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Abstract 

Current Source Inverters (CSIs) have drawn growing attention in modern energy 

conversion systems due to their inherent voltage-boosting capability, reliable short-

circuit protection, and smooth output current profiles. This dissertation investigates 

single-phase multilevel CSIs and systematically reviews the evolution of three-level, 

five-level, and seven-level topologies. The advantages and limitations of different five-

level CSI configurations are further analyzed, and the trade-off between output current 

quality, circuit complexity, and efficiency indicates that the five-level CSI provides a 

suitable balance for practical applications. However, conventional five-level CSIs 

suffer from dc current imbalance, which necessitates complicated active balancing 

control schemes. 

Although a recently developed single-phase X-type five-level CSI successfully 

achieves inherent current balancing without complex external controllers, it requires 

significantly large DC inductors, which inevitably leads to increased system volume, 

higher manufacturing costs, and degraded efficiency. To overcome these limitations, 

this dissertation presents a novel single-phase H-type five-level CSI. The proposed 

topology retains the self-balancing capability for inductor currents while significantly 

reducing the required DC inductance across its full operating range.  

The operating principle, modulation scheme, passive component design, inductor 

current self-balancing, switch voltage stresses, and power losses of the proposed 

inverter are investigated. A comparative analysis is performed between the proposed 

H-type and X-type five-level CSIs in terms of required dc inductance, peak voltage of 

switches, semiconductor device count, and efficiency. Finally, the performance of the 

proposed inverter is verified through MATLAB/Simulink simulations and lab-scale 

experiments.  
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Chapter 1 Introduction 

Current Source Inverter (CSI) technology [1-3] has been widely accepted in the 

drive industry, primarily categorized into Pulse Width Modulation (PWM) inverter [4-

7] and Load-Commutated inverter (LCI) [8][9]. The Silicon-Controlled Rectifier 

(SCR)-based LCI [10-12] is suitable for very large synchronous motor drives, while the 

PWM current source inverter is a preferred choice for most industrial applications. The 

parallel PWM CSI is composed of two or more single-bridge inverters connected in 

parallel for super-high-power applications. These PWM inverters employ switching 

devices with self-extinguishable capability, such as symmetrical gate-commutated 

thyristors (GCTs) [13] or gate turn-off thyristors (GTOs) [14], alongside with larger dc-

link inductors that establish a nearly constant input current. By applying PWM 

techniques, the inverter synthesizes a sinusoidal output current with controllable 

amplitude and frequency while maintaining the dc-link current nearly constant. 

Characterized by the simple converter topology and reliable short-circuit protection, the 

PWM CSI has become one of the widely used converter topologies for the MV drives 

[15-17]. 

This chapter presents a comprehensive literature review of single-phase multilevel 

PWM Current Source Inverters, with particular emphasis on the technological 

evolution from conventional three-level topologies to advanced five-level and higher-

level configurations [18-21]. The review begins with conventional single-phase three-

level CSIs, highlighting its structural simplicity alongside key drawbacks such as 

limited Total Harmonic Distortion (THD) performance, heavy passive component 

requirements, and vulnerability to open-circuit faults [22][23]. To improve voltage 

boosting capability and system reliability, impedance-network-based three-level CSI 

has been proposed [24-26]. Although these approaches enhance specific performance 

characteristics, their output waveform remains fundamentally constrained by the 

limited number of current levels. 
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To achieve better power quality, single-phase five-level CSIs are then reviewed 

[27-29], which are categorized into multi-source and single-source topologies. 

Compared with three-level inverters, five-level CSIs provide superior output current 

quality, reduced harmonic distortion, lower filter requirements, and improved voltage 

stress distribution across semiconductor devices [30][31]. Nevertheless, existing five-

level topologies introduce new challenges, including higher circuit complexity, more 

components, and dc-link current balancing issues. 

To further enhance waveform quality, single-phase seven-level CSIs are also 

reviewed. While these converters can achieve additional reductions in THD and output 

current ripple, they generally require substantially more semiconductor devices, 

increased conduction losses, more complicated overlap-time commutation strategies, 

and higher implementation cost. Consequently, considering the trade-off among 

harmonic performance, efficiency, reliability, and circuit complexity, five-level CSIs 

are widely regarded as a more practical solution for medium- and high-power 

applications. 

Based on this analysis, that chapter identifies the remaining limitations of existing 

single-source five-level CSIs, particularly the dc-link current imbalance, the 

requirement for large dc inductors, and the use of series-connected power switches. 

These challenges motivate the development of the proposed single-phase H-type five-

level CSI presented in this thesis. The proposed topology achieves inherent dc-link 

inductor current self-balancing while significantly reducing the required dc inductance. 

Furthermore, it eliminates the need for series-connected switches, enabling the use of 

low-voltage semiconductor devices to reduce voltage stress, power losses, and 

implementation cost, while improving the overall converter performance. 

1.1 Single-Phase Three-Level Current Source Inverters 

This section reviews the development of single-phase three-level CSI, focusing on 

the conventional H-bridge topology and impedance-network-based topology, including 
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the Z-source CSI. For each topology, the circuit configuration, operating principle, 

advantages and limitations are discussed. 

1.1.1 Conventional H-bridge Three Level CSI 

 

Fig. 1 - 1 Single-phase conventional H-bridge three-level CSI 

A single-phase conventional H-bridge three-level CSI is shown in Fig. 1-1. The 

inverter is composed of four switching devices (S1-S4), series-connected with four 

diodes, with a reverse voltage blocking capability. And each of them can be replaced 

by two or more series devices for medium voltage applications. The inverter produces 

a defined PWM output current iw.  

In this current source inverter, the dc current source is realized by voltage source 

Vin connected in series with a dc inductor L1. This dc choke serves as an indispensable 

energy storage element, suppressing current ripple to maintain a smooth, continuous 

dc-link current Idc. And the current source inverter requires an ac capacitor Cf at its 

output for switch commutation and harmonic filtering. When switch S1 turns off, the 

capacitor provides a path for the inductive current, preventing dangerous high-voltage 

spikes (𝐿
𝑑𝑖

𝑑𝑡
) as the PWM output current iw rapidly drops to zero; without this path, these 
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voltage spikes would damage the switching devices. Additionally, the capacitor acts as 

a low-pass filter, smoothing the output load current waveforms.  

