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Abstract 

DC to AC power conversion is a key technology in the modern set-up of generation, 

transmission, distribution and utilization of electric power. Among the various schemes of 

prevalent inverters, the multi-level inverters have been innovated as necessary cost-benefit 

DC to AC devices with a wide range of applications. They have been in the focus for 

decades because of interesting features, such as high-quality output voltage, operation in 

high voltage/power, low stress on switches, etc.  

While the conventional multi-level inverter topologies have proven to be a viable 

alternative in a wide range of high-power medium-voltage/high-voltage applications, there 

has been an active interest in the evolution of newer topologies. Reduction in overall part 

count as compared to the conventional topologies has been an important objective. In this 

thesis, two novel five-level inverter topologies with reduced number of active switches are 

proposed, which are called the Six-Switch Five-Level Active-Neutral-Point-Clamped (6S-

5L-ANPC) and the Seven-Switch Five-Level Active-Neutral-Point-Clamped (7S-5L-

ANPC) inverters respectively. As compared with the conventional eight-switch (8S) 5L-

ANPC inverters, the 6S-5L-ANPC reduces two active switches. The 7S-5L-ANPC inverter 

aims to solve the flying-capacitor voltage drop problem of the 6S-5L-ANPC inverter 

operating in reactive power condition. 

The operating principles of two novel topologies are presented. The loss comparison 

results between the 6S-5L-ANPC/7S-5L-ANPC and the conventional 8S-5L-ANPC 

inverters show the proposed topologies can achieve the same performance as the 
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conventional 8S-5L-ANPC inverters in high power applications with the reduction of 

active switches.  

In addition, a new DC-link capacitor voltages balancing technique for 5L-ANPC 

inverters is proposed to achieve better dynamic response and no flying-capacitor voltage 

ripples in steady state over the conventional method. The proposed DC capacitor voltages 

balancing method can be applied to all 5L-ANPC inverters. 

Finally, three different hybrid modulation methods are proposed to reduce or eliminate 

the flying-capacitor voltage drop of the 6S-5L-ANPC inverter under reactive power 

operation. Simulation models and experimental prototypes are developed to verify the 

effectiveness of the proposed topologies, DC capacitor voltages balancing strategy and 

hybrid modulation methods. 
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Chapter 1 

Introduction 

1.1 Background 

The research of this thesis focuses on the five-level inverter topologies, which belong 

to the multi-level inverter family. To begin with, it is very important to know what the 

inverter is and why the multi-level inverters are widely used. This section introduces the 

inverter and the multi-level inverters.  

1.1.1 Introduction of Inverter  

A power inverter is an electronic device or circuitry that changes direct current (DC) to 

alternating current (AC). It plays an important role in variable frequency drives, air 

conditioning, uninterruptible power supplied, induction heating, high-voltage DC power 

transmission, electric vehicle drives, active power filters, flexible AC transmission systems 

and DC power source utilizations such as batteries, solar panels and fuel cells [1]ï[4]. With 

the advent of recent power electronics devices, digital controllers, and sensors, the role of 

power inverters is also envisaged and acknowledged in frontiers such as futuristic smart 

grids and greater penetration of renewable energy sources-based power generation. 

1.1.2 Introduction of Multi -Level Inverters 

The increase of the world energy demand has entailed the appearance of new power 

inverter topologies and new semiconductor technology capable to drive all needed power 

[5]ï[9]. A continuous race to develop higher-voltage and higher-current power 

semiconductors to drive high power systems still goes on. In this way, the last-generation 

devices are suitable to support high voltages and currents. However, currently there is 
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tough competition between the use of classic power inverters topologies using high-voltage 

semiconductors and new inverter topologies using medium-voltage devices. The multi-

level inverters built using mature medium-power semiconductors are fighting in a 

development race with classic inverters using high-power semiconductors that are under 

continuous development and are not mature. Nowadays, multi-level inverters are a good 

solution for power applications because they can achieve high power using mature 

medium-power semiconductor technology [10]ï[20]. 

As compared to the two-level inverter, the multi-level inverters offer many advantages: 

1. The multi-level inverters have lower THD as compared with the two-level inverter. 

Fig. 1.1 shows the topologies of a two-level and a five-level inverters and 

waveforms of their output voltages VAO. As can be observed, the five-level inverter 

has better output performance over two-level inverter under the same switching 

frequency. Therefore, the multi-level inverters require smaller output filter inductor 

to achieve the same output current ripple. For example, if a 10 µH output filter 

inductor LFilter is designed for a two-level inverter, then with the same switching 

frequency and output current ripple, the output filter inductor value for a five-level 

inverter is only a quarter which is 2.5 µH. 
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Fig. 1.1. Comparison results between two-level and five-level inverters in terms of output 

voltage VAO. (a) Two-level inverter. (b) Five-level inverter. 

2. The multi-level inverters have lower dv/dt over two-level inverter. From Fig. 1.1, it 

is observed that: for two-level inverter, the bridge voltage VAO is switched between 

+Vdc/2 and -Vdc/2 (where Vdc is the input DC voltage), so the voltage variation value 

ȹv is equal to Vdc; while for five-level inverter, it has five output voltage levels: 

+Vdc/2, +Vdc/4, 0, -Vdc/4 and -Vdc/2, and the staircase output waveform indicates the 
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ȹv is Vdc/4 which is only a quarter of ȹv for two-level inverter. The lower dv/dt 

results in the reduction of losses, improving the system efficiency. 

3. The multi-level inverters have lower voltage stress of semiconductor devices than 

that of two-level inverter. For two-level inverter, as shown in Fig. 1.1, the voltage 

rating for switches T1 and T2 is Vdc; while for five-level inverter, switches with only 

Vdc/4 voltage rating are selected for T1-T8. Consequently, by using multi-level 

inverter topologies, a high-voltage output waveform can be obtained with low-

voltage rating devices, which is why the multi-level inverters are often used in 

medium and high-power applications. 

Because of the advantages for multi-level inverters, they have received increased 

interest both in the academic and industrial fields. After discussing the advantages of multi-

level inverters, it is important to get familiar with some basic multi-level inverter 

topologies. In the mid-1970s, Baker and Banister published a patent of inverter topology 

producing the multi-level voltage from various DC voltage sources. The topology consists 

of single-phase H-bridge inverters connected in series. It is known as cascaded H-bridge 

(CHB) inverter [21]ï[23]. n H-bridge cells can generate 2n + 1 output levels. For example, 

the five-level CHB inverter requires two H-bridge cells connected in series, as shown in 

Fig. 1.2.  
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Fig. 1.2. Five-level CHB inverter. 

 

In 1980, a modified multi-level topology was also introduced by Baker. The three-level 

and five-level versions are presented in Fig. 1.3 (a) and (b), respectively. This type of 

topology can generate multi-level output from a single DC source with clamping diodes 

connected to the neutral point O, which is called the neutral-point-clamped (NPC) inverter 

[24]ï[26]. 



6 

(b)

T1

T2

T3

T4

Vdc

Cdc1

Cdc2

D2

A

O

+

-

(a)

D1 LFi lter

CFilter

Grid

T1

T2

T3

T4

Vdc

Cdc1

Cdc2

Cdc3

Cdc4

T5

T6

T7

T8

D2

D1

D4

D3

D6

D5

AO

+

-

LFilter

CFi lter

Grid

 

Fig. 1.3. NPC type multi-level inverters. (a) Three-level inverter. (b) Five-level inverter. 

Multi -level inverter can also be achieved by introducing a flying-capacitor (FC), which 

was introduced in the 1990s by Meynard, Foch and Lavieville et al. The three-level version 

and five-level version of FC type inverters are shown in Fig. 1.4 (a) and (b), respectively 

[27]ï[31]. The NPC, FC and CHB type multi-level inverters were widely researched in the 

past few decades and were referred to as the classic multi-level inverters. More detailed 

analysis of these three topologies will be presented in Chapter 2. 

From the introduction of three types of the classic multi-level inverters, it can be 

observed that, as the number of output voltage levels increases, more devices (active 

switches, DC capacitors, clamping diodes for NPC type, flying-capacitors for FC type and 

independent DC sources for CHB type) are required, which means more complicated 

control method is needed. This is the main challenge for multi-level inverters. 
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Fig. 1.4. FC type multi-level inverter. (a) Three-level inverter. (b) Five-level inverter. 

1.2 Organization of Thesis 

The multi-level inverters have demonstrated many advantages over the two-level 

opponent such as higher efficiency, lower voltage stress devices and lower THD. However, 

the increased number of devices is the main challenge. The motivation of the thesis is to 

reduce the number of active switches for five-level inverters. The thesis is organized in 

following chapters. 

Chapter 1 gives an introduction about the reason why the thesis focuses on the multi-

level inverters: the advantages of multi-level inverters over the two-level inverters, the 

drawbacks and challenges of multi-level inverters.  

Chapter 2 reviews three types of the classic multi-level inverter topologies and one of 

the most popular hybrid multi-level inverters ï the active-neutral-point-clamped (ANPC) 
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inverter. The modulation methods for multi-level inverters are also discussed. In addition, 

the DC-link capacitor voltages balancing methods for five-level ANPC inverters are 

reviewed.  

Chapter 3 proposes a 6-Switch Five-Level Active-Neutral-Point-Clamped (6S-5L-

ANPC) inverter. As compared with the conventional five-level inverters which need eight 

active switches, the 6S-5L-ANPC inverter reduces two active switches. The comparison 

results between the 6S-5L-ANPC inverter and the conventional 8-switch (8S) 5L-ANPC 

inverters show that the 6S-5L-ANPC inverter has the same or even higher efficiency over 

the 8S-5L-ANPC inverters in high power applications. A 1 kVA PV grid-connected 

experimental prototype is built to verify the effectiveness of the proposed topology. 

Chapter 4 proposes a 7-Switch 5L-ANPC (7S-5L-ANPC) inverter to solve the FC 

voltage drop problem of the 6S-5L-ANPC inverter operating in reactive power condition. 

The 7S-5L-ANPC can operate at any power factor conditions without FC voltage drop and 

achieves the same performance as the conventional 8S-5L-ANPC inverters. The current 

stress of the seventh switch and the modulation method for the 7S-5L-ANPC inverter under 

reactive power factor condition are discussed. Finally, the simulation and experimental 

results verify the effectiveness of the proposed topology and modulation method. 

Chapter 5 proposes a new DC capacitor voltages balancing method for 5L-ANPC 

inverters operating under unity power factor conditions. As compared with the existing DC 

capacitor voltages balancing method which has double line-frequency (120 Hz) FC voltage 

ripples in steady state, the proposed method uses the average DC capacitor voltage to 

determine the FC reference voltage to balance the DC capacitor voltages, resulting in the 

FC voltage with no ripples in steady state. The analysis and simulation/experimental results 
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show that the proposed method has better dynamic response and lower output current 

harmonic distortion in steady state over the existing method. The proposed DC capacitor 

voltages balancing method can be applied to any 5L-ANPC inverter topologies. 

Chapter 6 proposes three different hybrid modulation methods for the 6S-5L-ANPC 

inverter to decrease or eliminate the FC voltage drop in reactive power zones: 1) hybrid 

modulation with +1 level and -1 level, 2) hybrid modulation with 2 level and 0 level, and 

3) hybrid modulation with +2 level and -2 level. Based on the analysis and 

simulation/experimental results, a comprehensive comparison among three hybrid 

modulation methods in terms of output performance, FC voltage ripple/drop, reactive 

power capability and output current zero-crossing sensing capability is made. The 

comparison results show that hybrid modulation with 2 level and 0 level is the best due to 

the lowest output current THD, no FC voltage ripple in reactive power zones and maximum 

power factor operating capability. 

Chapter 7 concludes the thesis with closing remarks, and presents possible topics for 

future work. 
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Chapter 2 

Literature Review  

2.1 Introduction  

In Chapter 1, three types of classic multi-level inverter topologies (NPC, FC and CHB) 

are briefly introduced. This chapter gives a detailed review of the conventional multi-level 

inverter topologies and modulation methods. In Section 2.2, three classic multi-level 

inverter topologies are studied and a comprehensive comparison among three topologies 

in terms of devices number, device voltage stress and features is made. Section 2.3 reviews 

the hybrid multi-level inverter topology: the active-neutral-point-clamped (ANPC) 

inverter. Section 2.4 discusses the modulation strategies for multi-level inverters. Section 

2.5 presents the DC-link capacitor voltage balancing issue for the five-level (5L) ANPC 

inverters. Section 2.6 draws the conclusion for Chapter 2. 

2.2 Review of Three Classic Multi-Level Inverter Topologies 

The NPC, FC and CHB multi-level inverter topologies could be considered now as the 

classic multi-level topologies that first made them into real industrial products during the 

last three decades. After that, dozens of variants and new multi-level inverter have been 

proposed in literature. Most of them are variations to the three classic multi-level 

topologies, or hybrid between them. Therefore, it is important to give a detailed review of 

these three classic multi-level inverter topologies.  

2.2.1 Neutral-Point-Clamped Inverter 

The neutral-point-clamped (NPC) inverter is also called diode-clamped inverter. It was 

first used in a three-level (3L) inverter [32], which is shown in Fig. 2.1 (a). In this circuit, 
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the DC-bus voltage is split into three levels by two series-connected DC capacitors, Cdc1 

and Cdc2. The middle point of two DC capacitors O is defined as the neutral-point. The 

bridge voltage VAO has three states: +Vdc/2, 0, -Vdc/2. For +Vdc/2 voltage level, switches 

T1 and T2 need to be turned on; for 0 voltage level, T2 and T3 need to be turned on; and for 

-Vdc/2 voltage level, T3 and T4 need to be turned on. The key components that distinguished 

the 3L-NPC from a conventional two-level inverter are D1 and D2, which clamp the switch 

voltage to half the DC-link voltage. For example: when T1 and T2 turn on, D2 balances out 

the voltage sharing between T3 and T4 with T3 blocking the voltage across Cdc1 and T4 

blocking the voltage across Cdc2. But for two-level inverter, each switch must withstand 

the DC-link voltage. Because the NPC inverter effectively increased the voltage levels 

without requiring precise voltage matching, the circuit topology prevailed in the 1980s.  
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Fig. 2.1. Neutral-point-clamped multi-level inverter topologies. (a) Three-level. (b) Five-level. 
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Fig. 2.1 (b) shows a five-level (5L) NPC inverter in which the DC-link consists of four 

capacitors, Cdc1, Cdc2, Cdc3 and Cdc4. For DC-link voltage Vdc, the voltage across each 

capacitor is Vdc/4, and each active switch will be limited to one DC capacitor voltage level 

Vdc/4 through clamping diodes. There are five switch combinations to synthesize five-level 

voltages across A and O: 

1) For VAO = +Vdc/2, turn on all upper switches T1 ï T4. 

2) For VAO = +Vdc/4, turn on three upper switches T2 ï T4 and one lower switch T5. 

3) For VAO = 0, turn on two upper switches T3 ï T4 and two lower switches T5 ï T6. 

4) For VAO = -Vdc/4, turn on one upper switch T4 and three lower switches T5 ï T7. 

5) For VAO = -Vdc/2, turn on all lower switches T5 ï T8. 

Although each active switch is only required to block a voltage level of Vdc/4, the 

clamping diodes have different voltage ratings for reverse blocking voltage. Take diode D2 

as an example: when lower switches T6 ï T8 turn on, D2 needs to block three DC capacitor 

voltages 3Vdc/4. Similarly, the voltage stress for D3 and D4 is Vdc/2 and D1 is Vdc/4.  

The problem of NPC multi-level inverter: as the voltage level goes up, the number of 

clamping diodes increases exponentially. The diode reverse recovery of these clamping 

diode will introduce high loss and become a major design challenge in high-voltage high-

power applications. In addition, the voltage across each DC capacitor should be balanced 

by extra control to ensure the power quality at output. The complex system structure and 

the imbalanced DC voltage obstruct the implementation of high level numbers. 

2.2.2 Flying-Capacitor Inverter  
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The flying-capacitor (FC) inverters are using independent capacitors to clamp the device 

voltage to one capacitor voltage level. The inverter in Fig. 2.2 (a) provides a three-level 

output across A and O: VAO = +Vdc/2, 0, -Vdc/2. For +Vdc/2 voltage level, switches T1 and 

T2 need to be turned on; for -Vdc/2 voltage level, T3 and T4 need to be turned on; and for 

voltage level 0, either pair (T1, T3) or (T2, T4) needs to be turned on. The voltage across FC 

Cfc is controlled to be half the DC-link voltage Vdc/2: FC is charged when T1 and T3 are 

turned on, and is discharged when T2 and T4 are turned on.  
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Fig. 2.2. Flying-capacitor multi-level inverter topologies. (a) Three-level. (b) Five-level. 

Fig. 2.2 (b) shows a 5L-FC inverter. The voltage rating for each DC capacitor is Vdc/4. 

There are three FCs required to clamp the device voltage to one capacitor voltage level: 

VCfc1 = 3Vdc/4, VCfc2 = Vdc/2, VCfc3 = Vdc/4. The voltage synthesis in the 5L-FC inverter 

has more flexibility than 5L-NPC inverter. The bridge output voltage VAO can be 

synthesized by the following switch combinations: 
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1) For VAO = +Vdc/2, turn on all upper switches T1 ï T4. 

2) For VAO = +Vdc/4, there are three combinations:  

a) T1, T2, T3 and T5 are on: VAO = VCdc2 + VCdc1 ï VCfc3 = Vdc/4 + Vdc/4 ï Vdc/4. 

b) T2, T3, T4 and T8 are on: VAO = -VCdc3 ï VCdc4 + VCfc1 = -Vdc/4 ï Vdc/4+ 3Vdc/4. 

c) T1, T3, T4 and T7 are on: VAO = VCdc2 + VCdc1 ï VCfc1 + VCfc2 = Vdc/4 + Vdc/4 ï 

3Vdc/4 + Vdc/2. 

3) For VAO = 0, there are six combinations:  

a) T1, T2, T5 and T6 are on: VAO = VCdc2 + VCdc1 ï VCfc2 = Vdc/4 + Vdc/4 ï Vdc/2. 

b) T3, T4, T7 and T8 are on: VAO = -VCdc3 ï VCdc4 + VCfc2 = -Vdc/4 ï Vdc/4 + Vdc/2. 

c) T1, T3, T5 and T7 are on: VAO = VCdc2 + VCdc1 ï VCfc1 + VCfc2 ï VCfc3 = Vdc/4 + 

Vdc/4 ï 3Vdc/4 + Vdc/2 ï Vdc/4. 

d) T1, T4, T6 and T7 are on: VAO = VCdc2 + VCdc1 ï VCfc1 + VCfc3 = Vdc/4 + Vdc/4 ï 

3Vdc/4 + Vdc/4. 

e) T2, T4, T6 and T8 are on: VAO = -VCdc3 ï VCdc4 + VCfc1 ï VCfc2 + VCfc3 = -Vdc/4 ï 

Vdc/4 + 3Vdc/4 ï Vdc/2 + Vdc/4. 

f) T2, T3, T5 and T8 are on: VAO = -VCdc3 ï VCdc4 + VCfc1 ï VCfc3 = -Vdc/4 ï Vdc/4 + 

3Vdc/4 ï Vdc/4. 

4) For VAO = -Vdc/4, there are three combinations:  

a) T1, T5, T6 and T7 are on: VAO = VCdc2 + VCdc1 ï VCfc1 = Vdc/4 + Vdc/4 ï 3Vdc/4. 

b) T4, T6, T7 and T8 are on: VAO = -VCdc3 ï VCdc4 + VCfc3 = -Vdc/4 ï Vdc/4+ Vdc/4. 
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c) T3, T5, T7 and T8 are on: VAO = -VCdc3 ï VCdc4 + VCfc2 ï VCfc3 = -Vdc/4 ï Vdc/4 + 

Vdc/2 ï Vdc/4. 

5) For VAO = -Vdc/2, turn on all lower switches T5 ï T8. 

Capacitor voltage balancing is an important issue for FC inverter because the inverter 

can only generate the exact output voltage value when capacitor voltages are balanced. In 

the preceding output bridge voltage synthesis description, the capacitors with positive sign 

are in discharging mode, while those with negative sign are in charging mode. By proper 

selection of capacitor combinations, it is possible to balance the capacitor charge.  

The problem of FC multi-level inverter: as the voltage level goes up, a large number of 

FCs are required to clamp the voltage. Also, the modulation method to keep voltage of 

each capacitor balanced is becoming more complicated. This topology also requires 

initialization of the FC voltages. 

2.2.3 Cascaded H-Bridge Inverter  

Diff erent from the NPC and FC types, the cascaded H-bridge (CHB) inverter is based 

on the series connection of single-phase inverter with separate DC source. Fig. 2.3 shows 

a 5L-CHB inverter with two H-bridge cells. To generate the same output voltage as 

compared with NPC and FC inverters, the DC voltage for each H-bridge is Vdc/4. Each H-

bridge generates three voltage levels: +Vdc/4, 0 and -Vdc/4. If two cells are connected in 

series, the output voltage will swing from +Vdc/2 to -Vdc/2 with five voltage levels.  

The problems of CHB multi-level inverter: as the voltage level goes up, more H-bridge 

cells are needed. The required isolated DC sources have to be fed from phase-shifting 

isolation transformers, which are more expensive and bulky, 
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Fig. 2.3. Five-level cascaded H-bridge inverter. 

 

2.2.4 Comparison Results 

With the analysis of three classic multi-level inverters (NPC, FC and CHB), a 

comprehensive comparison among three topologies for five-level version in terms of the 

number of devices, voltage stress of devices, specific requirement, control issues and 

control complexity is made. The results are shown in Table 2.1. 

In terms of the number of devices: all three five-level topologies require eight active 

switches; the 5L-NPC requires additional six clamping diodes; the 5L-FC needs additional 

three FCs. Both 5L-NPC and 5L-FC require four DC capacitors, while 5L-CHB requires 

two DC capacitors with two isolated DC sources. These numbers are good references since 

the research of this thesis aims at reducing the number of active switches for five-level 

inverters. 
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Table 2.1. Comparison results of NPC, FC and CHB type five-level inverters 

 

 

 

 

 

 

 

 

Topology 

Neutral-point-clamped 

(NPC) 

Flying-capacitor 

(FC) 

Cascaded H-bridge 

(CHB) 

T1

T2

T3

T4

Vdc

Cdc1

Cdc2

Cdc3

Cdc4

T5

T6

T7

T8

D2

D1

D4

D3

D6

D5
AO

+

-  

Cfc1

Cfc2

Cfc3

T1

T2

T3

T4

Vdc

Cdc1

Cdc2

Cdc3

Cdc4

T5

T6

T7

T8

AO

+

-  

T5

T6

T7

T8

Cdc2

T1

T2

T3

T4

Cdc1 A

B

Vdc/4

+

-

Vdc/4

+

-  

Number of 

devices 

4 DC capacitors  

+ 8 active switches  

+ 6 diodes 

4 DC capacitors 

+ 8 active switches 

+ 3 FCs 

2 DC capacitors 

+ 8 active switches 

+2 DC sources 

Voltage 

stress 

Cdc1 ï Cdc4: Vdc/4 

T1 ï T8: Vdc/4 

D1 and D6: Vdc/4 

D3 and D4: Vdc/2 

D2 and D5: 3Vdc/4 

Cdc1 ï Cdc4: Vdc/4 

T1 ï T8: Vdc/4 

Cfc1: 3Vdc/4 

Cfc2: Vdc/2 

Cfc3: Vdc/4 

 

Cdc1 and Cdc2: Vdc/4 

T1 ï T8: Vdc/4 

 

Specific 

requirement 
Clamping diodes Clamping capacitors Isolated DC sources 

Control 

issues 
Voltage balancing Voltage setup and balancing Power sharing 

Design 

complexity 
Low Medium (Capacitors) 

High (Input transformer) 

Low (PV applications) 

 

For industrial applications: 1) the 3L-NPC is a popular choice because of a simple 

transformer rectifier structure, with a lower device count and less number of capacitors. 

