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The current source inverter (CSI) is essentially a converter with inherent boost

capability and has been preliminarily applied in the field of renewable energy

generation systems. However, conventional CSIs are mostly operated

independently. Several existing multilevel CSI topologies entirely rely on

parallel combinations, which seems to be not very suitable for capacity

expansion. To solve this issue, this paper proposes a concept of three-phase

boost-stage coupled current source inverter (BSC-CSI) through the duality

principle, which can output multi-level currents with a reduced number of

switches as well as hardware costs. Compared with the state-of-the-art CSIs,

the proposed BSC-CSI can notably simplify the implementation of the multi-

level modulation scheme and meanwhile ensure the power devices switch

under lower current stress. To further take full advantage of the modularity and

scalability, the BSC-CSI can be constructed by hybrid using silicon-carbide (SiC)

and silicon (Si) based semiconductor switches for improving efficiency. The

experimental results have verified the theoretical findings.
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1 Introduction

With the increasing attention paid to clean energy, power inverter has become the key

component of modern renewable energy network. Generally, power inverters can be

classified as voltage source inverter (VSI) and current source inverter (CSI). Although VSI

currently dominates the applicationmarket, CSI draws scholars’ continuous attention and

has been considered to be a promising topology. CSI is well known for its inherent short-

circuit protection advantage and voltage boost capability, which have been proven to be of

the essence and important for grid applications and renewable energy generations.

Therefore, it has been used in certain application fields, such as renewable energy

systems, active power filters, and some high-power drives (Nishikata and Tatsuta,

2010; Guo, 2017a; Liu et al., 2020). However, CSI still faces the practical challenges of

high power loss, bulky inductance, and huge space occupation.
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To solve these problems, scholars tried to apply high-

performance semiconductor switches, e.g. the reverse blocking

IGBTs (RB-IGBTs), silicon-carbide (SiC), and gallium nitride

(GaN) based MOSFETs (Su and Tang, 2011; Guacci et al., 2019;

Narasimhan et al., 2021). However, these attempts strictly depend on

the high investment, so there is still a big gap between hardware all-

upgrade solutions and the actual applications. In terms of the three-

phase topology innovations, the H7-CSIs have carried out valuable

thoughts on reducing switching loss (Guo, 2017b; Wang et al., 2018;

Lorenzani et al., 2019), but limited by the power range of the shunt-

connect device, they seem to be weaker for high-power applications.

For large-scale power fields, the multi-level technique can be a great

added value to CSI topologies (Wu, 2006). Multi-level current source

inverter (MCSI) is considered to be an effective technology to reduce

the switching stress as well as the filter size and has been extensively

implemented, e.g. the single/multi-rating inductor MCSI, the

paralleled H-bridge MCSI, and the buck-boost MCSI (Gao et al.,

2010; Dupczak et al., 2012; Ries and Heldwein, 2020; Alskran and

Simoes, 2021; Ding and Li, 2021). However, these state-of-the-art

research works are essentially the series/parallel combinations of

multiple H6 bridges, which can be classified as the H6-type

MCSIs. And they not only inherit the common problems of

conventional CSI, but also face the critical disadvantages of the

increasing number of components and operational complexity.

Therefore, CSI right now still needs a simple, compact and cost-

efficient implementation solution.

At the same time, the multi-level voltage source inverters

(MVSIs) have been well extensively investigated and implemented

for over a decade. When the research perspective of the multi-level

technique returns to VSI, it can be easily found that MVSIs have

much clearer topological evolution paths, e.g. neutral point clamped

(NPC) MVSI (Rodriguez et al., 2010; Wang et al., 2013), flying

capacitor (FC) MVSI (He and Cheng, 2016), and cascaded H-bridge

(CHB)MVSI (Yu et al., 2016). Among them, theNPCMVSI is one of

the most commonly used MVSI topology types, and features a

relatively high degree of integration. Inspired by the I-type NPC

MVSI structure, this paper proposes a concept of three-phase boost-

stage coupled CSI (BSC-CSI), explains its construction rules and

operational principles, and further illustrates the space vector

modulation (SVM) scheme. The proposed BSC-CSI concept, on

the one hand, can effectively reduce the complexity of MCSI as

well as the number of components, and on the other hand, can also

improve CSI efficiency with an acceptable cost. Besides, the BSC-CSI

concept can even integrate some other existing research results of CSI

topologies.

