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Abstract Power electronic conversion plays an important

role in flexible AC or DC transmission and distribution

systems, integration of renewable energy resources, and

energy storage systems to enhance efficiency, controlla-

bility, stability, and reliability of the grid. The efficiency

and reliability of power electronic conversion are critical to

power system applications. One way to enhance the effi-

ciency and reliability of power electronic conversion is

soft-switching technology. This paper introduces a generic

zero-voltage-switching (ZVS) technique based on silicon

carbide (SiC) power device. Using the proposed ZVS

technique, all semiconductor switching devices in a power

converter can realize ZVS operations. Next, the applica-

tions of the ZVS technique in different power electronic

conversion systems such as photovoltaic inverters, wind

power systems, energy storage systems and flexible AC

transmission system devices are discussed. Finally, as an

example, the operation performance and efficiency

improvement of a SiC metal-oxide-semiconductor field-

effect transistor (MOSFET) ZVS back-to-back converter

are discussed.

Keywords Power electronic conversion, Flexible AC

transmission systems (FACTS), Soft-switching, SiC

MOSFET, Distributed energy resources

1 Introduction

The increasing applications of renewable energy and

distributed power generation have become a driving force

for an increasing use of power electronic conversion in

power systems [1]. Power electronic conversion is now

playing an ever important role in the grid. More efficient

and more reliable power converters/inverters are required.

At present, silicon-based power semiconductor devices

such as silicon controlled rectifier (SCR) and insulated gate

bipolar transistor (IGBT) are widely used. With regard to

IGBT, its switching frequency is limited owing to its

switching loss. The limitation of switching frequency fur-

ther restricts the dynamic characteristics of the flexible AC

transmission system (FACTS) device. Besides, this also

causes larger passive components such as inductors,

capacitors, and transformers.

To meet the ever-increasing demands for higher per-

formance of power electronic conversion, a revolutionary

development in the power switching device technology has

taken place. This development exploits wide bandgap

(WBG) materials such as silicon carbide (SiC) and gallium

nitride (GaN). The WBG power device has intrinsic

material physical advantages over the traditional silicon

device. These advantages enable a higher blocking voltage,

higher switching frequency, and higher operating temper-

ature [2, 3]. Its low loss and high blocking voltage make it
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possible to utilize simpler power conversion topologies

such as two-level converters. The application of SiC-based

power conversion in utilities, including the FACTS devi-

ces, power electronic interfaces for distributed energy

resources, and energy storage systems, can significantly

improve the efficiency and reliability of the system, and

reduce the system weight and volume. Therefore, it is a

promising technology for future flexible power systems

with high-penetration renewable energy.

However, the electro-magnetic interference (EMI) noise

and switching loss continue to be concerns in respect of the

SiC device, as is the case with their silicon counterparts.

The intrinsic fast switching characteristics of the SiC

device result in more severe EMI noise than that in the

silicon device [4]. When the switching frequency increases

beyond tens of kHz, the switching loss is still a bottleneck

for the enhancement of the efficiency and power density.

To further enhance the performance of SiC-device-based

power converters, soft-switching technique is a promising

technology, and can handle the aforementioned concerns

by turning the power device on and off with a slower

voltage and current slope to reduce EMI noise. Further-

more, the switching loss is remarkably reduced by dis-

placing the overlapping area of the voltage and current

waveforms during the switching transient process. There-

fore, higher efficiency and less EMI noise can be achieved

for SiC power conversion systems with an increasing

switching frequency. The increase in the switching fre-

quency brings extra benefits. One benefit is the miniatur-

ization of power converter, which is beneficial for

applications where space is a constraint owing to volume

reductions in passive components. The second benefit is

that a higher switching frequency results in a wider control

bandwidth and faster dynamics of the system. It would be

helpful in fault ride through and system stability control.

Power electronic conversion systems applied in the

power systems are basically single-phase or three-phase

DC/AC converters. Based on the location of the auxiliary

circuit, the DC/AC soft-switching technique can be gen-

erally classified into two categories: DC-side soft-switch-

ing technique and AC-side soft-switching technique. The

DC-side soft-switching technique usually has one simple

auxiliary circuit installed in the DC-side. A well-known

inverter with the DC-side soft-switching technique is the

DC resonate link inverter or active clamping DC resonate

link inverter [5–8]. It can realize soft-switching for all

switches. However, it has a lower efficiency owing to the

higher voltage and current stress on the switches and

variable switching frequency control. In the AC-side soft-

switching technique, the auxiliary circuits are placed at

each AC output node of the phase leg. It has complex

auxiliary circuits, especially when there are multiple phase

legs in the circuit topology [9–11].

