
ABSTRACT

WANG, DAKAI. Adaptive Soft-switching High-Power Converters and Inverters for Electric
Vehicle Applications. (Under the direction of Wensong Yu).

The wide-band-gap devices (WBG) make it possible for power electronics systems to operate

at higher efficiency, frequency, and temperature. But the switching loss is still considerable at a

high switching frequency. The fast switching speed enables nanosecond-level on/off control.

However, the high dv/dt brings more severe electromagnetic interference (EMI) problems and

higher stress on the insulation materials.

For EV applications using WBG devices, the challenges of soft-switching techniques are

to achieve (1) zero-voltage-switching (ZVS) adaptive to wide input/output voltage range (2)

ZVS adaptive to all load conditions, (3) coordination with other targets such as system level

efficiency, power density, output dv/dt, and EMI requirements.

This dissertation classifies the ZVS technology from the perspective of additional degrees

of freedom and auxiliary circuit configuration point of view. It points out the methodology

of adaptive soft switching. Besides, adaptive ZVS solutions suitable for high-power AC-DC

converter/inverter and isolated DC-DC converter are proposed.

Soft-switching techniques reduce the switching loss by efficiently recycling the reactive

energy using extra degrees of freedom.

The adaptive soft-switching technique for high-power isolated DC-DC converter targets to

improve the system-level efficiency and power density over a wide output voltage range from

no load to full load. It’s suitable for on-board and off-board charger applications. An isolated

DC-DC converter with dedicated 3-level modulation is proposed to achieve a 4:1 output voltage

range and complete zero-voltage-switching (ZVS) of all active switches using the magnetizing

inductors. The single input 3-level modulation scheme coordinates the phase-shift, duty cycle,

and switching frequency to ensure 1) the magnetizing currents are independent of load voltage

and current; 2) the output voltage is proportional to the modulation input. As a result, the dual

half- and full-bridge modes of the switching network are unified and modeled as a voltage-

controlled voltage source, with the same control parameters for both modes of operation. In

addition, the magnetizing-to-series inductance ratios of the leading and lagging transformers

are increased to 100 and 25 times, respectively. Therefore, the circulating current is low, and

the series inductors can be integrated into the transformers. A 30k W prototype with a power

density of 7.2k W /L and an output voltage of 165V -680V was built and tested to verify the

characteristics and feasibility of the proposed H8 topology plus modulation scheme.

The adaptive soft-switching techniques for high-power AC-DC converter/inverter target



to achieve high efficiency, high power density, and output dv/dt limitation at the same time.

It’s suitable for high-power motor drive applications. Chapter III presents a SiC-based soft-

switching motor drive with dv/dt filter using a parallel inductor to achieve ultra-high efficiency

and limit the output dv/dt below 6V/ns. All main SiC devices are switched with the fastest

speed and minimized switching loss due to the zero-voltage-switching under any input/output

voltage and load conditions. The filter inductor RMS current is reduced by 86% using an

inductor in parallel instead of in series with the load. The proposed matrix D-shape solenoid air-

core filter inductor with near field leakage flux cancellation increases the energy density by two

times compared to the toroidal shape. Compared to the motor drives with passive dv/dt filters,

the total power loss of the motor drive with the soft-switching dv/dt filter is reduced by 50%,

and the dv/dt filter volume reduction is by 90%. An inverter loss model is presented to estimate

the efficiency curve accurately with only 3 operating points. To measure the efficiency of high-

power SiC inverters, a high-precision electric-based efficiency measurement is proposed. The

proposed technique utilizes a regenerative measurement approach, enabling independent

control of output voltage, current, and power factor. Moreover, it offers a high level of error

tolerance for output power measurement and power loss measurement. The method employs

coreless inductors to facilitate the straightforward measurement and verification of additional

losses occurring on the inductors. Remarkably, this method achieves an ultra-high precision of

– 0.02% for efficiency measurements at 99% efficiency and – 0.2% precision at 90% efficiency,

utilizing voltage and current sensors with – 0.5% precision. Simulation and experimental results

based on a 150kW inverter prototype with 99.6% peak efficiency demonstrate the feasibility

and advantages of the soft-switching motor drive with dv/dt filter.

In summary, the adaptive ZVS strategies for high-power AC-DC and isolated DC-DC con-

verters are proposed to achieve ZVS efficiently under wide input/output voltage and all load

conditions to improve system-level efficiency, and power density, and reduce EMI for EV

applications.
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CHAPTER

1

RESEARCH BACKGROUND AND

MOTIVATIONS

Due to serious global warming and energy crisis concerns, electric vehicles (EV) and battery

charging infrastructure have been rapidly developed to utilize clean energy, achieve ef�cient

energy use, and reduce greenhouse gas emissions and oil consumption. Governments and

manufacturers have made signi�cant investments and ambitious roadmaps to foster the

development of EVs. However, high EV costs, unsatisfactory EV driving range, and large initial

investment in fast-charging infrastructure hamper the EV market growth.

At the same time, wide-band-gap devices such as SiC and GaN are very close to mass

adoption in the EV industry. The emergence of WBG devices brings new opportunities with

many challenges. Faster switching speed and lower semiconductor loss make it possible to

achieve nanosecond-level on / off control and signi�cantly reduce the passive components'

size. However, the high dv / dt value brings several potential issues such as higher insulation

stress and electromagnetic interference (EMI).

Soft-switching technology reduces the switching loss by ef�ciently recycling reactive energy

using extra degrees of freedom. It is one of the fundamental technologies to make semicon-

ductor devices fully utilized in terms of high switching speed, low switching loss, and EMI

reduction.
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Soft-switching can improve the converters and inverters' ef�ciency and shrink the size and

weight of the passive components and cooling systems in EVs. As a result, the EV costs can be

reduced and the EV driving range can be further extended.

Soft-switching technology is still very bene�cial for WBG devices because the switching

loss is considerable for hundreds of kilo-hertz or mega-hertz. However, soft-switching for

converters in EV applications is very challenging because of the wide voltage range of the

batteries.

This dissertation targets further developing the soft-switching technology regarding wide

input / output voltage range, all load conditions (from no-load to full-load), and coordination

with other targets such as system level ef�ciency, power density, and dv / dt requirements.

1.1 High-power soft-switching power electronics for electric

vehicles using WBG devices

The power electronics in electric vehicles (EVs) are shown in Fig.1.1. The corresponding power

levels for the state-of-the-art EVs are listed in Table 1.1. The motor drive, on-board charger, and

DC fast charger are going to higher power levels to achieve better performance, longer driving

range, and faster charging speed. For example, Tesla Semi will have 750kW driving power and

charge at 1+ MW using a new V4 charging cable.

Figure 1.1: Power electronics in electric vehicles
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Table 1.1: High-Power power electronics in electric vehicles

EV model Motor Drive On-board Charger Off-board Charger Power Devices

Nissan Leaf 110kW 6.6kW 100kW Si IGBT
BMW i3 125kW 7.4kW 50kW Si IGBT

Tesla Mo 3 192kW 11.5kW 250kW SiC MOS
Ford Focus 107kW 6.6kW 50kW Si IGBT
JAC iEV7 50kW 24kW 37kW Si IGBT

Hyundai Ioniq 88kW 6.6kW 350kW Si IGBT

At the same time, the WBG era has just begun. Tesla is the �rst company to adopt SiC in

its EVs. More companies such as Lucid, Rivian, and Ricardo are developing motor drives and

on-board chargers based on SiC MOSFETs. The soft-switching technique is expected to take

advantage of the new opportunities brought by WBG devices and improve the ef�ciency and

power density of the converters / inverters.