 

(a) Mode 1 

 

(b) Mode 2 

Fig. 1 - 2 Operation principle of conventional H-bridge three-level CSI 

As shown in Fig. 1-2, the inverter turns on switches S1 and S4, turns off switch S2 

and S3 (Mode 1), it routes current through the load in the positive direction to generate 

the + Idc level. To produce the -Idc level, the inverter turns on switches S2 and S3, turns 

off switches S1 and S4 (Mode 2), which reverses the load current direction while 
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maintaining unidirectional dc link flow. The inverter creates the zero-current output 

level by turning on both switches in a single leg, which forms an internal freewheeling 

path that bypasses the load. To prevent open-circuit faults during commutation, the 

inverter enforces an overlap time during switching transitions, ensuring that incoming 

switches turn on before outgoing switches turn off to maintain a continuous dc current 

path and suppress inductive over-voltage spikes. 

The conventional single-phase H-bridge three-level current source inverter 

benefits from structural simplicity, inherent short-circuit protection and no dv/dt issue, 

but this inverter requires a bulky dc link chock to smooth the input current and exhibits 

high vulnerability to open-circuit failures caused by electromagnetic interference (EMI) 

or gating misfires. To resolve these limitations, the impedance-network-based three-

level CSI family such as Z-source CSI was introduced [32-35].  

1.1.2 Impedance-Network-Based Three Level CSI 

As shown in Fig. 1-3, the impedance-network-based three-level CSI, commonly 

realized using the classic Z-source topology, integrates a two-port passive impedance 

network composed of inductors (L1 and L2) and capacitors (C1 and C2) in an X-shaped 

configuration between the dc power source and the inverter bridge. 

The dc source can be a battery, diode rectifier, thyristor converter, fuel cell, and 

inductor, a capacitor, or a combination of those. The main bridge of the inverter is 

composed of four switching devices (S1-S4), each connected in series with a diode to 

provide reverse voltage blocking capability. And the impedance network inductors (L1 

and L2) can be configured as two separate inductors or integrated into a single coupled 

inductor. The Diode D in series with the input source Vin is usually needed for 

preventing reverse current flow. 
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Fig. 1 - 3 Z-source three-level CSI 

The operation principle of Z-source CSI can be separated in two modes, non-

shoot-through switching state and shoot-through zero state, as shown in Fig. 1-4. The 

non-shoot-through switching state includes non-shoot-through active states (S1, S4 or 

S2, S3 conducting) and conventional freewheeling zero states (S1, S3 or S2, S4 

conducting). During these states, the front-end diode (D) remains forward-biased, 

allowing the dc source and impedance inductors (L1 and L2) to supply current through 

the inverter bridge while charging the Z-network capacitors (C1 and C2). Conversely, 

during the shoot-through zero state, an open-circuit condition is deliberately created 

across the dc terminals of the bridge by turning off upper switches (S1 and S2) or lower 

switches (S3 and S4), or all four switches. The open circuit forces the front-end diode 

(D) into reverse bias, causing the Z-capacitors to discharge into the inductors and store 

energy in their magnetic fields.  
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(a) Non-shoot-through switching state 

 

(b) Shoot-through zero state 

Fig. 1 - 4 Equivalent circuit of the Z-source inverter 

The modulation scheme of the Z-source inverter extends conventional PWM 

schemes by maintaining standard switches on and off once per switching cycle, thereby 

preserving the fundamental ac output performance. By strategically replacing a portion 
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of the conventional zero states with shoot-through zero states, the total active state 

duration remains untouched while enabling dc link voltage boosting. By applying 

inductor volt-second balance over a switching period T, the peak dc-link current boost 

factor is derived as B = 1/(1-2Dst), where Dst represents the shoot-through duty ratio, 

thereby achieving flexible buck-boost power conversion and inherent open-circuit fault 

protection. 

Furthermore, due to the distribution of shoot-through zero states within each 

switching cycle, the equivalent ripple frequency experienced by the Z-source network 

becomes three times the fundamental switching frequency of the main inverter (feq = 

3fsw). This elevated equivalent operating frequency significantly reduces the AC volt-

second burden on the inductors, thereby allowing a reduction in the required Z-source 

inductance L.  

The single-phase Z-source three-level CSI presents significant advantages over 

conventional CSIs by providing single-stage buck-boost capability, inherent open-

circuit fault protection, and reduced inductance. Despite these structural and functional 

improvements, the Z-source three-level CSI still inherits critical hardware limitations 

inherent to three level architectures. The three three-level CSI is limited to three discrete 

output current levels, resulting in relatively higher harmonic distortion. By increasing 

the number of current levels, five-level CSIs can achieve improved output current 

quality and lower THD under comparable modulation and switching conditions.  

1.2 Single-Phase Five-Level Current Source Inverters 

The single-phase five-level CSI has emerged as a compelling evolution over three-

level CSI for medium-to-high power applications. While a standard 3L-CSI synthesizes 

an ac output current using only three steps (+Idc, 0, -Idc), the 5L-CSI introduces five 

current levels (+2Idc, +Idc, 0, -Idc, -2Idc). The multi-step synthesis produces a smoother, 

near-sinusoidal output waveform, substantially lowering THD. Based on their 

structural current-synthesis mechanisms, single-phase five-level CSIs are classified 
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into multi-source topologies and single-source topologies. 

1.2.1 Multi-Source Five-Level CSI 

Multi-source five-level CSIs synthesize five-level current waveforms by 

combining the output currents of multiple standard three-level H-bridge units. 

1.2.1.1 Parallel-Connected H-bridge Five-Level CSI 

A single-phase conventional parallel H-bridge five-level CSI is shown in Fig. 1-5. 

The inverter is composed of two identical conventional H-bridge three-level CSI as 

mentioned before. The output ac current is is synthesized through the instantaneous 

current summation of the two parallel bridges at the ac output. 

 

Fig. 1 - 5 Conventional parallel-connected H-bridge five-level CSI 

As shown in Fig. 1-6, the operation of the parallel-connected H-bridge five-level 

CSI relies on two identical and isolated dc voltage source, each supplying an input 

current of Idc through its dedicated dc link inductor, to feed two standard H-bridge 
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inverters connected in parallel. Driven by phase-shifted carrier PWM with a 180º phase 

shift between the carrier signals of the two bridges, each individual bridge generates a 

standard three-level current waveform (+Idc, 0, -Idc). At the ac output node, the 

instantaneous currents from both bridges are directly summed, synthesizing a five-level 

current waveform. By alternating the switching states of the two bridges, the total load 

current is stepped through five levels (+2Idc, +Idc, 0, -Idc, -2Idc). 

(a) iw = 2Idc 

 

 

  
  

  
  



 

11 

 

(b) iw = Idc 

 

(c) iw = 0 

 

Fig. 1 - 6 Equivalent circuits of the parallel-connected H-bridge five-level CSI 

The benefits of conventional parallel-connected H-bridge five-level CSI are 

reduced THD and lower switch current stress. Because the total load current is equally 
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split between the two parallel branches, the semiconductor switches in each H-bridge 

are subjected to only half of the peak output current, facilitating power scaling with 

lower-rated power devices.  