To overcome the drawbacks of the DC resonate link

inverter, a novel fixed-switching-frequency zero-voltage-

switching pulse width modulation (ZVS-PWM) technique

for the DC-side resonation method has been investigated in

[12–15]. In the proposed zero-voltage-switching (ZVS)

technique, only one simple auxiliary circuit is employed to

realize the ZVS operation for all power switching devices.

It has been successfully applied to the three-phase inverter

and rectifier, single-phase inverter and so on. ZVS-SVM

and zero-voltage-switching sinusoidal pulse width modu-

lation (ZVS-SPWM) schemes are proposed to realize the

ZVS operation of all switching devices for both three-

phase three-wire and three-phase four-wire systems.

Actually, these ZVS circuit topologies have a similar

operation principle and modulation scheme, and their

analytical methods can be unified and further expanded to

other circuit topologies.

In this paper, a generic ZVS technique concept is firstly

introduced based on the multi-phase ZVS converter [16].

The basic operating principle and ZVS-PWM scheme are

presented. These are applicable for different ZVS circuit

topologies derived from the generic ZVS technique con-

cept. Next, the applications of the ZVS technique in

renewable energy integration, energy storage system and

FACTS devices are investigated. Their system improve-

ments of performance in regard to efficiency, dynamic

response, and footprint of passive components are dis-

cussed according to different application scenarios.

Because wide-bandgap devices such as SiC metal-oxide-

semiconductor field-effect transistor (MOSFET) have less

turn-off loss than turn-on loss, ZVS operation will bring

more significant efficiency improvements in these power

electronic conversion systems. Finally, experiment results

on a 10 kVA ZVS back-to-back (BTB) converter prototype

using a SiC MOSFET validate the efficiency improvement

compared with that of the conventional two-level hard-

switching BTB converter.

2 Concept of generic ZVS technique

In this section, a generic ZVS technique is introduced,

which includes a generic N-bridge ZVS circuit topology

and its ZVS-PWM scheme [16]. A group of ZVS con-

verters can be derived from the generic N-bridge ZVS

circuit topology.

2.1 Generic N-bridge ZVS circuit topology

In general, there are three types of switching losses,

namely, turn-on, turn-off, and reverse recovery losses, in

the conventional hard-switching converter. We take a half

bridge, shown in Fig. 1, as an example. It is assumed that
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current iL injected into the midpoint of the bridge leg is

positive. Typically, there will be two different current

commutation processes in one switching period. The first

one is from the diode to its complementary switch as

shown in Fig. 1a, which is termed as the D-S commutation

process. In the D-S commutation, the diode will undergo a

serious reverse recovery process, which will cause a

reverse recovery loss and increase the turn-on loss for its

complementary switch. The other commutation type is

from the main switch to the diode of its complementary

switch as shown in Fig. 1b, which is termed as the S-D

commutation process. In the S-D commutation process, the

diode is freewheeling when its complementary switch is

turned off. The turn-off loss may be reduced if there is a

capacitor in parallel with the switch.

Figure 2a shows the typical voltage and current wave-

forms as well as the power loss distribution of these two

commutation processes, where VSu, iu, VSd, id are voltage

and current of the switches Su and Sd. The shaded areas

denote the switching processes. Eon, Eoff, and Err represent

energy losses during the turn-on, turn-off, and reverse

recovery process, respectively.

The basic idea of the proposed ZVS technique is to use

an auxiliary circuit to resonate the voltage across the

switches to zero before the instant of each D-S commuta-

tion. Figure 3 shows the circuit diagram of the ZVS tech-

nique with one phase leg. The auxiliary circuit includes

resonant inductor Lr, auxiliary switch Sa and clamping

capacitor Cc. Besides, external resonant capacitors Cu, Cd,

and Ca are in parallel with each switch as the resonant

capacitors.