This paper is organized as follows. In Section 2, the existing

MCSI topologies are first introduced and parsed, while the

topological construction mechanism of I-type NPC MVSI is

analyzed. And then, with the insight of dual principle, the

concept of BSC-CSI is proposed. In Section 3, the compatible

SVM strategy is presented in detail. The operational

characteristics are also analyzed. Finally, simulation and

experimental tests are presented to verify the theoretical findings.

2 Topology of the three-phase boost-
stage coupled CSI

2.1 Comparison of multi-level
construction mechanism

The basic purpose of multi-level technique is to reduce down the

power stress of switches, with the added benefit of improving power

quality. As for an MCSI, the significance of reducing the current is not

only to reduce the power loss of switches, but also to meet the line loss

constraints of the constant current transmission mode. To fulfill this

requirement, most existing three-phase MCSIs adopt multi-module

integration technology, which has built several types. Figure 1

demonstrates their topologies, which takes five-levelMCSI as examples.

Figure 1A shows the single-rating inductor MCSI (SI-MCSI). It

has twoH6 converter sub-modules and four inductors with the same

current rating. Their DC inputs come from the same DC rail, while

the AC outputs inject current into the load in parallel. The multi-

rating inductor MCSI (MI-MCSI) is one variant of the SI-MCSI,

which is shown in Figure 1B. The main difference is the non-

uniform inductors used to split the input current. Both SI-MCSI and

MI-MCSI have the drawback of circulating current, and it is difficult

to control the power fluctuation of each single module. The

paralleled H-bridge MCSI (PH-MCSI), as shown in Figure 1C,

can solve this problem. It utilizes two independent current sources to

decouple the power control of the sub-modules. However, the

requirement of equal current supply seriously affects the practical

value of this topology. Figure 1D shows the Buck-boost MCSI. It

mainly aims at a wide range of output voltage, but lacks the ability to

handle high current applications.

As it can be found from the above MCSI, their topology is

essentially a series-parallel combination of the H6 converter sub-

modules. The modulation process is mainly to control the switching

combinations of every H6 converter sub-modules. If there are n

resembled sub-modules, MCSI will have 6n power switches and 6n

power diodes, to realize the 2n+1 level output phase current. And the

total number of the switching combinations will be 6n. Therefore,

with the increase of the current level, these MCSI solutions will have

huge hardware costs as well as space occupation, and there exists a

great difficulty in modulation implementation, e.g., 5-level CSI has

12 switches with 81 switching combinations, and 7-level CSI has

18 switches with 729 switching combinations.

When the research perspective is shifted back to MVSIs, it can

be found that the construction form of topology is completely

different. The I-type NPC MVSI, for example, has no integration

of three-phase modules in its topology, but its voltage-level

generation mechanism is quite clear. The I-type NPC MVSIs

mainly include the diode neutral point clamped (DNPC) MVSI

and active neutral point clamped (ANPC) MVSI which are

commonly used in industry. Their topologies with 3-level outputs

as an example are shown in Figure 2.

Both DNPC MVSI and ANPC MVSI integrate capacitor

on the DC rail to provide the extra voltage levels in addition
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to the DC bus. And the output of each phase is connected to

the DC bus through several switches whose essential function

is to select the voltage state of the output of AC side. The

main difference between DNPC MVSI and ANPC MVSI is

that ANPC MVSI replaces the diodes (D1 and D2 in DNPC

MVSI) with two power switches (S1’ and S2’). They can

provide the capability to actively control the potential of

the neutral point.

