.12. The

configuration with minimum ILk(RMS) for the PFC-side are chosen as the design

points, and the resultant battery-side currents shall be observed. The advantage

of paralleling/serialization of the battery-side port can thus be verified for this

application.

3.2.5 Multilevel-DAB

As studied in [86], minimum current stress and ZVS of all the switches can be

achieved in the ML-DAB when the conversion ratio m is fixed to 1. For the

nominal operating voltages of the PFC-side (400 V) and battery-side (712 V), the
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Figure 3.13: Relation between ϕop, β, Po for α=10◦ for a ML-
DAB

relation between ϕop, β, Po for α=10◦ as seen in (3.5) is shown in Fig. 3.13. It

can be observed, as β increases, the capability of the ML-DAB to deliver forward

power reduces. For β=10◦ to β=40◦, there is an advantage of one operating point

for achieving ZVS on the PFC-side. Hence, β=10◦, α=10◦ are chosen to solve for

ϕop as seen in (3.6). Full-range ZVS across all determined operating points has

been achieved on the on the PFC-side and 5L-NPC Leg-a.

Auxiliary Components & Loss-Generating Elements

To realize each of these configurations and evaluate the total solution cost, the

following components have been assumed. The isolated half-bridge gate driver

and its power supply are UCC21530-Q1 ($1.98), and R15P21503D ($9.22). The

voltage and current sensing amplifiers are AMC3330-Q1 ($5.6), and AMC3330-Q1

($5.6). The loss modelling resistances are Rcontact = 5mΩ, RP CB = 5mΩ, Rs =

10mΩ, Rpri = Rsec = 150mΩ, and have been accounted for in the simulation. The

assumed transformer efficiency is 99%, and its construction cost is estimated at

$150 for the 5.75 kW version, and $250 for the 11.5 kW version.

49



M.A.Sc - Rachit Pradhan; McMaster University - ECE

Table 3.8: Simulation parameters and efficiency results of the
IPOP-DAB, IPOS-DAB, ML-DAB based 11.5 kW OBC

Config. n Lk
PFC-side
MOSFET

Battery-side
MOSFET, Diode

Elex. Cost
@ 10 ku

Average
Efficiency Advantages Disadvantages

IPOP
DAB 0.75 33.1 µH C3M0060065J C3M0075120D,

N/A $662.3 96.12%
* Fault-Tolerance

Capable
* High Efficiency

* High Cost

IPOS
DAB 1.25 27.6 µH C3M0060065J C3M0045065J1,

N/A $664.7 96.22% * High Efficiency
* High Cost
* No Fault-Tolerance
* Needs Cap. Balancing

ML-
DAB 1.3 17.2 µH C3M0025065J1 C3M0045065J1,

C3D12065A $556.1 95.66% * Low Cost (-16.3%)
* Higher DOF

* Low Efficiency (-0.56%)
* No Fault-Tolerance
* Unequal Heat Distribution
* Needs Cap. Balancing

3.2.6 Comparison Summary

This section focuses on defining the priority operating points of a 11.5 kW on-

board charger for 800 V BEVs in the G2V mode, and aims in helping designers

make quantified trade-offs in system design. A design process is presented for the

IPOP-DAB, IPOS-DAB, ML-DAB to perform a comparison, and their simulated

efficiency map for the identified priority operating regions is shown in Fig. 3.16.

The loss contribution in each configuration from the semiconductors is shown in

Fig. 3.15. Table 3.8 contains the qualitative comparison of all configurations. In

summary, the IPOS-DAB and IPOP-DAB have a similar cost of electronics. The

IPOS-DAB exhibits the highest average efficiency of 96.22% and the IPOP-DAB

exhibits an average efficiency of 96.12 %. When fault tolerant operation is of higher

priority compared to a 0.1% loss in efficiency, the IPOP-DAB is more suitable. The

ML-DAB has the lowest efficiency of 95.66 % (-0.56 % lower), but is advantageous

with a -16.3 % cost of electronics compared to the IPOP/IPOS-DAB.
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(a) IPOP-DAB (b) IPOS-DAB

(c) ML-DAB

Figure 3.14: Simulation results of PFC-side & Battery-side
Bridge Voltages, and Inductor Current at Vbatt = 712 V, Pbatt=
11.5 kW
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Figure 3.15: Loss distribution at VP F C=400 V, Vbatt=712 V, and
Pout=11.5 kW

Figure 3.16: Efficiency maps of each DC-DC converter configu-
ration
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Table 3.9: Required standoff voltages based on number of levels

DC fast charging
standard

Max. Voltage
(V)

Required Standoff
Voltage (V)

2L 3L 5L
ChaoJi/

CHAdeMO 3.0 1500 1950 975 488

Megawatt Charging
System (MCS) 1250 1625 813 407

3.3 Challenges in Transition to High-Voltage On-

Board Charging
This Section discusses the current gaps in technology to aid the development of

performance focused and commercially viable high-voltage compatible on-board

chargers while defining the of concern that need to be addressed. Challenges

related to the readiness of automotive qualified semiconductors, wide three phase

operation in North America, and integration of conductive and wireless charging

are discussed.

3.3.1 Automotive Qualified High-Voltage Semiconductors

Table 3.9 shows the required semiconductor standoff voltage as a function of the

maximum battery voltage and the number of levels of operation, assuming a 30%

voltage derating. Since the on-board charger is an EV sub-system exposed to

harsh vibrations, thermal stress, and varying humidity. AEC-Q101 certification

of semiconductors is required to pass the reliability qualification requirements and

reduce failure rates of deployed sub-systems [108]. In the context of SiC devices,

major manufacturers supply devices rated at 650 V, 750 V, 900 V, 1 kV, 1.2 kV,

and 1.7 kV [109–111]. Infineon and GeneSiC are the only manufacturers that

support 2 kV and 3.3 kV SiC MOSFETs [112, 113]. SiC MOSFETs with standoff
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voltages up to 15 kV are available, however their maturity is limited to industrial

applications. For 2-level operation of the DC-DC converter, focused development

of a device class in the 2 kV range would be beneficial for mass adoption, since

use of the 3.3 kV device class would provide an over designed safety margin for

the said voltage levels. No manufacturers currently support AEC-Q101 qualified

devices in the > 1.2 kV device class, and further qualification is required in this

segment. 3-level operation can be supported with existing devices.

Since the 1.7 kV device class is a viable candidate for MCS compliant on-board

chargers, a comparison is performed based on state-of-the-art devices, and the

viability of choosing between 2 or 3-level operation. Table 3.10 shows a compar-

ison of 1.7 kV and 1.2 kV rated devices. Since zero voltage switching (ZVS) is

easily possible in resonant converters, turn-on energies have been neglected for

brevity. Eoff(1700) and Eoff(1200) are the turn-off energies, whereas Rds(on),1700 and

Rds(on),1200 are the on-state resistances of the devices. Ploss,adv is a metric that

shows the advantage offered by using 1.2 kV devices in a 3-level operation, as com-

pared to 1.7 kV devices in a 2-level operation for a 50% switching and conduction

loss distribution, as seen in (3.9). The cost of constructing an M-level NPC bridge

CML, where M is the number of voltage levels, CMOS, Cdrv, CP S, CD are the cost

of the MOSFET, gate driver, gate driver power supply and clamping diodes quoted

at 10,000 units, as seen in (3.10) [114].