For most of the time in a switching period, auxiliary

switch Sa is in the ‘‘on’’ state, and a current circulates in the

auxiliary circuit. Once auxiliary switch Sa is turned off,

energy in resonant inductor Lr will resonate DC bus voltage

Vbus to zero. Then the main switches can be turned on with

ZVS condition. In this way, the traditional D-S commuta-

tion process is avoided. Figure 2b shows the voltage and

current waveforms as well as the power loss distribution

with the ZVS operation. The turn-on and reverse recovery

loss can be totally eliminated, while the turn-off loss is also

cut down owing to the existence of resonant capacitors in

parallel to each switch.

When more bridge legs are connected to the DC bus, the

ZVS concept can be further extended to an N-bridge circuit

topology [16], as shown in Fig. 4. In each half bridge, there

will be a D-S commutation process in every switching

period according to the direction of its inductor current.

Before these D-S commutation instants, the auxiliary cir-

cuit will act and resonate DC bus voltage Vbus to zero. In

this way, all the main switches can realize ZVS operation.

2.2 ZVS-PWM scheme

In the traditional pulse width modulation scheme, a

triangular carrier is usually adopted to generate symmetric

PWM waveforms. The duty cycles for each arm are

obtained by comparing the corresponding modulation sig-

nals (m1, m2, …, mN) with the triangular carrier. The upper

and lower switching devices in each arm are switched in a

complementary manner. Figure 5a shows the typical
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driving signal waveforms (ug_u1, ug_d1, ug_u2, ug_d2, …,

ug_uN, ug_dN) for the N-bridge converter. The D-S com-

mutation instants as shown with vertical red-line marks for

N different bridge legs, are distributed in different moments

of a switching period. Therefore, for the traditional SPWM

scheme, the auxiliary circuit might need to act N times in

one switching period to provide the ZVS condition for each

bridge, which will cause extra loss for the auxiliary

switch.

To reduce the action times of the auxiliary circuit, the

D-S commutation instants are rearranged by changing the

triangular carrier to a saw-tooth carrier as shown in Fig. 5b.

In this way, the D-S commutation instants for all the

N bridges are aligned. Therefore, the auxiliary circuit only

needs to operate once during each switching period, and

ZVS turn-on of the N main switches can be achieved

simultaneously. uga denotes the driving signal of the aux-

iliary switch. It should be noted that the equivalent area

principle of PWM modulation in each switching period still

holds in the proposed ZVS-PWM method.

2.3 Operation principle of ZVS technique

The basic operating principle of the ZVS technique is

illustrated using the one-phase-leg ZVS converter in Fig. 3,

which can be easily expanded to the N-bridge ZVS con-

verter. Figure 6 shows the operation stages of the one-

phase-leg ZVS converter. Figure 7 shows the correspond-

ing key waveforms in one switching period, where Vgu,

Vgd, and Vga represent the gate-driving signals for Su, Sd,

and Sa, respectively. Stages 1 through 6 are introduced in

detail to present the D-S commutation process and ZVS

operation of the switching devices.

In stage 1 (t0–t1), Du is conducting and Sa is in the ‘‘on’’

state. The resonant inductor current is increasing at the rate

of diLr/dt = VCc/Lr.

In stage 2 (t1–t2), the first resonation will resonate Vbus

to zero by turning off Sa, which provides the ZVS condition

for Sd. At the same time, uCa is resonated to Vdc ? VCc.

This stage ends when Vbus is resonated to zero.
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In stage 3 (t2–t3), Sd is the ZVS turned on. The voltage

across the resonant inductor is clamped to Vdc, and its

current decreases with a slope of diLr/dt = - Vdc/Lr.

In stage 4 (t3–t4), the current in diode Du will be com-

mutated to Sd. Unlike the hard-switching converter case,

the D-S commutation process here is suppressed owing to

the existence of Lr. When iu decreases to zero, this stage

ends.

In stage 5 (t4–t5), the second resonation will happen

immediately after the D-S commutation. The voltage

across Sa will be resonated to zero, whereas the voltage

across Su will be resonated to VCc ? Vdc. After uCa res-

onates to zero, Sa will be turned on with ZVS condition.

In stage 6 (t5–t6), Sd is conducting and the voltage across

the resonant inductor will be continuously clamped to VCc.

Actually, the converter will operate just as the conventional

PWM converter after stage 6. So stages after this are not

given in detail.