However, it still has some limitations. First, it requires two isolated input source 

and two H-bridge inverters, increasing overall control and hardware complexity. 

Furthermore, it suffers from current imbalance issue due to system asymmetries, 

including unequal on-state voltages of the semiconductor devices, gating signal delays 

differences, and manufacturing tolerances in dc inductors. Consequently, additional 

current-balancing control schemes are required, leading to a more complex system and 

higher costs. 

1.2.2 Single-Source Five-Level CSIs 

Single-source five-level CSI have attracted considerable attention because they 

eliminate the need for multiple isolated dc source required by multi-source topologies. 

Compared with multi-source inverters, single-source configurations offer a simpler 

power supply structure, and reduced system size, making them more suitable for 

practical applications. To achieve five-level current generation from a single dc source, 

additional energy-storage components and auxiliary switching circuits are generally 

introduced. This section categorizes single-source five-level CSI into two main 

topological: single-rating inductor five-level CSI and auxiliary switches five-level CSIs 

(X-type five-level CSI), analyzing their circuit configurations, operating modes, 

advantages and challenges. 
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1.2.2.1 Single-Rating Inductor Five-Level CSI 

 

Fig. 1 - 7 Single-rating inductor five-level CSI 

As shown in Fig. 1-7, the single-rating inductor five-level CSI is a single-phase, 

single-source symmetric topology designed to synthesize a five-level ac output current. 

It has four same current rating inductors, where the top inductors (L11 and L12) and 

bottom inductors (L21 and L22) are connected to the dc side. Two inverter bridges are 

the same as the parallel H-bridge CSI, using reverse-blocking voltage switches. 

The primary objective of the single-rating inductor inverter is to divide the total 

dc current (Idc) into two equal parallel branch streams (0.5Idc) and synthesize five output 

current levels (+Idc, +0.5Idc, 0, -0.5Idc, -Idc). For example, when both H-bridges operate 

in positive conduction mode, the output PWM current sums the two branch currents to 

produce a maximum positive level of +Idc. When one H-bridge conducts in the positive 

direction while the other switches to freewheeling state, the output PWM steps down 

to +0.5Idc.  
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By utilizing a single dc source, this topology eliminates the need for multiple 

power sources, thereby reducing the system size and overall cost. Furthermore, because 

the four inductors are of the same current rating, contributing to the reduction of the 

current ripples. However, due to the parasitic parameters in the system, the inductor 

currents still become imbalanced. To overcome this limit, researchers introduced 

auxiliary switches five-level CSIs.  

1.2.2.2 X-Type Five-Level CSI 

 

Fig. 1 - 8 X-type five-level CSI 

The single-source X-type five-level CSI was introduced to achieve inherent 

current balancing, thereby eliminating the need for complex balancing control schemes. 

As shown in Fig. 1-8, this topology consists of an H-bridge CSI (S1, S2, S3, and S4), the 

auxiliary switches (S5, S6, and S7), inductors L1 and L2. The H-bridge of inverter also 

use these switches (S1-S4) with reverse voltage blocking capabilities [36]. 

The operation principle of X-type five-level CSI has two modes: mode 1 and mode 

2, as shown in Fig. 1-9. Under mode 1, the series-connected auxiliary switches S5 are 

turned off, while switches S6 and S7 are turned on. This connects the two dc inductors 

in parallel, combining their currents (Idc) to synthesize an output PWM current of iw = 
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2Idc. In mode 2, auxiliary switches S5 are on, whereas switches S6 and S7 are off. 

Consequently, the two dc inductors operate in series, enforcing their currents to be equal 

(Idc). Therefore, the output PWM current iw can achieve 5 levels. Due to the operation 

in mode 2, the series-connected inductors to achieve inductor current balancing. 

 

(a) Mode 1 

 

(b) Mode 2 

Fig. 1 - 9 Operation principle of the auxiliary switches X-type five-level CSI 

The dc inductors are essential for sustaining the operational modes of the X-type 

inverter, and their sizing directly determines dc current ripple. But, during mode 1, the 

X-type CSI disconnects the input source from the dc inductors causing the inductors 
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to operate as independent current sources. During this interval, the inductors must 

sustain the dc-link current by themselves, and the resulting current variation is 

determined primarily by the inductance and the duration of this operating state. 

Therefore, the X-type CSI requires a relatively large dc-link inductance to maintain 

the desired current continuity and limit the current ripple. 

The peak voltage across the H-bridge switches (S1-S4) is equal to the peak 

capacitor voltage VC_peak. Based on KVL analysis of the corresponding operating states, 

the peak voltage stress across switch S5 is given by Vin+VC_peak, while the peak voltage 

stress across switches S6 and S7 is 0.5(Vin+VC_peak). Therefore, the dc side switches, 

particularly S5, are subjected to significantly higher voltage stresses than the H-bridge 

switches. Therefore, series-connected switches in dc side are required to share the 

voltage stress.  

Consequently, the larger dc-link inductance and additional series-connected dc-

side switches increase the component count, hardware cost, and associated power losses 

of the X-type CSI. Consequently, these additional passive and semiconductor losses 

contribute to a lower overall system efficiency.  

In summary, the X-type five-level CSI provides inherent dc-link inductor current 

self-balancing without an additional balancing control scheme. However, this 

advantage comes at the cost of a larger required dc-link inductance and series-

connected dc-side switches. These limitations increase the topology cost and power 

losses, thereby reducing the overall system efficiency. 

1.3 Single-Phase Seven-Level Current Source Inverters 

Single-phase seven-level CSIs have been proposed to further improve the output 

current quality beyond five-level topologies. Most existing seven-level CSIs are 

developed by extending existing multilevel current-source structures with additional 

switching cells or cascaded inverter modules. By increasing the number of output 

current levels, these topologies are able to generate a current waveform that more 
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closely a sinusoidal waveform [37-40]. 

The operating principle of a seven-level CSI is similar to that of other multilevel 

CSIs. By appropriately controlling the switching states, the output current is 

synthesized from several discrete current levels. The additional current levels provide 

smoother current transitions and lower output current ripple. Appropriate PWM 

strategies and commutation control are required to ensure safe current transfer during 

switching transitions. 

 

Fig. 1 - 10 Single-phase seven-level CSI 

Compared with three-level and five-level CSIs, seven-level topologies provide 

lower THD and improved output current quality. The increased number of current 

levels reduces the output current ripple and the filter requirement. 