Although the NPC structure can be extended to higher number of levels, these are less 

attractive mainly because of the losses introduced by clamping diodes. 2) the CHB is well 

suited for high-power applications (1-50 MW) because of the modular structure that 

enables higher voltage operation with classic low-voltage semiconductors. For industrial 
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application, the seven-level to seventeen-level CHB inverters are commonly used. The high 

number of levels enable the reduction in the average device switching frequency (< 500 

Hz), allowing air cooling and lower losses. However, it requires a large number of isolated 

DC sources, which have to be fed from phase-shifting isolation transformers, which are 

more expensive and bulky. 3) Compared to NPC and CHB, the FC inverter has found less 

industrial penetration, mainly because higher switching frequency is necessary to keep 

capacitors properly balanced (e.g. greater than 1200 Hz). This switching frequency is not 

feasible for high-power applications, where usually is limited in a range of 500-700 Hz. 

The FC voltage initialization is another issue which limits its industrial penetration. 

2.3 Review of Active-Neutral-Point-Clamped (ANPC) Inverter 

From Section 2.2, it can be concluded that each classic multi-level inverter topology has 

its own advantages and disadvantages. Because of that, many new multi-level inverter 

topologies have been proposed to overcome some disadvantages of the classic multi-level 

inverters [33]ï[37]. However, not so many of them have made their way to the industry 

yet. Among the newer topologies that currently have found practical applications, the five-

level active-neutral-point-clamped (5L-ANPC) inverter is one of the most popular hybrid 

multi-level inverter topologies, and has received increased attention over the years [38]ï

[52]. 

As shown in Fig. 2.4 (a), the 5L-ANPC combines a three-level NPC leg with a three-

level FC power cell connected between the internal NPC switching devices [53]ï[55]. In 

Section 2.2, it is observed that the 5L-NPC and 5L-FC split the DC-link into four 

capacitors, but the 5L-ANPC splits the DC-link into only two capacitors. Therefore, the 

control complexity to balance the DC capacitor voltages is reduced. In addition, as 
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compared with 5L-FC which requires three FCs, the 5L-ANPC inverter only needs one FC, 

so the control complexity to balance the FC capacitor voltages is also reduced. Fig. 2.4 (b) 

and (c) show other two commonly used 5L-ANPC inverter topologies. Three 5L-ANPC 

inverter topologies in Fig. 2.4 are named Type I, II and III 5L-ANPC inverters respectively. 

Among three 5L-ANPC inverters, Type I has the lowest switching loss and Type II has the 

lowest conduction loss. Therefore, for applications with high switching frequency, Type I 

has the highest efficiency; and Type II is the best choice for low switching frequency 

applications. 
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Fig. 2.4. Configurations of three 5L-ANPC inverters. (a) Type I. (b) Type II. (c) Type III.  
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The DC-link voltage is Vdc, and two DC capacitor voltages are clamped to Vdc/2. The 

FC voltage is controlled to be Vdc/4. For 5L-ANPC inverters, there are eight switch 

combinations to synthesize five-level voltages across A and O. Take Type II 5L-ANPC 

inverter as example: 

1) For VAO = +Vdc/2, turn on T1 and T2. (State A) 

2) For VAO = +Vdc/4, there are two combinations:  

a) T1 and T3 are on: VAO = VC1 ï Vfc = Vdc/2 ï Vdc/4. (State B) 

b) T6, T8 and T2 are on: VAO = Vfc = Vdc/4. (State C) 

3) For VAO = 0, there are two combinations:  

a) T6, T8 and T3 are on: VAO = 0. (State D) 

b) T7, T5 and T2 are on: VAO = 0. (State E) 

4) For VAO = -Vdc/4, there are two combinations:  

a) T7, T5 and T3 are on: VAO = -Vfc = -Vdc/4. (State F) 

b) T2 and T4 are on: VAO = -VC2 + Vfc= -Vdc/2 + Vdc/4. (State G) 

5) For VAO = -Vdc/2, turn on T3 and T4. (State H) 

Fig. 2.5 shows the detailed operation of eight switching states of Type II 5L-ANPC 

inverter. As can be observed, there are three pairs of redundant switching states (B, C), (D, 

E) and (F, G). Similar to FC type, the redundancies can be used to balance the FC voltage. 

For example, when output current is positive, the FC is charging during state B and is 

discharging during state C. Proper selection of redundant switching states can balance the 

FC voltage. So, the 5L-ANPC combines the robustness of NPC with the flexibility of FC. 



21 

T5

T8

Cfc

C1

C2

Vdc

+

-

A
O

T7

T6

P

Q

D4

D3

D2

D1T1

T2

T3

T4

D7 D5

D6 D8

Grid

L filter

T5

T8

Cfc

C1

C2

Vdc

+

-

A
O

T7

T6

P

Q

D4

D3

D2

D1T1

T2

T3

T4

D7 D5

D6 D8

Grid

L filter

T5

T8

Cfc

C1

C2

Vdc

+

-

A
O

T7

T6

P

Q

D4

D3

D2

D1T1

T2

T3

T4

D7 D5

D6 D8

Grid

L filter

T5

T8

Cfc

C1

C2

Vdc

+

-

A
O

T7

T6

P

Q

D4

D3

D2

D1T1

T2

T3

T4

D7 D5

D6 D8

Grid

L filter

T5

T8

Cfc

C1

C2

Vdc

+

-

A
O

T7

T6

P

Q

D4

D3

D2

D1T1

T2

T3

T4

D7 D5

D6 D8

Grid

L filter

T5

T8

Cfc

C1

C2

Vdc

+

-

A
O

T7

T6

P

Q

D4

D3

D2

D1T1

T2

T3

T4

D7 D5

D6 D8

Grid

L filter

T5

T8

Cfc

C1

C2

Vdc

+

-

A
O

T7

T6

P

Q

D4

D3

D2

D1T1

T2

T3

T4

D7 D5

D6 D8

Grid

L filter

T5

T8

Cfc

C1

C2

Vdc

+

-

A
O

T7

T6

P

Q

D4

D3

D2

D1T1

T2

T3

T4

D7 D5

D6 D8

Grid

L filter

(a) State A: +Vdc/2 (b) State B: +Vdc/4

(c) State C: +Vdc/2 (d) State D: 0

(e) State E: 0 (f) State F: -Vdc/4

(g) State G: -Vdc/4 (h) State H: -Vdc/2  

Fig. 2.5. Eight switching states of Type II 5L-ANPC inverter. 
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Due to the reduced costs, volume and control complexity, the 5L-ANPC inverter has 

gained increasing attention recently and is already commercially used for industrial 

applications [56], [57]. In [56], 5L-ANPC inverter was applied on the grid side for a 6 

MVA wind power system. In [57], it was applied to medium voltage variable speed drives 

which are rated at 6-6.9 kV input voltage and 0.4-1 MVA output power. 

It should be noted that for 5L-NPC, 5L-FC, 5L-CHB and existing 5L-ANPC inverter 

topologies, eight active switches are used. It would be more desirable if more active power 

switches can be reduced, which is the motivation of this thesis. 

2.4 Reviews of Multi-level Inverter Modulation Methods 

Multi -level inverter modulation and control methods have attracted much research and 

development attention over the last two decades. They are aimed at generating a stepped 

switched waveform that best approximates an arbitrary reference signal with an adjustable 

amplitude, frequency, and phase fundamental component that is usually a sinusoid in 

steady state. This section mainly discusses two modulation methods which are commonly 

used for multi-level inverters: the Phase-Shifted (PS) PWM and the Level-Shifted (LS) 

PWM. 

For traditional PWM for a two-level inverter, one sinusoidal reference voltage signal is 

compared with one carrier signal which is usually a triangle wave and whose frequency 

represents the switching frequency. The comparison result controls each power switch to 

achieve the desired output voltage. To be extended for multi-level inverter topologies, 

multiple carriers are used to control each power switch of the inverter. Therefore, they are 

known as multicarrier PWM method [58], [59]. Both PS-PWM and LS-PWM belong to 

multicarrier PWM methods. 
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2.4.1 Phase-Shifted PWM Method 

The PS-PWM uses a number of carrier signals which are all phase-shifted accordingly 

[60]ï[62]. For multi-cell topologies, like FC and CHB, each carrier signal can be associated 

to a power cell to be modulated independently. Take 5L-FC inverter as an example. As 

shown in Fig. 2.6, the 5L-FC inverter has four pairs of complementary controlled switches 

(T1, T8), (T2, T7), (T3, T6) and (T4, T5). Each switch pair has its own triangular carrier, 

which is 90Ǔ phase-shifted to each other. The reference is compared with four carrier 

signals, resulting in the switching state for each switch pair: when reference is above 

carrier, the upper switch is turned on and the bottom switch is off; when reference is below 

carrier, the upper switch is turned off and the bottom switch is on. For example, when the 

reference is above all four carrier signals, then all upper switches are on, generating VAO = 

+Vdc/2. Since each switch pair is turned on and off with equal duty cycle, the average FC 

current will be zero if load current is smooth, resulting in the natural FC voltage balancing. 
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Fig. 2.6. PS-PWM modulation strategy for 5L-FC inverter. 

 



24 

Because the duty cycles of each switch pair for FC and each H-bridge cell for CHB are 

identical, the power is evenly distributed among the cells across the entire modulation 

index. Therefore, the PS-PWM is the only real commercial modulation scheme used in 

CHB and FC. One drawback of this method is the switching pattern is fixed so it lacks 

flexibility.  

2.4.2 Level-Shifted PWM Method 

The carrier signals can also be arranged with shifts in amplitude relating each carrier 

signal with each possible output voltage level generated by the inverter. This strategy is 

known as level-shifted (LS) PWM. The LS-PWM applied to a five-level inverter arranges 

four carrier waveforms of same amplitude and frequency into contiguous bands that fully 

occupy the linear modulation range. A single sinusoidal reference is then compared with 

each carrier to determine the switched output voltages for the inverter.  

Depending on the disposition of the carriers, they can be in phase disposition (PD) PWM 

[63], where all carriers are in-phase; phase opposition disposition (POD) PWM [64], where 

the carriers above the reference zero point are out of phase with those below zero by 180Ǔ; 

and alternate phase opposition disposition (APOD) PWM [65], where the alternate carrier 

waveforms are phase shifted by 180Ǔ. Among three LS-PWM methods, the PD-PWM is 

now well accepted as achieving the lowest output voltage harmonic distortion.  

The diagram of PD-PWM method for Type II 5L-ANPC inverter is shown in Fig. 2.7. 

Here are the operating principles: 

1) When the reference is greater than all the carrier signals, the inverter is generating 

VAO = +Vdc/2. 
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2) When the reference is less than the uppermost carrier and greater than all other 

carriers, the inverter is generating VAO = +Vdc/4. 

3) When the reference is less than the two uppermost carriers and greater than the two 

lowermost carriers, the inverter is generating VAO = 0. 

4) When the reference is greater than the lowermost carrier and less than all other 

carriers, the inverter is generating VAO = -Vdc/4. 

5) When the reference is less than all the carrier signals, the inverter is generating VAO 

= -Vdc/2. 
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Fig. 2.7. PD-PWM modulation strategy for five-level inverters. 

As compared with PS-PWM, the PD-PWM has more flexibility. For example, for 5L-

ANPC inverter, with LS-PWM, the redundant switching states can be selected freely which 

is a good advantage; while with PS-PWM, the switching pattern is fixed. In additional, the 

LS-PWM is reported to have better output harmonic profile than PS-PWM.  
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Compared with two-level inverters, the multilevel inverters have many additional 

degrees of freedom: more voltage levels, switching state or voltage-level redundancy, and 

space vector redundancy, which are not always fully exploited by carrier-based PWM 

schemes. Because of this, new modulation strategies are developed such as Selective-

Harmonic-Elimination (SHE) PWM [66]ï[69], Space Vector Modulation (SVM) [70]ï

[75] and hybrid modulation techniques [76]. Since the modulation methods used in the 

thesis are multicarrier-based PWM (PD-PWM), these methods will not be reviewed in 

detail. 

2.5 DC-Link Capacitor Voltages Balancing Issue for 5L-ANPC Inverters 

Three capacitors are used in the 5L-ANPC inverters: two DC-bus capacitors and one 

FC. To generate the precise five voltage levels, it is important to keep voltages of DC 

capacitors balanced. As mentioned in Section 2.3, the FC voltage can be balanced by 

appropriate selection of the redundant switching states. To balance the DC-link capacitor 

voltages, many DC balancing techniques haven been proposed in literature. 

In [77], [78], the technique of zero-sequence voltage injection is used to balance the 

DC-link capacitor voltages. The zero-sequence voltage does not influence the output line 

voltage and current. It leads to different pulse patterns and then different neutral-point (NP) 

current. In Fig. 2.8, the NP current iNP is defined as the current through the red line. So the 

idea is by injecting the zero-sequence voltage into the reference voltage to achieve the 

demanded NP current which balances the NP potential. [77] uses the PD-PWM strategy 

with zero-sequence voltage injection. The main problem for this method is the calculation 

and selection of zero-sequence voltage is very complex and the switching frequency is not 

constant for outside switches (T1 ï T4 as shown in Fig. 2.8) with PD-PWM. The zero-
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sequence voltage injection using PS-PWM is proposed in [78]. However, the calculation 

of zero-sequence voltage is still complicated. Another limitation for the zero-sequence 

voltage injection technique is that it can only be used in three-phase applications. 
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Fig. 2.8. Definition of neutral point current iNP for 5L-ANPC inverter.  

A control strategy based on Selective-Harmonic-Elimination (SHE) PWM is proposed 

[79]ï[81] and the voltage across the FC is balanced by swapping the switching patterns. 

The swapping of the switching patterns depends upon the polarity of the output current, 

the polarity of the FC voltage, and the polarity of the fundamental line-to-neutral voltage. 

The DC-link capacitor voltage is regulated by adding or subtracting a relatively small pulse 

to the switching pulse signals. This method is very suitable for the high power and low 

switching-frequency applications. However, the voltage regulation ability is not strong due 

to the low switching frequency and the capacitor voltage ripple is high. 

In [82]ï[86], the SVM modulation is used to generate five-level output and balance the 

voltages of DC-link capacitors and FC. For five-level SVM method, there are 125 space 
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vectors in total for output voltage synthesis. Each space vector represents one possibility 

of switch combination, and each space vector has different impact on DC capacitor and FC 

voltages variation. [85] analyzes all the space vectorôs characteristics of balancing the DC 

capacitor voltages and divides them into categories of triangles. Every category has its own 

principles to choose the vector sequence and compute the vector durations based on the 

DC capacitor voltage difference. The key problem of this method is the complicated 

calculation process. In addition, same as the zero-sequence voltage injection method, the 

SVM balancing technique can only be used in three-phase application. 

Reference [87] designed a DC-link capacitor voltage balancing technique based on PD-

PWM method for single-phase application. The basic idea is by changing the FC reference 

voltage to change the DC capacitor voltages. As shown in Table 2.2: if the FC reference 

voltage is set higher in the positive grid cycle, then more state B will be selected to charge 

the FC, which will also further decrease the upper DC capacitor voltage VC1. In [87] , the 

FC reference voltage is selected to follow half the upper DC capacitor voltage VC1/2 during 

the positive grid cycle and then to follow half the lower DC capacitor voltage VC2/2 during 

the negative grid cycle. The problem of this method is the FC voltage will have double 

line-frequency (120 Hz) ripple in steady state which will increase the output current THD. 

In addition, the dynamic response of regulating DC-link capacitor voltages is not desirable. 

Table 2.2. Impact of +Vdc/4 and -Vdc/4 Voltage Level States on DC Capacitors and FC 

Voltages for 5L-ANPC Inverters 

Switching State Impact on VC1 Impact on VC2 Impact on Vfc 

B (+Vdc/4 voltage level) Discharge No change Charge 

C (+Vdc/4 voltage level) No change No change Discharge 

F (-Vdc/4 voltage level) No change No change Discharge 

G (-Vdc/4 voltage level) No change Discharge Charge 
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Based on the literature review in this section, it can be concluded that most of the 

existing DC-balancing techniques are only suitable for three-phase applications; while for 

single-phase case, the existing technologies have many problems such as high FC voltage 

ripple, slow dynamic response. With the increased demand of single-phase 5L-ANPC 

inverters on industrial applications such as low/medium power PV grid-connection 

systems, the research on DC-balancing technique for single-phase application to address 

above problems is very important. 

2.6 Conclusion 

In this chapter: first, three classic multi-level inverter topologies (NPC, FC and CHB) 

are reviewed, and a comparison among them in terms of number of devices and features 

are provided to let readers know what the challenges of these topologies are. Then, one of 

the most popular hybrid multi-level inverter topologies ï the 5L-ANPC inverter is 

introduced. The ANPC topology combines the advantages of NPC and FC with reduced 

costs, volume and control complexity. The motivation of this thesis is to reduce the number 

of devices of 5L-ANPC inverter. 

This chapter also discusses two commonly-used modulation methods for multi-level 

inverters in details which are PS-PWM and LS-PWM.  In addition, the DC-link capacitor 

voltage balancing methods for 5L-ANPC inverters are reviewed. The literature review 

shows potential research can be done regarding the modulation method to balance both 

DC-link capacitor and FC voltages for 5L-ANPC inverters, especially for single-phase 

applications. 
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Chapter 3 

Six-Switch Five-Level Active-Neutral Point Clamped Inverter  

3.1 Introduction  

For the existing 5L-ANPC inverter topologies, at least eight active switches are required 

(which are called 8S-5L-ANPC). And from the viewpoint of industrial application, it would 

be more desirable if the cost of the system can be reduced. The motivation of the research 

is to reduce the number of active switches. For Photovoltaic (PV) application, the output 

current and grid voltage are generally in phase, so some of reactive current paths in the 

existing 8S-5L-ANPC inverter can be removed. Based on this, a Six-Switch Five-Level 

Active-Neutral Point Clamped (6S-5L-ANPC) inverter is proposed. Compared to the 8S-

5L-ANPC inverters, the proposed topology requires only six active semiconductor 

switches, and the cost can be reduced. In addition, with the Phase-Disposition (PD) PWM 

method applied to the proposed 6S-5L-ANPC inverter, the system can operate in both 

active and reactive power conditions.  

This chapter is organized as follows: Section 3.2 describes how to derive the 6S-5L-

ANPC inverter topology from the existing 8S-5L-ANPC inverter; Section 3.3 presents the 

operating principles of the proposed 6S-5L-ANPC inverter; Section 3.4 makes a 

comparison between the conventional 8S-5L-ANPC and the 6S-5L-ANPC inverters in 

terms of device voltage stress, switching frequency and efficiency; Section 3.5 discusses 

the PD-PWM method for the 6S-5L-ANPC inverter; Section 3.6 provides a design method 

for the FC capacitance under active and reactive power conditions; Section 3.7 and 3.8 

presents the simulation and experimental results and Section 3.9 is the conclusion. 
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3.2 Derivation of the 6S-5L-ANPC Inverter  

The 5L-ANPC inverter is a good choice for PV applications because of its improved 

efficiency, reduced harmonic distortion and lower dv/dt as compared with the two-level or 

three-level inverters. The configuration of Type II 8S-5L-ANPC inverter is redrawn in Fig. 

3.1. First, the DC-link voltage from PV array is defined as Vdc. The DC-link consists of 

two capacitors (C1, C2), whose voltages are rated at half of DC voltage (Vdc/2). A flying-

capacitor (Cfc) is required to provide one quarter of DC voltage (Vdc/4). Five output voltage 

levels +Vdc/2, +Vdc/4, 0, -Vdc/4 and -Vdc/2 (which are defined as +2, +1, 0, -1 and -2 

respectively) are achieved by summing the FC voltage and DC-link capacitor voltages.  
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Fig. 3.1. Configuration of Type II 8S-5L-ANPC inverter. 
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For PV grid-connection application, the inverter output current is required to be in phase 

with grid voltage. In other words, the system is operating under unity power factor 

condition: Power Factor (PF) = cosű = 1, where ű is the phase angle between output current 

and voltage. In this situation, some of the reactive current paths are no longer needed. 

 Fig. 3.2 shows all eight switching states (A to H) of Type II 8S-5L-ANPC inverter: 

state A: VAO = +Vdc/2 (+2 voltage level); states B and C: VAO = +Vdc/4 (+1 voltage level); 

states D and E: VAO = 0 (0 voltage level); states F and G: VAO = -Vdc/4 (-1 voltage level); 

and state H: VAO = -Vdc/2 (-2 voltage level). The red highlighted line in all eight switching 

states represents the output current flow path under unity power factor condition (PF = 1), 

and the arrow represents the current flow direction. As can be observed, two active 

switches T7, T8 and two body diodes D5, D6 are not used in all eight switching states, which 

means they can be removed. After the simplification, a novel six-switch 5L-ANPC (6S-

5L-ANPC) inverter topology is derived, as shown in Fig. 3.3. The 6S-5L-ANPC inverter 

topology can only be derived from Type II 8S-5L-ANPC inverter because of its 

configurational uniqueness. It cannot be derived from Type I, Type III and other 8S-5L-

ANPC inverter topologies. 
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Fig. 3.2. Active current path for eight switching states of Type II 8S-5L-ANPC inverter. 



34 

 

T5

T6

Grid

Cfc

C1

C2

D7

D8

L filter

Vdc

+

-

AO
PV

D4

D3

D2

D1T1

T2

T3

T4

 

Fig. 3.3. Configuration of the proposed 6S-5L-ANPC inverter. 

In Fig. 3.3, six active power semiconductor switches (T1/D1-T4/D4 with body diode and 

T5, T6 without body diode) and two discrete diodes (D7, D8) are needed to generate five 

voltage levels. The outer switches (T1/D1-T4/D4) operate at switching frequency and inner 

switches (T5, T6) commutate at line frequency. Additionally, the current paths including T5 

and T6 also flow through the fast recovery diodes, which can only achieve unidirectional 

current flow. Thus, the selection of inner switches (T5, T6) can be IGBT without antiparallel 

diode, reducing the system cost. In contrast to the conventional 8S-5L-ANPC inverters 

which need eight active switches and other types of five-level inverters which require more 

devices, the proposed 6S-5L-ANPC inverter uses only six active switches and two discrete 

diodes.  
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3.3 Operating Principles of the 6S-5L-ANPC Inverter  

The 6S-5L-ANPC inverter consists of eight switching states that generate five-level 

voltage levels at the output based on capacitor voltages, as shown in Table 3.1. The 

waveform of bridge voltage VAO is shown in Fig. 3.4. The Phase-Disposition (PD) PWM 

is used as modulation method. The detailed modulation will be discussed in Section 3.5. 

Table 3.1. Switching States, Output Voltage and Impact on the FC Voltage of the 6S-5L-

ANPC Inverter 

Switching 

state 

Switch number Output voltage 

level 

Flying capacitor Cfc 

T1 T2 T3 T4 T5 T6 iout > 0 iout < 0 

A 1 1 0 0 0 1 +2 -- -- 

B 1 0 1 0 0 1 +1 Charge Discharge 

C 0 1 0 0 0 1 +1 Discharge -- 

D 0 0 1 0 0 1 +0 -- -- 

E 0 1 0 0 1 0 -0 -- -- 

F 0 0 1 0 1 0 -1 -- Discharge 

G 0 1 0 1 1 0 -1 Discharge Charge 

H 0 0 1 1 1 0 -2 -- -- 

0

1

0.5

-1

-0.5

+Vdc/4

+Vdc/2

-Vdc/4

-Vdc/2

0

VAO

Carrier Signal

Reference Signal

State A

State B/C

State D/E

State F/G

State H

 

Fig. 3.4. The waveform of bridge voltage VAO for 6S-5L-ANPC using PD-PWM modulation. 
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Table 3.1 lists the switch combination information of eight switching states and the 

impact of eight switching states on the FC voltage variation. For example: in state B, 

switches T1, T3 and T6 are turned on, the inverter is generating VAO = +Vdc/4; Cfc is charging 

when load current iout > 0 and is discharging when iout < 0. In state C, it is only valid for iout 

> 0 and it will not work for iout < 0. 