When the circuit works in steady state, the resonant

inductor should meet the voltage-second balance principle

in one switching period. Neglecting the short resonation

stages, the following equation should be met:

Z Ts

0

VLrðtÞdt ¼ VCcð1� D0ÞTs � VdcD0Ts ¼ 0 ð1Þ

where Ts is the switching period; VLr is the voltage across

the resonant inductor; and D0 is the turn-off duty cycle of

the auxiliary switch, as shown in Fig. 7. Then the

relationship between clamping capacitor voltage VCc and

D0 can be written as:

VCc ¼ D0Vdc= 1� D0ð Þ ð2Þ

Clamping capacitor Cc should also obey the ampere-

second balance principle in one switching period.
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Neglecting the resonation and short S-D commutation

stages, the following equation can be obtained:Z Ts

0

iSaðtÞdt ¼
Z t4

t3

iSaðtÞdt þ
Z t6

t5

iSaðtÞdt þ
Z t8

t7

iSaðtÞdt

¼ 0

ð3Þ

The duration of each stage in (3) is decided by the duty

cycle of each phase, which is related to its modulation

index M. Then the expression for the turn-off duty cycle of

the auxiliary switch for the one-bridge-leg ZVS converter

can be derived as:

D0 ¼
Lr

2Vdc

Zr
þ M þ 1ð Þ iLj j

h i

VdcTs
ð4Þ

When expanding to the N-bridge ZVS topology circuit,

a generic expression for the turn-off duty cycle of the

auxiliary switch can be written as:

D0 ¼
2Lr

Vdc

Zr
þ idcj j þ 1

2

PN
n¼1

iLnj j
� �

VdcTs
ð5Þ

where iLn is the phase current for phase n; Zr is the

resonation impedance; and idc is the average DC link

current. They can be expressed as:

Zr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lr= N þ 1ð ÞCr½ �

p

idc ¼
1

2

XN
n¼1

iLnMn

8><
>: ð6Þ

whereMn is the modulation index for each phase leg and Cr

is the resonant capacitor paralleled to each switch. By

designing the turn-off duty cycle of the auxiliary switch as

in (5), both the voltage-second balance principle and

ampere-second balance principle for the resonant inductor

and clamping capacitor can be fulfilled, and the auxiliary

circuit will operate in the steady state.

3 Application of ZVS converter

The proposed ZVS technique can be applied in different

circuit topologies in which the half bridge is used as the

basic circuit unit, such as the traditional two-level AC/DC

or DC/AC converters and bidirectional buck-boost DC/DC

converters. Besides, double-stage or multi-stage converters

with a common DC bus can also adopt the ZVS technique.

This section introduces the applications of these ZVS

topologies in power electronic conversion systems for

renewable energy integration, energy storage systems and

FACTS devices.

3.1 Integration of renewable energy

Figure 8 shows the topology of the single-phase ZVS

DC/AC inverter for a low-power photovoltaic (PV) system.

The traditional H-bridge single-phase inverter has very

simple circuit structure [17]. However, the silicon MOS-

FET device used in the topology limits its switching fre-

quency owing to the poor reverse recovery performance of

its body diode. By introducing the ZVS technique, the

diode reverse recovery process is avoided, and its switch-

ing frequency can increase from many tens of kHz to over

100 kHz, which can significantly reduce the volume and

weight of the entire system.

In the single-phase PV inverter, power flowing into the

grid fluctuates with double-line frequency. This double-line

frequency power pulsation appears in the DC-side if no

power decoupling measures are taken. A typical power

decoupling method is to use a buck-type stage to actively

absorb power pulsation [18]. Using this technique can help

avoid the large DC electrolytic capacitors. However, the

active power decoupling (APD) stage will cause extra

switching loss and impact the system efficiency. Both the

APD and single-phase DC/AC stages can realize ZVS

operation by introducing the ZVS technique and the system

efficiency and power density can be improved, as shown in

Fig. 9.

Similarly, a boost DC/DC stage will be cascaded with

the inverter for a wider input voltage range, as shown in

Fig. 10 in certain PV applications. This additional con-

version stage will also cause extra loss. By using one

auxiliary circuit, both the boost stage and the single-phase

DC/AC stage can realize soft-switching operation. The

increase in the switching frequency can make the system

more compact.