The comparisons of Si, SiC, and GaN relevant material properties are summarized in Fig.1.2

(Millán et al. (2014)). Currently, the commercially available SiC MOSFET covers 650V to 3.3kV

while the GaN covers 15V to 1.2kV.

The SiC MOSFET is currently the best choice between 650V to 10kV. SiC IGBT is targeted

at applications with >20kV. The vertical GaN devices are believed to operate from 100 volts

up to 4,000 volts and can switch at multiple megahertz switching frequencies. In the future,

vertical GaN and SiC MOSFET can both power the most demanding applications, such as

power supplies for EVs, data center servers, solar inverters, and high-speed trains.

This dissertation adopts SiC MOSFET. The methodology could be applied to GaNFET.

The most signi�cant components of switching loss in the MOSFET are (1) induced by the

diode reverse recovery process, and (2) the loss of the energy stored in the MOSFET output

capacitance. Both loss mechanisms occur during the MOSFET turn-on process. The turn-off

loss is much smaller compared to the turn-on loss because of the substantial output capacitance

holds the Vd s voltage close to zero while the MOSFET turns off.

Although the body diode of SiC MOSFET has a much lower reverse recovery charge and

current, and a much shorter reverse recovery time, the turn-on loss is still 2-5 times higher

compared to the turn-off loss. Table 1.2 compares SiC MOSFETs with different die sizes ( Rd son)

and manufacturers. It's worth mentioning that the turn-on / turn-off loss ratio goes down for

power modules with multiple dies in parallel. One possible reason is that the turn-on and

turn-off become slower due to the much longer gate driving loop.

Therefore, the soft-switching target for the SiC MOSFET is to achieve zero-voltage-switching

(ZVS) for the turn-on process with the least penalty of increased conduction loss and turn-off
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Figure 1.2: Summary of Si, SiC, GaN relevant material properties

Table 1.2: Turn-on and turn-off loss of different die size and manufacturers

Part Number Manufacturer Rd son Test Condition Turn-on loss Turn-off loss Turn-on / Turn-off

MSCSM120AM03CT6LIAG Microchip 2.5m W 600V =500A=0.3W 9.2mJ 8.3mJ 1.11
CAB530M12BM3 Wolfspeed 2.7m W 600V =530A=1.5W 16.1mJ 14.9mJ 1.08
MSC017SMA120B Microchip 17m W 800V =50A=4W 1.68mJ 0.395mJ 4.25

C3M0016120K Wolfspeed 16m W 800V =75A=2.5W 2.3mJ 0.6mJ 3.83
E3M0075120K Wolfspeed 75m W 800V =20A=2.5W 280� J 63� J 4.44
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loss.

The hard-switching not only limits the highest operating switching frequency, it also brings

MHz-level ringing on the Vd s voltages. Take a hard-switching buck circuit as an example,

the bottom switch sees a high voltage spike and high-frequency ringing during the turn-off

process because of the resonance of the output capacitors and the commutation loop inductors.

The ZVS could solve the problems described above because the output capacitors are fully

discharged before the switch turns on.

(a) Buck circuit (b) Hard-switching ringing

Figure 1.3: Output voltage ringing of hard-switching buck circuit

The next section will classify the ZVS techniques based on a half-bridge buck / boost con-

verter. It will try all possible ZVS techniques and summarize the pros and cons for different

application scenarios.

1.2 Technical classi�cation of zero-voltage soft-switching –

start from buck / boost converter

The necessary and suf�cient condition of the ZVS is to make sure Vd s � 0 before turning on

the corresponding device. Extra degrees of freedom are required to alter the passive-to-active

transition from hard-switching to soft-switching.

Based on the position to add the extra degrees of freedom, the ZVS techniques can be

classi�ed into the AC-side solutions (Haider et al. (2020a); McMurray (1993); Rothmund et al.

(2017); Sadilek et al. (2023); Yu et al. (2010)) and the DC-side solutions (Divan (1989); Divan
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and Skibinski (1989); He et al. (2019)), as shown in Fig.1.4.

Figure 1.4: ZVS technical classi�cation

The DC-side solutions are to make the DCBUS voltage zero during the transitions, which is

a suf�cient condition for ZVS. it's more advantageous when parallelling many half-bridges to

the same DCBUS to ultilize the additional degrees of freedom of the multi-phase con�guration

(He et al. (2019)).

The AC-side solutions require the current �ows through the body diode before turning on.

Therefore, an inductive load is advantageous. The inductor current can be controlled by the

existing active switches without the need for auxiliary switches. Therefore, they are de�ned as

passive solutions. The active solutions require extra auxiliary switches to control the current

through the inductors. Because of more degrees of freedom, the active solutions have a better

chance to reduce the reactive energy.

For the passive solution with a series inductor, as shown in Fig.1.5a, the duty cycle is

determined by the ratio of the output and input voltages. Therefore, the switching frequency

is the only degree of freedom to control the inductor current. The average current depends

on the load current and is not a control variable. The negative current is controlled as small

as possible to minimize the reactive power. In this way, the ZVS is achieved. The costs of this

method are (1) the RMS current is increased at least 15%; (2) the turn-off current (current stress)

is increased at least two times; (3) variable frequency complicates the controller and output

�lter design; (4) hard to interleave multiple buck circuit.

To make the control and �lter design simple, without changing the switching frequency,

another way is to add a parallel inductor to the switching point, as shown in Fig.1.6. To keep the

volt-second balance of the inductor adaptive to different output voltages, a resetting capacitor

is added to the other side of the inductor. The current �ow through the top switch is the sum
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(a) TCM circuit (b) TCM waveform

Figure 1.5: TCM circuit and waveforms

of the load current and the parallel inductor current. The advantage of this solution is that

the parallel inductor current is independent of the load current but dependent on the duty

cycle. This approach can make the high triangular current to the AC mains current internally.

Furthermore, if the duty cycle is �xed and there is a natural volt-second balance of the parallel

inductor, this approach is more advantageous, like the LLC circuit. But it also increases the

turn-off current and the current stress on the top switch. For full-bridge circuits, the inductor

and resetting capacitor can also be placed between two half-bridges (Rothmund et al. (2017)).

The AC-side solution with one more active switch is shown in Fig.1.7. The inductor is in

series with the top switch. The auxiliary inductor current can be controlled by the auxiliary

switch and the resetting capacitor. This approach is adaptive to all duty cycles and the current

stress on the top switch remains the same. But the auxiliary circuits carry a large fraction of

phase current. The auxiliary inductor current has large high frequency current ripple. Besides,

the voltage stress for the main switches is high.

To solve the issues brought by the series inductor, the parallel inductor plus auxiliary

switches are placed between the switching point and the DCBUS middle point. The auxiliary

circuits only need to work during the transitions to create the ZVS conditions for the main

switches. It's adaptive to all load conditions. Because of more active switches, it's only suitable

for high-power applications.
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(a) Inductor (b) Inductor

Figure 1.6: ZVS solution with parallel inductor

(a) Inductor (b) Inductor

Figure 1.7: ZVS solution with series inductor one more degree of freedom
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(a) Inductor (b) Inductor

Figure 1.8: ZVS solution with two more degrees of freedom

The DC-side solutions need to make the DCBUS voltage drop to zero for every transition.

The �rst way is moving the same auxiliary circuits in Fig.1.7 to the DCBUS. It shares similar

advantages and disadvantages. Besides, the commutation loop design is very critical.