In addition, from Table 3.1, it is observed that there are three pairs of redundant 

switching states (B, C), (D, E) and (F, G). Each pair of redundant switching states is 

generating the same output voltage level: states B and C are generating +1 voltage level; 

states D and E are generating 0 voltage level; states F and G are generating -1 voltage level. 

The ±1 voltage level redundant switching states have opposite impact on the FC voltage 

variation. For example, when load current iout > 0, FC is charging during state B and is 

discharging during state C; when load current iout < 0, FC is discharging during state F and 

is charging during state G. This leads to the possibility of regulating the FC voltage to a 

constant value (Vdc/4). The sign of load current and deviation sign of FC voltage from its 

reference value are required to decide which redundant switching state to be selected. 

Fig. 3.5 shows eight different switching states (state A to H) and current paths (red line 

shows the active current path and green line represents the reactive current path).  

1) For VAO = +Vdc/2, the load current is through T1/D1 and T2/D2. (State A) 

2) For VAO = +Vdc/4, there are two combinations:  

a) The load current is through T1/D1 and T3/D3, charging FC when iout > 0 and 

discharging FC when iout < 0. (State B) 

b) The load current is through D8, T6 and T2, discharging FC. (State C) 
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(b) State B: +1 voltage level 

Cfc

C1

C2

PV
AO

T5

T6

D7

D8

T3

T4

T1

T2

D3

D4

D1

D2

 

(c) State C: +1 voltage level 
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(d) State D: +0 voltage level 
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(f) State F: -1 voltage level 
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(g) State G: -1 voltage level 
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(h) State H: -2 voltage level 

Fig. 3.5. Eight switching states for 6S-5L-ANPC inverter. (a) State A: +2. (b) State B: +1. (c) 

State C: +1. (d) State D: 0. (e) State E: 0. (f) State F: -1. (g) State G: -1. (h) State H: -2. 

3) For VAO = 0, there are two combinations:  

a) The load current is through D8, T6 and D3. (State D) 

b) The load current is through D2, T5 and D7. (State E) 

4) For VAO = -Vdc/4, there are two combinations:  

a) The load current is through T3, T5 and D7, discharging FC. (State F) 

b) The load current is through T2/D2 and T4/D4, discharging FC when iout > 0 and 

charging FC when iout < 0. (State G) 

5) For VAO = -Vdc/2, the load current is through T3/D3 and T4/D4. (State H) 

In Fig. 3.5, it is observed that among eight switching states, four states (C, D, E, and F) 

allow unidirectional current flow because the load current flow path includes the discrete 

diode. Therefore, appropriate selection of switching states under reactive power operation 

is very important, which will be discussed in Section 3.5. 
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3.4 Comparison Between the 6S-5L-ANPC and the 8S-5L-ANPC Inverters 

To better illustrate the advantage of the 6S-5L-ANPC inverter, it is important to make 

a comparison between the 6S-5L-ANPC inverter and the 8S-5L-ANPC inverters in terms 

of device voltage rating, switching frequency and efficiency. 

3.4.1 Device Voltage Stress and Switching Frequency Comparison 

Table 3.2 shows the voltage stress and switching frequency of devices for the 6S-5L-

ANPC and three 8S-5L-ANPC inverters.  fLine and fS represent the line frequency and 

switching frequency respectively. The configurations of Type I, II and III are shown in Fig. 

2.4 (a), (b) and (c), respectively. 

Table 3.2. Voltage Stress and Switching Frequnecy of Devices for 6S-5L-ANPC and 

Three 8S-5L-ANPC Inverters 

 

Device 

Type I  

8S-5L-ANPC 

Type II  

8S-5L-ANPC 

Type III  

8S-5L-ANPC 
6S-5L-ANPC 

Voltage 

Stress 

Switching 

Frequency 

Voltage 

Stress 

Switching 

Frequency 

Voltage 

Stress 

Switching 

Frequency 

Voltage 

Stress 

Switching 

Frequency 

T1/D1 0.25Vdc fS 0.75Vdc 
fS for half 

line cycle 
0.75Vdc 

fS for half 

line cycle 
0.75Vdc 

fS for half 

line cycle 

T2/D2 0.25Vdc fS 0.25Vdc fS 0.25Vdc fS 0.25Vdc fS 

T3/D3 0.25Vdc fS 0.25Vdc fS 0.25Vdc fS 0.25Vdc fS 

T4/D4 0.25Vdc fS 0.75Vdc 
fS for half 

line cycle 
0.75Vdc 

fS for half 

line cycle 
0.75Vdc 

fS for half 

line cycle 

T5/D5 0.5Vdc fLine 0.5Vdc fLine 0.25Vdc fLine 0.5Vdc fLine 

T6/D6 0.5Vdc fLine 0.5Vdc fLine 0.25Vdc fLine 0.5Vdc fLine 

T7 0.5Vdc fLine 0.25Vdc 
fS for half 

line cycle 
0.25Vdc 

fS for half 

line cycle 

Not 

needed 

Not 

needed 

T8 0.5Vdc fLine 0.25Vdc 
fS for half 

line cycle 
0.25Vdc 

fS for half 

line cycle 

Not 

needed 

Not 

needed 

D7 0.5Vdc fLine 0.25Vdc 
fS for half 

line cycle 
0.25Vdc 

fS for half 

line cycle 
0.25Vdc 

fS for half 

line cycle 

D8 0.5Vdc fLine 0.25Vdc 
fS for half 

line cycle 
0.25Vdc 

fS for half 

line cycle 
0.25Vdc 

fS for half 

line cycle 
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3.4.1.1 Comparison Results with Type I 8S-5L-ANPC Inverter  

Compared to Type I 8S-5L-ANPC inverter, the voltage stress of T1/D1 and T4/D4 for the 

6S-5L-ANPC inverter is increased to 0.75Vdc, which means a higher voltage rating device 

should be selected for these two switches. However, the switching loss of these two devices 

are generated in the same way as that in Type I 8S-5L-ANPC inverter. For example, T1/D1 

will carry the load current iout at turn on and block the voltage levels of 0.25Vdc at turn off 

in the positive output voltage cycle. On the other hand, for Type I 8S-5L-ANPC inverter, 

T1/D1 and T4/D4 are switched on and off at high frequency fS for the whole grid cycle; for 

the 6S-5L-ANPC inverter, T1/D1 and T4/D4 are only operating at high frequency for half 

line period and turned off for the other half line period, so the switching loss of these two 

devices will be lower (approximately half of switching loss in Type I 8S-5L-ANPC). 

3.4.1.2 Comparison Results with Type II 8S-5L-ANPC Inverter  

Compared to Type II 8S-5L-ANPC inverter, the voltage stress of devices in the 6S-5L-

ANPC inverter is the same as that of Type II 8S-5L-ANPC inverter, and two active 

switches T7 and T8 are reduced. 

3.4.1.3 Comparison Results with Type III 5L-ANPC Inverter  

Compared to Type III 5L-ANPC inverter: the difference between the 6S-5L-ANPC and 

Type III 8S-5L-ANPC is the voltage stress of T5/D5 and T6/D6 in Type III 8S-5L-ANPC 

inverter is reduced to 0.25Vdc. However, the conduction loss of Type III 8S-5L-ANPC 

topology is higher, which will be given in the following part. 

3.4.1.4 Device Voltage Stress and Switching Frequency Comparison Summary 
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Based on the comparison results, it is concluded that: the difference between 6S-5L-

ANPC and Type I 8S-5L-ANPC is voltage rating and switching frequency of T1/D1, T4/D4; 

the difference between 6S-5L-ANPC and Type II 8S-5L-ANPC is there is no T7 and T8 for 

6S-5L-ANPC inverter; the difference between 6S-5L-ANPC and Type III 8S-5L-ANPC is 

voltage rating of T5/D5 and T6/D6, and there is no T7 and T8 for 6S-5L-ANPC inverter. 

3.4.2 Conduction Loss Comparison 

The conduction loss comparison can be performed considering the number of connected 

devices in series when they are on, as shown in Table 3.3. The number in the table 

represents the number of conducting devices connected in series. 

Table 3.3. Conduction Loss of 6S-5L-ANPC and Three 8S-5L-ANPC Inverters 

Switching  

State 

Type I 8S- 

5L-ANPC 

Type II 8S- 

5L-ANPC 

Type III 8S- 

5L-ANPC 
6S-5L-ANPC 

A 

(+2) 

iout > 0 T1, T2, T5 3 T1, T2 2 T1, T2 2 T1, T2 2 

iout < 0 D1, D2, D5 3 D1, D2 2 D1, D2 2 D1, D2 2 

B 

(+1) 

iout > 0 T1, T5, D3 3 T1, D3 2 T1, D3 2 T1, D3 2 

iout < 0 D1, D5, T3 3 D1, T3 2 D1, T3 2 D1, T3 2 

C 

(+1) 

iout > 0 T2, T7, D4 3 T2, T6, D8 3 T2, T5, T8, D6 4 T2, T6, D8 3 

iout < 0 D2, D7, T4 3 D2, D6, T8 3 D2, D5, D8, T6 4 Not needed 

D 

(0) 

iout > 0 T7, D3, D4 3 D3, T6, D8 3 D3, T5, T8, D6 4 D3, T6, D8 3 

iout < 0 D7, T3, T4 3 T3, D6, T8 3 T3, D5, D8, T6 4 Not needed 

E 

(0) 

iout > 0 T1, T2, D6 3 T2, T7, D6 3 T2, T5, D6, D7 4 Not needed 

iout < 0 D1, D2, T6 3 D2, D7, T5 3 D2, D5, T6, T7 4 D2, T5, D7 3 

F 

(-1) 

iout > 0 T1, D3, D6 3 D3, T7, D5 3 D3, T5, D6, D7 4 Not needed 

iout < 0 D1, T3, T6 3 T3, D7, T5 3 T3, D5, T6, T7 4 T3, T5, D7 3 

G 

(-1) 

iout > 0 T2, D4, D8 3 T2, D4 2 T2, D4 2 T2, D4 2 

iout < 0 D2, T4, T8 3 D2, T4 2 D2, T4 2 D2, T4 2 

H 

(-2) 

iout > 0 D3, D4, D8 3 D3, D4 2 D3, D4 2 D3, D4 2 

iout < 0 T3, T4, T8 3 T3, T4 2 T3, T4 2 T3, T4 2 

 

3.4.2.1 Comparison Results with Type I 8S-5L-ANPC Inverter  

For Type I 8S-5L-ANPC inverter, three devices are always connected in series to carry 

the load current for all eight switching states; for the 6S-5L-ANPC inverter: during the 
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switching states A, B, G and H, the output current is going through only two devices. 

Therefore, compared to Type I 8S-5L-ANPC topology, the conduction loss of the 6S-5L-

ANPC inverter during these four states is reduced by 1/3, and the whole conduction loss is 

approximately reduced by 1/6. 

3.4.2.2 Comparison Results with Type II 8S-5L-ANPC Inverter 

Since the voltage rating of all devices for the 6S-5L-ANPC and Type II 8S-5L-ANPC 

inverter is the same, the conduction loss of 6S-5L-ANPC inverter is the same as that of 

Type II 8S-5L-ANPC topology.  

3.4.2.3 Comparison Results with Type III 8S-5L-ANPC Inverter 

During the switching states A, B, G and H, the conduction loss of the 6S-5L-ANPC and 

Type III 8S-5L-ANPC inverter is the same. During the switching states C, D, E and F, three 

devices are needed to conduct the output current for the 6S-5L-ANPC inverter while Type 

III requires four devices. Therefore, compared to Type III 8S-5L-ANPC inverter, the 

conduction loss of the 6S-5L-ANPC inverter during four states C, D, E and F is reduced 

by 1/4, and the whole conduction loss is approximately reduced by 1/8. 

3.4.2.4 Conduction Loss Comparison Summary 

With above analysis, it is concluded that the conduction loss of the 6S-5L-ANPC 

inverter is the same as that of Type II 8S-5L-ANPC inverter, and is lower than Type I and 

Type III 8S-5L-ANPC inverters. 

3.4.3 Switching Loss Comparison 

Table 3.4 shows the switching loss in terms of switching states commutations. For 

example: during the switching state transition from state A to B, T2 is turned off and D3 is 
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turned on when iout > 0; the voltage variation value ȹV of T2 and D3 are both 0.25Vdc and 

the switching current ȹI is iout. Therefore, if the parameters of T2 and D3 for four topologies 

are the same, then their switching losses during this switching state transition will be the 

same. 

Table 3.4. Switching Loss of 6S-5L-ANPC and Three 8S-5L-ANPC Inverters 

Switching 

State 

Type I 8S 

5L-ANPC 

Type II 8S 

5L-ANPC 

Type III 8S 

5L-ANPC 
6S-5L-ANPC ȹV ȹI 

A 

(+2) 

 
ăĄ 

B 

(+1) 

iout > 0 T2, D3 T2, D3 T2, D3 T2, D3 0.25Vdc iout 

iout < 0 D2, T3 D2, T3 D2, T3 D2, T3 0.25Vdc iout 

A 

(+2) 

 
ăĄ 

C 

(+1) 

iout > 0 T1, D4 T1, D8 T1, D8 T1, D8 0.25Vdc iout 

iout < 0 D1, T4 D1, T8 D1, T8 Not needed 0.25Vdc iout 

B 

(+1) 

 
ăĄ 

D 

(0) 

iout > 0 T1, D4 T1, D8 T1, D8 T1, D8 0.25Vdc iout 

iout < 0 D1, T4 D1, T8 D1, T8 Not needed 0.25Vdc iout 

C 

(+1) 

 
ăĄ 

D 

(0) 

iout > 0 T2, D3 T2, D3 T2, D3 T2, D3 0.25Vdc iout 

iout < 0 D2, T3 D2, T3 D2, T3 D2, T3 0.25Vdc iout 

F 

(-1) 

 
ăĄ 

E 

(0) 

iout > 0 T2, D3 T2, D3 T2, D3 T2, D3 0.25Vdc iout 

iout < 0 D2, T3 D2, T3 D2, T3 D2, T3 0.25Vdc iout 

G 

(-1) 

 
ăĄ 

E 

(0) 

iout > 0 T1, D4 D4, T7 D4, T7 Not needed 0.25Vdc iout 

iout < 0 D1, T4 T4, D7 T4, D7 T4, D7 0.25Vdc iout 

H  

(-2) 

 
ăĄ 

F 

(-1) 

iout > 0 T1, D4 D4, T7 D4, T7 Not needed 0.25Vdc iout 

iout < 0 D1, T4 T4, D7 T4, D7 T4, D7 0.25Vdc iout 

H  

(-2) 

 
ăĄ 

G 

(-1) 

iout > 0 T2, D3 T2, D3 T2, D3 T2, D3 0.25Vdc iout 

iout < 0 D2, T3 D2, T3 D2, T3 D2, T3 0.25Vdc iout 

 

3.4.3.1 Comparison Results with Type I 8S-5L-ANPC Inverter  

As mentioned earlier, for the 6S-5L-ANPC inverter, the devices T1/D1 and T4/D4 have 

to block 0.75Vdc voltage for a period of time in which they are not conducting current. 

However, the switching loss of these two devices are generated in the same way as in Type 

I 8S-5L-ANPC inverter. From Table 3.4, it is observed that for all switching state 

transitions, the device voltage change is 0.25Vdc and the switching current is the load 

current iout.  Therefore, if the device selection for the 6S-5L-ANPC and Type I 8S-5L-

ANPC is the same, then the switching loss for two topologies will be identical. If higher 

voltage rating of T1/D1 and T4/D4 are selected for the 6S-5L-ANPC topology, then its 
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switching loss will be slightly higher than Type I 8S-5L-ANPC inverter due to the 

increased turn-on energy for higher voltage rating device.  

3.4.3.2 Comparison Results with Type II and III 8S-5L-ANPC Inverters 

According to Table 3.4, it is observed that, due to the same switching state 

commutations, the switching loss of the 6S-5L-ANPC inverter is the same as that of Type 

II and III 8S-5L-ANPC inverters.  

3.4.3.3 Switching Loss Comparison Summary 

Based on the conduction loss comparison results, it is concluded that the switching loss 

of the 6S-5L-ANPC inverter is slightly lower than that of Type I 8S-5L-ANPC inverter, 

and it is the same as that of Type II and III 8S-5L-ANPC inverters. 

3.4.4 Conclusion 

With the loss analysis results, it is concluded that: 1) Compared to Type I 8S-5L-ANPC 

inverter, the conduction loss of the 6S-5L-ANPC inverter is lower, but its the switching 

loss is slightly higher. Therefore, in high power condition whose switching frequency is 

low, the 6S-5L-ANPC inverter has higher efficiency over Type I 8S-5L-ANPC inverter; 2) 

The efficiency of the 6S-5L-ANPC inverter is the same as that of Type II 8S-5L-ANPC 

inverter; 3) Compared to Type III 8S-5L-ANPC inverter, the efficiency of the 6S-5L-

ANPC inverter is higher because its conduction loss is lower than that of Type III 8S-5L-

ANPC topology. For high power factor application, such as PV application, the 6S-5L-

ANPC topology is a good choice because it achieves the reduction of two active switches 

and the same performance as the conventional 8S-5L-ANPC inverters. 
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3.5 Modulation Strategy for the 6S-5L-ANPC Inverter  

This section describes the modulation strategy for the 6S-5L-ANPC inverter. The 

modulation diagram for the 6S-5L-ANPC inverter under reactive power operation is shown 

in Fig. 3.6. The Phase Disposition (PD) (all carrier signals are in phase) PWM scheme is 

used. 
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Fig. 3.6. PD-PWM modulation for the 6S-5L-ANPC inverter. 

In Fig. 3.6, the reference voltage signal (red curve) is compared with four carrier signals 

(green curves), generating the five voltage levels. In addition, during a complete grid cycle, 

four operating zones can be identified based on the polarities of the output current and 

reference voltage: in Z1 and Z3 which are called reactive power zones, the reference 

voltage and output current are in the opposite direction; in Z2 and Z4 which are called 

active power zones, the output current and reference voltage are in the same direction. 
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It should be noted that both 0 voltage level switching states D and E have unidirectional 

current path. The selection of these two states is based on the polarity of output current. 

So, from t1 to t5, the load current is positive (iout > 0) and state D is selected; from t0 to t1 

and t5 to t8, the load current is negative (iout < 0) and state E is selected. 

Among the redundant states which generate ±1 voltage levels, states C (+1) and F (-1) 

also belong to the states with unidirectional current path. These two states can only be used 

when output voltage and current are in the same direction. Therefore, in reactive power 

condition, when output current and voltage are in the opposite direction, only state B can 

be used to generate +1 voltage level and state G be used to generate -1 voltage level. 

3.5.1 Modulation in Z1 [from t 0 to t1] 

During this period, the output voltage level varies between +1 voltage level and 0 

voltage level. For +1 voltage level generation, only state B can be used because the output 

voltage and current are in the opposite direction. Therefore, the FC voltage is 

uncontrollable and is always discharging. For 0 voltage level generation, state E is selected 

because iout < 0. So, the system operates in the sequence of state B, state E, state B, state E 

(B, E, B, E), as shown in Fig. 3.7. 



47 

+2

t0   

Z1

B
+1

0
E E

BB

Modulation 

Reference

Output 

Current

t1   
E

B

0

 

Fig. 3.7. PWM Modulation in Z1. 

 

3.5.2 Modulation in Z2 [from t 1 to t4] 

From t1 to t2 and t3 to t4, the inverter is also generating +1 voltage level and 0 voltage 

level. Both redundant +1 voltage level switching states B and C can be used, which gives 

an opportunity to regulate the FC voltage. When the actual FC voltage is lower than the 

reference value, state B is selected to charge the FC; when the FC voltage is greater than 

the reference value, state C is selected to discharge the FC. When generating 0 voltage 

level, state D is selected. Consequently, the switching state sequence in this region is (B, 

D, C, D). 

From t2 to t3, the inverter is generating +2 voltage level and +1 voltage level. State A is 

used to generate +2 voltage level. Both states B and C are used to generate +1 voltage level 
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and balance the FC voltage. So, the switching state sequence in this region is (A, B, A, C). 

The modulation in Z2 is shown in Fig. 3.8. 
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Fig. 3.8. PWM Modulation in Z2. 

 

3.5.3 Modulation in Z3 [from t 4 to t5] 

The output current during t4 to t5 is positive. Therefore, state D is selected to generate 0 

voltage level and state G is selected to generate -1 voltage level. The circuit rotates in the 

sequence of (D, G).  

3.5.4 Modulation in Z4 [from t 5 to t8] 

In Z4, the load current and reference voltage are both negative. State E is selected to 

generate 0 voltage level and state H is selected to generate -2 voltage level. Both states F 

and G are used to generate -1 voltage level and balance the FC voltage. So, during t5 to t6 

and t7 to t8, the inverter is generating 0 and -1 voltage levels and the switching state 
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sequence is (F, E, G, E); from t6 to t7, the inverter is generating -1 and -2 voltage levels and 

the switching state sequence is (F, H, G, H). 

3.6 Flying Capacitor Design 

The role of FC in the 6S-5L-ANPC inverter is to provide ±1 output voltage levels. In 

addition to the modulation method which keeps the FC voltage balanced, selection of FC 

capacitance value which limits its voltage ripple is of equal importance to achieve a stable 

output voltage level. This section gives the parameter design of FC under unity power 

factor condition (PF = 1) and reactive power operating condition (PF < 1). A design 

example will also be given. 

3.6.1 Unity Power Factor Condition (PF = 1) 

Under unity power factor condition (PF = 1), the FC design is decided by its voltage 

ripple. As discussed in Section 3.5, the FC voltage can be controlled at switching frequency 

since the FC can be charged and discharged by adjacent switching period. Here, the 

charging time is used to calculate the FC voltage ripple. The modulation index M is 

assumed to be greater than 0.5 in consideration of high voltage utilization. Fig. 3.9 shows 

the PD-PWM modulation diagram of the 6S-5L-ANPC inverter at PF = 1 during the 

positive grid cycle. +2, +1C and +1D in Fig. 3.9 represent +2, +1 charging and +1 

discharging voltage levels respectively. 
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Fig. 3.9. 6S-5L-ANPC modulation in positive grid cycle. (a) M Ā sinɗ Ó 0.5. (b) M Ā sinɗ Ò 0.5.  

From Fig. 3.9, it is observed that the charging time of FC (Tcharge) in one switching cycle 

(TS) can be written as 

arg
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(3-1) 

where fS is the switching frequency, ɗ is the reference phase angle. From (3-1), it can 

be observed that when M Ā sinɗ Ò 0.5, the FC charging time function is a monotone 
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increasing function; when M Ā sinɗ Ó 0.5, it is a monotone decreasing function. So, the FC 

charging time will reach its peak value TS when M Ā sinɗ = 0.5.  