Despite these advantages, seven-level CSIs also have several limitations. First, the 

increased number of semiconductor devices, gate driver circuits, and passive 

components results in higher inverter cost, larger physical size, and increased 

conduction losses. Second, the larger number of switching states increases the 

complexity of modulation and overlap-time commutation control. As a result, the 
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improvement in harmonic performance is achieved at the expense of increased circuit 

complexity and implementation cost. 

Therefore, recent research has focused on improving five-level CSIs, aiming to 

achieve a better balance between harmonic performance, inverter efficiency, 

implementation cost, and system reliability. This trend motivates the development of 

the proposed H-type five-level CSI presented in this paper. 

1.4 Research Gap and Research Objectives 

This chapter reviewed the development of single-phase multilevel PWM current 

source inverters, including three-level, five-level, and seven-level topologies. The 

characteristics, operating principles, advantages, and limitations of representative 

topologies were discussed. The evolution of multilevel CSIs demonstrates that 

increasing the number of output current levels effectively improves output current 

quality and reduces harmonic distortion. 

The literature review shows that five-level CSIs provide a better balance between 

harmonic performance, circuit complexity, and implementation cost than both three-

level, multi-source and seven-level inverters. Multi-source five-level inverters require 

multiple isolated dc current sources, while existing single-source five-level inverters 

generally require additional switching circuits or passive components, leading to 

increased circuit complexity and control requirements. 

Based on the literature review, although existing auxiliary-switch X-type CSI can 

achieve inductor current balancing, they still require a large dc inductor. A new 

converter will be proposed to address the problem of the large dc inductance, while 

retaining the inherent dc inductor current self-balancing capability. 

  



 

19 

 

Chapter 2 Proposed Single-Phase H-type Five-Level Current 

Source Inverter 

Based on the literature review presented in Chapter 1, single-source five-level 

current source inverters provide a better trade-off between output current quality, circuit 

complexity, and implementation cost than both three-level and seven-level topologies. 

Although existing single-source five-level CSIs have addressed several limitations of 

conventional multilevel inverters, they still rely on a relatively large dc inductor and 

series-connected power switches. To overcome these limitations, a novel single-phase 

H-type five-level current source inverter is presented in this chapter. The proposed 

topology achieves inherent dc-link inductor current self-balancing, reduces the required 

dc inductance, and eliminates the need for series-connected switches. 

This chapter first presents the inverter topology and operating principle, followed 

by the modulation scheme and passive component design. The inherent inductor current 

self-balancing mechanism, switch voltage stresses, and converter efficiency are then 

analyzed. Finally, a comparison with existing five-level CSIs is provided, and the 

effectiveness of the proposed inverter is validated through simulation and experimental 

results [41]. 

2.1 Technical Challenges of X-type CSI 

The X-type CSI retains the main advantages of conventional five-level CSIs, and 

it features an inherent DC-inductor self-balancing capability, which prevents inductor 

current mismatch and simplifies active control. These features make it the most relevant 

baseline for performance comparison. However, the X-type CSI has two major 

limitations: require Large DC Inductance and need Series-Connected DC Switches, as 

shown in Fig. 2-1. These structural drawbacks increase component cost, overall volume, 

and conduction losses, ultimately lowering system efficiency. 



 

20 

 

 

Fig. 2 - 1 Equivalent circuit of the X-type CSI 

To overcomes these limitations while retaining the inherent dc inductor current 

self-balancing capability of the X-type topology, a new single-phase five-level is 

proposed in this chapter.  

2.2 Inverter Topology and Operation Principle 

Fig. 2-2 illustrates the proposed single-phase H-type five-level CSI. The inverter 

consists of three main parts: the dc-side auxiliary switching network, the H-bridge 

inverter, and the ac output filter. On the dc side, the auxiliary network is composed of 

three auxiliary switches (S5, S6, and S7), a diode (D) and two inductors (L1 and L2). As 

the main energy storage element, inductors maintain continuous input current (Idc). 

Switches S5-S7 require forward voltage blocking capability, realized using IGBTs or 

MOSFETs, to establish the two variable dc current levels. 

Switches S1-S4 are configured as a conventional H-bridge CSI, utilizing switches 

with reverse voltage blocking capability, such as symmetric gate-commutated thyristors 

(SGCTs) or insulated-gate bipolar transistors (IGBTs) connected in series with a diode. 
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Fig. 2 - 2 Proposed single-phase H-type five-level CSI 

 Mode 1: As shown in Fig. 2-3 (a), S6 and S7 are activated while S5 is deactivated. 

Inductors L1 and L2 are identical and they are parallel connected. The currents flowing 

through both inductors are identical (IL1 = IL2 = 0.5IL), and their combination forms the 

input current of H-bridge CSI (Idc = 2IL). The output PWM current of this mode has 

three levels: 2IL, 0 and -2IL. 

 

(a) mode 1 
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(b) mode 2 

Fig. 2 - 3 Operation principle of proposed H-type CSI 

Mode 2: As shown in Fig. 2-3 (b), switches S6 and S7 are deactivated, and S5 is 

activated. Inductors L1 and L2 are configured in series to enforce the two inductor 

currents to be equal (IL1 = IL2 = Idc), thereby achieving inherent current balance. The 

output PWM current. The output PWM current of this mode has three levels: IL, 0 and 

-IL. 

Due to the series-connected of two inductors in Mode 2, the inherent inductor 

current balancing is established. The inverter achieves a five-level output current by 

alternating between operation modes. For example, when switches S1, S4, S6 and S7 are 

turned on, the output current iw is equal to 2IL. And when switches S1, S4, and S5 are 

turned on, the output current iw is equal to IL. Table 2-1 provides the switching states 

and corresponding output PWM currents. 

2.2 Modulation Scheme 

The switching pattern design for the CSI satisfies two conditions: (a) the dc current 

Idc should be continuous, and (b) the inverter PWM current iw should be defined [1]. 

According to this, the switching states and corresponding output PWM currents are 

designed as shown in table 2-1. The 7 switches are divided into three complementary 
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groups: S1 and S2; S3 and S4; S5 and S6/S7.  