Ploss,adv = 1 − 1
2

(
2.Eoff,1200

Eoff,1700
+ Rds(on),1200

Rds(on),1700

)
(3.9)

CML = 4(M − 1)(CMOS + Cdrv + CP S) + 4(M − 2)CD (3.10)
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Table 3.10: Cost and normalized loss comparison of a 2L and 3L
converter based bridge for a 1.25 kV on-board charger

Manufacturer 1700 V Part Rds,1700 Eoff,1700 1200 V Part Rds,1200 Eoff,1200 Ploss,adv C2L C3L

GeneSiC G3R20MT17K 20 mΩ
300 µJ at

Vds = 1.2 kV
Ids = 30 A

G3R20MT12K 20 mΩ
50 µJ at

Vds = 600 V
Ids = 30 A

33% $433 $377

Wolfspeed C2M0045170P 45 mΩ
220 µJ at

Vds = 1.2 kV
Ids = 30 A

C3M0040120K 40 mΩ
60 µJ at

Vds = 600 V
Ids = 30 A

28% $364 $268

Table 3.10 shows a normalized power loss and cost comparison of choosing to

construct a 1.25 kV compatible full bridge using a 2-level or 3-level NPC converter.

On an average, the 3-level converter based option provides about 31% advantage

in the total power losses. Despite the addition of added gate drivers and clamping

diodes, the 3-level NPC based option costs about -20% lower. This also highlights

the disparity in the switching energy and cost that needs to be addressed by

SiC semiconductor manufacturers for OEMs to choose between 2-level and 3-level

operation.

GaN HEMTs aid in increasing the converter’s operating frequency, and thus

reduce the size of the magnetics. Production GaN HEMTs are available at a

maximum voltage of 900 V [104]. Hence in this case, a 3-level operation is not

supported only in the MCS case, while a Chaoji compliant GaN based solution

requires 5-level operation.

3.3.2 Wide Three-Phase Voltage in North America

As shown in Fig. 3.17, in the U.S., 208/120Y and 480/277Y are the common three-

phase voltages, while in Canada, 208/120Y and 600/347Y are the common voltages

for three-phase LV distribution [115]. Due to shared land borders and economic

co-dependency between the U.S. and Canada, $828 billion of North American
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Figure 3.17: Three phase voltage ranges North America

transborder freight was accounted in the year 2021 [18]. Due to this reason, the on-

board charger in medium and heavy-duty vehicles is required to support voltages

from 208-600 VLL, as shown in Table 3.1. The minimum line-line voltage is 208

VLL, while the maximum line-line voltage is 600 VLL. SAE J3068 requires the on-

board charger to accept ±15% voltage sag or swell on its input voltage capability

communicated to the electric vehicle supply equipment (EVSE) [55]. This results

in a required input voltage range of 177-690 VLL, and the on-board charger must

be designed to operate efficiently throughout this voltage range. Zayed et al. have

proposed a reconfiguration mechanism for a partially-paralleled dual active bridge

converter (P2DAB) to improve the charging efficiency for a wide-output (200 V -

1000 V) DC fast charger [116]. The proposed converter is bidirectional in nature,

and can be adopted in the reverse direction to address this challenge.
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3.3.3 Integration with Wireless Charging

SAE J2954 is a standard developed for wireless power transfer (WPT) of power

levels up to 3.3 kW, 7.7 kW, 11 kW, and 22 kW [117]. The standard mandates

that vehicles compliant with SAE J2954 should also support conductive charging

via SAE J1772. Recently, SAE has released an initial specification of SAE TIR

J2954/2, which defines higher power levels up to 500 kW for both dynamic and

static WPT of medium and heavy-duty electric vehicles [118]. This standard is

an initial release, and does not recommend OEMs to comply to it as of now.

Further updates to this version requires considering the voltage level compatibility

with MCS and ChaoJi/ CHAdeMO 3.0. System integration of co-dependency

considering wireless charging and on-board charging for high-voltage powertrain

applications has significant research potential.
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Chapter 4

Proposed Wide-Input

Reconfigurable Three-Level Dual

Active Bridge (R3L-DAB)

Converter

4.1 Reconfigurable Neutral-Point Clamped Con-

verter
As the conversion ratio of a dual active bridge converter deviates from unity, the

circulating current in the converter increases, resulting in an increase in trans-

former and switch RMS and peak current, increased conversion effort (bucking or

boosting operation) and a detrimental impact on efficiency [119]. Various modu-

lation techniques have been proposed in literature to improve the ZVS range and

peak current stress of the dual active bridge converter that result in improved

efficiency [107]. Topology morphing control (TMC) is a method where the bridge
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of a dc/dc converter is switched between half- or full-bridge mode depending upon

the DC link voltage, in order to reduce the extent of the voltage swing observed by

the high-frequency link [120]. At lower DC link voltages, the bridge is configured

in the full-bridge mode, while at higher DC link voltages, it is configured in the

half-bridge mode, thus ensuring reduced voltage swing across the bridge output.
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Figure 4.1: (a) Conversion gain without topology morphing con-
trol. (b) Conversion gain with topology morphing control.

d = VB

nVP kconfig

(4.1)
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Table 4.1: Vector matrix of the NPC and RNPC converters.

S5 S6 S7 S8 S9 Vector Output
referred to ’n’ Converter

1 1 0 0 X P +VP /2 NPC/ RNPC
0 1 1 0 X O 0 NPC/ RNPC
0 0 1 1 X N −VP /2 NPC/ RNPC
0 0 1 0 1 R 0 RNPC only

The conversion ratio d is defined by (4.1), and is a function of the output voltage

VB, input voltage VP , secondary to primary turns ratio n, and the configuration

factor kconfig, which is set to 1 while operating in full-bridge mode, and is set

to 0.5 while operating in half-bridge mode. Fig. 4.1(a) shows the contour map

of d, when the converter’s primary is operated in full-bridge mode, without any

topology morphing control, and the range of d is 0.34 - 1.46. Fig. 4.1(b) shows the

contour map of d, when the converter’s primary is operated in full-bridge mode

when VP F C = 300 V, and in half-bridge mode when VP F C = 680/850 V, and the

range of d reduces to 0.68 - 1.46.
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Figure 4.2: (a) Conventional neutral-point clamped converter (b)
Reconfigurable neutral-point clamped (RNPC) converter

Fig. 4.2(a) shows a conventional three-level neutral point clamped (NPC) con-

verter. C1, C2 are the DC link capacitors, S1-S8 are the MOSFETs, while D1-D4
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are the clamped diodes. Considering leg B of the converter, S5 = S7 and S6 = S8,

and are modulated with separation of dead-time. Fig. 4.2(b) shows the proposed

three-level reconfigurable neutral-pointed clamped (RNPC) converter, and is cre-

ated when D4 in a conventional NPC converter is replaced with a MOSFET S9.

Table 4.1 shows the vector table of the conventional NPC converter and RNPC

converter. It can be seen that the ’O’ and ’R’ vectors develop 0 V referenced

to the ’n’ potential, however the ’R’ vector can be only developed in the RNPC

converter, and their differences are highlighted further.

To operate either of the converters in the full-bridge mode, the modulation

scheme representing the P/O/N vectors can be individually applied to either of

the legs, and the output voltage swing v(t) = ±VP . To operate a NPC converter in

the half-bridge mode, S6 and S7 are turned on, resulting in a ’O’ vector on leg B,

and limiting the output voltage swing v(t) = ±VP /2. The reconfiguration power

loss in a NPC, Phb(NP C) is given by (4.2), where ip(rms) is the RMS current handled

by the bridge, Rds(on) and Rd are the on-state resistances of the MOSFETs and

clamp diodes, VT 0 is the clamp diode threshold voltage.

Phb(NP C) = i2
p(rms)

(
Rds(on) + Rd +

√
2VT 0

ip(rms)

)
(4.2)

To operate the RNPC converter in the half-bridge mode, S7 and S9 are turned

on, resulting in a ’R’ vector on leg B. The reconfiguration power loss in a RNPC,

Phb(RNP C) is seen in (4.3).

Phb(RNP C) = 2i2
p(rms)Rds(on) (4.3)
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The reconfiguration power losses in an active neutral-point clamped (ANPC) con-

verter, Phb(ANP C) is seen in (4.4) [121].