During the FC charging time Tcharge, the FC voltage variation ȹVfc can be calculated 

using 

argsinfc pk ch e

fc

fc fc

Q I T
V

C C

qD
D = =   (3-2) 

ȹQfc is the FC electric charge variation and Ipk is the peak value of output current. By 

combining (3-1) and (3-2), the FC voltage ripple ȹVfc can be calculated as 
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Based on (3-3), it is concluded that ȹVfc is a variable related to the reference phase angle 

ɗ. The maximum value of ȹVfc will determine the FC capacitance value Cfc. By calculation, 

it is obtained that the FC voltage ripple ȹVfc reaches its maximum value ȹVfc_max when 

sinʃ = 1/(2M). Therefore, the capacitance value of FC Cfc can be calculated as follows 

_ max2

pk

fc

fc S

I
C

V f M
=
D

 (3-4) 

Based on (3-4), it is concluded that, in unity power factor condition (PF = 1), once the 

peak load current Ipk, switching frequency fS, modulation index M and the required peak-

to-peak FC voltage ripple value ȹVfc_max are determined, the required FC value can be 

calculated by (3-4). 
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3.6.2 Reactive Power Condition (PF < 1) 

For the 6S-5L-ANPC inverter operating in reactive power condition, due to the 

limitation of redundant switching states selection, the FC voltage cannot be regulated in 

reactive power zones Z1 and Z3 in Fig. 3.6. According to the analysis in Section 3.5, it is 

observed that FC is continuously discharging in reactive power zones. Thus, the selected 

FC capacitance value should be large enough to keep the voltage drop within an acceptable 

range (e.g. 5% of the average FC voltage). As shown in Fig. 3.6, due to the symmetry, the 

FC voltage drop in Z1 is the same as Z3. Therefore, the FC voltage drop in Z1 is used for 

the FC design. Fig. 3.10 shows the PD-PWM modulation diagram of the 6S-5L-ANPC 

inverter in reactive power condition (PF < 1) during the positive grid cycle, and 0 and +1D 

in Fig. 3.10 represent 0 and +1 discharging output states. 
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Fig. 3.10. 6S-5L-ANPC modulation in positive grid cycle under reactive power operating 

condition. 
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From Fig. 3.10, it is observed that in Z1, the output voltage varies between +1 voltage 

level (state B) and 0 voltage level (state E). The FC discharging time (Tdischarge) during one 

switching cycle is given by 

arg

2 sin
disch e

S

M
T

f

q
=  (3-5) 

During each discharging period, the FC electric charge variation ȹQfc is the product of 

load current iout and FC discharging time Tdischarge: 
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To calculate the total electric charge of FC in Z1, the number of switching cycles n in 

Z1 is required, which is given by 
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where fLine represents the line frequency (60 Hz). The relationship between FC value 

Cfc, FC voltage drop ȹVfc_drop and electric charge ȹQfc is then obtained 
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From (3-8), it can be concluded that, to calculate the required FC value Cfc in reactive 

power condition, the peak load current value Ipk, modulation index M, switching frequency 

fS, the required FC voltage drop value ȹVfc_drop and the number of switching cycles in one 

reactive power zone are needed. 
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3.6.3 Design Example 

This part will give a design example. For the PV grid-connection system with 1kVA 

power level: first, the grid voltage in North America is 110V rms @ 60Hz; then, to 

guarantee the high voltage utilization ratio, the modulation index M should be higher than 

0.75; in this case, the input DC voltage is commonly selected as 400V so that the 

modulation index M = 110 * ã2 / 200 = 0.775 which is higher than 0.75. Considering that 

high FC voltage ripple will result in the increased voltage stress of the switches, the FC 

voltage ripple is usually restricted within 5% of its average value. For this design example, 

the peak-to-peak FC voltage ripple is restricted within 2% of the average FC voltage value 

(100V) which is 2V. Then, according to (3-4), the calculated FC value is 275µF. In addition, 

if the inverter is operating in PF = 0.9 (cosű = 0.9) condition, according to (3-8), the 

calculated FC voltage drop value is 3.6V. 

3.7 Simulation Verification  

To verify the effectiveness of the PD-PWM strategy for the 6S-5L-ANPC inverter 

which is discussed in Section 3.5 as well as the FC design in Section 3.6, computer 

simulation by MATLAB/Simulink has been carried out. The simulation is conducted in the 

case of the design example in Section 3.6. The system parameters are shown in Table 3.5. 

The calculated FC value is 275µF and 310µF (part number: 947C311K102CBMS) is 

selected to restrict the FC voltage ripple within 2V. In the simulation model, the 

components (e.g. switches, inductor) are non-ideal, the equivalent series resistance (ESR) 

of components are taken into consideration.  

To evaluate the impact of high FC voltage drop on the output current harmonics, another 

simulation using smaller FC value to achieve higher voltage drop is done. The high FC 



55 

voltage drop will increase the voltage stress of the devices. Considering the device voltage 

rating margin, the maximum FC voltage drop is usually limited within 20% of the average 

FC voltage value which is 20V. According to (3-8), the calculated FC value is 56µF if the 

FC voltage drop is limited to 20V when PF = 0.9 (cosű = 0.9).  

Table 3.5. System Parameters 

Power 1 kVA Grid voltage (RMS) 110 V @ 60 Hz 

DC-link voltage 400 V Output filter inductor 1.6 mH 

Flying capacitor 310 mF and 56 mF  Power factor 0.9 and 1 

DC-link capacitor 2000 mF Switching frequency 15 KHz 

 

3.7.1 Simulation Results in Larger FC Value Case 

First, the FC with 310µF value is used for simulation test. Fig. 3.11 gives the simulation 

results in unity power factor condition (PF = 1). Fig. 3.11 (a) shows the five-level inverter 

output voltage. Fig. 3.11 (b) shows the FC voltage. It is observed that the FC voltage is 

balanced in Vdc/4 which is 100V. A small section of FC voltage waveform in Fig. 3.11 (b) 

is zoomed in to show the voltage ripple. The measured peak-to-peak FC voltage ripple in 

this case is 1.8V (= 1.8V/100V = 1.8%), which is close to the result in FC design section. 

Fig. 3.11 (c) shows the grid voltage and inverter output current, which are in phase. The 

output current is sinusoidal wave. Fig. 3.11 (d) shows the measured output current THD 

which is 1.57%. 
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Fig. 3.11. Simulation results with 310 µF FC value under unity power factor condition. (a) 

Inverter output voltage. (b) FC voltage. (c) Grid voltage and inverter output current. (d) Output 

current spectrum. 
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Simulation verification is also carried out under reactive power condition (PF= 0.9, 

capacitive). Fig. 3.12 shows the waveforms of inverter output voltage, FC voltage, grid 

voltage, output current and THD of output current. In Fig. 3.12 (b), it is observed that the 

FC voltage drop is 3.4V in reactive power zones, which is also consistent with the 

calculation result in Section 3.6.3. Since the FC voltage drops occur in the region where 

the output current is near its zero-crossing point, and the duty cycles of the output signal in 

this region are very small, so the FC voltage drop has less impact on the output current 

THD, which is still 1.57%. 

With the results in Fig. 3.11 and Fig. 3.12, it is concluded that with the PD-PWM 

method applied to the 6S-5L-ANPC inverter, the inverter can operate in both active power 

condition and reactive power condition. In high power factor condition PF = 0.9 and with 

large FC value, the FC voltage drop is small and the output current THD is same as that in 

unity power factor condition PF = 1. 
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Fig. 3.12. Simulation results with 310 µF FC value under reactive power operation (PF = 0.9, 

capacitive). (a) Inverter output voltage. (b) FC voltage. (c) Grid voltage and inverter output 

current. (d) Output current spectrum. 
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3.7.2 Simulation Results in Smaller FC Value Case 

To evaluate the impact of FC voltage drop on the output current harmonics, simulation 

is also conducted under smaller FC value condition. The FC capacitance is selected as 56 

mF according to equation (3-8) which will cause 20% FC voltage drop. Fig. 3.13 and Fig. 

3.14 show the simulation results in unity power factor (PF = 1) and reactive power factor 

(PF = 0.9, capacitive) conditions respectively. 

As can be observed in Fig. 3.13 (b), the peak-to-peak FC voltage ripple in unity power 

factor condition (PF = 1) is increased to 10.3V, which is close to the calculated value 10V 

according to (3-4). The output current THD is still 1.57%, as shown in Fig. 3.13 (d). Under 

PF = 0.9 (capacitive) condition, the FC voltage drop is increased to 20V, as shown in Fig. 

3.14 (b), which verifies the FC design procedures. The output current THD in Fig. 3.14 (d) 

is increased from 1.57% to 1.66%. Based on this, it can be concluded that when the FC 

voltage drop is increased, it will increase the output current THD. In the case of 20% FC 

voltage drop in PF = 0.9 condition, the increased output current THD is acceptable. 

The previous simulations are done in capacitive reactive power conditions. Due to the 

symmetry, same conclusions can be drawn when the inverter is operating in inductive 

reactive power conditions. The simulation results in both active and reactive power factor 

conditions with different FC values verify the effectiveness of the proposed topology and 

show that the 6S-5L-ANPC inverter can operate in high power factor condition (PF = 0.9) 

with similar output current THD as compared with that in unity power factor condition (PF 

=1). 
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Fig. 3.13. Simulation results with 56 µF FC value under unity power factor condition. (a) 

Inverter output voltage. (b) FC voltage. (c) Grid voltage and inverter output current. (d) Output 

current spectrum. 
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Fig. 3.14. Simulation results with 56 µF FC value under reactive power operation (PF = 0.9, 

capacitive). (a) Inverter output voltage. (b) FC voltage. (c) Grid voltage and inverter output 

current. (d) Output current spectrum. 
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3.8 Experimental Results 

To verify the feasibility and advantages of the 6S-5L-ANPC inverter and its modulation 

strategy, a 1kVA single-phase 6S-5L-ANPC inverter grid-connected experimental 

prototype is designed and tested, as shown in Fig. 3.15. The system includes power circuit, 

DSP and FPGA control board, DC source, output filter and measurement instruments. The 

control board employs a combination of the Texas Instruments TMS320F28335 DSP chip 

and the Altera Cyclone IV EP4CGX22 FPGA card to provide powerful real-time 

mathematical calculations and control functions. The function of DSP is sampling the 

output current and grid voltage value, calculating the output reference value using the PI 

control module. The reference signal is then sent to FPGA and is compared with the carrier 

signals to generate the gate signals for each switch. The specifications for experiment are 

identical to the ones used in simulation section, which are shown in Table 3.5.  
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Fig. 3.15. Experimental prototype. 

 

Fig. 3.16 and Fig. 3.17 show the experimental results under unity power factor condition 

(PF = 1). Fig. 3.16 shows inverter output voltage, FC voltage, grid voltage and output 

current: channel 1 is the output bridge voltage; channel 2 is 110VRMS grid voltage; channel 

3 is the FC voltage, which is balanced at 100V; channel 4 is the output current, which is 

sinusoidal and in phase with grid voltage. The measured output current THD is 1.6%.  
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Fig. 3.16. Experimental results at PF = 1: waveforms of inverter output voltage (CH1), FC 

voltage (CH2), grid voltage (CH3) and output current (CH4). 

In addition to the FC voltage and AC current waveforms, Fig. 3.17 also shows the 

voltages of two DC-link capacitors: channel 1 is lower DC-link capacitor voltage and 

channel 2 is upper DC-link capacitor voltage. The measured peak-to-peak FC voltage 

ripple is 2.1V (= 2.1V/100V = 2.1%) and DC-link capacitor line-frequency voltage ripple 

is 12V (= 12V/200V = 6%).  
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Fig. 3.17. Experimental results at PF = 1: waveforms of lower DC-link capacitor voltage 

(CH1), upper DC-link capacitor voltage (CH2), FC voltage (CH3) and output current (CH4). 

The 6S-5L-ANPC inverter operating in reactive power condition (PF = 0.9, capacitive) 

is also tested. Fig. 3.18 and Fig. 3.19 show the experimental results.  

In Fig. 3.18, channel 1 shows the five-step waveform of bridge voltage. Channel 3 

shows the FC voltage waveform. As can be observed, the continuous FC voltage drop is 

4V (= 4V/100V = 4%). The grid voltage in channel 2 leads the inverter output current in 

channel 4 by 25 degrees because of 0.9 system power factor. In this condition, the inverter 

still produces good quality current waveform. The measured THD value of output current 

is still 1.6%.  
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Output voltage [100V/div]

FC voltage [50V/div]

Grid voltage 

[100V/div]

Output current 

[20A/div]

 

Fig. 3.18. Experimental results at PF = 0.9 (capacitive): waveforms of inverter output voltage 

(CH1), FC voltage (CH2), grid voltage (CH3) and output current (CH4). 

 

Fig. 3.19 shows two DC-link capacitors voltages, FC voltage and output current at PF 

=0.9 (capacitive). The DC-link capacitors voltages waveforms close to one at PF = 1. The 

measured peak-to-peak DC-link capacitor ripple voltage is 11.4V (= 11.4V/200V = 5.7%).  
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Lower DC-link capacitor voltage [50V/div]

FC voltage [50V/div]

Upper DC-link capacitor voltage [50V/div]

Output current [20A/div]

 

Fig. 3.19. Experimental results at PF = 0.9 (capacitive): waveforms of lower DC-link capacitor 

voltage, upper DC-link capacitor voltage, FC voltage and output current. 

3.9 Conclusion 

In this chapter, a 6S-5L-ANPC inverter topology has been proposed. As compared with 

the conventional 8S-5L-ANPC inverter, it uses only six active switches. The results of 

comparison between the 6S-5L-ANPC and the conventional 8S-5L-ANPC inverters show 

that the 6S-5L-ANPC inverters has lower conduction loss and thus higher efficiency than 

Type I and Type III 8S-5L-ANPC inverters in high power condition and its efficiency is 

the same as that of Type II 5L-ANPC inverter. The PD-PWM modulation strategy for the 

6S-5L-ANPC inverter under reactive power operation is discussed. The equations to 

calculate the FC capacitance value in active and reactive power conditions are provided. 

The effectiveness of the 6S-5L-ANPC inverter is verified by simulation and experiment. 
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Chapter 4 

 Seven-Switch Five-Level Active-Neutral Point Clamped Inverter  

4.1 Introduction  

In Chapter 3, the 6S-5L-ANPC inverter is proposed, and from loss analysis it is 

concluded that it can achieve the same performance or even higher efficiency over the 

conventional 8S-5L-ANPC inverters in high power applications. However, it is suitable for 

high power factor applications such as PV applications (PF > 0.9) because when PF is low 

the FC voltage drop is large. To solve this problem, a 7-Switch 5L-ANPC (7S-5L-ANPC) 

inverter is proposed in this chapter. 

This chapter is organized as follows: Section 4.2 introduces how to derive the proposed 

7S-5L-ANPC inverter from the 6S-5L-ANPC inverter topology; Section 4.3 describes the 

operation of 7S-5L-ANPC inverter; Section 4.4 makes a comparison between 7S-5L-

ANPC, 6S-5L-ANPC and the conventional 8S-5L-ANPC topologies in terms of device 

voltage stress, switching frequency, conduction loss, and switching loss; Section 4.5 

discusses the current stress of the seventh switch; Section 4.6 presents the modulation 

method for the 7S-5L-ANPC inverter under reactive power factor condition; Section 4.7 

and 4.8 give the simulation and experimental results and Section 4.9 is the conclusion. 

4.2 Derivation of the 7S-5L-ANPC Inverter  

The configuration of the 6S-5L-ANPC inverter is redrawn, as shown in Fig. 4.1 (a). As 

can be observed, the current paths between O and P and between O and Q are 

unidirectional. Because of this, the switching states with these two current paths (states C, 

D, E and F) do not have reactive current path, resulting in the uncontrollability of FC 
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voltage in the region where output voltage and current are in the opposite direction. 

Therefore, to improve the reactive power capability of the 6S-5L-ANPC inverter, the 

current paths between O and P and between O and Q must be bidirectional. 
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Fig. 4.1. Derivation of the proposed 7S-5L-ANPC inverter topology. (a) Circuit 1. (b) Circuit 

2. (c) Circuit 3. (d) Proposed topology. 

To do that: first, the body diodes of active switches T5 and T6 are added (D5 and D6), as 

shown in Fig. 4.1 (b). By doing so, the current paths between A and P and between B and 

Q become bidirectional. The next step is to make the current paths between O and A and 

between O and B be bidirectional. One way is to replace the discrete diodes D7 and D8 with 

active switch which has anti-parallel diode, which is the Type II 8S-5L-ANPC inverter. 
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Another way is to build the connection between A and B and make the current flow from 

B to A, as shown in Fig. 4.1 (c). By doing so, the current paths between O and A and 

between O and B become bidirectional. For example, the current can flow from A to O 

through D7, and can also flow from O to A through D8 and the built connection. The 

connection can be achieved by a single active switch T7. Finally, a novel 7-Switch 5L-

ANPC (7S-5L-ANPC) inverter topology is derived, as shown in Fig. 4.1 (d). 

It should be noted that two discrete diodes D7 and D8 function as the body diode of 

switch T7 to limit the reverse voltage, so the selection of T7 can be IGBT without anti-

parallel diode, reducing the system cost. In addition, with T7 current stress analysis in 

Section 4.5, it can be concluded that the current through T7 under unity power factor 

condition is zero, and under high power factor condition, the reactive current flows through 

T7. Therefore, a low current rating switch can be selected for T7 under high power factor 

condition, so the cost can be further reduced. 

In contrast to the 6S-5L-ANPC inverter, the 7S-5L-ANPC inverter adds additional 

active switch and can operate in any power factor condition without FC voltage drop. And 

as compared with the 8S-5L-ANPC inverters, the 7S-5L-ANPC achieves the same 

performance with one active switch reduction. These are the advantages of the 7S-5L-

ANPC inverter. The following section will discuss the detailed operating principle of the 

7S-5L-ANPC inverter. 

4.3 Operating Principle of the 7S-5L-ANPC Inverter  

Same as all 5L-ANPC inverters, the 7S-5L-ANPC inverter has eight switching states to 

generate five output voltage levels: +2, +1, 0, -1 and -2. Eight switching states are named 

as state A to state H. Table 4.1 lists all eight switching states and their impact on FC voltage 
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variation. For example: in state B, switches T1, T3 and T6 are turned on, and the inverter is 

generating VAO = +Vdc/4; Cfc is charging when load current iout is positive and discharging 

when iout is negative. The waveform of bridge voltage VAO is shown in Fig. 4.2. The Phase-

Disposition (PD) PWM method is used as modulation method, which will be discussed in 

detail in Section 4.6. 

Table 4.1. Switching States, Output Voltage and Impact on the FC Voltage of the 7S-5L-

ANPC Inverter 

Switching 

state 

Conduction state of active 

switch 
Output 

voltage 

level 

Flying capacitor Cfc Conduction 

state of T7 
T1 T2 T3 T4 T5 T6 T7 iout > 0 iout < 0 

A 1 1 0 0 0 1 0 +2 -- -- No 

B 1 0 1 0 0 1 0 +1 Charge Discharge No 

C 0 1 0 0 0 1 1 +1 Discharge Charge Yes 

D 0 0 1 0 0 1 1 +0 -- -- Yes 

E 0 1 0 0 1 0 1 -0 -- -- Yes 

F 0 0 1 0 1 0 1 -1 Charge Discharge Yes 

G 0 1 0 1 1 0 0 -1 Discharge Charge No 

H 0 0 1 1 1 0 0 -2 -- -- No 
 

0

1

0.5

-1

-0.5

+Vdc/4

+Vdc/2

-Vdc/4

-Vdc/2

0

VAO

Carrier Signal

Reference Signal

State A

State B/C

State D/E

State F/G

State H

 

Fig. 4.2. The waveform of bridge voltage VAO of the 7S-5L-ANPC inverter. 
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From Table 4.1, it is observed that two pairs of redundant 1 voltage level switching 

states (+1 voltage level: state B and state C) and (-1 voltage level: state F and state G) have 

impact on FC voltage regulation. For example, when iout > 0, state B and state F are 

charging the FC, and state C and state G are discharging the FC. Therefore, to balance the 

FC voltage, the sign of output current iout and the actual value of FC voltage are required 

to decide which redundant switching state to be selected. 

Fig. 4.3 shows the circuit diagram of all eight switching states and bidirectional current 

paths (red solid line shows the active current path and green dashed line shows the reactive 

current path).  

1) For VAO = +Vdc/2, the load current is through T1/D1 and T2/D2. (State A) 

2) For VAO = +Vdc/4, there are two combinations:  

a) The load current is through T1/D1 and T3/D3, charging FC when iout > 0 and 

discharging FC when iout < 0. (State B) 

b) The active load current (iout > 0) is through D8, T6 and T2, discharging FC; and 

the reactive load current (iout < 0) is through D2, D6, T7 and D7, charging FC. 

(State C) 

3) For VAO = 0, there are two combinations:  

a) The active load current is through D8, T6 and D3 and the reactive load current is 

through T3, D6, T7 and D7. (State D) 

b) The active load current is through D2, T5 and D7 and the reactive load current is 

through D8, T7, D5 and T2. (State E) 
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(a) State A: +2 voltage level 
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(b) State B: +1 voltage level 

Cfc

C1

C2

PV
AO

T3

T4
T6

D7

D8

T7

D6

T1

T2

D3

D4

D1

D2

T5

D5

 

(c) State C: +1 voltage level 
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(d) State D: +0 voltage level 
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(e) State E: -0 voltage level 
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(f) State F: -1 voltage level 
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(g) State G: -1 voltage level 
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(h) State H: -2 voltage level 

Fig. 4.3. Eight switching states for the 7S-5L-ANPC inverter. (a) State A: +2. (b) State B: +1. 

(c) State C: +1. (d) State D: 0. (e) State E: 0. (f) State F: -1. (g) State G: -1. (h) State H: -2. 

4) For VAO = -Vdc/4, there are two combinations:  

a) The active load current (iout < 0) is through T3, T5 and D7, discharging FC; and 

reactive load current (iout > 0) is through D8, T7, D5 and D3, charging FC. (State 

F) 

b) The load current is through T2/D2 and T4/D4, discharging FC when iout > 0 and 

charging FC when iout < 0. (State G) 

5) For VAO = -Vdc/2, the load current is through T3/D3 and T4/D4. (State H) 

For the 7S-5L-ANPC inverter, the number of voltage levels can be increased by adding 

the cascaded two-level inverters. The 7-level topology is shown in Fig. 4.4. For n-level 

topology, the number of active switches is n + 2, and the number of FCs is (n ï 3)/2. The 

ratio of FC voltages to half DC-link voltage is 1: 2: ĀĀĀ: (n ï 3)/2: (n ï 1)/2. For example, 

for 7-level topology, 9 active switches and 2 FCs are needed, and the voltage rating of each 

FC is VCfc1 = Vdc/3 and VCfc2 = Vdc/6. 
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Fig. 4.4. Extension of voltage levels based on 7S-5L-ANPC topology (7-level topology). 

 

4.4 Comparison Between 7S-5L-ANPC, 6S-5L-ANPC and 8S-5L-ANPC Inverters 

In this section, a comparison among five 5L-ANPC inverter topologies in terms of 

device voltage rating, switching frequency, conduction loss and switching loss is made. 

These five 5L-ANPC inverters are 7S-5L-ANPC, 6S-5L-ANPC and Type I, II, III 8S-5L-

ANPC inverter topologies. The configurations of Type I, II and III 8S-5L-ANPC inverters 

are shown in Fig. 2.4 (a), (b) and (c), respectively. 