As shown in Figure 2B, from the perspective of each phase,

ANPC MVSI can be divided into two parts. Except the power

supply, the front-end circuit is composed of two capacitors and

four switches (S1, S1’, S2, and S2’), which can provide 3-level

voltages, while the rear-end circuit is composed of two switches

(S3 and S4) with one inductive filter, which can realize the output

of each phase. This structural feature can be applied to DNPC

MVSI as well, i. g. the front-end circuit is responsible for voltage

levels, which includes C1, C2 S1, S2, D1 and D2, and the rear-end

circuit uses S3 and S4 to implement the phase outputs.

2.2 Duality principle and the BSC-CSI
topology

Duality is one of the common basic characteristics among

circuitries and is of importance and mathematical insights. In

graph theory, one converter can be abstracted as a graph

composed of nodes and edges, which have been introduced in

(Li and Li, 2020).

For a planar graph, in addition to the typical electrical duality

(e.g., voltage/current sources and inductive/capacitive

components), geometrical duality can also be used to find out

its dual topology, which can be clearly seen between Buck and

Boost converters, as well as that between single-phase VSI

and CSI.

As for a non-planar graph, it may be necessary to use the

Quasi-dual method (dual on each active switching state) to find

its dual topology. A typical representative of this method is the

duality between three-phase VSI and CSI, whose topologies are

shown in Figure 3. It is worth noting that the power switch in VSI

needs to reverse parallel with a power diode, which can sustain

FIGURE 1
(A) Single-rating inductor MCSI (B) Multi-rating inductor MCSI. (C) Paralleled H-bridge MCSI. (D) Buck-boost MCSI.

FIGURE 2
(A) I-type DNPC MVSI. (B) I-type ANPC MVSI.
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the reverse power flow path, while by contrast, the power switch

in CSI must series connect with a power diode so as to provide

the reverse-blocking capability. Besides, the voltage/current level

between VSI and CSI is not consistent, e.g., 2-level VSI is dual to

3-level CSI.

The above findings are a brief summary of the duality

characteristics of the frequently-used converters. Following a

similar approach, clues can be explored for constructing new

CSIs with reduced switches. In order to facilitate the study of

topology evolution, we can first study the simplest MCSI, i. g.

starting from the new construction method of 5-level CSI

topology. Therefore, its dual prototype can select with the

I-type three-phase NPC 3-level VSI.

On the basis of topological analysis in Section 2.1, if take the

rear-end output of one phase as a whole, then the front-end

structure of one phase in ANPC 3-level VSI can be abstracted as a

graph. Through the geometrical duality method, its dual topology

can be found. This duality process is shown in Figure 4. The

letters (A-E) are the nodes of the ANPC front-end phase module.

The circled numbers represent the meshes of the planar graph

and can be mapped as the new nodes of the dual topology. In the

same way, the dual structure of DNPC can be obtained, as shown

in Figure 5.

In light of the above research results, a multi-level current

source generator can be constructed by expanding the front-end

structure into multiple branches in parallel. As for the rear-end

circuit, since its essential function is to commutate the phase

current output, if referring to the commutation structure of

conventional CSI, then the topology of the proposed three-

phase boost-stage coupled CSI can be obtained, which is

demonstrated in Figure 6.

The front-end stage of BSC-CSI contains n T-type boost

branches, and each one needs an inductor to store energy and

provide constant DC current. The power diodes (D7-x and D8-x) are

responsible for preventing backflow current. The shunt-connected

switches (S7-x) can provide a shoot-through channel, and the series-

connected switches (S8-x) are employed to decouple the connection

between the inductor current and the branch’s output, which need to

be operated complementary to S7-x, thereby synthesizing the output

current level of the front-end stage.

FIGURE 3
Duality between conventional three-phase VSI and CSI.

FIGURE 4
Graphs of ANPC phase module and its duality topology.

FIGURE 5
Graphs of DNPC phase module and its duality topology.
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To go a step further, it can be observed that the existing H7-

CSI topology is actually one special form of the BSC-CSI (Wang

et al., 2018), which only contains one T-type boost branch and

omitted the series power diode. More specifically, as reported in

(Wang et al., 2015), when the power factor angle of the AC load is

less than 30°, S7-x can independently implement the shoot-

through function. Therefore, S8-x can be omitted under this

load condition, and thus can be regarded as a dual topology

derived from the DNPC 3-level VSI.