Phb(ANP C) = i2
p(rms)Rds(on) (4.4)

0 5 10 15 20 25 30 35 40 45 50
0
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Figure 4.3: Reconfiguration power loss as a function of handled
RMS current

Fig. 4.3 shows the comparison in the reconfiguration power loss of the NPC,

RNPC and ANPC converters, when Rds(on) = 9 mΩ, Rd = 59 mΩ, and VT 0 =

1.07 V. Comparing the losses when ip(rms) = 50 A, the losses are 245 W, 44 W,

and 22 W, for the NPC, RNPC, ANPC converters, respectively. The losses of a

conventional NPC converter are incomparable to the RNPC or the ANPC, and

makes it unsuitable for topology morphing control at high RMS current levels.

Multiple strategies have been proposed in literature to increase the voltage range

of resonant power converters, however they utilize additional relays or contactors

for reconfiguration [82, 122, 123]. The proposed reconfiguration method does not

require any additional relays or contactors, and is solid-state in nature. This

improves the reliability of the application, since utilization of electromechanical
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devices with a fatigue life affected by vehicle vibrations is a cause of concern in

an on-board charger application. Additionally, the RNPC converter saves the

cost of one gate driver and MOSFET compared to using an ANPC converter, and

provides a reconfiguration option with a lower switch-count in its comparison, thus

providing a trade-off for cost-sensitive applications.

4.2 Operating Principle of the Reconfigurable

Three-Level Dual Active Bridge Converter
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Figure 4.4: Topology of reconfigurable three-level dual active
bridge converter (R3L-DAB) converter

Fig. 4.4 shows the construction of a reconfigurable three-level dual active bridge

(R3L-DAB) converter topology. The stage fed by the input voltage, VP , referred to

as primary side is interfaced with a reconfigurable neutral-point clamped converter.

The high-frequency link is generated using the system’s total leakage inductance,

Lk and isolation transformer with a secondary to primary turns ratio, n. The

secondary winding of the transformer is interfaced with a full-bridge neutral-point

clamped converter, that generates the output DC link, VB, and is referred to as the

secondary side. C1 − C4 are the DC link capacitors, S1 − S9 are the MOSFETs of

the primary RNPC converter, M1 − M8 are the MOSFETs of the secondary NPC

converter, D1 − D7 are the clamp diodes. The DC link with the larger voltage
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swing is intended to interface with the primary side with the RNPC converter

stage, that is connected to VP .
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Figure 4.5: (a) Reconfigurable three-level DAB in full-bridge
mode. (b) Reconfigurable three-level DAB in half-bridge mode.

Fig. 4.6 shows the operating modes of the R3L-DAB converter. The modulation

scheme is defined as the following; the primary side can operate either in the full-

bridge or the half-bridge mode, depending upon the state of the reconfiguration

MOSFETs, S7 and S9. Fig 4.5(a) shows the R3L-DAB in the full-bridge mode.

The gate command of switch S9 is maintained at logic 0, to disable the MOSFET

channel, and only let its body diode conduct to serve as a clamp diode. The volt-

age swing observed by the transformer primary, vp is ±VP . Fig. 4.5(b) shows the

R3L-DAB in the half-bridge mode, which is done by permanently turning on S7
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and S9. This creates a permanent connection between nodes ’b’ and ’n’, resulting

in a maximum transformer voltage swing, vp of ±VP /2. The primary excitation

is limited to a two-level operation, however can be further extended to three-level

(half-bridge) or five-level (full-bridge) operation to optimize the switching cur-

rents based on the available degrees of freedom [124]. The secondary excitation

is controlled by two phase shifts, D1 and D2, and generates a five-level waveform

(+VP , +VP /2, 0, −VP /2, −VP ). The power transfer between the two ports is con-

trolled by the phase shift, φ between the primary and secondary bridge voltages,

referenced to their zero position.
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Figure 4.6: Operating modes of the R3L-DAB converter.
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The normalized values of all control variables, 0 - 1 translates as 0 - Ts seconds,

or 0 - 2π radians. These control variables are bound by the following conditions:

−0.25 < φ < 0.25 (φ > 0 to transfer power from VP to VB and φ < 0 to transfer

power from VB to VP ). D1 + D2 ≤ 0.25. In order to facilitate power transfer from

VP to VB, φ > 0 has been assumed for the analysis. Mode 1 refers to a condition

when 0 < φ < D1. Mode 2 refers to a condition when D1 < φ < (D1 + D2).

Mode 3 refers to a condition when (D1 + D2) < φ < 0.25. Each of these modes

are applicable when the R3L-DAB is operated either in the full-bridge or the half-

bridge configuration.

The modulation technique of the R3L-DAB converter in operating mode 3, with

the primary gating signals S1 −S9, secondary gating signals M1 −M8, transformer

primary voltage vp, inductor voltage vL, secondary voltage vb, and inductor current

ip are shown in Fig. 4.7. In the full-bridge mode, the relationship between the

gating signals is as S1 = S3, S2 = S4, S5 = S7, S6 = S8, and is applicable for

M1 −M8 in the same order. The complementary signals are separated by the dead

time tdead at the turn-off interval, and is depicted in the intervals t′
x − tx, where

x ∈ {0..12}. t6 is represented by the half-cycle period Ths and t12 is represented

by switching period Ts. The primary side, connected to the RNPC converter

can be operated either in full-bridge or half-bridge mode, and generates a 2-level

waveform. The secondary side, connected to the NPC converter is operated in the

full-bridge mode, and generates a five-level waveform.

The modulation criterion for the R3L-DAB converter in operating mode 3 for

both full-bridge and half-bridge operation is summarized in Table 4.2. The rela-

tionship to the complementary switches in the bridge have been summarized in the

previous subsection. The specified modulation criterion is valid for mode 3 in the
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Table 4.2: Switching conditions of the R3L-DAB converter in
Mode 3.

Switch Turn-on instance ton Turn-off instance toff

S1,2 0 Ths

S5,6 Ths Ts

S5,6,8 Always off (half-bridge)
S7,9 Always on (half-bridge)
M1 (φ + D1 + D2)Ts (2{φ + D1} + 1)Ths

M2 (φ + D1)Ts (2{φ + D1 + D2} + 1)Ths

M5 (2{φ − D1} + 1)Ths (φ − D1 − D2)Ts

M6 (2{φ − D1 − D2} + 1)Ths (φ − D1)Ts

forward power mode (0 < φ < 0.25), however can be mapped for realization on a

digital signal processor (DSP) or field programmable gate array (FPGA) for modes

1, 2, and reverse power mode (−0.25 < φ < 0) provided the necessary overflow

conditions of the PWM modules are managed according to the implementation

platform.

The current paths of the R3L-DAB in a full-bridge mode 3 operation are shown

in Fig. 4.8(a)-(j) and Fig. 4.9(a)-(j). The direction of currents and the switches un-

dergoing ZVS at various instances have been shown in the figures. The secondary

side current paths and their intervals during the half-bridge mode 3 operation re-

mains the same as Fig. 4.8(a)-(j) and Fig. 4.9(a)-(j), however the primary bridge

current paths are shown in Fig 4.10(a)-(d).

The modulation scheme of the R3L-DAB converter in Mode 1 and Mode 2 op-

eration are shown in Fig. 4.11 and Fig. 4.12. The modulation schemes highlighted

in this section are used to derive the steady-state currents in the next subsection.
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Figure 4.11: Mode 1 modulation of the R3L-DAB converter.
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Figure 4.12: Mode 2 modulation of the R3L-DAB converter.
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4.3 Steady-State Analysis of the Reconfigurable

Three-Level Dual Active Bridge Converter
This section discusses the steady-state analysis of the R3L-DAB converter in all

modes of operation. The closed-form solution of the steady-state instantaneous

currents in the leakage inductance ip(t), the RMS current in the leakage inductance

ip(rms), the RMS currents in the various switches of the R3L-DAB based on the

above mentioned modulation schemes are derived in this section.