4.4.1 Device Voltage Stress and Switching Frequency Comparison 

Table 4.2 shows the device voltage stress and switching frequency for five types of 5L-

ANPC inverters. fLine and fS represent the line frequency and switching frequency 

respectively.  
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Table 4.2. Voltage Stress and Switching Frequnecy of Devices for 7S-5L-ANPC, 6S-5L-

ANPC and Type I, II, III 8S-5L-ANPC Inverters 

 

Device 

Type I 8S-5L-ANPC Type II 8S-5L-ANPC Type III 8S-5L-ANPC 6S-5L-ANPC 7S-5L-ANPC 
Voltage 

Stress 

Switching 

Frequency 

Voltage 

Stress 

Switching 

Frequency 

Voltage 

Stress 

Switching 

Frequency 

Voltage 

Stress 

Switching 

Frequency 

Voltage 

Stress 
Switching 

Frequency 

T1/D1 0.25Vdc fS 0.75Vdc 
fS for half 

line cycle 
0.75Vdc 

fS for half 

line cycle 
0.75Vdc 

fS for half 

line cycle 
0.75Vdc 

fS for half 

line cycle 

T2/D2 0.25Vdc fS 0.25Vdc fS 0.25Vdc fS 0.25Vdc fS 0.25Vdc fS 

T3/D3 0.25Vdc fS 0.25Vdc fS 0.25Vdc fS 0.25Vdc fS 0.25Vdc fS 

T4/D4 0.25Vdc fS 0.75Vdc 
fS for half 

line cycle 
0.75Vdc 

fS for half 

line cycle 
0.75Vdc 

fS for half 

line cycle 
0.75Vdc 

fS for half 

line cycle 

T5/D5 0.5Vdc fLine 0.5Vdc fLine 0.25Vdc fLine 0.5Vdc fLine 0.5Vdc fLine 

T6/D6 0.5Vdc fLine 0.5Vdc fLine 0.25Vdc fLine 0.5Vdc fLine 0.5Vdc fLine 

T7 0.5Vdc fLine 0.25Vdc 
fS for half 

line cycle 
0.25Vdc 

fS for half 

line cycle 

Not 

needed 

Not 

needed 
0.25Vdc fS 

T8 0.5Vdc fLine 0.25Vdc 
fS for half 

line cycle 
0.25Vdc 

fS for half 

line cycle 

Not 

needed 

Not 

needed 

Not 

needed 

Not 

needed 

D7 0.5Vdc fLine 0.25Vdc 
fS for half 

line cycle 
0.25Vdc 

fS for half 

line cycle 
0.25Vdc 

fS for half 

line cycle 
0.25Vdc 

fS for half 

line cycle 

D8 0.5Vdc fLine 0.25Vdc 
fS for half 

line cycle 
0.25Vdc 

fS for half 

line cycle 
0.25Vdc 

fS for half 

line cycle 
0.25Vdc 

fS for half 

line cycle 

4.4.1.1 Comparison Results with Type I 8S-5L-ANPC Inverter  

The voltage stress of T1/D1 and T4/D4 for the 7S-5L-ANPC inverter is increased to 

0.75Vdc, which means a higher voltage rating device should be selected for these two 

switches. However, the switching loss of these two devices are generated in the same way 

as that in Type I 8S-5L-ANPC inverter. For example, T1/D1 will carry the output current 

iout at turn on and block the voltage levels of 0.25Vdc at turn off in the positive grid cycle. 

On the other hand, for Type I 8S-5L-ANPC inverter, T1/D1 and T4/D4 are switched on and 

off at switching frequency fS for the whole grid cycle; while for the proposed topology, 

T1/D1 and T4/D4 are only operating at fS for half line period and turned off for the other half 

line period, so the switching loss of these two devices will be lower (approximately half of 

switching loss in Type I 8S-5L-ANPC). The properties of devices T2/D2, T3/D3, T5/D5 and 

T6/D6 for two topologies are the same. Additionally, for Type I 8S-5L-ANPC topology, the 



77 

voltage stress of T7/D7 and T8/D8 is 0.5Vdc, operating at line frequency; for the 7S-5L-

ANPC inverter, the voltage stress of T7 is 0.25Vdc, operating at switching frequency, and 

the voltage stress of D7 and D8 is also 0.25Vdc, operating at switching frequency for half 

grid period. 

4.4.1.2 Comparison Results with Type II 8S-5L-ANPC Inverter  

The devices voltage stress of the 7S-5L-ANPC is the same as that of Type II 8S-5L-

ANPC topology. The difference is: for Type II 8S-5L-ANPC topology, switches T7 and T8 

are operating at switching frequency for half line cycle; for the 7S-5L-ANPC inverter, there 

is no T8, and T7 is operating at switching frequency for whole line cycle. 

4.4.1.3 Comparison Results with Type III 8S-5L-ANPC Inverter  

The properties of devices T1/D1 to T4/D4 of the 7S-5L-ANPC inverter are the same as 

that of Type III 8S-5L-ANPC inverter. The differences are 1) the voltage stress of line 

frequency devices T5/D5 and T6/D6 for Type III 8S-5L-ANPC inverter is 0.25Vdc; for the 

7S-5L-ANPC inverter, the voltage stress of these two devices is 0.5Vdc; 2) for Type III 8S-

5L-ANPC topology, switches T7 and T8 are operating at switching frequency for half grid 

cycle; for the 7S-5L-ANPC topology, no T8 is used, and T7 is operating at switching 

frequency for the whole grid cycle. However, the conduction loss of Type III 8S-5L-ANPC 

topology is higher, which will be given in the conduction loss comparison part. 

4.4.1.4 Comparison Results with 6S-5L-ANPC Inverter  

The only difference between 7S-5L-ANPC and 6S-5L-ANPC is that the 7S-5L-ANPC 

inverter has additional active switch T7. The voltage stress of T7 is 0.25Vdc and it is turned 

on and off at switching frequency for the whole grid period. 
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4.4.1.5 Device Voltage Stress and Switching Frequency Comparison Summary 

Based on the comparison results, it is concluded that the main difference between 7S-

5L-ANPC and Type I 8S-5L-ANPC is voltage rating and switching frequency of T1/D1, 

T4/D4 and T7; the difference between 7S-5L-ANPC and Type II & III 8S-5L-ANPC is T7 

and T8; the difference between 7S-5L-ANPC and 6S-5L-ANPC is T7. 

4.4.2 Conduction Loss Comparison 

The conduction loss comparison can be performed considering the number of connected 

devices in series when they are on, as shown in Table 4.3. The number in the table 

represents the number of conducting devices connected in series. 

Table 4.3. Conduction Loss of Three 8S-5L-ANPC, One 6S-5L-ANPC and One 7S-5L-

ANPC Inverters 

Switching 

State 

Type I 8S-5L-

ANPC 

Type II 8S-

5L-ANPC 

Type III 8S-5L-

ANPC 
6S-5L-ANPC 7S-5L-ANPC 

A 

(+2) 

iout > 0 T1, T2, T5 3 T1, T2 2 T1, T2 2 T1, T2 2 T1, T2 2 

iout < 0 D1, D2, D5 3 D1, D2 2 D1, D2 2 D1, D2 2 D1, D2 2 

B 

(+1) 

iout > 0 T1, T5, D3 3 T1, D3 2 T1, D3 2 T1, D3 2 T1, D3 2 

iout < 0 D1, D5, T3 3 D1, T3 2 D1, T3 2 D1, T3 2 D1, T3 2 

C 

(+1) 

iout > 0 T2, T7, D4 3 T2, T6, D8 3 T2, T5, T8, D6 4 T2, T6, D8 3 T2, T6, D8 3 

iout < 0 D2, D7, T4 3 D2, D6, T8 3 D2, D5, D8, T6 4 Not needed D2, D6, T7, D7 4 

D 

(0) 

iout > 0 T7, D3, D4 3 D3, T6, D8 3 D3, T5, T8, D6 4 D3, T6, D8 3 D3, T6, D8 3 

iout < 0 D7, T3, T4  3 T3, D6, T8 3 T3, D5, D8, T6 4 Not needed T3, D6, T7, D7 4 

E 

(0) 

iout > 0 T1, T2, D6 3 T2, T7, D6 3 T2, T5, D6, D7 4 Not needed T2, D5, T7, D8 4 

iout < 0 D1, D2, T6 3 D2, D7, T5 3 D2, D5, T6, T7 4 D2, T5, D7 3 D2, T5, D7 3 

F 

(-1) 

iout > 0 T1, D3, D6 3 D3, T7, D5 3 D3, T5, D6, D7 4 Not needed D3, D5, T7, D8 4 

iout < 0 D1, T3, T6 3 T3, D7, T5 3 T3, D5, T6, T7 4 T3, T5, D7 3 T3, T5, D7 3 

G 

(-1) 

iout > 0 T2, D4, D8 3 T2, D4 2 T2, D4 2 T2, D4 2 T2, D4 2 

iout < 0 D2, T4, T8 3 D2, T4 2 D2, T4 2 D2, T4 2 D2, T4 2 

H  

(-2) 

iout > 0 D3, D4, D8 3 D3, D4 2 D3, D4 2 D3, D4 2 D3, D4 2 

iout < 0 T3, T4, T8 3 T3, T4 2 T3, T4 2 T3, T4 2 T3, T4 2 

4.4.2.1 Comparison Results with Type I 8S-5L-ANPC Inverter  

For Type I 8S-5L-ANPC inverter, three devices are always on during all eight switching 

states; while for the 7S-5L-ANPC inverter: during the switching states A, B, G and H, the 
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output current is going through only two devices. Therefore, as compared with Type I 8S-

5L-ANPC inverter, the conduction loss of the 7S-5L-ANPC inverter during these four 

states is reduced by 1/3. On the other hand, for the 7S-5L-ANPC inverter, during the 

switching states C, D, E and F, the current flows through three devices when the output 

current and voltage are in the same direction, and it passes through four devices when the 

output current and voltage are in the opposite direction. With the proposed 0 voltage level 

switching states selection which will be discussed in Section 4.5, the output current can 

always flow through three devices during the 0 voltage level switching states D and E. But 

in the region where the output current and voltage are in the opposite direction, the output 

current must go through four devices during the 1 voltage level switching states C and F. 

For high power factor applications, such as PV applications (PF > 0.9), the region where 

the output current and voltage are in the opposite direction is small, and the output current 

in this region is also small because the region is near the current zero-crossing point, so in 

this case the conduction loss of the 7S-5L-ANPC inverter during these four switching states 

is close to that of Type I 8S-5L-ANPC inverter, and the total conduction loss of the 7S-5L-

ANPC inverter under high power factor condition will be lower than that of Type I 8S-5L-

ANPC inverter (approximately reduced by 1/6). 

4.4.2.2 Comparison Results with Type II 8S-5L-ANPC Inverter  

As compared with Type II 8S-5L-ANPC topology: 1) the conduction loss of the 7S-5L-

ANPC inverter during states A, B, G and H is the same as that of Type II 8S-5L-ANPC; 2) 

the conduction loss of the 7S-5L-ANPC topology during switching states C, D, E and F is 

close to that of Type II 8S-5L-ANPC topology under high power factor condition, and it is 

higher than that of Type II 8S-5L-ANPC topology under lower power factor condition. So, 
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the total conduction loss of the 7S-5L-ANPC inverter under high power factor condition 

will be close to Type II 8S-5L-ANPC topology. 

4.4.2.3 Comparison Results with Type III 8S -5L-ANPC Inverter  

As compared with Type III 8S-5L-ANPC topology: 1) during states A, B, G and H, the 

conduction loss of the 7S-5L-ANPC inverter is the same as that of Type III 8S-5L-ANPC; 

2) during states C, D, E and F, four devices are on for Type III 8S-5L-ANPC inverter, while 

for the 7S-5L-ANPC inverter, three devices are on when output current and voltage are in 

same direction, and four devices are on when output current and voltage are in the opposite 

direction. Therefore, under high power factor condition (PF > 0.9), the conduction loss of 

the 7S-5L-ANPC inverter during the four states C, D, E and F is reduced approximately by 

1/4 compared to Type III 8S-5L-ANPC inverter, and the total conduction loss is reduced 

approximately by 1/8. 

4.4.2.4 Comparison Results with 6S-5L-ANPC Inverter 

The difference between 7S-5L-ANPC and 6S-5L-ANPC is: for 6S-5L-ANPC, four 

switching states C, D, E and F have no reactive current path; for 7S-5L-ANPC, all eight 

switching states have bi-directional current path. So, in unity power factor condition, the 

conduction loss of two topologies is the same. 

4.4.2.5 Conduction Loss Comparison Summary 

With above analysis, it is concluded that the conduction loss of the 7S-5L-ANPC 

inverter is influenced by system power factor: for high power factor applications such as 

PV applications, the conduction loss of the 7S-5L-ANPC inverter is close to that of Type 
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II 8S-5L-ANPC inverter, and is lower than that of Type I and Type III 8S-5L-ANPC 

inverters.  

4.4.3 Switching Loss Comparison 

Table 4.4 shows the switching loss in terms of switching states commutations. For 

example: during the switching state transition from state A to state B, T2 is turned off and 

D3 is turned on when iout > 0; the voltage variation ȹV of T2 and D3 are both 0.25Vdc and 

switching current ȹI is iout. Therefore, if the parameters of T2 and D3 for five topologies 

are the same, their switching losses during this switching state transition will be the same. 

Table 4.4. Switching Loss of Three 8S-5L-ANPC, One 6S-5L-ANPC and One 7S-5L-

ANPC Inverters 

Switching State 

Type I 

8S-5L 

ANPC 

Type II 

8S-5L 

ANPC 

Type III 

8S-5L 

ANPC 

6S-5L-

ANPC 

7S-5L-

ANPC 
ȹV ȹI 

A 

(+2) 
ăĄ 

B 

(+1) 

iout > 0 T2, D3 T2, D3 T2, D3 T2, D3 T2, D3 0.25Vdc iout 

iout < 0 D2, T3 D2, T3 D2, T3 D2, T3 D2, T3 0.25Vdc iout 

A 

(+2) 
ăĄ 

C 

(+1) 

iout > 0 T1, D4 T1, D8 T1, D8 T1, D8 T1, D8 0.25Vdc iout 

iout < 0 D1, T4 D1, T8 D1, T8 Not needed D1, T7, D7 0.25Vdc iout 

B 

(+1) 
ăĄ 

D 

(0) 

iout > 0 T1, D4 T1, D8 T1, D8 T1, D8 T1, D8 0.25Vdc iout 

iout < 0 D1, T4 D1, T8 D1, T8 Not needed D1, T7, D7 0.25Vdc iout 

C 

(+1) 
ăĄ 

D 

(0) 

iout > 0 T2, D3 T2, D3 T2, D3 T2, D3 T2, D3 0.25Vdc iout 

iout < 0 D2, T3 D2, T3 D2, T3 D2, T3 D2, T3 0.25Vdc iout 

F 

(-1) 
ăĄ 

E 

(0) 

iout > 0 T2, D3 T2, D3 T2, D3 T2, D3 T2, D3 0.25Vdc iout 

iout < 0 D2, T3 D2, T3 D2, T3 D2, T3 D2, T3 0.25Vdc iout 

G 

(-1) 
ăĄ 

E 

(0) 

iout > 0 T1, D4 D4, T7 D4, T7 Not needed D4, T7, D8 0.25Vdc iout 

iout < 0 D1, T4 T4, D7 T4, D7 T4, D7 T4, D7 0.25Vdc iout 

H  

(-2) 
ăĄ 

F 

(-1) 

iout > 0 T1, D4 D4, T7 D4, T7 Not needed D4, T7, D8 0.25Vdc iout 

iout < 0 D1, T4 T4, D7 T4, D7 T4, D7 T4, D7 0.25Vdc iout 

H  

(-2) 
ăĄ 

G 

(-1) 

iout > 0 T2, D3 T2, D3 T2, D3 T2, D3 T2, D3 0.25Vdc iout 

iout < 0 D2, T3 D2, T3 D2, T3 D2, T3 D2, T3 0.25Vdc iout 

For the 7S-5L-ANPC inverter, it is observed that for four switching states commutations 

(B to D, C to D, G to E and H to F), two devices are switched on/off when the output 

current and voltage are in the same direction while three devices are switched on/off when 

the output current and voltage are in the opposite direction.  
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4.4.3.1 Comparison Results with Type I 8S-5L-ANPC Inverter  

For the 7S-5L-ANPC inverter, the devices T1/D1 and T4/D4 need to block 0.75Vdc 

voltage when they are not conducting current. However, the switching loss of these two 

devices are generated in the same way as Type I 8S-5L-ANPC inverter. From Table 4.4, it 

can be observed that for all switching state transitions, the device voltage variation is 

always 0.25Vdc and the switching current is always iout. Under high power factor condition, 

if the device selection for the 7S-5L-ANPC and Type I 8S-5L-ANPC is the same, then the 

switching loss of the 7S-5L-ANPC topology will be close to that of Type I 8S-5L-ANPC 

topology. If higher voltage rating devices are selected for T1/D1 and T4/D4 in the 7S-5L-

ANPC topology, then its switching loss will be slightly higher than that of Type I due to 

the increased turn-on energy for higher voltage rating device.  

4.4.3.2 Comparison Results with Type II 8S-5L-ANPC Inverter  

Based on Table 4.2, it is observed that the device voltage stress of the 7S-5L-ANPC 

inverter is the same as that of Type II 8S-5L-ANPC inverter. And under high power factor 

condition the switching loss of the 7S-5L-ANPC inverter is slightly lower than that of Type 

II 8S-5L-ANPC topology because for 7S-5L-ANPC inverter, 3 switches need to be turned 

on/off for switching states commutations (B to D, G to E) in reactive power zones. 

4.4.3.3 Comparison Results with Type III 8S-5L-ANPC Inverter  

According to Table 4.4, it is observed that the switching loss of Type II and III is the 

same. Therefore, it can also be concluded that under high power factor condition the 

switching loss of the 7S-5L-ANPC topology is slightly lower than that of Type III 8S-5L-

ANPC topology because for 7S-5L-ANPC inverter, 3 switches need to be turned on/off for 

switching states commutations (B to D, G to E) in reactive power zones. 
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4.4.3.4 Comparison Results with 6S-5L-ANPC Inverter  

The difference between 7S-5L-ANPC and 6S-5L-ANPC is: for 6S-5L-ANPC, four 

switching states C, D, E and F have no reactive current path; for 7S-5L-ANPC, all eight 

switching states have bi-directional current path. So, in unity power factor condition, the 

switching loss of two topologies is the same. 

4.4.3.5 Switching Loss Comparison Summary 

From the switching loss comparison results, it can be concluded that the switching loss 

of the 7S-5L-ANPC is slightly higher than that of Type I 8S-5L-ANPC inverter, and close 

to that of Type II and Type III 8S-5L-ANPC inverters under high power factor condition.   

4.4.4 Conclusion 

The analysis developed in this section shows that the efficiency of the proposed 7S-5L-

ANPC topology is influenced by the system operating characteristics and device selection. 

For high power factor applications (PF > 0.9), it can be concluded that: 1) compared to 

Type I 8S-5L-ANPC topology, the conduction loss of the 7S-5L-ANPC inverter is lower, 

but the switching loss of the 7S-5L-ANPC inverter is slightly higher. Therefore, for high 

power applications whose system switching frequency is low, the 7S-5L-ANPC will show 

higher efficiency over Type I 8S-5L-ANPC inverter; 2) the efficiency of the 7S-5L-ANPC 

inverter is close to that of Type II 8S-5L-ANPC inverter; 3) compared to Type III 8S-5L-

ANPC inverter, the efficiency of the 7S-5L-ANPC inverter is higher because its conduction 

loss is lower than that of Type III 8S-5L-ANPC topology; 4) the efficiency of 7S-5L-ANPC 

inverter is close to that of 6S-5L-ANPC inverter. Consequently, for high power factor 

applications such as PV grid-connection systems, the 7S-5L-ANPC inverter is a good 



84 

choice because it reduces one active switch and displays similar or even better efficiency 

performance as compared to the 8S-5L-ANPC inverters. 

4.5 Current Stress Analysis of T7 

From Table 4.1, it is noted that during four switching states (C, D, E and F), the load 

current may pass through additional switch T7 (the green dashed lines in Fig. 4.3 (c) - (f)), 

resulting in the increased conduction loss. In addition, the selection of redundant states may 

lead to different current through T7. Therefore, to decrease the conduction loss and T7 

current stress, it is important to optimize the modulation strategy for the 7S-5L-ANPC 

inverter. This section mainly discusses the optimal selection of switching states to reduce 

the T7 current stress. Among the four switching states in which the load current may flow 

through T7, state D and state E are 0 voltage level, state C is +1 voltage level and state F is 

-1 voltage level. Two kinds of current are defined: same direction current represents the 

current whose direction is the same as that of output voltage; reverse direction current 

represents the current whose direction is opposite to that of output voltage. 

4.5.1 Selection of 0 Voltage Level Switching States D and E 

It is observed that in Fig. 4.3 (d) and (e), the red solid current path is only passing 

through two active switches and one discrete diode without additional T7. According to 

this, it can be concluded that switching state D should be selected when load current is 

positive iout > 0, and state E should be selected when iout < 0. This 0 voltage level switching 

state combination will lead to zero T7 current during the 0 voltage level states, reducing the 

conduction losses.  

4.5.2 Selection of 1 Voltage Level Switching States C and F 
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The redundant 1 voltage level switching states are important to reduce the ripple voltage 

of FC. Therefore, + 1 voltage level state C and ï 1 voltage level state F are still needed in 

the region where the output current and voltage are in the opposite direction even if the 

reverse direction current will pass through T7 in this region. 

4.5.3 T7 Current Stress Analysis 

With the above analysis, it is concluded that proper selection of 0 voltage level 

switching state D and state E can eliminate the T7 current in 0 voltage level intervals. For 

+1 voltage level state C and -1 voltage level state F, under unity power factor condition, 

no current will pass through T7; but under reactive power operation, the reverse direction 

current will go through T7 during these two switching states, which is inevitable. 

A comparison among four cases is made to verify the proposed 0 voltage level switching 

states selection: Case 1: state D is used for positive output current and state E is used for 

negative output current which is the preferred one; Case 2: state E is used for positive 

output current and state D is used for negative output current; Case 3: state D is used for 

the whole grid cycle; Case 4: state E is used for the whole grid cycle. Four cases are listed 

in Table 4.5. 

Table 4.5. 0 Voltage Level Switching States Combinations 

Case 
0 voltage level switching state used  

when iout > 0  

0 voltage level switching state used  

when iout < 0  

1 D E 

2 E D 

3 D D 

4 E E 

First, the grid voltage is defined as vg: 
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sin( )g gv V tw=  (4-1) 

where Vg is the peak value of grid voltage and ɤ is angular frequency. The modulation 

index is defined as M which can be calculated by: 

/ 2

g

dc

V
M

V
=  (4-2) 

Under reactive power condition, there is a phase shift between output current and 

voltage, which is defined as ű. In the case of capacitive power factor condition, the output 

current iout is: 

sin( )out pki I tw j= +  (4-3) 

where Ipk is the peak value of output current. Then the power factor (PF) can be defined 

as: 

cos(0 - ) cos     ( )
2 2

PF
p p

j j j= = - ¢ ¢
 

(4-4) 

In case 1, the reverse direction current will pass through T7 during the 1 voltage level 

switching state C and state F, as shown in Fig. 4.5.  

ű 

vg

iout

Ipk

0-ű 

Ipk_1

 

Fig. 4.5. T7 current in case 1. 
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The red and blue curves in Fig. 4.5 represent the load current iout and grid voltage vg 

respectively. The red area shows the current through T7. Therefore, the T7 peak current in 

this case IT7pk_1 is determined by the peak value of reverse direction current: 

7 _1 sinT pk pkI I j=  (4-5) 

Case 2 is opposite to case 1. Fig. 4.6 shows the load current path in 0 voltage level 

switching states D and E in case 2. It is observed that the load current path is always flowing 

through T7 during 0 voltage level switching states.  Fig. 4.7 shows the T7 current in case 2. 
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T3

T4

T5

T6

D7

D8

T7

D5

D6

T1

T2

D3

D4
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D2

State D (0 level) is used when iout < 0

Cfc

C1

C2

PV
AO

T3

T4
T6

D7

D8

T7

D6

T1

T2

D3

D4

D1

D2

T5

D5

State E (0 level) is used when iout > 0  

Fig. 4.6. Load current paths during two 0 voltage level switching states D and E in case 2. 
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Fig. 4.7. T7 current in case 2. 
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It can be observed that the T7 peak current is determined by the peak load current value 

during 0 voltage level switching states (the peak value in the red area in Fig. 4.7). Then, 

the T7 peak current value IT7pk_2 in case 2 can be calculated by 

7 _ 2

sin( )                 ( 0.5  )
2

            ( 0.5)  ( 0.5  ) 
2

pk

T pk

pk

I M and

I

I M or M and

p
j q j q

p
j q

ë
+ > + <îî

=ì
î ¢ > + ²
îí

 

 

(4-6) 

The phase angle ɗ can be calculated by equation: 

1
sin

2
M q=  (4-7) 

1
arcsin( )

2M
q=

 
(4-8) 

Here is the explanation of equation (4-6): When modulation index M < 0.5, the 7S-5L-

ANPC inverter is only generating three output voltage levels: +1, 0 and -1. So, the peak 

load current value during 0 voltage level switching state will be equal to the peak load 

current value Ipk. Since the T7 peak current in case 2 IT7pk_2 is determined by the peak load 

current value during 0 voltage level switching states, so IT7pk_2 = Ipk. When phase angle ű 

+ ɗ > ˊ/2, the peak load current value in the red area in Fig. 4.7 will be equal to Ipk. So 

IT7pk_2 = Ipk.  