3 Modulation of the three-phase
boost-stage coupled CSI

3.1 Space vector modulation scheme

As described above, the T-type boost branches are in

charge of the current injection to the rear-end circuit, and

the rear-end H6 bridge is responsible for the phase

commutation. Therefore, only when they are well-operated

and coordinated, can the whole inverter obtain the correct

multi-level output current. To realize the compatible space

vector modulation of the proposed BSC-CSI, all the existing

space vectors together with their corresponding switching

combinations should be listed for the inverter first. Then,

in order to synthesize the reference, space vectors must be

appropriately selected, which is the key issue in the process of

designing the modulation strategy. Next, the dwell time of

each selected space vector should be calculated correctly. At

last, it is necessary to design the switch combination sequence

of the modulation period to optimize the performance of the

whole inverter.

In order to accomplish the SVM design tasks, three basic

principles should always be followed:

a) To reduce the output harmonics, the nearest space vectors

should be priority selected.

b) To suppress switching losses, the rear-end power switches

(S1-S6) are preferably operated with lower current stress.

c) To ensure the balance of each front-end T-type branches, the

shunt-connected switch (S7-x) should be operated equally in

one modulation period.

The general method to select the proper nearest space vectors

to synthesize the reference, is to find a triangular region that is

composed of the three nearest space vectors and covers the target

reference. This process is illustrated in Figure 7. Let three

arbitrary vectors ( �x, �y and �z) define a triangular region that

covers the location of reference vector �r, then �r can be

synthesized using:

�r � ka
→+ kb

→+ �z �
ka
→∣∣∣∣∣∣ ∣∣∣∣∣∣
na

�x +
kb
→∣∣∣∣∣∣ ∣∣∣∣∣∣
nb

�y + 1 −
ka
→∣∣∣∣∣∣ ∣∣∣∣∣∣
na

−
kb
→∣∣∣∣∣∣ ∣∣∣∣∣∣
nb

⎛⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎠ �z (1)

where na and nb are the distances of the endpoints between two

adjacent vectors.

Taking 7-level BSC-CSI as an example, which consists of

3 T-type boost branches and one H6 bridge, For simplicity of

illustration, S8-1, S8-2, and S8-3 are omitted from this example

since they only work under special load conditions. The

overall space vector diagram is shown in Figure 8A. Denote

turning ON all of {S7-1, S7-2, S7-3} as TOA, while TO2 refers to

turning ON any two of {S7-1, S7-2, S7-3}, TO1 refers to turning

ON any one of {S7-1, S7-2, S7-3}, and NULL is to turn off them

all. The switching states are summarized in Table 1, where

only turn-ON switches are listed, and Idc represents the total

DC current.

As shown in Table 1; Figure 8A, there are 19 potentially

available space vectors in the proposed 7-level BSC-CSI: six large

FIGURE 7
Synthesizing the target reference with three arbitrary vectors.

FIGURE 6
Topology of the proposed BSC-CSI.
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vectors, six medium vectors, six small vector and only one zero

vector. In light of the above principles and considerations, the

SVM scheme of 7-level BSC-CSI is proposed to partition each

sector into nine regions, which is shown in Figure 8B. Thus, the

overall space vector diagram of 7-level BSC-CSI can be divided

into 54 regions.

As exemplified in Figure 8B for Sector I, the segmented

nine regions are divided by the angle bisector and the

FIGURE 8
(A) Overall space vector diagram. (B) Region divisions of Sector I.

TABLE 1 Space vectors and switching states of BSC-CSI (7-level).