Due to the modulation of the R3L-DAB converter, there are discontinuities

observed in the voltages seen by the primary and secondary bridges. The time

instance tx, where x ∈ {1..12} are unique in all modes of operation. In all modes

of operation, the time instances are defined as a function of D1, D2, φ and Ts are

seen in (4.5), (4.6), (4.7). These equations compute the value of time instances

t0 − t6. The waveforms follow half-wave symmetry and t7 − t12 can be further

calculated based on this relation.

tx(Mode 1) =



t0 = 0

t1 = φTs

t2 = (D1 + φ)Ts

t3 = (D1 + D2 + φ)Ts

t4 = (1 − 2(D1 + D2 − 2φ))0.5Ts

t5 = (2φ − 2D1 + 1)0.5Ts

t6 = Ths

(4.5)
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tx(Mode 2) =



t0 = 0

t1 = (φ − D1)Ts

t2 = φTs

t3 = (D1 + φ)Ts

t4 = (D1 + D2 + φ)Ts

t5 = (1 − 2(D1 + D2 − 2φ))0.5Ts

t6 = Ths

(4.6)

tx(Mode 3) =



t0 = 0

t1 = (φ − D1 − D2)Ts

t2 = (φ − D1)Ts

t3 = φTs

t4 = (φ + D1)Ts

t5 = (φ + D1 + D2)Ts

t6 = Ths

(4.7)

The instantaneous voltage across the inductance vL(t) is seen in (4.8). The

piecewise function of the inductor voltage in all modes of operation is shown

in (4.9), (4.10), (4.11).

vL(t) = vp(t) − vb(t)
n

(4.8)
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VL(t)(Mode 1) =



VP (t0 < t < t1)

VP (t1 < t < t2)

VP − VB

2n
(t2 < t < t3)

VP − VB

n
(t3 < t < t4)

VP − VB

n
(t4 < t < t5)

VP (t5 < t < Ths)

(4.9)

VL(t)(Mode 3) =



VP + VB

2n
(t0 < t < t1)

VP (t1 < t < t2)

VP (t2 < t < t3)

VP − VB

2n
(t3 < t < t4)

VP − VB

n
(t4 < t < t5)

VP − VB

2n
(t5 < t < Ths)

(4.10)

VL(t)(Mode 3) =



VP + VB

n
(t0 < t < t1)

VP + VB

2n
(t1 < t < t2)

VP (t2 < t < t3)

VP (t3 < t < t4)

VP − VB

2n
(t4 < t < t5)

VP − VB

n
(t5 < t < Ths)

(4.11)
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The instantaneous value of the current through an inductor can be expressed

by solving (4.12), (4.13), (4.14).

VL(t)
Lk

= dip(t)
dt

(4.12)

VL

Lk

= ip(tx+1) − ip(tx)
tx+1 − tx

(4.13)

ip(tx+1) = ip(tx) + VL

Lk

(tx+1 − tx) (4.14)

Under steady-state condition of the R3L-DAB converter, the average value of

current through the inductor is zero, and is given by (4.15).

〈
ip

〉Ts

t=t0

= 0 (4.15)

Since the current through the inductor is half-wave symmetric, the condition

shown in (4.16) is satisfied.

ip(t0) = −ip(Ths) (4.16)

The value of the inductor currents at various instances (t1−t6) can be calculated

by solving the simultaneous equations at x = 0..6 in (4.14), using the equality

shown in (4.16). The solution of instantaneous inductor currents in all modes of

operation is seen in (4.17), (4.18), (4.19).
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ip(tx)(Mode 1) =



ip(t0) = −Ts(nVP −VB+4D1VB+2D1VB)
4nLk

ip(t1) = −Ts(nVP −VB+4D1VB+2D2VB−4nVP φ)
Lk

ip(t2) = −Ts(VB−nVP −4D1VB−2D2VB+4nD1VP +4nVP φ)
4nLk

ip(t3) = Ts(VB−nVP −4D1VB−4D2VB+4nD1VP +4nD2VP +4nVP φ)
4nLk

ip(t4) = Ts(nVP −VB+4D1VB+4D2VB−4nD1VP +4nD2VP +4nVP φ)
4nLk

ip(t5) = Ts(nVP −VB+4D1VB+2D2VB−4nD1VP +4nVP φ)
4nLk

ip(Ths) = Ts(nVP −VB+4D1VB+2D1VB)
4nLk

(4.17)

ip(tx)(Mode 2) =



ip(t0) = −Ts(nVP −VB+2VBφ+2D1VB+2D2VB)
4nLk

ip(t1) = −Ts(nVP −VB+4D1VB+2D2VB+4nD1VP −4nVP φ)
Lk

ip(t2) = −Ts(nVP −VB+4D1VB+2D2VB−4nVP φ)
4nLk

ip(t3) = Ts(VB−nVP −4D1VB−2D2VB+4nD1VP −4nVP φ)
4nLk

ip(t4) = Ts(VB−nVP −4D1VB−4D2VB+4nD1VP +4nD2VP +4nVP φ)
4nLk

ip(t5) = Ts(nVP −VB+4D1VB−4D2VB−4nD1VP −4nD2VP +4nVP φ)
4nLk

ip(Ths) = Ts(nVP −VB+2VBφ+2D1VB+2D2VB)
4nLk

(4.18)
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ip(tx)(Mode 3) =



ip(t0) = −Ts(nVP −VB+4VBφ)
4nLk

ip(t1) = −Ts(VP + VB
n

)(D1+D2−φ)
Lk

− Ts(nVP −VB+4VBφ)
4nLk

ip(t2) = −Ts(nVP −VB+4D1VB+4nD1VP +2D2VB−4nVP φ)
4nLk

ip(t3) = −Ts(nVP −VB+4D1VB+2D2VB−4nVP φ)
4nLk

ip(t4) = Ts(VB−nVP −4D1VB−2D2VB+4nD1VP +4nVP φ)
4nLk

ip(t5) = Ts(VB−nVP −4D1VB−4D2VB+4nD1VP +4nD2VP +4nVP φ)
4nLk

ip(Ths) = Ts(nVP −VB+4VBφ)
4nLk

(4.19)

The average power transferred across the high-frequency link of a R3L-DAB is

given by 4.20. The closed-form solution of power transfer in all modes of operation

can be determined by solving the piecewise definite integral of (4.20). The solution

of the definite integral to obtain the power transfer expression in all modes of

operation is shown in (4.21), (4.22), (4.23).

Pout = 1
Ths

∫ Ths

t0
vp(t)ip(t)dt (4.20)

Pout,1 = VP VB

nfswLk

(φ − 4D1φ − 2D2φ) (4.21)

Pout,2 = VP VB

nfswLk

(φ − φ2 − 2D2φ − 2D1φ − D2
1) (4.22)
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Pout,3 = VP VB

nfswLk

(φ − 2φ2 − 2D2
1 − 2D1D2 − D2

2) (4.23)

The solution of the operating phase shifts in all modes of operation is shown

in (4.24), (4.25), (4.26).

φ(Mode 1) = − nLkPout

TsVP VB(4D1 − 2D2 − 1) (4.24)

φ(Mode 2) =

±

√√√√√√√ TsVP VB(TsVP VB − 4nLkPout + 4D2
2TsVP VB

−4D1TsVP VB − 4D2TsVP VB + 8D1D2TsVP VB)
2TsVP VB

++TsVP VB − 2D1TsVP VB − 2D2TsVP VB

2TsVP VB

(4.25)

φ(Mode 3) = ±

√√√√√√√TsVP VB(16TsVP VBD2
1 + 16TsVP VBD1D2+

8TsVP VBD2
2 − TsVP VB + 8nLkPout)

+ TsVP VB

2TsVP VB

(4.26)

The power transfer capability of the R3L-DAB converter reduces when D1 ̸= 0

or D2 ̸= 0. The mode of operation is determined based on the value of D1, D2

and φ. The value of these variables can be any combination meeting the criteria

(D1, D2, φ) ≤ 0.25. To observe the trend of operating modes, and the power
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transfer capability of the R3L-DAB, (D1 = D2) ≤ 0.125. The variation in the

output power capability of the R3L-DAB converter is shown in Fig. 4.13(a). The

maxima of the output power is observed at D1 = D2 = 0 and φ = 0.25. The

trajectory of the modes of operation is shown in Fig. 4.13(b).
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Figure 4.13: (a) Output power variation of the R3L-DAB as a
function of D1, D2, φ. (b) Mode trajectory of the R3L-DAB as a
function of D1, D2, φ.