Fig. 4.8 shows the T7 current in case 3 and Fig. 4.9 shows the T7 current is case 4. As 

can be observed, the T7 peak current value in case 3 and case 4 is the same as that in case 

2: 

7 _2 7 _3 7 _4T pk T pk T pkI I I= =
 (4-9) 
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Fig. 4.8. T7 current in case 3. 
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Fig. 4.9. T7 current in case 4. 

According to (4-5), (4-6) and (4-9), a comparison of T7 peak current among four cases 

with different modulation index M is made. The comparison results of T7 peak current in 

four cases with M = 1 is shown in Fig. 4.10. As can be observed, under unity power factor 

condition (PF = 1), there is no T7 current in case 1 while in other three cases the peak T7 

current value is 50% of peak output current Ipk. When PF = 0.9, the peak T7 current in case 

1 is only 43% of peak output current while in other three cases the current stress is increased 

to 82% of output current. When PF = 0.5, the peak T7 current in case 1 is 86% of peak 

output current and in other three cases is the peak output current. When PF = 0, the peak 

T7 current in four cases is the peak value of output current. 
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Fig. 4.10. Comparison of T7 current stress in fours cases (M=1). 

Fig. 4.11 shows the comparison results when M = 0.78. When PF = 1, there is no T7 

current in case 1 and in other three cases the peak T7 current is 66.7% of peak output current 

Ipk. When PF = 0.9, the peak T7 current in case 1 is 43% of peak output current and in other 

three cases this value is increased to 92% of peak output current. When PF = 0.5, the peak 

T7 current in case 1 is 86% of peak output current and in other three cases is the peak output 

current. When PF = 0, the peak T7 current in four cases is the peak output current. 

 

Fig. 4.11. Comparison of T7 current stress in fours cases (M=0.78). 
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Fig. 4.12 shows the comparison results when M = 0.45. In this case, the inverter is 

generating three-level output voltage, so the T7 current stress in case 2-4 is always equal to 

output current. For case 1: when PF = 1, there is no T7 current; when PF = 0.9, the peak T7 

current is 43% of peak output current; when PF = 0.5, the peak T7 current is 86% of peak 

output current; when PF = 0, the peak T7 current is the peak output current. 

 

Fig. 4.12. Comparison of T7 current stress in fours cases (M=0.45). 

With above analysis, it can be concluded that the 0 voltage level switching states 

selection in case 1 can achieve the lowest T7 current stress and zero current through T7 

during 0 voltage level switching states. 

4.6 Modulation Strategy for the 7S-5L-ANPC Inverter  

This section discusses the modulation strategy for the 7S-5L-ANPC inverter under 

reactive power condition. The modulation diagram of the 7S-5L-ANPC inverter using 

Phase-Disposition (PD) PWM under reactive power condition is shown in Fig. 4.13. As 

can be observed, the reference signal (red sinusoidal curve) is compared with four carrier 

signals (green triangular waves) to generate the gate signals of seven switches. The power 
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factor is cosű, and the phase shift between the reference and output current (blue sinusoidal 

curve) is ű. Based on this, four operating zones are identified according to the polarities of 

output current and the reference signal: when the reference voltage and output current are 

in the opposite direction, the inverter is entering the reactive power zones Z1 and Z3; when 

the reference voltage and output current are in the same direction, the inverter is in the 

active power zones Z2 and Z4.  

Z3

+Vdc/2

+Vdc/4

t0   t1 t2 t3

t5

t4

-Vdc/2

-Vdc/4

0 t6

Modulation reference

Output current

Z1 Z4 Z1

Active power zoneReactive power zone

t7 t8

Z2

Carrier singal

ű 

BACA

BDCD

FHGH

BDCD

FEGE

BECE

FDGD

BECE

FEGE

 

Fig. 4.13. PWM modulation for the 7S-5L-ANPC inverter. 

 

4.6.1 Reactive Power Zone Z1 [from t0 to t1] 

In Z1, the output voltage is switched between +1 and 0. For 0 voltage level, switching 

state E is selected due to the negative output current. For +1 voltage level, both redundant 

switching states B and C are required to balance the FC voltage. So, the inverter operates 

in the sequence of state B, state E, state C, state E (B, E, C, E), as shown in Fig. 4.14. 
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Fig. 4.14. Modulation in reactive power zone Z1. 

4.6.2 Active Power Zone Z2 [from t1 to t4] 

From t1 to t2 and t3 to t4, the output voltage is still switched between +1 voltage level 

and 0 voltage level. The difference is the output current is positive, so switching state D is 

selected to generate 0 voltage level. Both redundant +1 voltage level states (B, C) are used 

to regulate the FC voltage. When the actual FC voltage is lower than its reference value, 

the switching state B is selected to charge FC; when it is higher than the reference value, 

switching state C is selected to discharge FC. So, the inverter is operating in the sequence 

of state B, state D, state C, state D (B, D, C, D).  

From t2 to t3, the inverter generates +2 voltage level and +1 voltage level. State A is 

used to generate +2 voltage level. The redundant switching states B and C are used to 

balance the FC voltage. Consequently, the switching states sequence of state B, state A, 

state C, state A (B, A, C, A) is used in this region. The modulation diagram in active power 

zone Z2 is shown in Fig. 4.15. 
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Fig. 4.15. PWM Modulation in active power zone Z2. 

 

4.6.3 Reactive Power Zone Z3 [from t4 to t5] 

In reactive power zone Z3, the output voltage is negative and the output current is 

positive. The inverter is switched between -1 voltage level and 0 voltage level. Switching 

state D is selected because of the positive output current. The redundant states F and G are 

used to generate -1 voltage levels and balance the FC voltage, so the switching state 

operates in the sequence of state F, state D, state G, state D (F, D, G, D).  

4.6.4 Active Power Zone Z4 [from t5 to t8] 

In this region, the output current is negative, so switching state E is selected to generate 

0 voltage level; state H is used to generate -2 output voltage level; the redundant states F 

and G are used to generate -1 voltage level and balance the FC voltage. Consequently, 

during t5 to t6 and t7 to t8, switching state sequence state F, state E, state G, state E (F, E, 
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G, E) is selected for 0 and -1 voltage level generation; from t6 to t7, switching state sequence 

state F, state H, state G, state H (F, H, G, H) is selected for -1 and -2 voltage level generation. 

4.7 Simulation Verification  

To verify the effectiveness and advantages of the proposed topology and to verify the 

T7 current stress reduction with the proposed modulation strategy, computer simulation by 

MATLAB/Simulink has been carried out. Table 4.6 shows the simulation parameters.  The 

power level is 1 KW. The grid voltage is 110V RMS@ 60Hz. To guarantee the high voltage 

utilization ratio, the modulation index M should be higher than 0.75; in this case, the input 

DC voltage is commonly selected as 400V so that the modulation index M = 110 * ã2 / 

200 = 0.775 which is higher than 0.75. The FC value is selected as 310µF (part number: 

947C311K102CBMS) to limit the switching frequency FC voltage ripple within 2V (2V / 

100V = 2%). The peak-to-peak switching frequency output current ripple is usually 

selected as 15% - 20% of the peak output current value and 20% is selected, and the 

calculated output filter inductor value is 1.6mH. 

Table 4.6. System Parameters 

Power 1 kVA 
Grid Voltage  

(RMS value) 

110 V  

@ 60 Hz 

DC-link  

Voltage 
400 V 

Output Filter  

Inductance 
1.6 mH 

FC  

Capacitance 
310 mF  

(947C311K102CBMS) 

Power  

Factor 
1, 0.9, 0.5 and 0 

DC  

Capacitance 
2000 mF each 

Switching  

Frequency 
15 KHz 

 

Simulation is conducted under 4 conditions: condition 1 is unity power factor operation 

(PF = 1); condition 2 is reactive power operation (PF = 0.9); condition 3 is reactive power 
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operation (PF = 0.5); and condition 4 is reactive power operation (PF = 0). Additionally, a 

comparison among four different 0 switching states combinations is made to verify the 

proposed modulation can achieve the lowest current through T7. Four 0 switching states 

combination cases are listed in Table 4.5. 

4.7.1 Simulation Results When PF = 1 

Fig. 4.16 gives the simulation waveforms under unity power factor condition (PF = 1). 

Fig. 4.16 (a) shows the five-level inverter bridge voltage and FC voltage. It is observed that 

FC voltage is balanced at 100V (a quarter of 400V DC-link voltage). Fig. 4.16 (b) ï (e) 

show the grid voltage, inverter output current and T7 current in four cases (case 1 ï 4). The 

grid voltage and output current are in phase. The output current is a sinusoidal wave and 

the measured THD value in this case is 1.57%. The measured output current peak value is 

12.8A. The T7 current waveforms in four cases are consistent with the above theoretical 

analysis. It can be clearly observed that in case 1, there is no current flowing through T7, 

and in other three cases a maximum 8.2A current (= 8.4A/12.8A = 64%) is flowing through 

T7. Therefore, it can be concluded that the 0 voltage level switching states selection in case 

1 is the optimal selection.   
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Fig. 4.16. Simulation results at PF = 1. (a) Output voltage and FC voltage. (b) T7 current in 

case 1. (c) T7 current in case 2. (d) T7 current in case 3. (e) T7 current in case 4.  
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4.7.2 Simulation Results When PF = 0.9 

Simulation is also conducted under reactive power condition (PF = 0.9, capacitive) to 

show the T7 current stress. Waveforms of inverter output voltage, FC voltage, grid voltage, 

output current, and T7 current in four cases are shown in Fig. 4.17. 

Fig. 4.17 (b) to (e) show the output current, grid voltage and T7 currents in four cases. 

The measured output current THD is still 1.57%. In case 1, as shown in Fig. 4.17 (b), it is 

observed that only reverse direction current is going through switch T7 during 1 voltage 

level switching state C and state F, and the measured T7 current peak value in this case is 

5.5A (= 5.5A/12.8A = 43%). In case 2, as shown in Fig. 4.17 (c), not only is the reverse 

direction current flowing through T7 during 1 voltage level switching state C and state F, 

but also the same direction current is passing through T7 during 0 voltage level switching 

state D and state E, so the T7 current peak value is increased to 11.7A (= 11.7A/12.8A = 

91%). Similarly, in case 3 and case 4, the measured T7 current peak value is also 11.7A (= 

11.7A/12.8A = 91%), which is undesirable.  

4.7.3 Simulation Results When PF = 0.5 

Fig. 4.18 gives the simulation results at PF = 0.5 (capacitive). Compared to condition at 

PF = 1, the measured T7 current peak value in case 1 is increased from 5.5A to 11A (= 

11A/12.8A = 86%), as shown in Fig. 4.18 (b). For case 2, case 3 and case 4, the peak T7 

current is the peak output current which is 12.8A. The simulation results in this condition 

are consistent with the analysis in Section 4.5. 
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Fig. 4.17. Simulation results at PF = 0.9 (capacitive). (a) Output voltage and FC voltage. (b) T7 

current in case 1. (c) T7 current in case 2. (d) T7 current in case 3. (e) T7 current in case 4.  
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Fig. 4.18. Simulation results at PF = 0.5 (capacitive). (a) Output voltage and FC voltage. (b) T7 

current in case 1. (c) T7 current in case 2. (d) T7 current in case 3. (e) T7 current in case 4.  
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4.7.4 Simulation Results When PF = 0 

Fig. 4.19 gives the simulation results under extreme situation: PF = 0. As can be 

observed, the peak value of T7 current in four cases is always equal to the peak value of 

output current which is 12.8A. From the waveforms of T7 current in four cases, it is 

observed that the conduction time of T7 in case 1 is the shortest. Therefore, the conduction 

loss of T7 in case 1 is the lowest. All the simulation results are consistent with the previous 

analysis and verify the proposed topology is capable of operating under maximum power 

factor condition. 

The previous simulations are done in capacitive reactive power conditions. Due to the 

symmetry, same conclusions can be drawn when the inverter is operating in inductive 

reactive power conditions. With simulation results under active and reactive power factor 

conditions, it is concluded that the 7S-5L-ANPC inverter achieves the same performance 

as the conventional 8S-5L-ANPC inverters, and the proposed modulation strategy results 

in the lowest T7 current stress and thus the lowest conduction loss. 
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Fig. 4.19. Simulation results at PF = 0. (a) Output voltage and FC voltage. (b) T7 current in 

case 1. (c) T7 current in case 2. (d) T7 current in case 3. (e) T7 current in case 4.  
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4.8 Experiment Verificatoin  

A 1 kVA single-phase 7S-5L-ANPC inverter grid-connected laboratory prototype is 

built to verify the proposed topology and modulation method. For the control circuit, a 

combination of the Texas Instruments TMS320F28335 DSP chip and the Altera Cyclone 

IV EP4CGX22 FPGA card is used to provide precise mathematical calculations and real-

time control functions. The experimental parameters are identical to the ones used in 

simulation section, which are shown in Table 4.6.  

The experimental waveforms under unity power factor condition are shown in Fig. 4.20 

and Fig. 4.21.  

The inverter output voltage, grid voltage, FC voltage and output current of the 7S-5L-

ANPC inverter are shown from top to bottom in Fig. 4.20. The grid voltage is 110V RMS 

at 60Hz. The modulation index is around 0.78. The FC voltage is balanced at 100V. The 

measured peak-to-peak FC voltage ripple is 2.1V (= 2.1V/100V = 2.1%).  The output 

current is sinusoidal and in phase with grid voltage. The measured output current THD is 

1.6%.  

In addition to FC voltage and AC current waveforms, Fig. 4.21 also shows the voltages 

of two DC-link capacitors: channel 1 shows the lower DC-link capacitor voltage waveform 

and channel 2 shows the upper DC-link capacitor voltage waveform. As can be observed, 

both DC capacitor voltages have a line-frequency (60 Hz) fluctuation since during half grid 

cycle only one DC capacitor is providing the energy to the output. The measured peak-to-

peak DC-link capacitor voltage ripple is 12V (= 12V/200V = 6%). The balanced FC and 

DC-link capacitors voltages verify the modulation method in active power condition.  
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Fig. 4.20. Experimental results at PF = 1: inverter output voltage (CH1), grid voltage (CH2), 

FC voltage (CH3) and output current (CH4). 
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FC voltage [50V/div] (100V)

Upper DC-link capacitor voltage [50V/div] (200V)

Output current [20A/div]

 

Fig. 4.21. Experimental results at PF = 1: lower DC capacitor voltage (CH1), upper DC 

capacitor voltage (CH2), FC voltage (CH3) and output current (CH4). 
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The experimental verification is also done in reactive power factor situation. To be 

consistent with simulation results, the power factor is selected to be 0.9 (capacitive). Fig. 

4.22 and Fig. 4.23 show the experimental results.  

Fig. 4.22 shows the waveforms of bridge voltage, grid voltage, FC voltage and AC 

current of the 7S-5L-ANPC inverter. In this case, the measured peak-to-peak FC voltage 

ripple is reduced to 1.9V (= 1.9V/100V = 1.9%). The grid voltage lags the output current 

by 25.8 degrees. The inverter still produces good quality current waveformf. The measured 

THD value of output current is 1.6%.  

Output voltage [100V/div]

Grid voltage [100V/div]

Output current [20A/div]

FC voltage [50V/div] (100V)

 

Fig. 4.22. Experimental results at PF = 0.9 (capacitive): inverter output voltage (CH1), grid 

voltage (CH2), FC voltage (CH3) and output current (CH4). 
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Fig. 4.23 shows the waveforms of two DC-link capacitors voltages, FC voltage and 

output current at PF = 0.9 (capacitive). Same as the waveforms of DC-link capacitors 

voltages at PF = 1, the measured peak-to-peak DC-link capacitor ripple voltage is 11.4V 

(= 11.4V/200V = 5.7%).  

Output current [20A/div]

Lower DC-link capacitor voltage [50V/div] (200V)

FC voltage [50V/div] (100V)

Upper DC-link capacitor voltage [50V/div] (200V)

 

Fig. 4.23. Experimental results at PF = 0.9 (capacitive): lower DC-link capacitor voltage 

(CH1), upper DC-link capacitor voltage (CH2), FC voltage (CH3) and output current (CH4). 

To testify the effectiveness of T7 current stress analysis, the experimental verification 

when PF = 0.9, PF = 0.5 and PF = 0 (capacitive) in four cases is done. The experimental 

results at PF = 0.9 (capacitive) are shown in Fig. 4.24 to Fig. 4.27 respectively. As can be 

observed, the T7 current stress in case 1 is the lowest, which is consistent with the analysis 

in Section 4.5 and simulation results. 
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Fig. 4.24. Waveform of T7 current in modulation case 1 (PF = 0.9, capacitive).  
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Fig. 4.25. Waveform of T7 current in modulation case 2 (PF = 0.9, capacitive). 
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Fig. 4.26. Waveform of T7 current in modulation case 3 (PF = 0.9, capacitive). 
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Fig. 4.27. Waveform of T7 current in modulation case 4 (PF = 0.9, capacitive). 
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The experimental results in condition PF = 0.5 (capacitive) are shown in Fig. 4.28 to 

Fig. 4.31 respectively. Similarly, it is observed that the conduction time of T7 in case 1 is 

the shortest so that the conduction loss of T7 in case 1 should be the lowest, which is 

consistent with the analysis in Section 4.5 and simulation results. 

Output voltage [100V/div]

Grid voltage 

[100V/div]

T7 current [20A/div]

Output current [20A/div]

 

Fig. 4.28. Waveform of T7 current in modulation case 1 (PF = 0.5, capacitive).  
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Fig. 4.29. Waveform of T7 current in modulation case 2 (PF = 0.5, capacitive). 
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Fig. 4.30. Waveform of T7 current in modulation case 3 (PF = 0.5, capacitive).  
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Fig. 4.31. Waveform of T7 current in modulation case 4 (PF = 0.5, capacitive). 

 

The experimental results in extreme condition PF = 0 (capacitive) are shown in Fig. 4.32 

to Fig. 4.35 respectively. Similarly, it is observed that the conduction time of T7 in case 1 

is the shortest so that the conduction loss of T7 in case 1 should be the lowest, which is 

consistent with the analysis in Section 4.5 and simulation results. 
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Fig. 4.32. Waveform of T7 current in modulation case 1 (PF = 0, capacitive). 
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Fig. 4.33. Waveform of T7 current in modulation case 2 (PF = 0, capacitive).  
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Fig. 4.34. Waveform of T7 current in modulation case 3 (PF = 0, capacitive). 
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Fig. 4.35. Waveform of T7 current in modulation case 4 (PF = 0, capacitive).  
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4.9 Conclusion 

In this chapter, a 7S-5L-ANPC inverter topology has been proposed to solve the FC 

voltage drop problem of the 6S-5L-ANPC inverter operating in reactive power condition. 

As compared with the conventional 8S-5L-ANPC inverter, it requires seven active 

switches for single phase and a low current rating switch can be selected for the seventh 

switch under high power factor operating condition. The operating principles are presented. 

The detailed comparison between 7S-5L-ANPC, 6S-5L-ANPC and three 8S-5L-ANPC 

inverter topologies in terms of voltage stress and efficiency is made. The modulation 

strategy of the 7S-5L-ANPC inverter under reactive power operation is discussed. 

Computer simulation and experiment based on a single phase 1 kVA prototype have been 

carried out in unity power factor condition and reactive power condition. The effectiveness 

and advantages of the 7S-5L-ANPC topology and modulation method are demonstrated.  
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Chapter 5 

DC-Link Capacitor Voltage Balancing Technique without FC Voltage 

Ripple for 5L-ANPC Inverters 

5.1 Introduction  

As compared with 5L-NPC and 5L-FC inverters whose DC-bus consists of four DC 

capacitors connected in series, the 5L-ANPC inverters use only two DC capacitors, so it is 

easier to balance the DC capacitor voltages. However, keeping two DC capacitor voltages 

balanced is still an important issue for 5L-ANPC inverters. From the literature review of 

the existing DC capacitor voltages balancing techniques for the 5L-ANPC inverters 

discussed in Chapter 2, it can be concluded that most of the existing DC-balancing 

techniques are only suitable for three-phase applications; while for single-phase case, the 

existing technologies have many problems such as high FC voltage ripple and slow 

dynamic response. With the increased demand of single-phase 5L-ANPC inverters on 

industrial applications such as low/medium power PV grid-connection systems, the 

research on DC-balancing technique for single-phase application with better performance 

is very important.  

Among the DC capacitor voltages balancing methods for single-phase applications, 

reference [87] designed a method based on PD-PWM method. However, in steady state, 

there are double line-frequency (120 Hz) ripples in FC voltage. The detailed review of this 

method will be presented in Section 5.3. To achieve FC voltage without ripples in steady 

state, a new DC capacitor voltage balancing technique is proposed in this chapter. The 

proposed method can be applied to any 5L-ANPC inverter topologies. 
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For the simulation and experiment in Chapter 3 (6S-5L-ANPC inverter) and Chapter 4 

(7S-5L-ANPC inverter), the proposed DC capacitor voltages balancing method is used to 

keep DC capacitor voltages balanced. 

This chapter is organized as follows. In Section 5.2, the principle of DC capacitor 

voltage balancing is discussed. In Section 5.3, the problem of the conventional DC 

capacitor voltage balancing method [87] is presented. Section 5.4 discusses the proposed 

DC-link capacitor voltages balancing method. Section 5.5 and 5.6 give the simulation and 

experimental results and Section 5.7 is the conclusion. 

5.2 Principle of DC Capacitor Voltages Balancing 

First, as can be referred to Table 3.1 and Table 4.1, for 5L-ANPC inverter topologies, 

they all have eight switching states: one +2 voltage level state A, two +1 voltage level 

states B and C, two 0 voltage level states D and E, two -1 voltage level states F and G, and 

one -2 voltage level state H. Different 5L-ANPC inverter topology has different 

configuration, but the connection of three capacitors (two DC capacitors C1, C2 and one 

FC Cfc) to circuit in each switching state is the same. The impact of all eight switching 

states on the voltages of three capacitors (two DC capacitors C1, C2 and one FC Cfc) are 

shown in Fig. 5.1. This applies to any 8S-5L-ANPC, 7S-5L-ANPC and 6S-5L-ANPC 

inverters.  
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Fig. 5.1. Impact of eight switching states of 5L-ANPC inverters on the voltages of DC 

capacitors and FC. 



118 

The flexibility of the 5L-ANPC inverters lies in the redundant switching states. The 

redundant +1 voltage level and -1 voltage level switching states can be used to balance the 

DC capacitor voltages. According to Fig. 5.1, the impact of +1 voltage level state B, state 

C and -1 voltage level state F, state G on the voltages of two DC capacitors and one FC is 

listed in Table 5.1. 

Table 5.1. Impact of +1 and -1 Voltage Level States on DC Capacitors and FC Voltages 

Switching State Impact on VC1 Impact on VC2 Impact on Vfc 

B (+1) Discharge No change Charge 

C (+1) No change No change Discharge 

F (-1) No change No change Discharge 

G (-1) No change Discharge Charge 

 

To illustrate how to balance the DC capacitor voltages, the unbalanced condition is 

defined first: VC1 is higher than VC2, so the objective is to decrease VC1 and increase VC2. 

There is some relationship between the DC capacitor voltages and the FC voltage, which 

will be described below: 

To decrease VC1: more state B is used and less state C is used in the positive grid cycle 

(Vgrid > 0). In this way, C1 will discharge more and the FC voltage will increase in the 

positive grid cycle. What does it mean is that Vfc  ᴻleads to VC1Ȣ , so the FC reference 

voltage can be set higher in the positive grid cycle to achieve this objective. There is no 

way to directly control VC2 during the positive grid cycle. 