(a) Inductor (b) Inductor

Figure 1.9: ZVS solution with one more degrees of freedom
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Another way is to make the DCBUS voltage totally resonate. To achieve this, the input and

output should both have high impedance. To prevent negative voltage on the DCBUS voltage,

a full-bridge is adopted to rectify the AC voltage of the resonant tank. ZVS can be achieved if

the switching transitions happen at zero crossings. The control is simple and the resonant tank

is small due to the parallel con�guration. However, the switch voltage is doubled and the 4

more active switches only increase 1 more degree of freedom. The resonant frequency needs

to be much higher than the output frequency.

(a) Inductor (b) Inductor

Figure 1.10: ZVS solution with two more degrees of freedom

1.3 Adaptive ZVS Challenges and Methodology for EV applica-

tions

The opportunities brought by the WGB devices include (1) LC �lter size reduction with nanosecond-

level on / off control; (2) High-temperature operation capability (3) Higher ef�ciency ( >98.5%

ef�ciency with ZVS).

The challenges are summarized as follows: (1) Adaptive to wide output / input voltage range.

For the motor drives, the output is AC voltage and the input voltage can also be wide. For the

battery chargers, the output voltage is wide. (2) Adaptive to all load conditions. It's dif�cult

for ZVS solutions that rely on load current. Besides, it's very challenging to minimize reactive

power at no-load conditions. (3) Coordination with other targets. Such as improving system-

level ef�ciency (min reactive power, circulating power. . . ), improving system power density

(reducing size of the passive components), achieving high switching speed, low switching loss,

EMI, and the dv / dt requirement at the same time.

The ZVS strategy characteristics are: (1) Instant current direction (AC-side / DC-side) alter-

nates twice at every PWM cycle; (2) Additional degrees of freedom: switching frequency, more
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active switches, parallel / series L/ LC; (3) Meet time and energy requirement

For the isolated DC-DC converter: (1) Current naturally alternates twice each cycle; (2)

Fixed duty cycle for half-bridges (Most of the cases); (3) Utilizing magnetizing inductor (parallel

inductor) as independent load; (4) Voltage controllability with output DC inductor (buck-type)

or variable AC impedance (LLC).

The adaptive ZVS methodologies for isolated DC-DC converters are: (1) One or more ad-

ditional degrees of freedom are created based on the power level; (2) Release magnetizing

inductor during transitions.

For the AC-DC converter: (1) Average current direction is not changed within one PWM

cycle; (2) Variable duty cycle from 0% to 100%; (3) Wide average voltage range from 0V to Vd c ;

(4) No additional components such as the magnetizing inductor.

The non-isolated DC-DC converter is a special case of the non-isolated AC-DC converter.

The adaptive ZVS methodologies for isolated DC-DC converters are: (1) One or more ad-

ditional degrees of freedom are created based on the power level; (2) Independent parallel

auxiliary circuits operating at DCM to adapt to different duty cycles.

1.4 Dissertation outline

Chapter 2 reviews the state-of-the-art of soft-switching techniques for the isolated DC-DC con-

verter �rst. Then the soft-switching isolated H8 DC-DC converter adaptive to the wide output

voltage and current is proposed. The design considerations and experimental veri�cation are

presented. Finally, the key contributions are summarized.

Chapter 3 reviews the state-of-the-art of soft-switching techniques for the soft-switching

AC-DC converters and the dv / dt �lters �rst. Then the adaptive control for the coordination

of main switches and auxiliary switches is proposed. The auxiliary circuit and resonant tank

optimization for a 150kW soft-switching motor drive are presented. The proposed adaptive

control and design considerations are veri�ed by simulation and experimental results based

on a 150kW prototype. Finally, the key contributions are summarized.

Chapter 4 concludes the dissertation and presents the plan for future work.
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CHAPTER

2

ADAPTIVE SOFT-SWITCHING FOR

ISOLATED DC-DC CONVERTER

2.1 State-of-the-art

A high-power off-board DC charger with a 4:1 (the highest: the lowest output voltage) range

and very high overall ef�ciency is critical to accommodate the different battery voltages of

various electric vehicles (EVs). Although LLC and phase-shift full-bridge (PSFB) converters are

widely used, they have inherent disadvantages in applications with wide output voltage ranges.

As shown in Fig. 1a, the LLC converter could achieve complete ZVS with magnetizing

inductor (Musavi et al. (2013); Steigerwald (1988); Yang et al. (2002)). However, in order to

obtain a 4:1 output range, the LLC converter requires a more wide operating frequency range

(3:1) and a lower Lm =Lk (magnetizing to series inductance) ratio (less than 0.7), which results

in a higher circulating current and lower overall ef�ciency (Beiranvand et al. (2011, 2012)).

Moreover, large AC resonant inductors have high core losses and copper losses.

Several works exploit topology morphing to narrow the optimization range of LLC resonant

converters (Coccia et al. (2007); Jovanović and Irving (2016); Liang et al. (2011)). In Jovanovi ć

and Irving (2016), the Lm =Lk ratio increased to 5.65. However, the additional RMS current on

the active switches due to magnetizing current is still high. Besides, the modulation and control
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Figure 2.1: Utilization of magnetizing inductor Lm for ZVS transition. (a) Load-independent
ZVS enabled by Lm in LLC (voltage-type output); (b) Ineffective Lm in PSFB (current-type
output); (c) Adaptive ZVS enabled by Lm in the proposed circuit (current-type output).

parameters need to be customized for the different operating modes. Topology morphing with

more operational modes is employed in Hu et al. (2011); Kumar et al. (2019); Wei et al. (2021);

Wu et al. (2022) to further narrow the optimization scope for applications with wider gain

ranges. However, the controls and modulations are more complicated and harder to manage.

Besides, for high power wide output voltage range applications, the total circulating current is

still high due to the large variation of the magnetizing current.

The buck-type PSFB converter suffers considerable circulating current when the phase shift

is large. Besides, the ZVS of the lagging leg is lost under light load conditions (Chen and Lai

(2010); Cong and Lee (2018); Mallik and Khaligh (2017); Patterson and Divan (1991); Redl et al.

(1990); Shi and Yang (2014); Yadav and Narasamma (2014)). The PSFB cannot effectively use the

magnetizing current to help ZVS because Lm is shorted during the lagging leg transition, and

the magnetizing current amplitude decreases proportionally when the phase-shift increases,

as shown in Fig. 1b.

A straightforward way to extend the ZVS range is to proportionally increase the magnetizing

current as the phase-shift increases (Jang and Jovanovic (2004)). Nonetheless, the magnetizing

inductor remains shorted during the lagging leg transition, and ZVS is lost at low phase-shift

and light load conditions during the passive-to-active transition. Another approach is to add

the constant magnetizing current of another converter to the current of the series inductor to

extend the ZVS range of the lagging leg (Ayyanar and Mohan (2001)). But in the free-wheeling
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stage, since the two transformers on the secondary side are connected in series, a circulating

current will be generated. As a result, excessive conduction loss is caused. The circulation prob-

lem is alleviated in (Kim et al. (2014)), but the circulation current still exists. The voltage stress

on the secondary-side diodes is much higher due to the small resetting capacitor. Additionally,

a single full-bridge operation mode suffers from the same issue as traditional PSFBs.

Another approach is combining the ZVS principle of the LLC with a buck-type PSFB. The

idea is that the output is clamped and supported by a voltage source during the transition

to force the Lm in series with Lk and then charge / discharge Co s s together. The solution in

(Yu et al. (2012, 2013)) exploits this principle to achieve a full-range ZVS for the leading leg.