The three-phase three-wire DC/AC inverter is widely

used in the centralized PV power generation system. The

most commonly used central inverter topology is the two-

level voltage source inverter (2L-VSI). The 2L-VSI has a

very simple structure; it is composed of three half-bridge

phase legs connected to a single DC link. However, the

traditional 2L-VSI suffers from high switching losses
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owing to its hard-switching operation, which actually limits

the operation switching frequency and leads to a bulky

filter. In practical high–power centralized PV systems, the

2L-VSI with the IGBT device usually operates at 10 kHz

switching frequency. If a high-power SiC MOSFET mod-

ule is applied, the switching frequency can increase by

three to five times that of the IGBT module. To further

increase the switching frequency of the inverter, the ZVS

technique can be used in the SiC MOSFET PV inverter, as

shown in Fig. 11. The ZVS inverter prototype in [19]

shows a high efficiency of 98.6% at a 300 kHz switching

frequency compared to that of the hard-switching topology

operating at a 100 kHz switching frequency with a similar

conversion efficiency.

Another important circuit topology used in distributed

and centralized PV generation systems is the string inverter

[20]. The string inverter is basically composed of two

conversion stages: the DC–DC and DC–AC stages. The

DC–DC stage is adopted to extend the PV voltage opera-

tion region and harvest more energy. Usually multiple DC–

DC boost converters, as shown in Fig. 12, are connected in

parallel to increase the maximum power point tracking

(MPPT) efficiency and power capacity as well. However,

the two-stage configuration will have more components

and cause extra power loss during energy conversion. By

introducing the ZVS technique, higher switching frequency

can be achieved and the power density can be enhanced.

Besides PV inverters, the ZVS technique can also be

applied in the power electronic conversion of the wind

power system. Two most popular wind power conversion

systems are based on the doubly fed induction generator

(DFIG) and permanent magnet synchronous generator

(PMSG) [21]. Both utilize a BTB converter to interface the

generator side and the grid side. The BTB converter for the

PMSG system with the ZVS technique is shown in Fig. 13.

In a typical wind power system, the entire power converter

is packed in a cabinet and placed in a nacelle with limited

space. The ZVS BTB converter may operate with higher

switching frequency, hence the volume and weight of the

passive components can be significantly reduced. The

reduced size and weight of the power converter can spare

more room in the nacelle. In this way, a step-up trans-

former can be accommodated in the nacelle to reduce the

cable cost and energy losses.

To further enhance the power capacity of the wind

power generation system, higher voltage levels are pre-

ferred to realize a cost-effective system design. The three-

level H-bridge BTB converter is composed of two three-

phase H-bridge converters. It can generate more voltage

levels and handle higher power capacities, which is suit-

able for the high-voltage and high-power wind power

generation system. The ZVS three-level H-bridge BTB

converter is shown in Fig. 14. By introducing one auxiliary
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circuit, ZVS operation for all the bridge legs can be real-

ized. Similar benefits of volume and weight reduction can

be expected.

3.2 Energy storage system

Energy storage systems have become a key enabling

technology for a robust, highly efficient and cost-effective

power grid. Grid level energy storage systems are used in

frequency regulation, spinning reverse, peak shaving, load

leveling, and so on. Besides, energy storage systems are

also introduced in distributed systems to stabilize the

power output of renewable energy [22, 23]. The power

electronic conversion system is the interface to connect the

energy storage system with the power grid. Typical energy

storage systems require a bidirectional power flow control

for the power electronic conversion system such as the

battery energy storage system (BESS). The energy loss is

also doubled during the whole energy utilization cycle by

charging and discharging the energy storage device. In this

regard, the improvement of efficiency of the power con-

version system will be more significant as compared with

that of the unidirectional power flow system. The ZVS

technique can effectively improve the efficiency of the

power electronic conversion system, which will make it a

potential technology in the energy storage application.

The power conversion system (PCS) for the BESS can

be divided into single-stage and double-stage structures.

For the single-stage PCS, the battery voltage should not

fluctuate widely during the discharging or charging pro-

cess, which is typically related to the characteristics of the

battery technology. Usually the energy-type battery is more

suitable for this type of converter interface, because its

output voltage is more stable during different states of

charge (SOC). Therefore, this type of BESS is more suit-

able for large-scale energy management applications [24].

Moreover, the efficiency of the power converter will be

more significant for this kind of system. The single-stage

three-phase voltage source converter (VSC) is a typical

PCS topology for the battery energy storage application.