To increase VC2: more state F is used and less state G is used in the negative grid cycle 

(Vgrid < 0). In this way, C2 will discharge less and the FC voltage will decrease in the 

negative grid cycle. What does it mean is that Vfc  Ȣleads to VC2ᴻ , so the FC reference 
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voltage can be set lower in the negative grid cycle to achieve this objective. Similarly, there 

is no way to directly control VC1 during the negative grid cycle. 

Consequently, the voltage difference between two DC capacitors will decrease.  

5.3 Problem of the Existing DC Capacitor Voltages Balancing Technique  

As different from the 5L-ANPC inverters in three-phase application, there are line-

frequency (60 Hz) ripples in two DC capacitor voltages in single-phase application. Fig. 

5.2 shows the waveforms of two DC capacitor voltages VC1 and VC2 for single-phase 5L-

ANPC inverters. In the positive grid cycle (Vgrid > 0), the inverter is generating +2, +1 and 

0 voltage levels. Based on Fig. 5.1, it is observed that the upper DC capacitor C1 is always 

discharging when Vgrid > 0; at the same time, the lower DC capacitor C2 is charged by input 

DC source to keep the input DC voltage balanced, so VC2 is increasing. Similarly, during 

the negative grid cycle (Vgrid < 0), VC2 is decreasing while VC1 is increasing. In steady 

states, both VC1 and VC2 are balanced at Vdc/2 with 60 Hz voltage ripples. 

According to Section 5.2, it is concluded that the DC capacitor voltages balancing can 

be achieved by changing the FC reference voltage. For the DC capacitor voltages balancing 

method in [87] (to simplify this, it will be called the existing DC capacitor voltages 

balancing method), the FC reference voltage is selected to follow the DC capacitor 

voltages: the FC reference voltage is selected to follow VC1/2 during the positive grid cycle 

(Vref > 0) and then to follow VC2/2 during the negative grid cycle (Vref < 0).  

1

_
                                   2

/ 2                     0

/ 2 0

C grid

fc ref

C grid

V V
V

V V

>ëî
=ì

<îí
  (5-1) 
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The waveforms of the FC reference voltage Vfc_ref and the actual FC voltage Vfc are 

shown in Fig. 5.2. Because of the line frequency (60 Hz) ripples in DC-link capacitor 

voltages, so even in the balanced condition, the FC reference voltage Vfc_ref will have 

double line-frequency (120 Hz) ripples, and at every zero-crossing point of Vref there will 

be a step voltage change in Vfc_ref. The 120 Hz FC voltage ripples will increase the total 

peak-to-peak FC voltage ripple, increasing the output current harmonic distortion.  

+ - + --

Vdc/2

Vdc/2

0

VC1

VC2

Vgrid

V fc_ref Vdc/4

V fc Vdc/4

0.0167 0.03340.0251 0.0418
Time (s)

(1)

(2)

(3)

(4)

(5)

 

Fig. 5.2. Voltages of capacitors and reference for single-phase 5L-ANPC inverters. (1) Upper 

DC capacitor voltage VC1. (2) Lower DC capacitor voltage VC2. (3) Grid voltage Vgrid. (4) FC 

reference voltage Vfc_ref using the existing DC balancing method. (5) The actual FC voltage Vfc 

using the existing DC balancing method. 
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5.4 DC Capacitor Voltages Balancing Technique without FC Voltage Ripple 

To solve the problem of 120 Hz FC voltage ripples in Section 5.3, a novel DC capacitor 

voltage balancing technique without FC voltage ripple is proposed. The design procedures 

will be presented step by step. 

5.4.1 Average DC Capacitor Voltage Calculation 

For the existing DC capacitor voltages balancing method, the FC reference voltage is 

changed in real time: it always follows half of the DC capacitor voltage. Considering the 

DC capacitor voltage will not change too much during half grid cycle, its average value 

during half grid period can be used to determine the FC reference voltage in the next half 

grid cycle. 

To calculate the average DC capacitor voltage value in half grid period, the voltage of 

one DC capacitor VC1 (or VC2) is sampled at every switching cycle during that half grid 

period. Then, the average value VC1_av (or VC2_av) can be calculated which is the sum of 

each sampled value VC1_n (or VC2_n) divided by the number of switching periods in half 

grid cycle n: 

1_n
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(5-2) 

Once this average value is calculated, it can be used to determine the FC reference 

voltage in the next half grid cycle, which will be discussed in the following part. 

5.4.2 Implementation of DC Capacitors Voltage Balancing without FC Voltage Ripple 
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To achieve DC-link capacitor voltage balancing without FC voltage ripple: first, the 

output reference voltage signal Vref is defined as: 

sin( )refV M tw=  (5-3) 

M is the modulation index and ɤ is the angle of output reference voltage. When 0 < ɤt 

< 180o, the inverter is operating in the positive grid cycle (Vgrid > 0). During this time, the 

upper DC capacitor voltage VC1 is sampled and its average value VC1_av is calculated: 

1_n

1
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n
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C av

V

V
n

=
ä

  
(5-4) 

VC1_n is the sampled upper DC-link capacitor voltage value at every switching period, 

and n is the number of switching period in the positive grid cycle. Then the FC reference 

voltage in the next negative grid cycle Vfc_ref- is set to be: 
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  (5-5) 

As can be observed, a correction value ȹV is added to the FC reference voltage. ȹV is 

obtained by a positive gain factor k multiplied by the error between the average DC 

capacitor voltage value VC1_av and the reference DC capacitor voltage value Vdc/2. The 

selection of k will be discussed in Section 5.4.3. According to the principle of DC capacitor 

voltages balancing in Section 5.2, it can be concluded that, if VC1 > VC2, the FC reference 

voltage should be set lower in the negative grid cycle. And from (5-5): if VC1 > VC2, then 

VC1_av > Vdc/2, and ȹV = k * (V dc/2 - VC1_av) is a negative value since k is positive. 
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Therefore, the FC reference voltage in this negative grid cycle Vfc_ref- is lower than Vdc/4, 

which is consistent with the principle of DC capacitor voltages balancing in Section 5.2. 

Similarly, when 180o < ɤt < 360o, the inverter is operating in the negative grid cycle 

(Vgrid < 0). The lower DC capacitor voltage VC2 is sampled and its average value VC2_av is 

calculated: 

2_n
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C av
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n
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(5-6) 

The calculated VC2_av is then used to determine the FC reference voltage in the next 

positive grid cycle Vfc_ref+: 

_ 2_( )
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fc ref C av

V V
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(5-7) 

According (5-5) and (5-7), the FC reference voltage generator diagram is shown in Fig. 

5.3. The FC reference voltage value will change every half grid cycle. And in balanced 

condition, it will be a constant value which is Vdc/4. 
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Fig. 5.3. The FC reference voltage generator diagram. 
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5.4.3 Selection of Gain Factor k 

From (5-5) and (5-7), it is observed that different value of gain k leads to different FC 

reference voltage. The larger k is, the further the FC reference voltage is away from Vdc/4.  

To illustrate the impact of k on the DC voltages balancing performance, the unbalanced 

condition is defined first: VC1 > VC2. So, the objective is to decrease VC1 and increase VC2. 

According to the analysis in Section 5.2: in the positive grid cycle, the FC reference voltage 

is set to be greater than Vdc/4, so more state B (discharge C1 and charge Cfc) is used and 

less state C (discharge Cfc) is used based on Table 5.1. For different k, the FC reference 

voltage is different, and the number of state B and the number of state C used for 

modulation are also different. Table 5.2 shows the impact of different k on DC capacitor 

voltage VC1 in the positive grid cycle. 

Table 5.2. Impact of Different Gain k on DC Capacitor Voltage VC1 In the Positive Grid 

Cycle When VC1 > VC2 

 Conditions 

k is lower k nominal k is higher 

FC reference voltage Lower Nominal Higher 

Number of state B Minimum Nominal Maximum 

Number of state C Maximum Nominal Minimum 

Impact on C1 Discharge less Discharge Discharge more 

 

From Table 5.2, it is observed: if k is increased, the FC reference voltage will be higher, 

and C1 will discharge more so that the balancing process is faster. In other words, the higher 

the gain k is, the faster the dynamic response is. However, k cannot be selected too high 

since a small DC capacitor voltage disturbance will lead to a large variation of FC reference 

voltage. 
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According to above analysis and simulation/experiment testing, the gain k with the value 

1.5 is a good value. Here are the selection criteria. If Vdc = 400V, in balanced condition, 

each DC capacitor voltage will be 200V. For 10% DC capacitor voltage difference which 

is 200 Ā 0.1 = 20V, according to (5-5) and (5-7), the FC reference voltage correction value 

ȹV will be 20 Ā k, which means during the DC capacitor voltages balancing process the FC 

voltage will go up to (100 + 20 Ā k) V. For 5L-ANPC inverters, the voltage rating of some 

devices (e.g. T2 and T3 for 6S/7S/Type I, II, III 8S-5L-ANPC inverters) is the voltage across 

the FC. Therefore, in consideration of the device voltage rating margin (usually 20% to 

30%), 30% is selected and the calculated k is 1.5. If the DC capacitor voltage difference is 

higher than 10% of average FC voltage value, a saturation block can be added to the FC 

reference voltage generator to limit the maximum FC voltage regulation value. 

Since the FC reference voltage value is changed every half grid cycle, the response is 

very slow, so the stability analysis of the proposed method will  not be discussed. 

5.5 Simulation Verification  

To verify the effectiveness of the proposed DC voltages balancing method, the 

simulation has been done. The proposed method is applied to all 5L-ANPC inverter 

topologies and in the simulation the 7S-5L-ANPC inverter is used. The system parameters 

are shown in Table 5.3. The output power level is 1 KW. The grid voltage is 110V RMS@ 

60Hz. To guarantee the high voltage utilization ratio, the modulation index M should be 

higher than 0.75; in this case, the input DC voltage is commonly selected as 400V so that 

the modulation index M = 110 * ã2 / 200 = 0.775 which is higher than 0.75. The FC value 

is selected as 310µF (part number: 947C311K102CBMS) so that the FC ripple voltage can 

be limited within 2% of the average FC voltage (100V) which is 2V. The peak-to-peak 
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switching frequency output current ripple is usually selected as 15% - 20% of the peak 

output current value and 20% is selected, and the calculated output filter inductor value is 

1.6mH. 

Table 5.3. System Parameters 

Power 1 KW Grid voltage (RMS) 110 V @ 60 Hz 

DC-link voltage 400 V Output filter inductor 1.6 mH 

Flying capacitor 310 mF Gain factor k 1.5 

DC-link capacitor 2000 mF Switching frequency 15 KHz 

5.5.1 Simulation Results without and with the DC Voltage Balancing 

To demonstrate the importance of DC capacitor voltages balancing for the 5L-ANPC 

inverters, a comparison between the system with and without the proposed DC balancing 

method is made.  

Case 1: two DC capacitors C1 and C2 have different capacitance value (C1 = 2200mF, 

C2 = 1800mF). Both DC capacitors have been precharged to 200V. The results are shown 

in Fig. 5.4. Fig. 5.4 (a) shows the waveform of output voltage and Fig. 5.4 (b) shows the 

waveforms of DC capacitors and FC voltages. It can be observed that, because two DC 

capacitor values are different, the system has DC capacitor voltage divergence problem if 

not controlled: the lower DC capacitor voltage VC2 is increasing and the upper DC 

capacitor voltage VC1 is decreasing. When t = 0.3s, it is observed that both DC capacitor 

voltages have around 20V shift from 200V. At this moment, the proposed DC balancing 

technique is used. Then, the difference between two DC capacitor voltages is decreased. 

At about t = 0.65s, the DC capacitor voltages are balanced and the system is in steady state. 
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Fig. 5.4. Simulation results when C1 is different from C2. (a) Output voltage. (b) DC capacitor 

voltages and FC voltage. 

 

Case 2: two DC capacitors C1 and C2 have the same capacitance value 2000mF but have 

different initial voltages (VC1 = 190V, VC2 = 210V). The results are shown in Fig. 5.5. It 

can be observed that, if the initial voltages of two DC capacitors are different, the system 

also has DC capacitor voltage divergence problem if not controlled: the lower DC capacitor 

voltage VC2 which has lower initial voltage value is getting lower and the upper DC 

capacitor voltage VC1 which has higher initial voltage value is getting higher. When t = 
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0.3s, it is observed that both DC capacitor voltages have around 55V shift from 200V. With 

the proposed DC balancing technique applied at this moment, the DC capacitor voltages 

difference is decreased. Here the saturation block is added to the control method to limit 

the maximum FC voltage regulation value within 30% of average FC voltage. At about t = 

1s, the DC capacitor voltages are balanced and the system is in steady state. 
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Fig. 5.5. Simulation results when initial VC1 is different from initial VC2. (a) Output voltage. (b) 

DC capacitor voltages and FC voltage. 

From the simulation results above, it can be concluded that the proposed DC capacitor 

voltages balancing method can achieve DC capacitor voltages balancing. 
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5.5.2 Simulation Results using The Proposed Method with Different Gain k 

Simulation is also carried out to show the results with different gain k, as shown in Fig. 

5.6. The condition is: two DC capacitors C1 and C2 have different capacitance value (C1 = 

2200mF, C2 = 1800mF), and both DC capacitors have been precharged to 200V. At t = 0.3s, 

the proposed DC capacitor voltages balancing method is used. Fig. 5.6 (a) shows the 

simulation result when k = 1; Fig. 5.6 (b) shows the result with k = 1.5; and Fig. 5.6 (c) 

shows the result with k = 2.  As can be observed, different gain factor k leads to different 

dynamic response: the recovery time when k = 1 is 0.7s; the recovery time when k = 1.5 is 

0.35s; the recovery time when k = 2 is 0.25s. The recovery time when k = 1.5 is only half 

of that when k = 1, and is 0.1s longer than that when k = 2. According to the previous gain 

k selection Section 5.4.3 (in consideration of the 30% device voltage rating margin) and 

simulation results, k = 1.5 is good enough to guarantee the dynamic response and device 

voltage rating margin. 
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Fig. 5.6. Simulation results using the proposed method with different gain k. (a) k = 1. (b) k = 

1.5. (c) k = 2. 



131 

5.5.3 Comparison between The Existing Method and The Proposed Method 

To demonstrate the proposed DC capacitor voltages balancing method is better than the 

existing DC capacitor voltage balancing method, a comparison between the existing DC 

balancing method and the propose method is made. The test condition is: two DC 

capacitors C1 and C2 have different capacitance value (C1 = 2200mF, C2 = 1800mF), and 

both DC capacitors have been precharged to 200V.  

First, the dynamic response of two methods is tested. From t = 0s to t = 0.3s, no DC 

capacitor voltages balancing method is used; after t = 0.3s, the DC balancing method is 

used. The results are shown in Fig. 5.7. Fig. 5.7 (a) shows the waveforms of three capacitor 

voltages using the existing method. It is observed that after using the existing method at t 

= 0.3s, the voltage difference between two DC capacitors is decreased. At about t = 1s, the 

DC capacitor voltages are balanced and the system is in steady state. 

 Fig. 5.7 (b) shows the waveforms of three capacitor voltages using the proposed method. 

It is observed that the system enters the steady state when t = 0.65s, so the dynamic 

response of the proposed method is faster than the existing method. The recovery time of 

the proposed method is around 0.35s while for the existing method this value is around 

0.7s.  
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Fig. 5.7. Waveforms of three capacitor voltages VC1, VC2 and Vfc in transient state with 

different DC capacitor voltages balancing methods. (a) Existing DC capacitor voltages 

balancing method. (b) Proposed DC capacitor voltages balancing method. 

The comparison between two techniques in steady state is also made, and the results are 

shown in  Fig. 5.8 (with the existing method) and Fig. 5.9 (with the proposed method) 

respectively. In Fig. 5.8 (b), it is observed that in balanced condition, the FC voltage has 

120 Hz ripple. The measured peak-to-peak FC voltage ripple is 7.4 V (= 7.4 V/100 V = 

7.4%). And the measured output current THD is 1.79%, which is shown Fig. 5.8 (d).  



133 

Vg/10

Iout

7.4V

0 0.02 0.06 0.10.080.04

0

200

100

-100

-200

0

10

100

150

-10

200

Time (s)

V
o
lt

a
g
e

 (V
)

V
o
lt

a
g
e

 (V
)

V
o
lt

a
g
e(

V
)/

C
u

rr
e

n
t (

A
)

(a)

(b)

(c)

(d)

VC1
VC2

V fc

0.01 0.05 0.090.070.03

0 0.02 0.06 0.10.080.040.01 0.05 0.090.070.03

0 0.02 0.06 0.10.080.040.01 0.05 0.090.070.03

 

Fig. 5.8. Simulation results using the existing DC capacitor voltages balancing technique in 

steady state. (a) Output voltage. (b) Voltages of three capacitors. (c) Grid voltage and output 

current. (d) Output current spectrum. 
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Fig. 5.9 shows the simulation results in steady state using the proposed DC capacitor 

voltages balancing method. From Fig. 5.9 (b), it is observed that the FC voltage is a 

constant value in steady state, and the measured peak-to-peak switching frequency FC 

voltage ripple is 1.8 V (= 1.8 V/100 V = 1.8%). Without 120 Hz ripples in the FC voltage, 

the output current harmonic distortion is improved: the measured output current THD is 

reduced to 1.57%, as shown in Fig. 5.9 (d).  

From the simulation results, it can be concluded that 1) the DC capacitor voltages 

balancing is important for 5L-ANPC inverter; 2) the proposed DC capacitor voltages 

balancing technique is better than the existing capacitor voltages method because of the 

faster dynamic response, no 120Hz FC voltage ripple and lower output harmonic distortion 

in steady state. 
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Fig. 5.9. Simulation results using the proposed DC capacitor voltages balancing technique in 

steady state. (a) Output voltage. (b) Voltages of three capacitors. (c) Grid voltage and output 

current. (d) Output current spectrum. 
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5.6 Experiment Verificatoin  

The experimental verification of the proposed DC capacitor voltages balancing 

technique effectiveness is done on the 1 KW 7S-5L-ANPC inverter experimental 

prototype. The experimental parameters are identical to the ones used in the simulation 

section, which are shown in Table 5.3.  

A comparison between the existing DC balancing method and the proposed DC 

balancing technique is made. First, the dynamic response of two methods is tested.  

Fig. 5.10 shows the dynamic response with the existing DC capacitor voltages balancing 

method. Initially, the lower DC capacitor voltage VC2 (around 210V) is higher than the 

upper DC capacitor voltage VC1 (around 190V). After about 300 ms (around 18 grid cycles), 

two DC capacitor voltages are balanced, and the system is in steady state. 
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Fig. 5.10. Experimental results with the existing DC capacitor voltages balancing technique 

under unbalanced DC capacitor voltages condition: Output voltage (CH1), lower DC capacitor 

voltage (CH2), FC voltage (CH3) and upper DC capacitor voltage (CH4). 

 

Fig. 5.11 shows the dynamic response with the proposed DC capacitor voltages 

balancing method. The initial condition is the same: the lower DC capacitor voltage VC2 

(around 210V) is higher than the upper DC capacitor voltage VC1 (around 190V). It can be 

observed that after about 160 ms (around 9 grid cycles), two DC capacitor voltages are 

balanced. Based on the results in Fig. 5.10 and Fig. 5.11, it can be concluded that the 

proposed DC capacitor voltages balancing technique has better dynamic response over the 

existing method. 
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Fig. 5.11. Experimental results with the proposed DC capacitor voltages balancing technique 

under unbalanced DC capacitor voltages condition: Output voltage (CH1), lower DC capacitor 

voltage (CH2), FC voltage (CH3) and upper DC capacitor voltage (CH4). 

 

Fig. 5.12 to Fig. 5.15 show the comparison results in steady state. Fig. 5.12 and Fig. 

5.13 show the experimental waveforms using the existing DC balancing method. In Fig. 

5.12, it is observed that there are 120 Hz ripples in FC voltage. The measured peak-to-peak 

FC voltage ripple is 8.8 V (= 8.8 V/100 V = 8.8%). The measured output current THD is 

1.8%. In Fig. 5.13, two DC-link capacitor voltages are balanced. The measured DC-link 

capacitor voltage ripple is 12 V (= 12 V/200 V = 6%).  
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Fig. 5.12. Experimental results with the existing DC voltage balancing technique in steady 

state: Output voltage (CH1), grid voltage (CH2), FC voltage (CH3) and output current (CH4). 
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Fig. 5.13. Experimental results with the existing DC capacitor voltages balancing technique in 

steady state: Lower DC capacitor voltage (CH1), upper DC capacitor voltage (CH2), FC 

voltage (CH3) and output current (CH4). 
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Fig. 5.14 and Fig. 5.15 show the experimental waveforms using the proposed DC 

capacitor voltages balancing technique. In Fig. 5.14, it is observed that with the proposed 

method, the FC voltage has no double line-frequency ripples in steady state. The measured 

peak-to-peak FC voltage ripple is reduced to 2.1 V (= 2.1 V/100 V = 2.1%). The measured 

output current THD is 1.6%, which is lower than that using the existing method (1.8%). In 

Fig. 5.15, the measured DC-link capacitor voltage ripple is unchanged, which is 12 V (= 

12 V/200 V = 6%). The experimental results are consistent with the simulation results.  

Output voltage [100V/div]

FC voltage [50V/div]

Grid voltage [100V/div]

Output current [20A/div]

 

Fig. 5.14. Experimental results with the proposed DC capacitor voltages balancing technique in 

steady state: Output voltage (CH1), grid voltage (CH2), FC voltage (CH3) and output current 

(CH4). 
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Lower DC-link capacitor voltage [50V/div]

FC voltage [50V/div]

Upper DC-link capacitor voltage [50V/div]

Output current [20A/div]

 

Fig. 5.15. Experimental results with the proposed method in steady state: Lower DC capacitor 

voltage(CH1), upper DC capacitor voltage (CH2), FC voltage (CH3) and output current (CH4). 

5.7 Conclusion 

In this chapter, a new DC capacitor voltages balancing method for 5L-ANPC inverters 

is proposed, which can be applied to any 5L-ANPC inverter topologies. First, the principle 

of how to balance the DC capacitor voltages of 5L-ANPC inverters is discussed. After that, 

the problem of the existing DC capacitor voltages balancing method is reviewed, which 

will lead to the 120 Hz FC voltage ripple in steady state. To eliminate this double line-

frequency FC voltage ripple in steady state, a new DC capacitor voltages balancing method 

is proposed. The average DC capacitor voltage is used to determine the FC reference 

voltage. The FC reference voltage is changed every half grid cycle. Then, the detailed 

analysis and design of the proposed method is provided. The simulation/experiment results 

show that the proposed method has better dynamic response and lower output current 

harmonic distortion in steady state over the existing method. 
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Chapter 6  Hybrid Modulation Strategy for the 6S-5L-ANPC Inverter 

6.1 Introductio n 

One contribution of the thesis is proposing the 6S-5L-ANPC inverter topology, and 

from the loss analysis it can be concluded that the 6S-5L-ANPC inverter even has higher 

efficiency over some of the conventional 8S-5L-ANPC inverter topologies (Type I and 

Type III) for high power applications. However, with the Phase-Disposition (PD) PWM 

method applied to the 6S-5L-ANPC inverter which is discussed in Chapter 3, the FC 

voltage is not controllable when the output current and voltage are in the opposite direction, 

and the FC is always discharging. This is because four switching states (state C: +1, state 

D: 0, state E: 0, state F: -1) have no reactive current path. Chapter 4 proposes the 7S-5L-

ANPC inverter topology to solve this problem. In this chapter, three hybrid modulation 

strategies for the 6S-5L-ANPC inverter are proposed to solve this problem. 