Table 2 - 1 Output PWM current level and switches states 

Switching states 
Output 

PWM 

Current iw 

H-bridge DC side switches 

S1 S2 S3 S4 S5 S6/S7 

1 0 1 0 1 0 0 

0 1 0 1 1 0 0 

1 0 0 1 
1 0 IL 

0 1 2IL 

0 1 1 0 
1 0 -IL 

0 1 -2IL 

The principle of the phase-shifting sinusoidal pulse-width modulation (SPWM) 

scheme for proposed inverter is illustrated in Fig. 2-4, where vm is a sinusoidal 

modulating waveform, vc1 and vc2 are sawtooth carrier waves with the same frequency 

and peak amplitude, but phase shift of 180º. In the proposed modulation scheme, a 60 

Hz fundamental reference wave and two 1080 Hz sawtooth carriers (frequency ratio N 

= 18) were selected. The carrier ratio of N = 18 provides an optimal trade-off between 

semiconductor switching losses and AC output harmonic performance. Moreover, due 

to the 180º phase shift between the carriers, the effective output switching frequency is 

doubled to 2160 Hz, which significantly attenuates low-order harmonics and reduces 

the required AC filter size while keeping individual switch thermal stress low. 
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Fig. 2 - 4 Phase-shifting sinusoidal pulse-width modulation 

The H-bridge switches S1 and S2 are modulated at the fundamental frequency. By 

comparing the sinusoidal waveform vm with a zero-level threshold, S1 remains active 

during the positive half-cycle, while S2 is engaged during the negative half-cycle. By 

comparing vm with vc1 and vc2, the output PWM current level can be determined. 

Specifically, the output PWM current iw is equal to 2IL when vm is greater than both vc1 

and vc2; it equals 0 when vm is less than both carriers. When vm lies within the interval 

bounded by vc1 and vc2, the output current iw is equal to IL. 

2.3 Passive Component Design 

The sizing of passive components plays a crucial role in determining the power 
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density, efficiency, and transient response of the CSIs. This section will focus on the 

size of passive components in proposed H-type CSI. 

DC Inductor Sizing: The dc inductors are essential for sustaining the operational 

modes of the proposed inverter, and their sizing directly determines dc current ripple. 

To maintain a smooth and continuous dc current (Idc) with a ripple of less than a certain 

value (15%, for example), the minimum required inductance value (Ldc) is shown in 

Equation (2-1): 

Ldc = 
VL_maxΔt

15%Idc

 (2-1) 

where VL_max means the maximum voltage across the inductor, and Δt represents the 

corresponding dwell times.  

The output current of the H-type CSIs features a five-level waveform when the 

modulation index ma > 0.5, which is limited to three-level when ma ≤ 0.5. To investigate 

the optimal operating range of the proposed five-level inverter, the required dc 

inductance Ldc under different modulation index (ma > 0.5) is calculated and verified 

through simulations. The minimum Ldc required by the proposed H-type CSI shows a 

linear increase with ma, peaking at 4.3 per unit when ma = 1. The H-type CSI remains 

a continuous connection to the input source, eliminating the need for its dc inductors to 

discharge and function as independent current sources during all operation modes. 

AC Output Filter Sizing: The ac output LC filter absorbs high-frequency 

switching harmonics produced by the PWM current waveform (iw) to supply a clean 

sinusoidal current (is) to the load. The capacitor (Cf) provides a path for switching ripple 

current. Cf must be large enough to filter high-frequency switching noise, yet small 

enough to avoid drawing excessive reactive current at the fundamental frequency(f1). 

To avoid excessive fundamental reactive power drawn by the filter capacitor, Cf is sized 

as below equation 2-2, 

Cf≤
α∙Pn

2πf
1
Vs,rms

2
 (2-2) 

Where Pn is the rated power of the inverter, Vs,rms is the rms value of the fundamental 
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output voltage, and α is the reactive power constraint factor (typically set to α ≤ 5% ~ 

10%). 

The filter inductor (Lf) smooths out the ac load current (is). Once Cf is selected, the 

Lf is designed based on the desired cutoff frequency (fc) of the second-order LC filter, 

which is chosen well above the fundamental frequency (f1) and well below the 

switching frequency (fsw). 

f
1
≪f

c
=

1

2π√LfCf

≪f
sw

 (2-3) 

To ensure power quality compliance at the grid interface, the output LC filter 

parameters derived above are selected to strictly fulfil international grid codes, such as 

IEEE std 519-2022. Specially, the primary design target requires the THD of the output 

current is to remain below 5%. 

2.4 Inductor Self-balancing 

 

(a) Mode 1 
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(b) Mode 2 

 

(c) Inductor self-balancing  

Fig. 2 - 5 Inductor current and voltage self-balancing 

In practical applications, manufacturing tolerances inevitably lead to parameter 

mismatches between the two dc inductors (L1 and L2). As shown in Fig. 2-5, during 

mode 1, L1 and L2 are connected in parallel, resulting in equal inductor voltage (VL2 = 

VL1,). And these parameter mismatches tend to cause an imbalance between the inductor 

currents iL1 and iL2. Upon transition into mode 2, L1 and L2 are configured in series, 

forcing iL1 and iL2 to remain equal. This periodic series-connection mode inherently 

guarantees the self-balancing capability of the dc inductor currents without requiring 

active balancing controls. 

During mode transitions, the near-instantaneous switching action usually induces 

high di/dt rates, which can potentially cause severe voltage spikes across the inductors. 
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In the proposed inverter, this over-voltage is suppressed by the anti-parallel diodes 

integrated within S7 and S9. As a result, the proposed inverter eliminates the need for 

auxiliary voltage-clamping circuits or oversized semiconductor devices, ensuring high 

power density and enhanced reliability. 

2.5 Switch Voltage Stresses 

 

(a) Mode 1 of the H-type CSI 
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(b) Mode 2 of the H-type CSI 

 

(c) Freewheeling state 

Fig. 2 - 6 Equivalent circuit of the H-type CSI 

The peak voltage stresses of the H-type are summarized in Table 2-2. In the 

proposed H-type CSI shown in Fig. 2-6, the peak voltage across the H-bridge switches 
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(S1-S4) is equal to the peak capacitor voltage VC_peak. The voltage stresses of the 

auxiliary switches S5-S7 are determined based on the corresponding operating states. 

In More 1, the H-bridge operates in an active state, where either S1 and S4 or S1 

and S4 are turned on depending on the output current direction. In this mode, S5 is turned 

off, while S6 and S7 are turned on. Applying KVL to the corresponding circuit gives the 

peak voltage stress across switch S5 is VC_peak-Vin.  

Table 2 - 2 Switch peak voltage of the H-type CSI 

VS1-S4_peak VC_peak 

VS5_peak VC_peak-Vin 

VS6-S7_peak max {0.5(VC_peak-Vin), 0.5(Vin)} 

In more 2, the H-bridge remains in the active state, while S5 is turned on and S6 

and S7 are turned off. From the corresponding KVL relationship, the peak voltage 

stresses across switch S6 and S7 are 0.5(VC_peak-Vin). 

During the freewheeling state, the H-bridge is bypassed. For example, S1 and S3 

are turned on while S2 and S4 are turned off. In this state, the peak voltage stress across 

switches S6 and S7 are 0.5(Vin). 