The closed-form solution of the RMS current flowing through the leakage in-

ductor ip(rms) can be obtained by solving the piecewise definite integral of (4.27).
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ip(rms) =
√

1
Ts

∫ Ts

t0
i2
p(t)dt (4.27)

The inductor RMS current in Mode 3 operation is seen in (4.28).

ip(rms) =
{[

192(D2
1D2V

2
B − nD2

1VP VBφ − nD1D2VP VBφ) + 144D1D
2
2V 2

B + 128D3
1V 2

B

−96nD2
2VP VBφ − 64nVP VBφ3 + 48(nD2

1VP VB − D2
1V 2

B + nD1D2VP VB − D1D2V
2

B

+D3
2V 2

B + nVP VBφ2) + 24(nD2
2VP VB − D2

2V 2
B) + n2V 2

P − 2nVP VB + V 2
B

]

/(482n2f 2
swL2

k)
}1/2

(4.28)

iS/M/D(rms) =
√

1
Ts

∫ tstop

tstart

i2
S/M/D(t)dt (4.29)

The closed-form solution of the various RMS currents in the R3L-DAB converter

are evaluated using the general form shown in (4.29), and the intervals shown

in Table 4.4. Fig. 4.14 and Table 4.4 shows the comparison of the analytically

modeled and simulated values of the RMS current stress in the R3L-DAB converter

at the operating point where D1 = 0.028, D2 = 0.028, φ = 0.12, Pout = 15 kW,

VP F C = 300 V, Vbatt = 1.25 kV. The mean value of the modeling error ϵ = -0.26%,

while the standard deviation of the modeling error σϵ = 2.9%.
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Table 4.3: Zero Voltage Switching (ZVS) criterion of the R3L-
DAB in all modes of operation.

Switch Mode 1 Mode 2 Mode 3
Soft-Switching Criterion

S1,2,7,8 ip(t0) < 0
S3,4,5,6 ip(Ths) > 0
M1,4 ip(t3) > 0 ip(t4) > 0 ip(t5) > 0
M2 ip(t2) > 0 ip(t3) > 0 ip(t4) > 0
M3 ip(t8) < 0 ip(t9) < 0 ip(t10) < 0
M5,8 ip(t5) < 0 ip(t7) < 0 ip(t8) < 0
M6 ip(t4) < 0 ip(t5) < 0 ip(t7) < 0
M7 ip(t10) > 0 ip(t11) > 0 ip(t1) > 0

Table 4.4: Comparison of the analytically modeled and simulated
RMS currents of the R3L-DAB converter in operating mode 3.

Section tstart tstop
Analytical

irms

Simulation
irms

Error ϵ
(%)

Lk t0 Ts 55.41 55.24 +0.31
S1..8 t0 Ths 39.17 36.79 +6.47

M1, M4 t5 t10 12.60 13.14 -4.07
M2, M3 t5 t11 13.92 13.99 -0.50
D4, D5 t10 t11 4.63 4.82 +0.22
M5, M8 t0 & t8 t1 & t12 13.36 13.67 -2.27
M6, M7 t0 & t7 t2 & t12 13.96 13.99 -0.21
D6, D7 t7 t8 2.90 2.96 -2.03
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Figure 4.14: Comparison of analytically modeled and simulated
steady-state inductor current ip(t), (D1 = 0.028, D2 = 0.028, φ =
0.12, Pout = 15 kW, VP F C = 300 V, Vbatt = 1.25 kV.

4.4 Soft-Switching Criterion
The dual active bridge converter, due to the nature of its power decoupling impedance

does not contain a resonant tank, and hence deprives the ability to naturally per-

form zero current switching (ZCS) without using advanced modulation techniques.

However, ZVS can be achieved by having a lagging current prior to the turn-on

instant of the switch under consideration. The action of forward-biasing the body-

diode of a MOSFET prior to turn-on enables a zero voltage turn-on. The ZVS

criterion of all the switches in the R3L-DAB is shown in Table. 4.5. The mentioned

inequalities are required to be satisfied based on the mode of operation as the first

step for achieving ZVS.

The action of ZVS, caused by the forward-biased body diode of the MOSFET

is due to the resonance between the leakage inductance, and the MOSFET out-

put capacitance (Coss). Depending upon the state of the bridge, and whether
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Table 4.5: Zero Voltage Switching (ZVS) criterion of the R3L-
DAB in all modes of operation.

Switch Mode 1 Mode 2 Mode 3
Soft-Switching Criterion

S1,2,7,8 ip(t0) < 0
S3,4,5,6 ip(Ths) > 0
M1,4 ip(t3) > 0 ip(t4) > 0 ip(t5) > 0
M2 ip(t2) > 0 ip(t3) > 0 ip(t4) > 0
M3 ip(t8) < 0 ip(t9) < 0 ip(t10) < 0
M5,8 ip(t5) < 0 ip(t7) < 0 ip(t8) < 0
M6 ip(t4) < 0 ip(t5) < 0 ip(t7) < 0
M7 ip(t10) > 0 ip(t11) > 0 ip(t1) > 0

inner-phase shifts are present based on the modulation scheme, the equivalent

capacitance changes [125].

0.5LkI2
on > 0.5CeqV

2
eq (4.30)

The energy inequality seen in (4.30) should be satisfied as the second layer of

check, to ensure that there is sufficient energy in the inductance to cause ZVS, else

it would result in a partial ZVS condition.
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Chapter 5

Design of a Reconfigurable

Three-Level Dual Active Bridge

Converter for 1.25 kV On-Board

Charging Applications

5.1 DC-DC Converter Requirements for a 1.25

kV On-Board Charger
As established in Chapter 3, the unique 3-Φ voltages in North America are 208/120Y,

220/127Y, 480/277Y, and 600/347Y. The SAE J3068 standard has variation in

the amperage of the current carrying contacts, that determine the power delivery

limit of a charging connector. The standard contacts are rated at 63 A, while

advanced contacts (AC6) are rated at 100 A, 120 A, 160 A. Table 5.1 shows the

values of the charging power vector ⃗Pcharge for varying values of grid phase voltage

V⃗ph, charging contact current I⃗ph, and displacement power factor cos ϕ = 1, as seen
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Figure 5.1: Multi-module IPOP two-stage on-board charger
structure.

Table 5.1: Charging Power (kW) as a function of varying AC
input voltage and SAE J3068 contacts

Contact Current 63 A 100 A* 120 A* 160 A*

Vph (V) VLL (V) VPFC(min) (V) Power (kVA)
120 208 294 22.7 36 43.2 57.6
127 220 311 24 38.1 45.7 61
277 480 679 52.4 83.1 99.7 133
347 602 851 65.6 104.1 124.9 166.6

in (5.1).
⃗Pcharge(kW) = η3V⃗phI⃗ph cos ϕ (5.1)

A conventional PFC converter stage can be classified as buck, boost, or buck-

boost types. Since the battery voltage is higher than the AC input voltage, the an

example of boost PFC, such as the six-switch PFC rectifier or the Vienna rectifier

is assumed. The minimum DC link voltage of the PFC VP F C(min) below which

regulation is not possible is given by (5.2).