Similarly, the ZVS technique can be implemented as its

application in the PV system, as shown in Fig. 11. To

extend the system power capacity and improve fault tol-

erance, a PCS structure with parallel three-phase two-level

VSCs might be adopted, as shown in Fig. 15. The ZVS

technique can be applied in the topology by installing the

auxiliary circuit in the common DC bus. Both VSCs can

realize the ZVS operation while only one auxiliary circuit

is adopted.

The double-stage PCS consists of a bidirectional DC/DC

conversion stage and a DC/AC stage. The DC/DC stage

boosts the battery voltage to the suitable level so that the

inverter stage can be directly interfaced to the grid. This

type of PCS is suitable for the maximum utilization of the

battery stored energy. In these applications, the battery

usually has a low Ampere-hour capacity, but it can dis-

charge with a large current rate. Its output voltage will have

a wider variation during the entire SOC. Figure 16 shows

the bidirectional double-stage PCS with the ZVS

technique.

The double-stage interface has the advantage of a

common DC bus line. Different energy storage units can be

integrated to the system, which makes the system more

expandable and fault tolerant [25]. Figure 17 shows the

diagram of the double-stage interface with parallel DC/DC
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converter modules integrating the fuel cell stack and super-

capacitor stack. All the converters connected to the DC bus

can realize ZVS operation with only one auxiliary circuit in

the middle DC link. Further extension to multiple energy

sources system can be obtained, as shown in Fig. 18.

Different types of energy storage device (ESD) can be

integrated by either the DC/DC or AC/DC converter to the

DC bus line with one auxiliary circuit. More efficiency

benefits are obtained because all the converters connected

to the DC bus can realize the soft-switching operation with

only one auxiliary circuit.

3.3 FACTS device

Power electronic conversion plays an important role in

improving the reliability, power quality and efficiency of

power grid. Some of these require voltage-blocking capa-

bilities of the order of tens and hundreds of kV. Traditional

SiC devices are connected in series to achieve a high

blocking voltage. The future SiC device with higher

blocking voltages of up to tens of kV will meet the voltage

requirement with one single device or with fewer devices

connected in series. Therefore, simple structures such as

two-level converters can be utilized in such applications.

The soft-switching technique can also be introduced to deal

with the EMI problem and enable higher switching

frequency.

Reactive power compensation is a major objective for

FACTS devices [26]. It can be implemented with var

generators connected in parallel or in series. Shunt reactive

power compensation devices such as static var compen-

sators (STATCOMs) can provide a continuous and precise

leading or lagging reactive power to improve the voltage

stability of the power system. By introducing the ZVS

technique along with the SiC device, the whole system can

be more compact and more efficient. Owing to their small

sizes, these STATCOMs are more suitable for applications

where space is a consideration.

A shunt active power filter (APF) is usually installed

near the nonlinear load for the compensation of the har-

monic current generated by the nonlinear load [27]. The

power converter can operate with higher switching fre-

quency with the ZVS technique. The advantage resulting

from higher switching frequency is that a wider control

bandwidth for the harmonic current control loop can be

achieved, which will have better harmonic mitigation

performance owing to more precise control of each har-

monic current [28]. Figure 19 shows the ZVS two-level

converter for the APF application with the SiC device. The

same topology can also be utilized in STATCOM or static

var generator (SVG) [29].

The series var compensation can increase the angular

and voltage stability of the power corridor. Typical series

var compensators are: static synchronous series compen-

sator (SSSC) [30] and dynamic voltage restorer (DVR)

[31]. These FACTS devices can also benefit from the

application of the ZVS technique in regard to the reduced

system volume and fast control response. Figure 20 shows

the typical DVR topology using the ZVS technique.
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The unified power flow controller (UPFC) [32] or the

unified power quality controller (UPQC) [33] combines the

functions of the STATCOM and SSSC or DVR. It consists

of two converters connected back-to-back, as shown in

Fig. 21. One is connected in series with the grid, whereas

the other is connected in parallel. Each converter can

generate reactive power at its own AC output terminal. By

inserting the auxiliary circuit into the middle DC link, both

converters can realize ZVS operation. More significant

efficiency improvement can be obtained as there are six

bridges working in the soft-switching condition in this

topology.

The ZVS AC-DC-AC topology can also be applied in

the power distribution system to interconnect two AC grids

with different frequencies and voltage levels, as shown in

Fig. 22. For example, two micro-grids can be intercon-

nected to enhance the security and reliability of each sys-

tem. Bidirectional power flow management among the

micro grids can adaptively distribute power generation

according to the load condition of each system. The power

loss of the AC-DC-AC interlinking converter is an

important issue when the energy exchange becomes very

frequent among different grids. The adoption of the ZVS

technique can reduce the power loss and enhance the

energy exchange efficiency.