But the lagging leg can only achieve zero-current-switching (ZCS). The solution in (Lee and

Moon (2013)) achieves the full-range ZVS for the lagging leg, but the leading leg loses ZVS

at very light load conditions. Besides, the output voltage range is limited to 2:1 because of

the 2-level operation. There are DC-DC converters with 3-level modulation and a wide gain

range in (Duarte et al. (2013); Song and Lehman (2004); Yelaverthi et al. (2019)). However, they

suffer from passive-to-active transition problems like conventional PSFB. For phase-shifted

converters with current-mode outputs, and a wide gain range (4:1 or more), achieving full-range

ZVS from no load to full load is challenging.

The main goal of this section is to achieve an isolated DC-DC converter with a 4:1 output

voltage range and a full-range ZVS from no-load to full-load using independent magnetizing

currents. In particular, the main contributions of this work can be summarized as follows.

(1) Isolated H8 DC-DC converter with a 3-level modulation scheme integrates the dual full-

bridge (FB) and dual half-bridge (HB) modes with only one control variable, for phase, duty

cycle, and frequency coordination; (2) The two operating modes of the switching network are

uni�ed and modeled as a voltage-controlled voltage source, and the control parameters of the

two operating modes are the same; (3) The magnetizing to leakage inductance ratios of the

leading and lagging transformers are improved to 100 and 25 times respectively. Therefore,

the circulating current is low, and the series inductors can be integrated into transformers; (4)

Experimental evaluation of the performance of the proposed isolated H8 topology and 3-level

modulation based on a 30kW prototype with a 4:1 output voltage range.(Wang et al. (2023))
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Figure 2.2: Circuit con�guration of isolated H8 DC-DC converter.

2.2 Soft-switching isolated H8 DC-DC Converter adaptive to

wide output voltage and current

2.2.1 Circuit topology and switching states

The circuit con�guration of the proposed converter is shown in Fig. 2.2. The two active H-

bridges on the primary side and the asymmetric 3-phase diode bridge on the secondary side

provide the degrees of freedom to achieve full-range ZVS enabled by independent magnetizing

currents and 3-level operation by integrating the FB and HB modes. The isolated H8 topology

has 36 valid switching states shown in Table 2.1 and eight are selected to enable a 4:1 wide volt-

age gain range with a 3-level operation and the independent peak current of two magnetizing

inductors.

All voltages in this section are normalized to per-unit values. The bases for the primary and

secondary sides are E and E=n , respectively, where E is the input voltage, and n is the primary

to secondary transformer turns ratio shown in Fig. 2.2.

The active switches in the same HB are complementary and de�ned as Sk and Sk c (k =

1,2,3,4). S1 to S4 are 4 independent control variables and are de�ned in (2.1).

Sk (c) =

(
1 ,Sk (c) is on

0 ,Sk (c) is off
(k = 1,2,3,4) (2.1)
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Table 2.1: Switching states and associated outputs for the proposed H8 isolated DC-DC con-
verter

Input variables Intermediate Output
State S1 S2 VC1 S3 S4 VC2 VS1 VS2 Vr e c

1 1 0 0 1 0 0 1 1 2
2 0 1 0 0 1 0 -1 -1 2
3 1 0 0 1 0 0.5 1 0.5 1.5
4 0 1 0 0 0 0.5 -1 -0.5 1.5
5 1 0 0.5 1 0 0 0.5 1 1.5
6 0 0 0.5 0 1 0 -0.5 -1 1.5
7 1 0 0 0 1 0 1 -1 1
8 0 1 0 1 0 0 -1 1 1
9 1 0 0 0 0 0.5 1 -0.5 1
10 0 1 0 1 0 0.5 -1 0.5 1
11 1 0 0 0 0 0 1 0 1
12 1 0 0 1 1 0 1 0 1
13 0 1 0 0 0 0 -1 0 1
14 0 1 0 1 1 0 -1 0 1
15 1 0 0.5 0 1 0 0.5 -1 1
16 0 0 0.5 1 0 0 -0.5 1 1
17 1 0 0.5 1 0 0.5 0.5 0.5 1
18 0 0 0.5 0 0 0.5 -0.5 -0.5 1
19 0 0 0 1 0 0 0 1 1
20 1 1 0 1 0 0 0 1 1
21 0 0 0 0 1 0 0 -1 1
22 1 1 0 0 1 0 0 -1 1
23 1 0 0.5 0 0 0.5 0.5 -0.5 0.5
24 0 0 0.5 1 0 0.5 -0.5 0.5 0.5
25 1 0 0.5 0 0 0 0.5 0 0.5
26 1 0 0.5 1 1 0 0.5 0 0.5
27 0 0 0.5 0 0 0 -0.5 0 0.5
28 0 0 0.5 1 1 0 -0.5 0 0.5
29 0 0 0 1 0 0.5 0 0.5 0.5
30 1 1 0 1 0 0.5 0 0.5 0.5
31 0 0 0 0 0 0.5 0 -0.5 0.5
32 1 1 0 0 0 0.5 0 -0.5 0.5
33 0 0 0 0 0 0 0 0 0
34 0 0 0 1 1 0 0 0 0
35 1 1 0 0 0 0 0 0 0
36 1 1 0 1 1 0 0 0 0
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The two H-bridges could work in FB mode or HB mode to extend the output voltage

range. In the FB mode, the output voltages of the two H-bridges are symmetrical, and the dc

blocking capacitor voltage Vc(p .u .) is 0. In the HB mode, S2(S4) is always 0 (or 1). Therefore, the

corresponding Vc(p .u .) is 0.5 (or � 0.5). Without loss of generality, only consider Vc(p .u .) = 0.5 case

in the design, as shown in (2.2).

VC n(p .u .) =

(
0.5 ,half-bridge mode

0 , full-bridge mode
(n = 1,2) (2.2)

The voltages across series inductors L1 and L2 are neglected for simplicity. The series

inductors L1 and L2 are in series with the output �lter inductor and the load except for dead

time, and the latter two have much higher impedance. As for the deadtime, it is less than 3% of

the switching cycle in this paper. Therefore, ignoring the voltages across series inductors L1 and

L2 does not signi�cantly affect the main characteristics of the converter. Based on Kirchhoff's

Voltage Law, the output voltages VS1 and VS2 of the two H-bridges are derived:

� VS1(p .u .) = S1 � S2 � VC1(p .u .)

VS2(p .u .) = S3 � S4 � VC2(p .u .)

(2.3)

For the leading H-bridge, there are 6 possible combinations of input variables S1, S2, VC1

and corresponding output VS1 after removing the symmetric Vc(p .u .) = � 0.5 cases. Similarly, the

lagging H-bridge also has 6 cases. Therefore, there are 6 � 6 = 36 input combinations in Table

2.1.

An asymmetric three-phase diode recti�er connects the two H-bridges' outputs through

isolation transformers. jVS1j is the recti�ed voltage of diode bridge formed by D1, D2, D3, and

D4. jVS2j is the recti�ed voltage of diode bridge formed by D3, D4, D5, and D6. jVS1 + VS2j is the

recti�ed voltage of diode bridge formed by D1, D2, D5, and D6. The output of the three parallel

diode bridges is the highest value among jVS1j, jVS2j, and jVS1 + VS2j. Therefore, the relationship

between inputs VS1 and VS2 and recti�ed output Vr e c can be described in (2.4). Table 2.1 is built

based on (2.1)-(2.4).