VP F C(min) =
√

6Vph (5.2)
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Figure 5.2: Simulated efficiency of a 3-Φ boost PFC converter
operating at 15 kW, with varying VP F C and Vph.

A 3-Φ PFC converter is preferred to be operated in the continuous conduction

mode (CCM) due to high power-handling requirements [66]. This causes hard-

switching in the PFC converter, resulting in higher switching losses, and thus, a

lower efficiency [126]. In a conventional two-level boost PFC converter, the switch’s

voltage stress is the DC link voltage, while, the current stress is a sinusoidal input

current. As the PFC’s DC link voltage is raised beyond VP F C(min), the converter’s

efficiency diminishes based on the trajectory of rise in switching energy. That

being said, the lowest losses will be experienced on the PFC converter when VP F C

= VP F C(min). The on-board charger must operate from 208/120Y to 600/347Y to

fully cater across North America’s varying grid voltage, referring to a voltage swing

between 300 < VP F C < 850 V, to enable minimal reduction in efficiency of the

PFC converter. Fig. 5.2 shows the simulated efficiency map of a 3-Φ boost PFC

converter in the PLECS environment, operating at a load of 15 kW, fsw = 100

kHz, and utilizing Wolfspeed’s C3M0016120D (1.2 kV/ 16 mΩ) SiC MOSFETs.

The simulation confirms that the efficiency drop is detrimental as the DC link

voltage of the PFC stage increases, especially at lower input phase voltages.
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Table 5.2: Electrical design targets of the R3L-DAB converter

Design Variable Description Specification
VP F C(VP ) PFC DC link range 300 - 850 V
Vbatt(VB) Battery voltage range 890 - 1250 V

Pout Power rating 15 kW

A Li-ion NMC cell varies from 3 - 4.2 V representing 0 - 100% state of charge.

A 1.25 kV battery pack would require serialization of 296 cells, resulting in a total

battery voltage swing from 890 - 1250 V. The maximum power defined in SAE

J3068 is 166 kW, and the R3L-DAB converter is expected to operate in a multi-

module IPOP architecture, as shown in Fig. 5.1. The power level of the R3L-DAB

is approximately 1/10th of the maximum power, and is set to 15 kW. The design

requirements are summarized in Table 5.2.

5.2 R3L-DAB Power Loss Model
The efficiency of the R3L-DAB based on its operating point can be estimated

analytically or in simulation. In the context of this thesis, an analytical model has

been constructed. This section describes the set of equations used to estimate the

losses of the R3L-DAB at a particular operating point, that is further used for the

optimization of efficiency and power density.

The power loss equations of various components in the R3L-DAB are defined

in Table 5.3. The symbols encountered for the first time are as follows; ZVS is

a boolean, and is 0 when ZVS the above mentioned conditions for the operating

point are true, and is 1 when ZVS condition is false. Eon and Eoff are 2-dimension

look up tables, and are defined as a function of switched voltage and current. tdead

is the converter dead time between complementary switches. VSD is the forward

voltage of the MOSFET’s body-diode. VF is the forward voltage of the clamp
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Table 5.3: Power loss equations of the R3L-DAB

Component Power Loss Loss Symbol Loss Equation (W)
Sx/My

x ∈ 1..9
y ∈ 1..8

MOSFET Conduction Pcond(M) i2
rmsRds(on)

MOSFET Turn-on Pon ZVS.fswEon(Vds, Ion)
MOSFET Turn-off Poff fswEoff (Vds, Ioff )
Diode Conduction Pcond(D) fswtdeadVSDIon

Dx

x ∈ 1..7
Diode Conduction Pd VF ID(av)
Diode Reverse Recovery Prr Neglected

Transformer Winding Pcu i2
p(rms)Rp + (ip(rms)/n)2Rs

Core Loss Pcore kfef
α
sw∆BβVe

Passive Inductor PL i2
p(rms)ESRL

Capacitor PC i2
c(rms)ESRC

diodes, ID(av) is the average forward current through the clamp diode. Rp and Rs

are the AC resistances of the transformer winding. kfe, α, and β are the Steinmetz

coefficients of the core, Ve is the total core volume. ic(rms) is the capacitor RMS

current. ESRC and ESRL are the equivalent series resistances of the capacitor

and inductor.

Ptotal(F.B) = 8(Pcond(M) + Pon + Poff + Pcond(D))|M8
M1 + 4(Pd + Prr)|D3

D1

+8(Pcond(M) + Pon + Poff + Pcond(D))|S8
S1 + 4(Pd + Prr)|D7

D4

+Pcu + Pcore + PL + PC

(5.3)

Ptotal(H.B) = 4(Pcond(M) + Pon + Poff + Pcond(D))|M4
M1 + 2(Pd + Prr)|D2

D1

+8(Pcond(M) + Pon + Poff + Pcond(D))|S8
S1 + 4(Pd + Prr)|D7

D4

+Pcu + Pcore + PL + PC + 2Pcond(M)|M9
M7︸ ︷︷ ︸

Reconfiguration Loss

(5.4)
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Figure 5.3: Charging Profile of a 1.25 kV Battery.

The total power loss in the R3L-DAB’s full-bridge and half-bridge operation are

given by (5.3) and (5.4). The efficiency of the R3L-DAB is calculated using (5.5).

η(VP , VB, Pout) = Pout − Ploss(total)

Pout

× 100% (5.5)

5.3 Efficiency and Power Density Optimization
The priority operating regions of a R3L-DAB operating in the Grid-to-Vehicle

(G2V) operating modes can be determined based on the battery charging profile.

The assumed charging profile for a 1.25 kV/ 500 Ah battery pack is shown in

Fig. 5.3. The operating point vector O⃗P = f(VP F C , Vbatt, Pbatt) and is discretized

based on finite time intervals in the charging profile.

Selection of the turns ratio n, switching frequency fsw, and leakage inductance

Lk affects the average efficiency of the R3L-DAB converter. The mean RMS cur-

rent ip(rms) is calculated using (4.28) for variations in n and VP F C . Lower RMS

current is an indicator of the highest utilization of the high-frequency link, and

minimum deviation in the conversion ratio of the converter away from its nominal

value. The mean value of the RMS current for all variations of the PFC input
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Figure 5.4: Average primary RMS current as a function of turns
ratio.

voltage is consolidated, and its minima is observed at n = 2.8.

Fig. 5.5 shows the algorithm used for selection of the switching frequency and

leakage inductance. The turns ratio of the converter is fixed as a result of the

previously mentioned parameter sweep.

For brevity, and to limit the number of variables of the optimization problems,

D1 and D2 are set to 0, thus defining the scope of optimization to a two-level

modulation scheme on the secondary bridge. The maximum leakage inductance

Lk(max) evaluated at a certain switching frequency fsw is given by (5.6).

Lk(max)|fsw = VP (min)VB(min)

nfswPout(max)
(φmax − 2φ2

max) (5.6)

The key components apart from the converter parameters are sized using initial

parameter sweeps regarding the switched current, RMS current while maintaining
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the same high-frequency link impedance scaled to the frequency. Based on this

component selection, the switching energy tables are defined. The transformer core

size and material is also defined based on the required power handling requirement

of the R3L-DAB converter.

As shown in Fig. 5.5, the algorithm generates a three-dimensional space of the

average efficiency ηav, as a function of the input voltage VP F C and the switching

frequency fsw. The explanation of the algorithm is as follows; The switching

frequency sweep is defined between fsw(min) = 25 kHz to fsw(max) = 300 kHz. At

first, the operating point O⃗P is selected based on the discrete point on the charging

profile and the selected VP F C . The operating point is passed through the R3L-

DAB’s steady-state model to compute the steady state currents. The steady state

current equations are used to evaluate the various losses discussed in the previous

section, and are used to evaluate the efficiency at an operating point. The average

efficiency of the R3L-DAB at a single input voltage, for varying Vbatt and Pout is

computed, while consequently calculating the efficiency for all values of VP F C and

fsw to develop the trajectory map of the efficiency.