4 Experimental verification

To verify the operation performance of the proposed

ZVS technique, a 10 kVA three-phase four-wire ZVS BTB

converter prototype based on the SiC MOSFET device, as

shown in Fig. 23 [15], is built with the parameters listed in

Table 1. The MOSFET devices used for the main switches

Si1-Si6 and So1-So6 are SCT2080KE. The MOSFET device

used for the auxiliary switch S7 is C2M0025120D.
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Figure A1 in Appendix A shows the picture of the ZVS

BTB prototype, in which the main circuit components in

the rectifier and inverter sides as well as the auxiliary cir-

cuit are demonstrated [15].

Figure 24a shows the steady state waveforms of three-

phase inductor currents at the rectifier side. Figure 24b

shows the three-phase output voltages at the inverter side.

Both the input current and the output voltage have a low

distortion waveform at the full load condition.

Figure 25 shows the waveforms of clamping capacitor

voltage VCc and resonant inductor current iLr in the

switching period scope. It can be seen that iLr is a triangular

waveform with zero DC component in one switching per-

iod. VCc is almost constant in one switching period. DC bus

voltage Vbus will be resonated to zero in each switching

period to provide the ZVS condition.

Figures 26, 27 and 28 show the ZVS turn-on waveforms

for Si4, So2, and S7, respectively, in the full load condition

at different angles. The turn-on gate signals (ugi4, ugo2, ug7)

are added to MOSFETs after their voltages (uCi4, uCo2,

uCr7) are resonated to zero in the two resonation stages. All

these switches can realize ZVS turn-on after the resonation

stages.

An experimental efficiency comparison is carried out at

the same switching frequency of 150 kHz with the same

SiC MOSFET device between the conventional hard-

switching BTB converter and the ZVS BTB converter.

Figure 29 shows the efficiency curves at different linear

loads [15]. The ZVS BTB converter has a flatter efficiency
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Table 1 Parameters of prototype

Parameters Symbol Value

Input line voltage Ugrms 380 V

Output line voltage Uorms 380 V

Frequency of input/output voltage f 50 Hz

Rated power S/P 10 kVA/9 kW

Input filter inductor Lai, Lbi, Lci 400 lH

Output filter inductor Lao, Lbo, Lco 400 lH

Resonant inductor Lr 2.7 lH

Resonant capacitor Cr 0.12 nF

Clamping capacitor Cc 66 lF

DC bus voltage Vdc 700 V

Switching frequency fs 150 kHz
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curve. It has a peak efficiency of 97.5% at half rated power.

And the efficiency at rated power is over 97% as compared

to 94.0% for the conventional hard-switching BTB con-

verter. The ZVS BTB converter has an efficiency

improvement of over 3% as compared with that of the

conventional hard-switching BTB converter.

5 Conclusion and future work

This paper introduces a generic ZVS technique for

power electronic conversion systems. With only one aux-

iliary circuit, all the switches of the multi-bridge converter

can realize ZVS operation. Furthermore, its applications in

different power electronic conversion topologies for

renewable energy integration, energy storage system, and

FACTS devices are discussed. Finally, a 10 kVA SiC

MOSFET BTB converter prototype is built to validate the

efficiency improvement of the ZVS technique compared

with that in conventional hard-switching converter.

Although the ZVS converter shows promising efficiency

advantage over the conventional hard-switching converter,

an accurate loss model should be investigated to further

optimize the system efficiency. The generic N-bridge ZVS

circuit topology is based on the half bridge unit, which is a
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two-level topology at the AC side essentially. Therefore,

the reductions in volume and power loss of the AC filters

are still limited as compared with those in the three-level or

multilevel converter. Further studies are needed to

investigate the possibility of expanding the ZVS technique

to three-level or multi-level converters. The application of

the ZVS technique combined with the SiC device in these

converters can further improve power density and lead to a
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more compact power electronic conversion systems for

high-voltage and high-power applications.
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[2] Millán J, Godignon P, Perpiñà X et al (2014) A survey of wide

bandgap power semiconductor devices. IEEE Trans Power

Electron 29(5):2155–2163
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