Vr e c = ma x fj VS1j, jVS2j, jVS1 + VS2jg (2.4)

To make sure the two H-bridges could serve as a voltage source for each other, eliminate the

free-wheeling current, and make magnetizing current always triangular shape, the switching

states with zero intermediate voltage VS1 and VS2 are eliminated. The combination of states

(3,4,9,10) and (5,6,15,16) with 1 � 1.5 normalized output voltage range are removed because

they overlap with the 1 � 2 range of switching states combination (1,2,7,8). The remaining eight
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switching states 1, 2, 7, 8, 17, 18, 23, and 24 in Table 2.1 are selected to implement the 3-level

operation and 4:1 output voltage range, which is veri�ed by the last column in Table 2.1.

2.2.2 3-level modulator for H8 DC-DC converter

The modulation targets to achieve a 3-level operation with a proportional output voltage to the

modulation input, and independent peak magnetizing currents using one uni�ed modulation

input Vm . The existing 3-level modulations use interleaved or cascaded carriers with �xed

frequency and phase-shift (Chen et al. (2021); McGrath et al. (2007); Pou et al. (2012); Wang

et al. (2019)). While in the proposed modulation, one uni�ed control variable Vm coordinates

variable phase-shift t d between carriers 1 and 2, switching period T , and 3-level operation

altogether. The functional blocks of the proposed modulator use only one input, Vm , to generate

gating signals for all eight switches in dual half-bridge and full-bridge modes, as shown in

Figure 2.3. The two carriers are symmetrical triangular waveforms with a minimum value of

� 1 and a maximum value of 1. Vm controls the operation mode. When Vm � 1, the comparator

output M is 0, resulting in a 50% duty cycle for both leading and lagging H-bridges. When

Vm < 1, comparator output M is 1, and it result in a 100%duty cycle for S2C and S4C and a 0%

duty cycle for S2 and S4. T controls the switching period. It is 2Ts in dual half-bridge mode and

Ts in dual full-bridge mode, which will be proved in (2.11). The phase-shift between the leading

and lagging H-bridges is controlled by t d , which is the multiplication of d in (2.5) and Ts in

(2.11). d is the phase-shift ratio for one switching cycle, as shown in Fig. 2.4. The deadtime is

generated by turn-on delays.

The time-domain waveforms of 3-level modulation is shown in Fig. 2.4 and the proposed

modulation function is shown in (2.5) and Fig. 2.5. d is de�ned as the ratio of the time duration

of state 23 (or 7) and half of the switching period TS1=2 (or TS2=2).

d =

8
<

:

2 � 2Vm ,
1

2
� Vm < 1

2 � Vm ,1 � Vm � 2
(2.5)

The output voltage of the proposed circuit is equal to the average recti�cation voltage Vr e c ,

as shown in (2.6).

Vo(p .u .) = V r e c(p .u .) (2.6)

If the normalized output voltage is between 0.5 to 1, switching states 17, 18, 23, and 24 are

selected and combined in the way shown in the left part of Fig. 2.4. Since both H-bridges work

as HB, this mode is de�ned as dual HB mode. In this case, the switching period is TS1. The
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Figure 2.3: Function blocks of the proposed 3-level modulation to realize 1) the magnetizing
currents are independent of load voltage and current; 2) the output voltage is proportional to
the modulation input.

Figure 2.4: Time-domain waveforms of the 3-level modulation.
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Figure 2.5: Modulation function for isolated H8 DC-DC converter.

output voltage is calculated in (2.7).

V r e c(p .u .) = (1 � d ) � 1+ d �
1

2
=

1

2
(2 � d ) (2.7)

The magnetizing current peak in this case is shown in (2.8).

Impk 1
=

1

2
�
E

2
�
TS1

2
�

1

Lm
=

E � TS1

8Lm
(2.8)

Similarly, if the normalized output voltage is between 1 and 2, switching states 1, 2, 7, and 8

are selected and combined in the way shown in the right part of Fig. 2.4. This mode is de�ned

as dual FB mode. In this case, the switching period is TS2. The output voltage is calculated in

(2.9).

V r e c(p .u .) = (1 � d ) � 2+ d = 2 � d (2.9)

The magnetizing current peak, in this case, is shown in (2.10).

Impk 2 =
1

2
� E �

TS2

2
�

1

Lm
=

E � TS2

4Lm
(2.10)

To fully utilize the magnetic cores and improve the overall ef�ciency, the volt-second of

transformers and output inductor, which are proportional to the peaks of the magnetizing

currents, are designed to be the same for the dual HB and FB modes. Therefore, the relationship

between TS1 and TS2 is derived in (2.11).

TS1 = 2 � TS2 ¬ 2 � TS (2.11)

From (2.8), (2.10), and (2.11), the amplitude of the magnetizing current depends on the

volt-second and the magnetizing inductance, which are designed to be the same. Therefore,

the magnetizing current is independent of output voltage, current, and phase variations in the

proposed modulation scheme.
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According to the time-domain modulation shown in Fig. 2.4 and the proposed modulation

function (2.5), the state transition diagram is obtained and shown in Fig. 2.6.

Figure 2.6: State transition diagram of the proposed modulation.

Substituting (2.5) into (2.7)and (2.9), the relationship between modulation input Vm and the

average of recti�cation voltage V r e c is derived in (2.12). Vi n
n is the voltage base of the secondary

side.

V r e c = Vm �
Vi n

n
(2.12)

Combining (2.6) and (2.12), the normalized output voltage Vo(p .u .) is equal to the modulation

input Vm for the whole 4:1 output voltage range. Therefore, it is mathematically veri�ed that the

proposed 3-level modulation scheme, which uses only one control variable, ensures two targets

at the same time: 1) the peak magnetizing currents of the two transformers are independent of

load voltage, current; 2) the output voltage is proportional to the modulation input Vm .

2.2.3 Average model of the switching network plus the proposed modulator

The state-of-the-art modulation for the DC-DC converter with topology morphing is a simple

combination of case-by-case modes (Kumar et al. (2019); Liang et al. (2011)). Moreover, the

control parameter must be customized for each operating mode. However, in this paper, the

two operation modes of the switching network and the proposed modulator are uni�ed and

modeled as a voltage-controlled voltage source, and the control parameters are the same for

both cases. The proposed converter system is controlled just like a classic buck converter.

Based on (2.12), the proposed modulator in Fig.2.3 and the switching network with two

operation modes are uni�ed and modeled as a voltage-controlled voltage source in Fig. 2.7.
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The input, gain, and output of the voltage-controlled voltage source are the modulation index

Vm , secondary-side voltage base Vi n =n , and the average of the recti�ed voltage V r e c .

As a result, the control parameters are the same whether in the dual full-bridge mode or the

dual half-bridge mode, and the control of the proposed converter can be the same as a buck

circuit. This paper adopts a classic dual-loop control for the proposed topology, as shown in Fig.

2.7. It also has the output voltage feedforwad and the input voltage feedforward to counteract

the disturbance caused by the input and output voltage variations.

Figure 2.7: Control blocks based on the average model of the switching network and the
proposed modulator.

2.2.4 Full-range ZVS for the leading H-bridge

As discussed in section II, the ZVS of the leading H-bridge is enabled by the independent

magnetizing current. Moreover, the magnetizing inductor is released in mode( t 2,t 3), which

makes the ZVS condition independent of the series inductance. The leading H-bridge time-

domain ZVS transitions and mode analysis are shown in Fig. 2.8. The full load-range ZVS energy

and the timing requirements are also presented.