Fig. 5.6 shows the efficiency map of the R3L-DAB as a function of variation in

the switching frequency and the PFC DC link voltage. It can be observed that the

mean efficiency of this dataset is at 97%, and the increase in switching frequency

of the R3L-DAB is not very detrimental to the average efficiency. However, the

variation in required leakage inductance is minimal. To reduce the challenges in

management of the system’s leakage inductance, the leakage inductance is chosen

at the inflection point of dLk/dfsw < 0.5µH/10kHz, while being able to fit the

external leakage inductance into the power electronics package.
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Figure 5.7: Isometric view of the Power Board.

5.4 DC-DC Converter Design

5.4.1 High-Voltage Power Board

The power board of the R3L-DAB converter is used to construct both the primary

and secondary bridges. In order to provide design modularity and have flexibility

for topological variations, an ANPC full-bridge converter is constructed. This

ANPC full-bridge can be used to construct either a NPC converter or an RNPC

converter. The isometric view of the Power Board is seen in Fig. 5.7.

The power board is constructed such as it can be mounted on a plate with liquid-

cooling. All the MOSFETs are through-hole SiC devices in the TO-247-4 packages,

to avail the provision of a Kelvin-source connection and reduced switching energies.
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Figure 5.8: Isometric view of the Gate Driver Board.

The primary side MOSFETs are UJ4SC075009K4S (9 mΩ / 750 V) from Qorvo,

while the secondary side MOSFETs are G3R20MT12K (20 mΩ / 1.2 kV) from

GeneSiC. The clamp diodes are MSC030SDA070K (Microchip) and GD20MPS12A

(GeneSiC) on the primary and secondary sides, respectively.

A companion gate driver board is designed to cascade on top of the power board,

while accessing its gate, drain, kelvin source pins. The gate driver is equipped to

control the entire ANPC converter. The choice of populating or not populating

the gate driver and its companion circuit is based on the stage of use (NPC or

RNPC stage). The gate driver power supply is MGJ2D151505SC (muRata), while

the gate driver is 1ED3322MC12NXUMA1 (Infineon). The current source/sink

capability of the gate driver is +6 A/ -8.5 A. The gate resistances of either bridges

are curated based on the recommendations of the MOSFET manufacturers. The

schematic of a single gate driver channel is shown in Fig. 5.9. Further details of

the power converter realization are shown in Table 6.1.
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Figure 5.9: Gate driver channel schematic.
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Figure 5.10: Optimal primary turns Np,opt over frequency varia-
tions.

5.4.2 Planar Transformer

The high-frequency link between the primary and secondary bridges is isolated

using the transformer, with a secondary to primary turns ratio n. The turns

ratio has been selected as n = 2.8. The Primary Winding Turns (Np) and its

optimal value Np,opt can be evaluated at every frequency using (5.7). The symbols

in equation are defined as Copper resistivity (ρ), Mean Length per Turn (MLT ),

Number of layers per winding (nl), Copper thickness (tcu), Primary winding PCB

trace width (wpri), Secondary winding PCB trace width (wsec), Core cross section

area (Ac), Core effective volume (Ve), Secondary Winding Turns (Ns).

Fig. 5.10 shows the variation of the optimal primary turns as a function of

operating frequency. The core parameters are based on the B66297G0000X197 core

from TDK. The number of layers nl are 10. The primary and secondary windings

are separated by an FR-4 insulator. Np,opt = 10, Ns = 28 are the chosen design
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specifications based on fsw = 150 kHz. The specifications of the transformer are

mentioned in Table. 6.1. The transformer measurements on the Keysight E4990A

impedance analyzer for the magnetizing inductance Lmag and leakage inductance

Lk,xfmr are shown in Fig. 5.11.

Np,opt(fsw) = min

ceil(Np

n
)3 i2

p(rms)

nl

(
ρMLT
tcuwsec

)
︸ ︷︷ ︸

Secondary Copper Loss

Np

i2
p(rms)

nl

(
ρMLT
tcuwpri

)
︸ ︷︷ ︸

Primary Copper Loss

+ kfef
α
sw

(
Vbatt(max)

ceil(nNp)fswAc

)β

Ve︸ ︷︷ ︸
Core Loss



fsw ∈ {fsw(min)...fsw(max)}

Np ∈ {Np(min)...Np(max)}

(5.7)

Figure 5.11: Transformer measurements (a) Magnetizing Induc-
tance Lmag (b) Leakage inductance Lk,xfmr.
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Figure 5.12: Exploded view of the construction of the R3L-DAB
converter.

5.4.3 Power Electronics Packaging

The R3L-DAB converter is packaged around a cold-plate measuring 176 × 274 ×

14 mm, that is designed for a flow-rate of 8 LPM, and a coolant of 50% deionized

water and ethylene glycol. The power board of the RNPC converter, the external

leakage inductance, the planar transformer, the power board of the NPC converter,

and the control board are connected to the cold-plate, making the total dimensions

of the envelope to 176 × 274 × 96 mm. The power density of the R3L-DAB

converter prototype is 3.25 kW/L or 53.25 W/in3. Fig 5.12 shows the exploded

view of the R3L-DAB converter, while Fig. 5.13 shows the hardware demonstrator

prototype of the R3L-DAB converter.

100



M.A.Sc - Rachit Pradhan; McMaster University - ECE

Figure 5.13: Hardware demonstrator of the 15 kW R3L-DAB
converter.
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Chapter 6

Experimental Results and

Verification

This section discusses the experimental results of the R3L-DAB converter, and

focuses primarily on its efficiency evaluation. Table 6.1 consolidates the informa-

tion regarding the realization of the R3L-DAB converter, and thus, the Device

Under Test (DUT). The Zimmer LMG671 Power Analyzer is used to measure the

electrical efficiency of the R3L-DAB. The primary side current sensor is the LEM

IT 700-S ULTRASTAB. The secondary side current sensor is the LEM IT 60-S

ULTRASTAB.

The efficiency measurements are performed for the following variation of the

PFC voltage; VP F C = 300 V, 400 V, 680 V, 850 V. The battery side voltage

variations are done based on the minimum, nominal and maximum voltages of

the battery pack; Vbatt = 890 V, 1095 V, 1250 V. The minimum achievable load

resistance is 120 Ω, and is the reason power transfer tests are capped to 6.6 kW

when Vbatt = 890 V, and is 9.9 kW when Vbatt = 1095 V. The power variations are

performed by paralleling 1.2 kΩ resistors.
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Table 6.1: Realization details of the R3L-DAB converter

Parameter Specification

Key
Specs.