Space vectors Front-end Rear-end Phase U Phase V Phase W

I0 TOA -- 0 0 0

I1-1 TO2 S1 S2 Idc/3 0 -Idc/3

I2-1 TO2 S2 S3 0 Idc/3 -Idc/3

I3-1 TO2 S3 S4 -Idc/3 Idc/3 0

I4-1 TO2 S4 S5 -Idc/3 0 Idc/3

I5-1 TO2 S5 S6 0 -Idc/3 Idc/3

I6-1 TO2 S1 S6 Idc/3 -Idc/3 0

I1-2 TO1 S1 S2 2Idc/3 0 -2Idc/3

I2-2 TO1 S2 S3 0 2Idc/3 -2Idc/3

I3-2 TO1 S3 S4 -2Idc/3 2Idc/3 0

I4-2 TO1 S4 S5 -2Idc/3 0 2Idc/3

I5-2 TO1 S5 S6 0 -2Idc/3 2Idc/3

I6-2 TO1 S1 S6 2Idc/3 -2Idc/3 0

I1-3 NULL S1 S2 Idc 0 -Idc

I2-3 NULL S2 S3 0 Idc -Idc

I3-3 NULL S3 S4 -Idc Idc 0

I4-3 NULL S4 S5 -Idc 0 Idc

I5-3 NULL S5 S6 0 -Idc Idc

I6-3 NULL S1 S6 Idc -Idc 0
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connecting lines between vector endpoints. And the working

state of the inverter can be classified into three modes: Mode 1

(reference locates in region 1 with 3-level switched currents),

Mode 2 (reference rotates among region two to four with 5-

level switched currents), and Mode 3 (reference rotates among

region five to nine with 7-level switched currents). It is worth

noting that these regions are symmetric about the angle

bisector of Sector I.

Region one only contains I0, I1-1, and I6-1, its SVM pattern can

be considered the same as the H7-CSI, whose switching sequence

can ensure the zero current switching (ZCS) for rear-end switches

(S1-S6).When the inverter is operated inMode 2, the reference can

be synthesized by small vectors and medium vectors, so that the

rear-end switches (S1-S6) can be operated with Idc/3. To be more

specific, Region 2 uses I1-1, I6-1, and I6-2 to synthesize the reference

vector, while I1-1, I6-1, I1-2, and I6-2 are employed in Region 3, where

I1-1 and I6-1 should theoretically have the same dwell time. InMode

3, the reference is synthesized in a slightly complicated way, whose

selected vectors include small vectors, medium vectors, and large

vectors. Region 5 uses I1-1, I6-2, and I6-3 to synthesize the reference,

and the rear-end switches (S1-S6) are switchedwith Idc/3. Region six

includes I1-2, I6-2, and I6-3, while Region 7 uses I1-2, I6-2, I1-3, and I6-3
to synthesize the reference, where I1-2 and I6-2 have the same dwell

time. Both Region six and Region seven can switch rear-end

switches (S1-S6) with 2Idc/3. The composition space vectors of

reference in all the nine regions together with their dwell times are

listed in Table 2, where ma is the modulation index.

As for the switching sequences, the front-end switches (S7-1, S7-2,

and S7-3) should be arranged carefully to keep the T-type branches

balance. It should be pointed out that if all the T-type-branch

inductors are of the same value, the actual switching operations of S7-

1, S7-2, and S7-3 should be treated equally. They will not only occupy

the same dwell time during one modulation period, but also evenly

be distributed in the switching cycle. In order to achieve this feature,

the switching sequences of the proposed SVM scheme can take the

symmetrical patternwith three possiblemodels, which are illustrated

in Figure 9. Ts is the modulation period. A and B represent two

switching states of the front-end stage. For different regions, the two

switching states should accordingly be implemented with different

switching combinations. These operational arrangements can take

TABLE 2 Composition vectors of reference in sector I.