M od e [t 0, t 1]: S1 is turned off at t 0 but series inductor current i L1 is almost constant before

Vd s2 drops to Vi n =2 (VP1 = 0 at this point). i L1 and Vd s2 can be expressed as(2.13) and (2.14).

ILo is the load current, n is the transformer turns ratio, and Co s s is the output capacitance of a

single active switch at the primary side.

i L1 = Impk +
ILo

n1
= � 2Co s s

d vd s2

d t
(2.13)
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(a) time domain waveforms

(b) mode analysis

Figure 2.8: Full-range ZVS in the leading H-bridge.

vd s2 = Vi n �
Impk + ILo =n1

2Co s s
t (2.14)
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The time duration of Vd s2 dropping from E to E=2 is derived in (2.15).

� t 01 =
Vi n Co s s

Impk + ILo =n1
(2.15)

M od e [t 1, t 2]: at t 1, Vd s2 equals E=2 and i L1 begins to drop until reaches magnetizing current

i m 1 at t 2. vd s2, i L1, and time duration of this mode � t 12 are described in (2.16)-(3.1), where

Z0 =
Ç

L1
Co s s

, ! 0 = 1p
L1Co s s

, and i L1 = Impk + ILo =n .

vd s2 =
Vi n

2
�

i L1(t 1)Z0

2
s in ! 0(t � t 1) (2.16)

i L1 = i L1(t 1)c o s! 0(t � t 1) (2.17)

� t 12 =
1

! 0
a r c c o s

Impk

i L1(t 1)
(2.18)

M od e [t 2, t 3]: the output of the leading H-bridge is blocked and clamped by the output of

the lagging H-bridge. Therefore, Lm 1 is released to be in series with L1 and charge/ discharge

the Co s s together. vd s2 and i L1 are described in (2.19) and (2.20), where Z1 =
Ç

L1+ Lm 1
Co s s

and

! 1 = 1p
(L1+ Lm 1)Co s s

. The equations could be simpli�ed given that Lm 1 is much larger than L1 and

the resonant period of (L1 + Lms ) and Co s s is much longer than the deadtime.

vd s2 =
Vi n

2
+ (Vd s2(t 2) �

Vi n

2
)c o s! 1(t � t 2)

�
Impk Z1

2
s in ! 2(t � t 2) � Vd s2(t 2) �

Impk

2Co s s
(t � t 2)

(2.19)

i L1 =
2Vd s(t 2) � Vi n

Z1
s in ! 1(t � t 2) + Impk c o s! 1(t � t 2) (2.20)

This mode ends when Vd s2 drops to zero. The time duration of this mode is derived in (2.21).

As a result, the soft-switching energy could be mainly provided by the magnetizing inductor,

and the full-range ZVS is independent of L1.

� t 23 =
2Vd s2(t 2)Co s s

Impk
(2.21)

M od e [t 3, t 4]: at t 3, Vd s2 remains at 0 and the body diodes of S2 and S1C conduct. S2 and

S1C are turned on at t 4, and the soft-switching process for the leading H-bridge is done. The

voltage on L1 is still close to 0, and the voltage drop is mainly on Lm 1. It is worthwhile to point
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out that active switches' low turn-on current (equals magnetizing current) is true under all

conditions because of the low series inductance.

Similar to LLC, the full-range ZVS of the leading H-bridge is enabled by the magnetizing in-

ductor under any output voltage and current and phase variations. Moreover, the ZVS condition

is independent of the value of L1.

Based on the analysis above, the worst case for ZVS energy requirement is at no-load

condition. It can be satis�ed if

1

2
Lm 1I 2

mpk � 4 �
1

2
Co s sV

2
in (2.22)

Substituting (2.10)(2.11) into (2.22), the maximum magnetizing inductance is:

Lm 1 �
T 2

s

64C o s s
(2.23)

Based on (2.15)(3.1)(2.21), the ZVS timing requirement is satis�ed over the full load-range

if the deadtime is longer than the maximum value of � t 03:

t d 1 � � t 03ma x =
2Vi n Co s s

Impk
(2.24)

The magnetizing inductance design also ensures that the active switches' RMS current

is increased by less than 2.5% compared to the RMS current without magnetizing current.

The currents through the active switches are pulsating waveforms with linear ripples. Based

on the RMS current value presented in appendix A.1 in Erickson and Maksimovic (2007), the

circulating magnetizing current limitation equation is shown in (2.25).

v
t

1+
1

3
(
n I mpk

Io
)2 < 1.025 (2.25)

Inserting (2.10) and (2.11) into (2.24) and (2.25), and combining the energy requirement in

(2.22), the requirement for the magnetizing inductance is derived below.

nE Ts

1.56Io
� Lm 1 � min (

Ts t d t

8Co s s
,

T 2
s

64C o s s
) (2.26)

If the output capacitance Co s s is 350p F , the switching frequency is 140kHz, and the dead-

time is less than 1% of the switching period, the reasonable range for the magnetizing induc-

tance is 107� H to 127� H to achieve full load-range ZVS. In the prototype, Lm 1 is 110� H .

For the leading H-bridge, series inductor L1 is designed as small as possible because: (1)

the ZVS is independent of L1; (2) lower series inductance could reduce the magnetic loss, duty

cycle loss, and the stress on the snubber circuit; (3) the small series inductance creates the low
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current turn-on condition for active switches, and the turn-on current is the amplitude of the

magnetizing current. In the prototype, the primary and secondary windings are interleaved to

get the minimum leakage inductance, which is 1.1 � H.

2.2.5 Full-range ZVS for the lagging H-bridge

The full-range ZVS from no-load to full-load could be achieved if the energy and timing re-

quirements given in this section are met. The required series inductance is reduced compared

to PSFB because the independent peak magnetizing current guarantees the minimum current

through the series inductor. The lagging H-bridge time-domain waveforms and mode analysis

are shown in Fig. 2.9.

Mode [t 0, t 1]: S3 and S4C are turned off at t 0. The minimum initial value of i L2 is guaranteed by

the peak magnetizing current Impk . This mode ends when Vd s4 drops to zero at t 1. The voltage

vd s4 and series inductor current i L2 are described in (2.27) and (2.28), where Z2 =
Ç

L1+ L2
Co s s

,

! 2 = 1p
(L1+ L2)Co s s

, and i L2
(t 0) = Impk + ILo =n .

vd s4 = Vi n �
i L2

(t 0)Z2

2
s in ! 2(t � t 0) (2.27)

i L2 = Impk + ( ILo
=n )c o s! 2(t � t 0) (2.28)

The minimum value for i L2(t 0) is the peak magnetizing current Impk . To make sure Vd s4 could

drop to zero in this mode, Vi n needs to be smaller than 0.5Impk Z2 in (2.27). This is equivalent

to the energy requirement to achieve ZVS described in (2.32).

The time duration for this mode is derived in (2.29).

� t 01 =
1

! 2
a r c s in

2Vi n

(ILo
=n + Impk )Z2

(2.29)

Mode [t 1, t 2]: At t 1, the body diodes of S4 and S3C conduct. The current through L2 linearly

drops as described in (2.30). Turn on S4 and S3C before i L2 drops to zero, and �nish the ZVS

process for the lagging H-bridge.

i L2 = i L2(t 1) �
2Vi n

L1 + L2
(t � t 3) (2.30)

The time duration for this mode needs to meet the requirement in (2.31) to make sure i L2 is

still positive when turning on S4 and S3C .