So, the dc side switches in the H-type CSI always experience lower voltage 

stresses than the CSI side switches, making the series connection of DC switches 

unnecessary. Nominally, the H-type CSI requires 7 switches and 5 diodes. In summary, 

this structural advantage of the proposed H-type CSI eliminates the need of series-

connected switches, which ultimately reduces the total switch count, switching losses, 

lowers hardware costs. 

2.6 System Efficiency 

Power losses in the CSI topology arise from the semiconductor devices and the 

inductors. The semiconductor loss of the converter is dominated by the conduction 

losses and switching losses of the active switches and diodes. The inductor loss can be 

broken down into two components: core loss and copper loss.  
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2.6.1 Semiconductor Loss 

The semiconductor losses consist of conduction loss and switching loss. The 

conduction loss is determined from the on-state voltage and current of each 

semiconductor device, while the switching loss is obtained from the turn-on and turn-

off energy of the devices. Therefore, the total semiconductor loss can be expressed as 

Psemi = Pcond + Psw (2-4) 

Where Pcond and Psw represent the total conduction and switching losses, respectively. 

2.6.1.1 Conduction Loss 

During the conduction state, each semiconductor device exhibits a nonzero on-

state voltage. The conduction loss (Pcond) is therefore determined by the device voltage 

drop and the current flowing through the device. For the k-th semiconductor device, the 

average conduction loss can be expressed as  

Pcond,k=
1

T
∫ von,k(t)ik(t)dt

T

0

 (2-5) 

Where von,k and ik are the on-state voltage and current of the k-th device, respectively, 

and T is the fundamental period. 

The conduction loss of the IGBT and Diode can be expressed as 

Pcond,IGBT = VCEOIavg + RCEI2
rms (2-6) 

Pcond,Diode = VFOIavg + RFI2
rms (2-7) 

Where VCEO and VFO are the threshold voltage component of IGBT and Diode, 

respectively. And RCE and RF are the equivalent on-state resistance of IGBT and Diode, 

respectively. Iavg and Irms are the average and rms currents of the device, respectively. 

The total conduction loss of the inverter is obtained by summing the losses of all 

conducting semiconductor devices. 
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2.6.1.2 Switching Loss 

Switching loss (Psw) occurs during the turn-on and turn-off transitions of the 

semiconductor devices. During these transitions, the device simultaneously sustains 

voltage and carries current, resulting in energy dissipation.  

For an IGBT, the switching energy of the device is given by 

Esw = Eon + Eoff (2-8) 

Where Eon and Eoff are the turn-on and turn-off energies, respectively. 

The average switching loss is  

Psw = fsw (Eon + Eoff) (2-9) 

Where fsw is the switching frequency. 

For the diode, the switching loss is associated with reverse recovery during turn-

off. The reverse-recovery energy can be represented by Err, and the average diode 

switching loss is 

Psw_diode = fsw Err (2-10) 

The switching energies specified in a datasheet are normally measured under 

specific test conditions. Therefore, these values should be scaled to the actual operating 

conditions of the inverter. 

A simplified normalization can be expressed as 

𝑃𝑠𝑤_𝐼𝐺𝐵𝑇  =  𝑓𝑠𝑤_𝐼𝐺𝐵𝑇 × (𝐸𝑜𝑛  +  𝐸𝑜𝑓𝑓) ×
𝑉

𝑉𝑛𝑜𝑚
×

𝐼

𝐼𝑛𝑜𝑚
 (2-11) 

𝑃𝑠𝑤_𝐷𝑖𝑜𝑑𝑒  =  𝑓𝑠𝑤_𝑑  × 𝐸𝑟𝑟 ×
𝑉

𝑉𝑛𝑜𝑚
 (2-12) 

Where fsw_IGBT represents the switching frequency of the IGBT, whereas Vnom and Inom 

indicate its rated voltage and current, respectively. Err represents the reverse-recovery 

energy, fsw_d is the turn-off frequency of diode. 
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2.6.2 Inductor Loss 

The dc-link inductor loss consists mainly of winding losses and core losses. The 

winding losses include dc winding losses and ac winding losses, while the core losses 

are associated with the magnetic flux variation in the inductor core. The magnitude of 

these losses depends on several factors, including the inductor current, winding 

resistance, winding geometry, operating frequency, and magnetic core material. 

In a current source inverter, the dc-link inductor is an essential energy-storage 

component and normally carries a large dc current. Therefore, the dc winding loss can 

constitute a significant portion of the total inductor loss. This loss is mainly determined 

by the dc-link current and the dc resistance of the winding. The required inductance 

also affects the design of the magnetic component, particularly the number of turns and 

conductor length, which influence the winding resistance. In general, a larger required 

inductance leads to a greater number of turns and a longer conductor length, resulting 

in a higher dc resistance and increased copper loss. Therefore, reducing the required 

dc-link inductance can reduce the winding resistance and associated copper loss, 

provided that the other inductor design parameters remain comparable. 

At ma = 1, the proposed H-type CSI achieves an overall efficiency of 95.6%, with 

total power losses bounded at 4.4%, consisting of 2% dc inductor loss, 1.75% 

conduction loss, and just 0.65% switching loss.  

2.7 Comparison 

The proposed H-type five-level CSI is compared with the X-type five-level CSI in 

terms of the required dc-link inductance, semiconductor device count, and overall 

efficiency.  

Comparison of DC Inductance Requirements: 

Fig. 2-7 shows the minimum required dc inductance Ldc for the five-level CSIs 

operating under identical modulation and loading conditions. The minimum Ldc 

required by the proposed H-type CSI shows a linear increase with ma, peaking at 4.3 
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per unit when ma = 1. In comparison, the X-type CSI requires a significantly larger dc 

inductance of 15.5 p.u. at ma = 1.  

 

Fig. 2 - 7 Required dc inductance Ldc of X-type and H-type CSI 

The proposed H-type CSI achieves a smaller required DC inductance compared to 

the X-type CSI due to differences in their input connection principles. In the H-type 

CSI, the DC-link inductors remain continuously connected to the input source across 

all operating modes. This persistent power path enables continuous energy transfer and 

suppresses inductor current fluctuation. Conversely, in the X-type CSI, the DC 

inductors are disconnected from the input source during mode 1, forcing them to 

operate as independent energy stores and causing steep current slopes. As a result, the 

X-type CSI requires a significantly larger DC inductance, whereas the proposed H-type 

CSI reduces the required inductance. Overall, this significant reduction in Ldc 

substantially lowers the passive component volume and weight while guaranteeing 

balanced DC-link inductor currents and satisfying current ripple constraints. 