Region Composition vectors Dwell time Region Composition vectors Dwell time

1 I6-1 Ta � 3maTs sin(π6 − θ) 6 I6-3 Ta � Ts(3ma cos θ − 2)

I1-1 Tb � 3maTs sin(π6 + θ) I1-2 Tb � 3
2maTs sin(π6 + θ)

I0 Tc � Ts − Ta − Tb I6-2 Tc � Ts − Ta − Tb

2 I6-2 Ta � Ts(3ma cos θ − 1) 7 I6-3 Ta � Ts[
	
3

√
sin(π3 − θ)ma − 1]

I1-1 Tb � 3maTs sin(π6 + θ) I1-3 Tb � Ts[
	
3

√
sin(π3 + θ)ma − 1]

I6-1 Tc � Ts − Ta − Tb I6-2, I1-2 Tc � Td � 1
2 (Ts − Ta − Tb)

3 I6-2 Ta � 3
2maTs(cos θ −

	
3

√
2 sin θ) − 1

2Ts 8 I6-2 Ta � 3
2maTs sin(π6 − θ)

I1-2 Tb � 3
2maTs(cos θ +

	
3

√
2 sin θ) − 1

2Ts I1-3 Tb � Ts(3ma cos θ − 2)

I6-1, I1-1 Tc � Td � 1
2 (Ts − Ta − Tb) I1-2 Tc � Ts − Ta − Tb

4 I6-1 Ta � 3maTs sin(π6 − θ) 9 I6-1 Ta � 3maTs sin(π6 − θ)

I1-2 Tb � Ts(3ma cos θ − 1) I1-3 Tb � Ts(32ma cos θ − 1
2)

I1-1 Tc � Ts − Ta − Tb I1-2 Tc � Ts − Ta − Tb

5 I6-3 Ta � Ts(32ma cos θ − 1
2)

I1-1 Tb � 3maTs sin(π6 + θ)

I6-1 Tc � Ts − Ta − Tb

FIGURE 9
The models of switching sequences (in Sector I).

Frontiers in Energy Research frontiersin.org07

Wang et al. 10.3389/fenrg.2022.1104168

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1104168


advantage of the bypass function of the front-end T-type branches to

reduce the switching current stress of the rear-end switches (S1-S6).

3.2 Operational feature benchmarking

The proposed BSC-CSI has some unique characteristics in

terms of the number of switching devices and power loss. Taking

7-level as an example, the comparisons between the conventional

H6-type MCSI and the proposed BSC-CSI (S8-x omitted) are

listed in Table 3, where “R.” is short for “Region”, and “ZCS” is

short for “zero current switching”.

The power-switch count of the proposed BSC-CSI has

reduced by half. And its number of switching combinations is

obviously less than that of the conventional H6-type MCSI,

which makes the modulation strategy much easier to

implement.

As for the modulation operation, the front-end switches are

constantly operated with Idc/3, while the switching current stress

of rear-end switches depends on the actual modulation index and

reference’s location. Besides, the BSC-CSI also has a significant

advantage in switching counts, which makes a lower switching

loss. The current rating through front-end switches is one-third

of that in rear-end switches. This feature enables BSC-CSI to

configure the rear-end with relatively high power but cheap

devices and meanwhile to use the front-end with high-

performance devices with a low current rating. Intuitively, it

gives the possibility to improve efficiency by only using SiC

devices for front-end switches, which can make it cost-effective

customization. It is worth noting that other-level BSC-CSIs have

similar characteristics in terms of configuration and switching

operations.

4 Experimental results

To validate the performance of the proposed BSC-CSI and its

modulation scheme, a 7-level BSC-CSI experimental prototype

has been built, which is shown in Figure 10. The control board is

integrated with a DSP (TMS320F28335 of Texas Instruments)

and an FPGA (xc3s500e of XILINX). Among them, the DSP is

used to calculate the dwell times and to judge the region of

reference vector, while the FPGA is responsible for the switching

selection and the arrangements of driving sequence. On the

power board, in order to obtain a cost-effective performance,

the front-end switches (S7-1, S7-2, and S7-3) are employed with

SiC-MOSFETs (C2M0160120D of CREE), and the rear-end

switches (S1-S6) are Si-IGBTs (IKW20N60T of Infineon).

TABLE 3 Comparisons between the H6-type MCSI and the proposed BSC-CSI (7-level).