� t 12 �
i L2(t 3)(L1 + L2)

2Vi n
(2.31)
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(a) time domain waveforms

(b) mode analysis at light load condition

Figure 2.9: Full-range ZVS in the lagging H-bridge.
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The ZVS energy requirement is shown in (2.32).

1

2
(L1 + L2)I 2

mpk �
1

2
(4Co s s)V

2
in (2.32)

Substituting (2.10) into (2.32), get (2.33).

L2 >
64Co s sL 2

m 2

T 2
s

� L1 (2.33)

The magnetizing inductance is also designed to ensure the active switches' RMS current

is increased by less than 2.5% compared to the RMS current without magnetizing current, as

shown in (2.25).

Therefore, the maximum magnetizing current peak is 12A. Based on (2.10), considering

700V input voltage and 140kHz switching frequency, the minimum Lm 2 is 107� H . The magne-

tizing inductor Lm 2 is 110� H in this design.

Based on the energy limitation described in (2.33), considering 350p F Co s s, 700V Vi n , 11.5A

Impk , 110� H L m 2, 1.1� H L 1, the minimum L2 is 4.2uH . In this paper, L2 is 4.4� H .

Based on (2.29)(2.31), the timing constrain for the deadtime t d 2 in the worst case is derived

in (2.34). All the coef�cients are constant values. Using the parameters presented above, the

range for the deadtime is 69 ns to 113ns. This paper adopts 110 ns.

1

! 2
a s in

2Vi n

Impk Z2
< t d 2 <

1

! 2
a s in

2Vi n

Impk Z2
+

Impk (L1 + L2)

2Vi n
(2.34)

2.3 Design Considerations

The volt-seconds of the transformers and output inductor are kept the same in the dual FB / HB

mode by adjusting the switching frequency in (2.11). Therefore, the transformer and output

inductor designs for the two modes are the same. The DC blocking capacitor and the output

capacitor are designed at the dual half-bridge mode, in which the voltage ripple is more

signi�cant because of the lower switching frequency.

2.3.1 Transformers turns ratio

Assume the turns ratio for the leading and lagging transformers are n1 : 1 and n2 : 1 respectively.

Based on (2.4), the minimum output voltage for the dual FB mode is (2.35) and the maximum

output voltage for the dual HB mode is (2.36). The equality happens when n1 = n2. Therefore,

the transformers' turns ratio needs to be the same to make the output voltage consecutive. The

turns ratio is rede�ned as n .
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Vo� min � F B = ma x f
E

n1
,

E

n2
g (2.35)

Vo� ma x � H B =
E

2n1
+

E

2n2
� ma x f

E

n1
,

E

n2
g (2.36)

The turns ratio n is determined by the maximum output voltage and minimum input

voltage, as shown in (2.37).

n =
2Vi n � min

Vo� ma x
(2.37)

Table 2.2: Voltage and current stress of the active and passive components in the proposed
converter

8

Parameters Equation Value

Active Switches

Voltage stress Vi n 750V

Current stress Io =n + Impk 41A

RMS current
p

2Io
2n

r
1+ 1

3 (
nI mpk

Io
)2 22.7A

Diodes

Voltage stress D3,D4 : Vo =(2D );O t he r s : Vo =D D3,D4 : 355V ;O t he r s : 710V

Current stress Io 60A

RMS current
p

2Io =2 42.4A

Transformers with
integrated inductor

Voltage Stress(primary) Vi n 750V

Current Stress(primary) Io =n + Impk 41A

RMS current(primary) Io
n

r
1+ 1

3 (
nI mpk

Io
)2 32A

DC blocking capacitor
Voltage Stress Vi n =2 375V

RMS Current Io
n

r
1+ 1

3 (
nI mpk

Io
)2 32A

Output inductor
Voltage Stress 2Vi n =n 750V

RMS Current Io 60A

Output capacitor
Voltage Stress Vo 682V

RMS Current � i pk � pk =2
p

3 3.5A

2.3.2 Design of DC blocking capacitor

The voltage rating of the DC blocking capacitors is half of the input voltage rating considering

the dual half-bridge mode shown in (2.2).

The DC blocking capacitors C1 and C2 are designed based on (2.38) to make the voltage
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ripple at the maximum load current in the dual half-bridge mode within a reasonable range.

C1 = C2 �
IoTs1

2n � V
(2.38)

Considering 10%voltage ripple, 650V � 750V input voltage, 60A load current, 70kHz switch-

ing frequency at dual half-bridge mode, and 2:1 turns ratio, ceramic capacitors with 700V

voltage rating and 3 � F capacitance are adopted.

2.3.3 Output LC �lter design

Parameter design

For the dual full-bridge mode, the peak-to-peak current ripple is designed less than 20% of the

rated current, as shown in (2.39). The dual half-bridge mode follows the same rule.

� i pk � pk =
(Vo � Vi n =n )d Ts=2

Lo
(2.39)

Substituting (2.9) into (2.39), get

Lo �
d (1 � d )Vi n Ts

2n � i pk � pk
(2.40)

The relationship among the required output capacitance, �lter inductor current ripple,

output voltage ripple, and switching period is derived in (2.41).

Co �
� i pk � pk Ts1

8� vpk � pk
(2.41)

Given 700V input voltage, 70kHz / 140kHz switching frequency at the dual half / full-bridge

mode, 2:1 turns ratio, 60A maximum load current, and 20% current ripple, 1V voltage ripple,

the minimum �lter inductance and capacitance are 26 � H and 10.7� F , respectively.

DC inductor Implementation with limited volume

In order to attain a high power density and seamlessly integrate with the mechanical structure

of the system, the DC inductor needs to be accommodated within a 60mm � 50mm � 60mm

cubic shape.

The inductor volume is proportional to L I 2, to reduce the inductor volume, the inductance

needs to be as small as possible, which means the current ripple needs to be as big as possible.

In this design, 20% current ripple is adopted.
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Normally, the DC current is dominant and the current ripple is small for DC �lter inductors.

Therefore, powder cores with a distributed air gap are preferred because of the high �ux capacity,

low fringing losses, and soft saturation (better fault tolerance).

However, when the high-frequency current ripple is not negligible, the powder core suffers

high core losses. A design spreadsheet named ”H ig h _F l u x _30uH _60A_280k _400H F 060.x l s ”

is provided in the attachments.

Ferrite cores have a relatively low core loss at a high �ux density. But additional attention

needs to be paid to the over-current protection because of the hard saturation. The hardware-

based over-current protection will be shown in the experimental veri�cation section.

EE42/ 21/ 20 ferrite core and Litz wire with 4000 strands of AWG44 are used in the prototype.

The design spreadsheet is named ” F e r r i t e _60A_30uH _D C _I nd uc t o r _D e s ig n.mc d x ”

is provided in the attachments.

To further reduce the fringing effect, a PQ50 / 50 ferrite core with distributed airgap can be

used instead. The part number is B65981Q0400K097.

2.3.4 Voltage stress, current stress, and RMS current of all passive compo-

nents and semiconductor devices

The voltage stress, current stress, and RMS current of all passive components are summarized

in Table 2.2, in which Vi n = 750V (maximum input voltage), Io = 60A (Maximum load current),

Impk = 11.5A (magnetizing current peak), n = 2 (turns ratio), and � i pk � pk = 12A.

Compared to the LLC converter, the RMS current of the active switches and diodes are

reduced more than 10% and the conduction loss is reduced more than 20% because of the

low magnetizing current and the square current shape. The transformer VA rating of the LLC

converter is also more than 10% larger than the proposed converter.