Comparison of Switches Count and Peak voltage Stresses:  

The peak voltage stresses of the H-type and X-type five-level CSIs are compared 

in Table 2-3. In both topologies, the H-bridge switches S1-S4 experience a peak voltage 

stress of VC_peak. However, the dc-side voltage stresses are different. In the X-type CSI, 

S5 experiences a peak voltage stress of VC_peak+Vin, while the peak voltage stress across 

S6 and S7 is 0.5(VC_peak+Vin). In contrast, the proposed H-type CSI reduces the peak 

voltage stress of S5 to VC_peak-Vin, while the stresses of S6 and S7 are given by 
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max{0.5(VC_peak-Vin), 0.5Vin}. Therefore, the proposed H-type CSI achieves lower 

voltage stresses on the dc-side switches than the X-type CSI. Both the X-type and H-

type CSIs are considered under the same boost operating condition, where VC_peak > Vin. 

The blocking-voltage rating of each semiconductor device is assumed to be VC_peak. 

Under this condition, the proposed H-type CSI requires only one device for each of S1-

S7, resulting in a total of 7 power switches. For the X-type CSI, S5 requires two series-

connected devices to withstand its peak voltage stress, while S6 and S7 can each be 

implemented with a single device. Therefore, the X-type CSI requires a total of 8 power 

switches. The proposed H-type CSI thus eliminates one series-connected switch, 

reducing the semiconductor device count and associated switching losses. The 

elimination of the series-connected switch reduces the semiconductor device count and 

the associated switching losses. 

Comparison of Power loss and System Efficiency: 

The efficiency comparison further demonstrates the advantages of the proposed 

topology. Under the same operating conditions, the proposed H-type CSI achieves an 

efficiency of 95.6%, compared with 90.95% for the X-type CSI. The method used for 

efficiency calculation is a well-used one in industry [42]. The higher efficiency is 

mainly attributed to the significantly smaller dc-link inductance, which reduces the 

associated winding loss. Therefore, compared with the X-type CSI, the proposed H-

type CSI provides a more compact dc-link design, fewer semiconductor devices, 

inherent inductor current balancing, and higher overall efficiency, while maintaining 

the five-level output current capability. 

Table 2 - 3 Comparison between X-type and H-type CSI 

CSI Topology X-type Proposed H-type 

Ldc 15.5 p.u. 4.3 p.u. 

Switch count 8 7 

Peak voltage 

of switch 

VS1-S4_peak VC_peak VC_peak 

VS5_peak VC_peak +Vin VC_peak -Vin 
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VS6-S7_peak 0.5(VC_peak +Vin) max {0.5(VC_peak-Vin), 0.5Vin} 

Need series-connected switch Yes No 

Diode count 4 5 

Efficiency 90.9% 95.6% 

These results demonstrate that the proposed H-type CSI achieves a better trade-

off among passive component requirement, semiconductor count, current balancing, 

and conversion efficiency. The reduced dc-link inductance and elimination of the 

series-connected switch are the key features contributing to the improved performance 

of the proposed inverter. 

2.8 Simulation and Experimental Validation 

The performance of the proposed H-type five-level CSI is verified through both 

simulation and lab-scaled experiments. The main simulation and experimental 

parameters are listed in Table 2-4. To evaluate the inherent dc-link inductor current 

self-balancing capability of the proposed inverter, mismatched dc inductors are 

intentionally employed. The unequal inductance values introduce an initial mismatch 

between the two dc inductors, allowing the current-balancing capability of the proposed 

topology to be evaluated under asymmetric operating conditions.  

Table 2 - 4 System parameters 

Parameters Simulation Experiment 

Input voltage source 1000 V Vin = 100 V 

Fundamental 

frequency  
fS1 = fS2 = 60 Hz 

Switching frequency 
fS3 = fS4 = 1080 Hz 

fS5= fS6 = fS7 = 2160 Hz 

Dc inductance 45 mH, 35 mH L1 = 128 mH, L2 = 123 mH  
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Filter Capacitor Cf  = 25 uf Cf  = 100 uf 

Output load 10 Ω, 5 mH 10 Ω, 20 mH 

2.8.1 Simulation Results 

A simulation model of the proposed H-type CSI is built through 

MATLAB/Simulink to evaluate its steady-state performance. The dc inductors are set 

to 45 mH and 35 mH to represent inductance mismatch. A dc input voltage of 1000 V 

is employed to the inverter, and the modulation index ma is set to 0.8 and 0.9. The 

corresponding simulation waveforms are presented in Fig. 2-8. As shown, the dc 

inductor currents iL1 and iL2 converge to the same average value, demonstrating the 

inherent current self-balancing capability of the proposed topology under the selected 

operating conditions.  
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Fig. 2 - 8 Simulated waveforms of the proposed inverter 

The output PWM current iw exhibits five distinct current levels with a symmetrical 

waveform, while the load current is remains approximately sinusoidal. As ma increases 

from 0.8 to 0.9, the amplitude of the load current increases accordingly.  

The harmonic spectra of the PWM current iw are presented in Fig. 2-9 for a 

fundamental frequency of 60 Hz and a switching frequency of 1080 Hz. The measured 

THD values of is are 38.52% and 34.17% for ma = 0.8 and ma = 0.9, respectively. In 

both cases, the dominant harmonic components are concentrated around 2160 Hz, 

corresponding to the 36th harmonic. This agrees with the characteristic harmonic 

distribution of the phase-shifting SPWM, in which the dominant harmonic components 

are located around twice the switching frequency. As ma increases from 0.8 to 0.9, the 

dominant harmonic component decreases from approximately 18% to 14% of the 

fundamental component. 
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Fig. 2 - 9 Harmonic performance of the proposed inverter 

2.8.2 Experimental Results 

Lab-scaled experiments are conducted to verify the performance of the proposed H-

type CSI. The experimental platform consists of the proposed inverter is shown in Fig. 2-

10. 
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Fig. 2 - 10 Experimental setup of the proposed inverter 

The inverter is controlled using a dSPACE-based control system, and the main 

experimental parameters are listed in Table 2-4. The dc inductors are set to 123 mH and 

128 mH to introduce an inductance mismatch. A dc input voltage of 100 V is employed 

to the inverter, and the modulation index ma is set to 0.8 and 0.9. In the experimental 

setup, the minimum overlap time achievable by the dSPACE controller is limited to 2e-

5. This limitation causes some narrow gating pulses to be removed, which affects the 

output current waveforms and harmonic performance. 
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Fig. 2 - 11 Experimental waveforms under steady state and ma = 0.8 

CH1 (2A/div): DC inductor current iL1. CH2 (2A/div): DC inductor current iL2. CH3 

(5A/div): Output PWM current iw. CH4 (10A/div): Load current is. 