Topologies H6-type Proposed BSC-CSI

Front-end Rear-end

Power-switch Count 18 3 6

Switching Combinations 729 43

Switching Count 24 R. (1 3 5 7 9) R. (2 4 6 8) 4

4 2

Switching current stress Idc/3 Idc/3 Region 1 R. (2 3 4 5 9) R. (6 7 8)

ZCS Idc/3 2Idc/3

Conducting current Idc/3 Idc/3 Ix-1 Ix-2 Ix-3

Idc/3 2Idc/3 Idc

Conducting-switch Count 6 I0 Ix-1 Ix-2 2 2 2

3 2 1

FIGURE 10
Experimental prototype of the proposed BSC-CSI.
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Besides, all the power diodes are C2D20120D from CREE. The

DC power supply is employed with Delta SM 600–10. Other

experimental parameters are listed in Table 4

Employed with the proposed space vector modulation

scheme, the driving pulses of switches (S2, S6, S7-1, S7-2) are

captured in Figure 11. It is obvious that the front-end power

switches (S7-x) of BSC-CSI are switched more frequently than the

other switches (S1-S6). Because S7-x is configured with SiC-

MOSFETs, this high switching frequency will not result in the

heavy burden of switching loss.

In order to demonstrate and verify the working

characteristics of the proposed BSC-CSI in different modes,

the modulation index is set to 0.5 and 0.9, respectively. And

the corresponding experimental results (output voltages,

switched current, and inductor currents) are shown as Figures

12, 13.

When the modulation index is 0.5, the reference will rotate

among the medium vectors (green vectors of Figure 8A), and

the BSC-CSI prototype outputs the five-level switched current.

The output phase voltage performs 50 Hz sinusoidal

waveform with the amplitude of 96 V. The inductor

currents show the power balance of each front-end

branches. This phenomenon is consistent with the

expectation of the design in Section 3.1.

When the modulation index is fixed up to 0.9, the reference

will rotate among the large space vectors (blue vectors of

Figure 8A), and the output results clearly presents the seven-

level switched current. As expected, the proposed BSC-CSI can

properly output 50 Hz sinusoidal waves, whose amplitude is

about 172 V. And the inductor current of each T-type branch

keeps balancing at about 4 A.

To validate the efficiency performance, an additional

prototype of conventional H6-type 7-level CSI has been built

up using the same experimental parameters. Except for the SiC-

MOSFETs of BSC-CSI, all the other power devices are employed

with the same hardware. Both the H6-type 7-level CSI and the 7-

level BSC-CSI were tested under the same conditions. In

TABLE 4 Parameters of the experimental prototype.

Parameters Values

DC current (Idc) 12 A

Inductance of each branch 3 mH

AC filter capacitance 10 μF

Switching frequency 10 kHz

Output AC frequency 50 Hz

Load resistance 16 Ω

FIGURE 11
Driving pulses of switches (S2, S6, S7-1, S7-2).

FIGURE 12
Experimental waveforms of output phase voltage, output
switched current, and inductor currents under m = 0.5.

FIGURE 13
Experimental waveforms of output phase voltage, output
switched current, and inductor currents under m = 0.9.
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accordance with a series of operating power points, efficiency

data is recorded using a power analyzer (PM6000 of Voltech).

Their efficiency carves are shown in Figure 14.

The comparison results show that the 7-level BSC-CSI

achieves a relatively higher efficiency over the conventional

H6-type 7-level CSI. However, this efficiency promotion has a

tendency to weaken as the power increases. It is mainly because

the proportion of conduction loss in the total loss will gradually

increase as the modulation index increases, thereby weakening its

advantages in reducing the switching loss.

5 Conclusion

This paper proposes a concept of three-phase boost-stage

coupled CSI and establishes the compatible space vector

modulation scheme. The BSC-CSI concept shows a new duality

path through NPC VSIs to construct CSI topologies and can cover

up the previously investigated H7-CSI topology. Compared with

state-of-the-art MCSI, the proposed BSC-CSI has fewer switching

components, making the whole converter more compact, and the

implementation method of SVM can be simplified significantly.

Moreover, with the customization of cost-efficient hybrid switches,

the proposed SVM scheme is able to ensure BSC-CSI to perform a

higher efficiency. The corresponding performance has been

validated through experimental tests.
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