Compared to the PSFB converter, the RMS current of the active switches and diodes is

increased by 2.5% and the conduction loss is increased by 5% because of the additional magne-

tizing current. However, the active switches in the proposed converter could achieve full-range

ZVS from no-load to full-load conditions. The existence of magnetizing currents reduces the

required series inductance, duty cycle loss, stress on the snubber circuit, magnetic loss, and

the volume of magnetic material signi�cantly.
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Table 2.3: Topology comparisons for high-power wide output voltage range applications

LLC Jovanović and Irving (2016) PSFB Ayyanar and Mohan (2001) Lee and Moon (2013) This paper

Gain range 5:1 4:1 >4:1 2:1 2:1 4:1

free-wheeling current Zero Zero Large Medium Zero Zero

Additional conduction loss due to Im 16.6% 14.75% 0% 5.8%/ 0% 4.6%/ 0.1% 2.4%/ 2.4%

Full-range ZVS from no-load to full-load Yes Yes No No No Yes

Voltage/ Current-type �lter Voltage-type Voltage-type Current-type Current-type Current-type Current-type

RMS Current on output capacitor 0.482Io 0.482Io
� i o pk � pk

2
p

3

� i o pk � pk
2
p

3

� i o pk � pk
2
p

3

� i o pk � pk
2
p

3

External AC inductor Very Large Large Medium No Medium No

Output inductor voltage level N/ A N/ A 2-level 3-level 3-level 3-level

Duty cycle loss N/ A N/ A High(9.7%) Low(No data) Medium (7.5%) Low (3.7%)

Suitable power level 0.2� 20kW 0.2� 20kW 0.2� 20kW 0.2� 20kW 0.2� 20kW 20� 200kW

2.3.5 Topology comparisons for the high-power wide output voltage range

applications

The comparisons among the state-of-the-art topologies for the high-power wide output voltage

range applications are summarized in Table 2.3 and explained below.

Compared to the normal LLC converter (Beiranvand et al. (2011)) and the LLC converter

with topology morphing (Jovanovi ć and Irving (2016)), the proposed converter prevails in

high-power EV charger applications with a 4:1 gain range or above because (1) a much lower

additional conduction loss due to the magnetizing current to achieve ZVS from no-load to

full-load, (2) no need for extra LC �lters for battery charger applications, (3) more than eight

times RMS current reduction on the output capacitor, which is one of the bottom legs of the

converter's lifetime, (4) no bulky external AC inductors.

Compared to the PSFB converter (Redl et al. (1990)) and other phase-shifted converters

with an extended ZVS range utilizing magnetizing inductor, the proposed converter is the most

suitable option in high-power applications with a wide output voltage range because (1) the

capability to achieve full-range ZVS from no-load to full-load with zero free-wheeling current

and low additional conduction loss due to the magnetizing current, (2) extremely low duty

cycle loss and no need for external AC inductors due to the small series inductance. (3) 3-level

operation and more than 50% size reduction on the output inductor compared to the PSFB

converter with the 2-level operation.

The proposed converter is only suitable for high-power ( > 20kW ) applications.
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2.4 Experimental veri�cation

2.4.1 Prototype Speci�cations

A 30kW hardware prototype with 7.2kW / L power density shown in Fig. 2.10 has been designed,

fabricated, and tested to verify the circuit operation. The virtual prototyping design on the left

shows the inner structure of the prototype. The power module consists of power devices with

TO-247 package, low-cost AlN ceramic, and heatsink (Microchip and NCSU (2022); Yu et al.

(2022)). The transformers with integrated series inductors are enclosed within the cooling chan-

nel. Microchip �xed-point DSC dsPIC33CK256MP508 is used to implement the modulation

and close-loop control (Microchip (2022)).

Figure 2.10: 30kW Prototype with 7.2kW / L power density.

The speci�cations of the prototype are listed in Table 2.4. Based on the voltage and current

rating listed in Table 2.2, the semiconductors and passive components are selected considering

a certain amount of margin. The SiC MOSFET M SC025SM A120B4 and SiC Schottky diodes

M SC050D A120BC T from Microchip serve as the power semiconductors. Both leading and

lagging transformers consist of two sets of ferrite cores PC95PQ65 / 54-Z with a 0.6mm air gap

to fully utilize the height and improve the power density. The windings are in series at the

primary side and in parallel at the secondary side to make the current sharing balanced. The

primary and secondary windings of the leading transformer are fully interleaved to minimize

leakage inductance. For the lagging transformer, the 7-turn windings at the primary and

secondary sides are separated as inner and outer layers, respectively. A magnetic shunt with

180 relative permeability, 2mm thickness and 7mm height is placed between the primary

and secondary side windings to get the required series inductance. The output inductor also
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Table 2.4: Parameters of the prototype

Paras Speci�cations Parameters TX 1=2 Specs

Vi n 650V � 750V

T1:
Lk 1 : 1.1� H
Lm 1 : 110� H

2 � TX 1 (primary
winding in series,

secondary winding
in parallel)

Core:
PC95PQ65/ 54-Z
air gap: 0.6mm

winding:7:7
fully interleaved

Vo ut 165V � 682V

Io ut 60A

fs w 140=70kH z

S1� 4(c) 1200V =25m 


D1� 6 1200V =100A

Co 1200V =12� F

C1=2 700V =3� F

Lo

Core: 2 sets
of E42/ 21/ 20
airgap:2.5mm T2:

Lk 2 : 4.4� H
Lm 2 : 110� H

2 � TX 2 (primary
winding in series,

secondary winding
in parallel)

Core:
PC95PQ65/ 54-Z
air gap:0.6mm

winding:7:7
pri / shunt / sec

magnetic shunt:
2mm*7mm 180 � 0

Winding:
14 turns litz

wire with
4000 strands

of AWG44

adopts a ferrite core and Litz wire considering the size limitation and high-frequency current

ripple(12 A 280kH z ).

2.4.2 Veri�cations of the 3-level modulation

To validate the 3-level modulation using one uni�ed modulation input Vm , two cases are shown

in Fig. 2.11. VT 1 and VT 2 are the voltages across the primary side of the two transformers, includ-

ing the leakage inductors. The outputs of the two transformers are in series when the polarities

are the same and in parallel when the polarities are opposite. As a result, the recti�cation

voltage Vr e c operates between E=n and E=2n when Vm = 0.75 and between E=n and 2E=n

when Vm = 1.5, where E is 700V and n equals 2.

Fig. 2.12 veri�es that the volt-seconds applied on the primary side of transformers re-

main the same whatever the modulation index, operational mode, and switching frequencies.

Combining the unchanged volt-seconds with (2.8)(2.10), the magnetizing currents of the two

transformers are always triangular, and the amplitudes are kept the same under all conditions.
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(a) Vm = 0.75 (dual HB mode, 70 kH z )

(b) Vm = 1.5 (dual FB mode, 140kH z )

Figure 2.11: Veri�cation of 3-level modulation with uni�ed modulation input Vm .

2.4.3 Veri�cations of Full-range ZVS

Fig. 2.13 shows the experimental veri�cation of the active switches' ZVS operation under no

load conditions, which is the worst case. By observing that Vd s1 and Vd s3 drop to zero before S1

and S3 turn ON at different Vm , both �gures indicate that full-range ZVS is achieved.

The ZVS of the lagging H-bridge is always maintained during the load step transition, as

shown in Fig. 2.14. The load steps from 1kW to 8kW with 400V output voltage. The ZVS of

the leading H-bridge is not shown here because it has a much better ZVS condition.
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