Fig. 2-11 shows the experimental waveforms of the proposed H-type CSI under 

steady-state operation with Vin = 100Vand ma = 0.8. The dc-link inductor currents iL1 and 

iL2 exhibit switching-frequency ripples while maintaining nearly identical average values, 

confirming the inherent current self-balancing capability under the intentional inductance 

mismatch. The output PWM current iw presents five distinct current levels over one 60-Hz 

fundamental cycle, verifying the five-level current synthesis. The load current is is nearly 

sinusoidal, demonstrating the effective filtering of the switching components by the output 

filter. These experimental results agree with the expected operating characteristics of the 

proposed H-type CSI. 
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Fig. 2 - 12 Experimental waveforms under steady state and ma = 0.9 

CH1 (2A/div): DC inductor current iL1. CH2 (2A/div): DC inductor current iL2. CH3 

(5A/div): Output PWM current iw. CH4 (10A/div): Load current is. 

Fig. 2-12 shows the experimental waveforms of the proposed H-type CSI under 

steady-state operation with Vin = 100Vand ma = 0.9. The dc-link inductor currents iL1 and 

iL2 maintain nearly identical average values despite the inductance mismatch, 

demonstrating that the inherent current self-balancing capability is maintained at the higher 

modulation index. Compared with the results at ma = 0.8 shown in Fig. 2-11, the average 

dc-link current increases as ma increases, while the two inductor currents remain balanced. 

The output PWM current iw maintains five distinct current levels over the 60-Hz 

fundamental cycle, confirming the five-level current synthesis of the proposed inverter. The 

amplitude of iw also increases with ma, resulting in a higher load-current amplitude. The 

load current is remains nearly sinusoidal, indicating that the output filter effectively 

attenuates the switching components. Overall, the experimental results at ma = 0.9 agree 

with those obtained at ma = 0.8, while demonstrating the increased current amplitude 

associated with the higher modulation index. 



 

44 

 

 

Fig. 2 - 13 Experimental waveforms under dynamic state 

CH1 (2A/div): DC inductor current iL1. CH2 (2A/div): DC inductor current iL2. CH3 

(5A/div): Output PWM current iw. CH4 (10A/div): Load current is. 

 

Fig. 2 - 14 Experimental inductor current waveforms under dynamic state  

CH1 (1A/div): DC inductor current iL1. CH2 (1A/div): DC inductor current iL2. 

Fig. 2-13 and Fig. 2-14 show the dynamic experimental waveforms of the 

proposed H-type CSI when the input voltage is stepped from 80 V to 100 V. Following 

the input-voltage step, the dc-link inductor currents iL1 and iL2 adjust to the new 

operating condition while maintaining nearly identical average values. This 

demonstrates that the inherent dc-link inductor current self-balancing capability is 
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maintained under dynamic state. As shown in Fig. 2-13, the output PWM current iw 

continues to maintain the five-level current waveform, while the load current is remains 

nearly sinusoidal. Fig. 2-14 provides a closer view of the dc-link inductor currents and 

further confirming their balanced response to the input-voltage step. These results 

demonstrate that the proposed H-type CSI maintains stable operation and inherent 

inductor current self-balancing under a dynamic input-voltage condition. 

2.9 Summary 

A new single-phase H-type five-level current source inverter (CSI) is proposed in this 

paper. Unlike conventional five-level CSIs that require additional current-balancing control, 

the proposed inverter achieves inherent dc-link inductor current self-balancing through its 

circuit structure, eliminating the need for an additional control loop. Compared with the 

existing X-type five-level CSI, the proposed inverter significantly reduces the required dc-

link inductance, from 15.5 p.u. to 4.3 p.u., while maintaining the current ripple performance. 

In addition, the proposed topology eliminates the series-connected auxiliary switch 

required in the X-type CSI, reducing the total number of switches from eight to seven. 

These features reduce the passive component requirement and associated semiconductor 

and inductor losses, resulting in improved conversion efficiency. Under the same operating 

conditions, the proposed H-type CSI achieves an efficiency of 95.6%, compared with 90.95% 

for the X-type CSI. The operating principle and performance of the proposed inverter are 

verified through both simulation and laboratory-scale experimental results.  
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Chapter 3 Conclusions and Contributions 

This dissertation investigates single-phase five-level current source inverters, with 

a focus on the proposed H-type topology, its modulation scheme, and performance 

evaluation. This chapter summarizes the main contributions of the research and 

discusses potential directions for future work. 

3.1 Conclusions and Contributions 

A new single-phase H-type five-level CSI has been proposed and investigated in 

this thesis. The proposed topology provides inherent dc-link inductor current self-

balancing without requiring an additional current-balancing control loop. Simulation 

and experimental results confirm the inherent self-balancing of the dc-link inductor 

currents despite the inductance mismatch. The proposed inverter also reduces the 

required dc-link inductance compared with the X-type five-level CSI. The required dc-

link inductance is reduced from 15.5 p.u. for the X-type CSI to 4.3 p.u. for the proposed 

H-type CSI, which reduces the size and associated loss of the dc-link magnetic 

components. 

The voltage stress of the proposed topology is also lower on the dc side. Under the 

same boost operating condition, the proposed H-type CSI reduces the peak voltage 

stress across the auxiliary switches compared with the X-type CSI. With the H-bridge 

switch voltage rating selected to withstand VC_peak, the proposed topology can be 

implemented with seven power switches, whereas the X-type CSI requires eight power 

switches due to the series-connected devices on the dc side. The elimination of the 

series-connected auxiliary switch reduces the semiconductor device count and avoids 

the additional switching losses associated with the series-connected device. 

The system efficiency of the proposed H-type CSI is further evaluated by 

considering both semiconductor and inductor losses. Under the selected operating 

conditions, the proposed H-type CSI achieves an efficiency of 95.6%, compared with 
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90.95% for the X-type CSI. The higher efficiency is mainly attributed to the reduced 

dc-link inductance and the elimination of the series-connected switch, which reduce the 

associated inductor and semiconductor losses. Finally, the proposed inverter is verified 

through MATLAB/Simulink simulations and laboratory-scale experiments. The 

experimental results demonstrate stable five-level current generation, nearly sinusoidal 

load current, and inherent dc-link inductor current self-balancing under both steady-

state and changed input-voltage conditions. These results confirm the effectiveness of 

the proposed H-type five-level CSI in terms of current balancing, passive-component 

requirements, semiconductor utilization, and overall efficiency. 

3.2 Future Work 

Future work will focus on investigating the application of the proposed H-type 

five-level CSI in grid-connected renewable energy systems, with particular emphasis 

on grid-connected operation and power quality performance. 
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