VP F C

Vbatt

Pout(max)
fsw

Lk

ηpeak

300 - 850 V
890 - 1250 V
15 kW
150 kHz
5.3 µH
97.32 %

Primary
(RNPC)

SiC MOSET
Rds(on)/Vds(max)
Vgs(on)/Vgs(off)
Rg(on)/Rg(off)

Rs/Cs

SiC Diode
SiC Diode’s VF /ID

UJ4SC075009K4S (Qorvo)
9 mΩ/ 750 V
+15 V/ -5 V
3.3 Ω/ 5.6 Ω
5 Ω/ 560 pF
MSC030SDA070K (Microchip)
700 V/ 30 A

Secondary
(NPC)

SiC MOSET
Rds(on)/Vds(max)
Vgs(on)/Vgs(off)
Rg(on)/Rg(off)

SiC Diode
SiC Diode’s VF /ID

G3R20MT12K (GeneSiC)
20 mΩ/ 1200 V
+15 V/ -5 V
12 Ω/ 2 Ω
GD20MPS12A (GeneSiC)
1200 V/ 20 A

Power
Board

Components

DC link capacitor

Bypass capacitor

Gate driver
Iso. power supply

5 µF/ 800 V
B32774D8505K000 (EPCOS)
0.1 µF/ 1500 V
C2225C104KFRAC (KEMET)
1ED3322MC12NXUMA1 (Infineon)
MGJ2D151505SC (muRata)

Transformer

Turns ratio (n)
Core & material

Lmag

Lk,xfmr

Copper thickness
PCB prepreg
nl per winding
Insulator thickness
Insulator breakdown

28:10 (2.8)
ELP 102/20/38 & N97
B66297G0000X197 (TDK)
0.77 mH at 1 kHz
1.17 µH at 1 kHz
6 oz/ft2 (210 µm)
FR-4 (0.35 mm)
10
0.35 mm
4130 Vpeak

Cold Plate
Dimensions
Flow rate
Coolant

176 × 274 × 14 mm
8 LPM
50% DI water/ ethylene glycol

Mech.
Dimensions

Dimensions
Power density

176 × 274 × 96 mm
3.25 kW/L or 53.25 W/in3
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(a)

(b)

(c)

Figure 6.1: Peak efficiency operating point of the R3L-DAB con-
verter (VP F C = 850 V (H.B), Vbatt = 1.25 kV, Pout = 10.38 kW) (a)
Oscilloscope Capture (b) Power Analyzer Voltage Measurement (c)
Power Analyzer Efficiency Measurement
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(a)

(b)

(c)

Figure 6.2: VP F C = 850 V (H.B), Vbatt = 1.25 kV, Pout = 12.98
kW (a) Oscilloscope Capture (b) Power Analyzer Voltage Measure-
ment (c) Power Analyzer Efficiency Measurement
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(a)

(b)

(c)

Figure 6.3: VP F C = 680 V (H.B), Vbatt = 1.25 kV, Pout = 12.86
kW (a) Oscilloscope Capture (b) Power Analyzer Voltage Measure-
ment (c) Power Analyzer Efficiency Measurement
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(a)

(b)

(c)

Figure 6.4: VP F C = 400 V (F.B), Vbatt = 1.25 kV, Pout = 10.65 kW
(a) Oscilloscope Capture (b) Power Analyzer Voltage Measurement
(c) Power Analyzer Efficiency Measurement
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(a) (b)

Figure 6.5: R3L-DAB converter waveforms in the full-bridge
mode when Vbatt = 1.25 kV, Pout = 7.72 kW (a) VP F C = 300 V
(b) VP F C = 300 V.
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Figure 6.6: Efficiency map of the R3L-DAB converter (a) Vbatt =
890 V (b) Vbatt = 1095 V (c) Vbatt = 1250 V.
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Figure 6.7: Five-level modulation on battery-bridge VP F C = 150
V, Vbatt = 690 V, Pout = 4 kW, D1 = 0.05, D2 = 0.06, φ = 0.14.

Fig. 6.1 shows the waveforms of the oscilloscope, voltage measurement of the

power analyzer, and efficiency measurement of the power analyzer at the peak

efficiency point of the R3L-DAB converter. Fig. 6.2, Fig. 6.3, and Fig. 6.4 show

the waveforms of the oscilloscope, voltage measurement of the power analyzer,

efficiency measurement of the power analyzer of varying PFC voltages at Vbatt =

1.25 kV, and measurable full-load conditions. The efficiency plots of the R3L-DAB

across the input voltage, output voltage, and output power variations are shown in

Fig. 6.6. It can be noted that the average efficiency of the R3L-DAB converter is

approximately 95% with varying input and output voltage. The variation in input

voltage does not cause detrimental impact in the converter’s efficiency. The peak

efficiency ηpeak = 97.32% is measured when Vbatt = 1.25 kV, Pout = 10.38 kW. The

full-load efficiency of the R3L-DAB is 96.91%, when Pout = 12.98 kW.

Fig. 6.7 shows the five-level, mode 3 operation of the R3L-DAB converter while

operating in the full-bridge mode. To clearly identify the distinction in voltage

levels, the control point is D1 = 0.05, D2 = 0.06, φ = 0.14. VP F C = 150 V,

Vbatt = 690 V, Pout = 4 kW. At this operating point, the conversion ratio d =
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1.64, yet the R3L-DAB exhibits an efficiency of 93%. The control variables can be

further optimized for minimized conduction and switching losses using numerical

optimization methods [124].

Fig. 6.5 shows the operation of the R3L-DAB converter in the full-bridge mode

when Vbatt = 1.25 kV, Pout = 7.72 kW; (a) when VP F C = 300 V (b) when VP F C

= 400 V. It can be observed that primary side loses ZVS when VP F C = 300 V.

When VP F C = 400 V, the primary bridge regains ZVS. Based on the efficiency

plot in Fig. 6.6(c), it can be observed that raising the VP F C by 100 V results

in an efficiency improvement of +5.56 %, and can be considered for system-level

efficiency optimization, and synergistic regulation of the PFC DC link and DC-DC

converter stage [127].
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Chapter 7

Conclusions and Future Work

The thesis develops the prototype of a 15 kW Reconfigurable Three-Level Dual

Active Bridge Converter for on-board charging of next-generation MHDVs with

high-voltage powertrains. The prototype achieves a power density of 3.25 kW/L

and a peak efficiency of 97.32 %.

Chapter 2 discusses the classification of electric vehicle charging, and its use

cases. The status quo of powertrain voltages in existing BEVs has been discussed,

to identify the future projection of powertrain voltage levels based on DC fast

charging and on-board charging standards and their co-dependency.

Chapter 3 discusses the various architectures of on-board chargers, and their

sub-systems such as the Power Factor Correction (PFC) stage and Bidirectional

Isolated DC-DC Converter. A case study for comparing various topological vari-

ations of the dual active bridge converter is performed. The regulatory standards

for qualification of on-board chargers are also discussed.

Chapter 4 introduces the Reconfigurable Three-Level Dual Active Bridge Con-

verter. The operating principle of the Reconfigurable Neutral Point Clamped
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(RNPC) is discussed. The modulation technique of the R3L-DAB is defined, and

the steady-state analysis solving the equations of the instantaneous currents, and

RMS currents is developed and the accuracy of the modeled equations is verified.

Chapter 5 focuses on the design of the R3L-DAB converter compatible for 1.25

kV on-board charging applications. The requirements for the DC-DC converter

are defined. The steady-state analysis is incorporated with a power loss model to

estimate the efficiency of the DC-DC converter. A design optimization procedure

to choose the fsw, Lk, and n based on the battery charging profile is proposed. The

implementation details of the RNPC, planar transformer and the power electronics

packaging are presented.

Chapter 6 shows the experimental verification of the R3L-DAB converter for

comparison with simulation and modeling results. The efficiency map of the R3L-

DAB converter under varying load conditions is developed.

Future Work

Apart from the original contributions made as a part of this thesis, the following

research directions can be addressed in the future:

• As a part of this thesis, 2-level modulation of the R3L-DAB converter has

been experimentally verified across a wide range of operation, and the two-

level/five-level scheme is tested. The control variables D1, D2, φ can be used

to reduce the RMS current stress, switching current stress of the R3L-DAB

converter. Numerical optimization or analytical closed-form solutions for

minimization of these parameters can aid in improvements of efficiency.

• Topological variations to reduce the switch count of the R3L-DAB converter
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can be explored. Some candidates such as half-bridge NPC converter or series

stacked half-bridge converters can be studied to identify the cost-benefit of

the converter, to make it viable for commercial applications.

• The power decoupling network for the DAB is a leakage inductance. Power

decoupling via series resonant tanks/multi-resonant tanks for phase shift con-

trol, or CLLC converters for frequency control can be explored to understand

deviation in efficiency.

• The analytical and power loss model can be made mature to perform numer-

ical optimization via techniques like η − ρ Pareto optimization, to provide

the best trade-off between power density and efficiency.
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