This chapter is organized as follows: Section 6.2 discusses the problem using the PD-

PWM method for the 6S-5L-ANPC inverter; Section 6.3 presents the details of three hybrid 

modulation methods for the 6S-5L-ANPC inverter: 1) hybrid modulation with +1 level and 

-1 level, 2) hybrid modulation with 2 level and 0 level, and 3) hybrid modulation with +2 

level and -2 level; Section 6.4 and 6.5 give the simulation and experimental results; Section 

6.6 makes a comparison among three methods and Section 6.7 is the conclusion. 

6.2 Problems Using PD-PWM Method 

To batter illustrate the problem mentioned in the introduction, the diagram of PD-PWM 

modulation method used in Chapter 3 is redrawn, as shown in Fig. 6.1, and the impact of 

all eight switching states on FC voltage is shown in Table 6.1.  



143 

Z3

+Vdc/2

+Vdc/4

t0   t1 t2 t3

t5

t4

-Vdc/2

-Vdc/4

0 t6

Modulation reference

Output current

Z1 Z4 Z1

Active power zoneReactive power zone

t7 t8

Z2

Carrier singal

ű 

ABACABACABACABACABAC

BDCD

FHGHFHGHFHGHGHGHGHGH

BDCD

FEGE EFEG

BE

DG

BE

 

Fig. 6.1. Diagram of PD-PWM modulation for the 6S-5L-ANPC inverter. 

 

Table 6.1. Impact of Eight Switching States on the FC Voltage of 6S-5L-ANPC Inverter 

Switching 

state 

Switch number Output voltage 

level 

Flying capacitor Cfc 

T1 T2 T3 T4 T5 T6 iout > 0 iout < 0 

A 1 1 0 0 0 1 +2 -- -- 

B 1 0 1 0 0 1 +1 Charge Discharge 

C 0 1 0 0 0 1 +1 Discharge -- 

D 0 0 1 0 0 1 +0 -- -- 

E 0 1 0 0 1 0 -0 -- -- 

F 0 0 1 0 1 0 -1 -- Discharge 

G 0 1 0 1 1 0 -1 Discharge Charge 

H 0 0 1 1 1 0 -2 -- -- 

 

In Fig. 6.1, four operating zones are identified based on the polarities of the output 

current and reference voltage: in reactive power zones Z1 and Z3, the output current and 

reference voltage are in the opposite direction; in active power zones Z2 and Z4, the output 

current and reference voltage are in the same direction. 
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For the 6S-5L-ANPC inverter, there are limitations of selecting four switching states C, 

D, E and F since these four states have unidirectional current flow path. According to Fig. 

6.1 and Table 6.1, in reactive power zone Z1, the load current iout < 0 and the inverter is 

generating 0 voltage level and +1 voltage level, so only state B (discharge FC when iout < 

0) can be used to generate +1 voltage level and state E is used to generate 0 voltage level; 

in reactive power zone Z3, the load current iout > 0 and the inverter is generating 0 voltage 

level and -1 voltage level, so only state G (discharge FC when iout > 0) can be used to 

generate -1 voltage level and state D is used to generate 0 voltage level. Consequently, the 

FC is always discharging and the FC voltage drops will occur in the reactive power zones. 

6.3 The Hybrid Modulation Method for the 6S-5L-ANPC Inverter  

From the analysis in Section 6.2, it can be concluded that, by using the PD-PWM 

method, the FC is always discharging in reactive power zones Z1 and Z3. In other words, 

if the 6S-5L-ANPC inverter is switched between 1 level and 0 level in Z1 and Z3, then 

there is no charging path for the FC. To provide the charging path for the FC, the hybrid 

modulation can be used, which means inverter can switch between +1 level and -1 level or 

between 2 level and 0 level or between +2 level and -2 level in Z1 and Z3. To find the 

optimal solution, detailed evaluations of three hybrid modulation methods are given below. 

6.3.1 Solution Using Hybrid Modulation with +1 Level and -1 Level 

The first hybrid modulation solution is: the 6S-5L-ANPC inverter is switched between 

+1 level and -1 level in Z1 and Z3. In Z1, the load current iout < 0. From Table 6.1, it is 

observed that only state B can be used to generate +1 voltage level, but both state F and 

state G can be used to generate -1 voltage level. Since state B is discharging the FC when 

iout < 0, so state G which is charging the FC when iout < 0 can only be used to balance the 
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FC voltage. In this way, the FC will be charged and discharged alternatively. The switching 

sequence in Z1 will be state B, state G, state B, state G (B, G, B, G). Similarly, in Z3, the 

switching sequence is also (B, G, B, G). The diagram of hybrid modulation with +1 level 

and -1 level is shown in Fig. 6.2. 
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Fig. 6.2. Diagram of hybrid modulation with +1 level and -1 level. 

It should be noted that for hybrid modulation, the carrier signal in Z1 and Z3 is changed. 

In this case, the amplitude of carrier signal in Z1 and Z3 is doubled. Since the inverter is 

switched between +1 level and -1 level instead of 1 level and 0 level, the output current 

THD in Z1 and Z3 is increased. But for PV application (PF > 0.9), the output current THD 

does not change too much because in reactive power zones the output current is near its 

zero-crossing point and for high power factor condition the reactive power zone is small. 

One limitation of this method is that it can only be used for high power factor conditions 

when modulation index M is high. For example, if the amplitude of the reference signal in 
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reactive power zones Z1 and Z3 is higher than 0.5, which means the inverter needs to 

generate the output voltage higher than 1 voltage level (Vdc/4) in reactive power zones, 

then the hybrid modulation with +1 level and -1 level cannot be used because the maximum 

output voltage with +1 level and -1 level modulation is Vdc/4. For modulation index M = 

1, the amplitude of reference signal reaches 0.5 in reactive power zones (sinű = 0.5) when 

the power factor angle ű = 30o (cosű = 0.86). In this case, the hybrid modulation with +1 

level and -1 level can only be used when PF > 0.86. When M = 0.775 which is used in 

simulation and experiment in Chapter 3, it can be calculated that the hybrid modulation 

with +1 level and -1 level can be used when PF > 0.76. 

6.3.2 Solution Using Hybrid Modulation with 2 Level and 0 Level  

Another hybrid modulation solution is to use 2 level and 0 level switching states in 

reactive power zones Z1 and Z3. The feature of this modulation is that, during 2 level and 

0 level switching states, the load current is not flowing through the FC. In other words, the 

FC is not used in 2 level and 0 level switching states. Therefore, the FC voltage is held 

constant in Z1 and Z3. The detailed modulation strategy is:  

In Z1, the inverter is switched between +2 level and 0 level. State A is used to generate 

+2 voltage level and state E is used to generate 0 voltage level since iout < 0. So, the 

switching states sequence in Z1 is (A, E, A, E). 

In Z3, the inverter is switched between -2 level and 0 level. State H is used to generate 

-2 voltage level while state D is to generate 0 voltage level since iout > 0. So, the switching 

states sequence in Z3 is (H, D, H, D). 

The diagram of hybrid modulation with 2 level and 0 level is shown in Fig. 6.3. 
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Fig. 6.3. Diagram of 2 level and 0 level hybrid modulation. 

As can be observed: in this case, in addition to the amplitude, the position of carrier 

signal in Z1 and Z3 is also changed. Since the inverter is switched between 2 level and 0 

level instead of 1 level and 0 level, the output current THD in Z1 and Z3 is increased. But 

for PV applications (PF > 0.9), the output current THD does not change too much. 

In addition, as compared with hybrid modulation with +1 level and -1 level, hybrid 

modulation with 2 level and 0 level can be used in full PF conditions since with 2 level and 

0 level modulation the inverter output voltage can be any voltage value from 0 to Vdc/2 in 

reactive power zones. Therefore, in this aspect, hybrid modulation with 2 level and 0 level 

is better than hybrid modulation with +1 level and -1 level. 

6.3.3 Solution Using Hybrid Modulation with +2 Level and -2 Level  

The third hybrid modulation solution is to use +2 level and -2 level switching states in 

reactive power zones Z1 and Z3. The feature for this modulation is that the FC is not used 
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during +2 level and -2 level switching states, leading to the constant FC voltage in Z1 and 

Z3, which is similar to hybrid modulation with 2 level and 0 level. 

There are no redundant switching states for +2 and -2 output levels, so in both Z1 and 

Z3 the switching states sequence is always (A, H, A, H), as shown in Fig. 6.4. 
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Fig. 6.4. Diagram of hybrid modulation +2 level and -2 level. 

As compared with hybrid modulation with +1 level and -1 level, and hybrid modulation 

with 2 level and 0 level, the dv/dt for hybrid modulation with +2 level and -2 level is 

increased from Vdc to 2Vdc. Consequently, its inductor current ripple in reactive power 

zones will be higher than that using the first two hybrid modulation techniques. In addition, 

in terms of keeping FC voltage constant in reactive power zones, it achieves the same 

performance as hybrid modulation with 2 level and 0 level. Therefore, it can be concluded 

that hybrid modulation with +2 level and -2 level is worse than hybrid modulation with 2 
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level and 0 level. Because of this, the hybrid modulation with +2 level and -2 level will not 

be evaluated in simulation and experimental sections. 

6.4 Simulation Verification  

To verify the effectiveness of proposed hybrid modulation methods, the simulation is 

carried out. To be consistent, the system parameters are the same as the ones used in 

Chapter 3, which are shown in Table 6.2.  

Table 6.2. System Parameters 

Power 1 kVA Grid voltage (RMS) 110 V @ 60 Hz 

DC-link voltage 400 V Output filter inductor 1.6 mH 

Flying capacitor 310 mF  Power factor 0.9 

DC-link capacitor 2000 mF Switching frequency 15 KHz 

To make a comparison, the simulation verification is done in three cases: (1) the PD-

PWM method which is used in Chapter 3; (2) hybrid modulation with +1 level and -1 level; 

and (3) hybrid modulation with 2 level and 0 level. 

6.4.1 Simulation Results Using PD-PWM Method  

Fig. 6.5 gives the simulation results using the PD-PWM method at PF = 0.9 (capacitive). 

Fig. 6.5 (a) shows the waveform of bridge voltage. Fig. 6.5 (b) shows the FC voltage. Fig. 

6.5 (c) shows the waveforms of output current and grid voltage. As can be observed, in the 

reactive power zones where output current and grid voltage are in the opposite direction, 

the inverter is switched between 1 and 0 voltage levels, and the FC voltage is not 

controllable and is always decreasing. The measured value of the FC voltage drop is 3V, 

which exceeds the FC switching frequency voltage ripples whose peak value is 1.5V so 

that the total peak-to-peak FC voltage ripple is increased to 4.5V. Fig. 6.5 (d) shows the 

measured output current THD which is 1.57%. 
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Fig. 6.5. Simulation results with PS-PWM method at PF = 0.9 (capacitive). (a) Output voltage. 

(b) FC voltage. (c) Grid voltage and inverter output current. (d) Output current spectrum. 
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6.4.2 Simulation Results Using Hybrid Modulation with +1 Level and -1 Level 

To make a comparison with the PD-PWM method, the simulation using hybrid 

modulation with +1 level and -1 level in the cases of PF = 0.9 (both capacitive and inductive) 

is carried out. Fig. 6.6 shows the simulation results in capacitive condition. In Fig. 6.6 (a), 

it is observed that the inverter is switched between +1 and -1 output levels when output 

current and grid voltage are in the opposite direction. In Fig. 6.6 (b), the FC voltage drops 

are still observed in reactive power zones. This is because, for example, in positive grid 

cycle, when inverter is switched between +1 level and -1 level, it needs to generate positive 

output voltage, so the duty cycle of +1 level switching state (state B: discharge FC) will be 

greater than that of -1 level switching state (state G: charge FC). Consequently, the FC 

discharging time is longer than its charging time, leading to the FC voltage drop. However, 

compared to PD-PWM method, the FC voltage drop is reduced from 3V to 0.7V which is 

within the FC switching frequency voltage ripples whose peak value is 1.5V. In Fig. 6.6 

(d), the measured output current THD increases a little bit which is 1.69%. 

Fig. 6.7 shows the simulation results using hybrid modulation with +1 level and -1 level 

in the case of (PF = 0.9, inductive). It is observed that the simulated results in both inductive 

and capacitive power factor cases are close to each other: the measured FC voltage drops 

in inductive power factor case is also 0.7V and the output current THD is also 1.69%. 

Based on the results in Fig. 6.6 and Fig. 6.7, it can be concluded that by using hybrid 

modulation with +1 level and -1 level, the FC voltage drop is reduced and less than the 

switching frequency FC voltage ripples. Consequently, the total FC voltage ripple is 

decreased and is the same as the conventional 8S-5L-ANPC inverter topologies. The 

effectiveness of hybrid modulation with +1 level and -1 level is verified. 
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Fig. 6.6. Simulation results using hybrid modulation with +1 level and -1 level at PF = 0.9 

(capacitive). (a) Output voltage. (b) FC voltage. (c) Grid voltage and inverter output current. 

(d) Output current spectrum. 
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Fig. 6.7. Simulation results using hybrid modulation with +1 level and -1 level at PF = 0.9 

(inductive). (a) Output voltage. (b) FC voltage. (c) Grid voltage and inverter output current. (d) 

Output current spectrum. 
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As discussed in Section 6.3.1, one limitation of hybrid modulation with +1 level and -1 

level is that it can only be used for high power factor conditions when modulation index M 

is high. For modulation index M = 0.775 which is used in the simulation and experiment, 

it can be calculated that this method can be used when PF > 0.76. So, another simulation 

verification at PF = 0.8 is done. The results are shown in Fig. 6.8 and Fig. 6.9. 

Fig. 6.8 shows the simulation results in capacitive condition. In this case, the FC voltage 

drop in reactive power zone is 1.5V, as shown in Fig. 6.8 (b), so the total peak-to-peak FC 

voltage ripple is still 3V. In Fig. 6.8 (d), the measured output current THD is 1.73%. 

Fig. 6.9 shows the simulation results in inductive condition. The measured FC voltage 

drop in reactive power zone is also 1.5V, as shown in Fig. 6.9 (b), and the total peak-to-

peak FC voltage ripple is 3V. The measured output current THD is the same as that in 

capacitive condition which is 1.73%, as shown in Fig. 6.9 (d). 
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Fig. 6.8. Simulation results using hybrid modulation with +1 level and -1 level at PF = 0.8 

(capacitive). (a) Output voltage. (b) FC voltage. (c) Grid voltage and inverter output current. 

(d) Output current spectrum. 
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Fig. 6.9. Simulation results using hybrid modulation with +1 level and -1 level at PF = 0.8 

(inductive). (a) Output voltage. (b) FC voltage. (c) Grid voltage and inverter output current. (d) 

Output current spectrum. 
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6.4.3 Simulation Results Using Hybrid Modulation with 2 Level and 0 Level 

This section shows the simulation results using hybrid modulation with 2 level and 0 

level in the cases of PF = 0.9 (both capacitive and inductive). Fig. 6.10 shows the results 

in capacitive condition. As shown in Fig. 6.10 (a), the inverter is now switched between 2 

and 0 output levels when output current and grid voltage are in the opposite direction. As 

mentioned in Section 6.3.2, during 2 level and 0 level switching states, the FC is not used. 

Therefore, in Fig. 6.10 (b), it is observed that the FC voltage is held constant in reactive 

power zones. In Fig. 6.10 (d), it is observed that the output current THD is improved a little 

bit (1.66%) as compared to hybrid modulation with +1 level and -1 level (1.69%). 

Fig. 6.11 shows the simulation results in inductive PF = 0.9 condition. Similarly, the FC 

voltage is a constant value in reactive power zones and the output current THD is the same 

as the value in PF = 0.9 (capacitive) case. 

Based on the simulation results in Fig. 6.10 and Fig. 6.11, similar conclusion can be 

drawn: by using hybrid modulation with 2 level and 0 level, the FC voltage drop in reactive 

power zones where the grid voltage and output current are in the opposite direction is 

eliminated (from 3V to 0V) as compared with that using the PD-PWM method. 

Consequently, the total FC voltage ripple is reduced. The effectiveness of hybrid 

modulation with 2 level and 0 level is verified.  
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Fig. 6.10. Simulation results using hybrid modulation with 2 level and 0 level at PF = 0.9 

(capacitive). (a) Output voltage. (b) FC voltage. (c) Grid voltage and inverter output current. 

(d) Output current spectrum. 
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Fig. 6.11. Simulation results using hybrid modulation with 2 level and 0 level at PF = 0.9 

(inductive). (a) Output voltage. (b) FC voltage. (c) Grid voltage and inverter output current. (d) 

Output current spectrum. 
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To demonstrate the advantage of hybrid modulation with 2 level and 0 level operating 

in low PF condition, the simulation in the cases of PF = 0.5 (both capacitive and inductive) 

are also carried out. The difference between PF = 0.5 and PF = 0.9 is: at PF = 0.5, the 

inverter also needs to generate the output voltage which is higher than Vdc/4 (400/4 = 100 

V) in reactive power zones; while at PF = 0.9, the peak value of output voltage in reactive 

power zones is less than Vdc/4.  

Fig. 6.12 shows the results in capacitive condition. In Fig. 6.12 (a), the inverter is 

generating 2 and 0 levels in reactive power zones. In Fig. 6.12 (b), the FC voltage is 

constant at 100V in reactive power zones. The output current THD is increased to 1.76% 

because the reactive power region is larger and the output current ripple in the reactive 

power zones is higher than that using PD-PWM method. 

Fig. 6.13 shows the results in inductive condition, which are close to the results 

capacitive condition. The output current THD in this case is also 1.76%. 

Based on the results in PF = 0.5, it is concluded that hybrid modulation with 2 level and 

0 level always keeps the FC voltage constant in reactive power zones so that the total FC 

voltage ripple is always equal to the switching frequency FC voltage ripple, which is the 

same as the conventional 8S-5L-ANPC inverter topologies. 
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Fig. 6.12. Simulation results using hybrid modulation with 2 level and 0 level at PF = 0.5 

(capacitive). (a) Output voltage. (b) FC voltage. (c) Grid voltage and inverter output current. 

(d) Output current spectrum. 
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Fig. 6.13. Simulation results using hybrid modulation with 2 level and 0 level at PF = 0.5 

(inductive). (a) Output voltage. (b) FC voltage. (c) Grid voltage and inverter output current. (d) 

Output current spectrum. 
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6.5 Experimental Results 

To verify the effectiveness of the proposed hybrid modulation strategies, a 1 kVA 

single-phase 6S-5L-ANPC inverter grid-connection experimental prototype is designed 

and tested. The specifications for experiment are identical to the ones used in simulation 

section, which are shown in Table 6.2. 

To obtain the consistency, the experimental verification is carried out in three cases: (1) 

the PD-PWM method which is used in Chapter 3; (2) hybrid modulation with +1 level and 

-1 level; and (3) hybrid modulation with 2 level and 0 level. 

6.5.1 Experimental Results Using PD-PWM Method 

Fig. 6.14 gives the experimental results using PD-PWM method at PF = 0.9 (capacitive). 

Same as the simulation results, the 6S-5L-ANPC inverter is generating 1 and 0 voltage 

levels when the output current and grid voltage are in the opposite direction. Additionally, 

the measured FC voltage drop in reactive power zones is 3V which is the same as the 

simulation result. The measured output current THD which is 1.6%. 
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Fig. 6.14. Experimental results using PD-PWM method at PF = 0.9 (capacitive): waveforms of 

output voltage (CH1), FC voltage (CH2), grid voltage (CH3) and output current (CH4). 

6.5.2 Experimental Results Using Hybrid Modulation with +1 Level and -1 Level 

The experimental verifications using hybrid modulation with +1 level and -1 level in 

the cases of PF = 0.9 (both capacitive and inductive) are carried out. The results are shown 

in Fig. 6.15 (capacitive condition) and Fig. 6.16 (inductive condition) respectively.  

In Fig. 6.15, it is observed that the inverter is switched between +1 and -1 voltage levels 

when output current and grid voltage are in the opposite direction. For the FC voltage 

waveform, it is observed that FC voltage ripple is reduced. The effectiveness of the 

proposed hybrid modulation method is verified. The measured output current THD is 1.7%, 

which is close to the simulation result. 
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Fig. 6.15. Experimental results using hybrid modulation with +1 level and -1 level at PF = 0.9 

(capacitive): waveforms of output voltage (CH1), FC voltage (CH2), grid voltage (CH3) and 

output current (CH4). 

Fig. 6.16 shows the experimental results at PF = 0.9 (inductive) condition. Similar to 

the experimental result in capacitive condition, the FC voltage ripples is decreased, and the 

measured output current THD is 1.7%. 

Based on the experimental results in Fig. 6.15 and Fig. 6.16, it is observed that both 

simulation and experimental results are close to each other. Therefore, the consistency 

between simulation and experiment is achieved. The effectiveness of hybrid modulation 

with +1 level and -1 level is verified. 
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Fig. 6.16. Experimental results using hybrid modulation with +1 level and -1 level at PF = 0.9 

(inductive): waveforms of output voltage (CH1), FC voltage (CH2), grid voltage (CH3) and 

output current (CH4). 

The experimental results using hybrid modulation with +1 level and -1 level in the cases 

of PF = 0.8 (both capacitive and inductive) are shown in Fig. 6.17 (capacitive condition) 

and Fig. 6.18 (inductive condition) respectively.  

In capacitive reactive power condition, as shown in Fig. 6.17, the measured peak-to-

peak FC voltage ripple is 3V which does not exceed the switching frequency FC voltage 

ripple. The measured output current THD is 1.76%, which is close to the simulation result. 
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Fig. 6.17. Experimental results using hybrid modulation with +1 level and -1 level at PF = 0.8 

(capacitive): waveforms of output voltage (CH1), FC voltage (CH2), grid voltage (CH3) and 

output current (CH4). 

Fig. 6.18 shows the experimental results at PF = 0.8 (inductive) condition. Similar to 

the experimental result in capacitive condition, the measured peak-to-peak FC voltage 

ripple is 3V, and the measured output current THD is 1.75%. 

Based on the experimental results in Fig. 6.17 and Fig. 6.18, it is observed that both 

simulation and experimental results are close to each other. Therefore, the consistency 

between simulation and experiment is achieved. The effectiveness of hybrid modulation 

with +1 level and -1 level is verified. 
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Fig. 6.18. Experimental results using hybrid modulation with +1 level and -1 level at PF = 0.8 

(inductive): waveforms of output voltage (CH1), FC voltage (CH2), grid voltage (CH3) and 

output current (CH4). 

6.5.3 Experimental Results Using Hybrid Modulation with 2 Level and 0 Level 

Fig. 6.19 shows the experimental results using hybrid modulation with 2 level and 0 

level in capacitive power factor (PF = 0.9) condition. From the waveform of the inverter 

output voltage, it is observed that the 6S-5L-ANPC inverter is now generating 2 and 0 

output levels when output current and grid voltage are in the opposite direction. And from 

the FC voltage waveform, it is observed that the FC voltage is a constant value in reactive 

power zones, which is consistent with the simulation results. The measured output current 

THD in this case is 1.68%. 
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Fig. 6.19. Experimental results using hybrid modulation with 2 level and 0 level at PF = 0.9 

(capacitive): waveforms of output voltage (CH1), FC voltage (CH2), grid voltage (CH3) and 

output current (CH4). 

 

Fig. 6.20 shows the experimental results using hybrid modulation with 2 level and 0 

level in inductive load power factor (PF = 0.9) condition. Similarly, the FC voltage is a 

constant value in reactive power zones and the output current THD also 1.68%. 

Similarly, from the experimental results in Fig. 6.19 and Fig. 6.20, it is observed that 

both simulated and experimental results are close to each other.  
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Fig. 6.20. Experimental results using hybrid modulation with 2 level and 0 level under reactive 

power operation (PF = 0.9, inductive): waveforms of inverter output voltage (CH1), FC voltage 

(CH2), grid voltage (CH3) and output current (CH4). 

To demonstrate the advantage of hybrid modulation with 2 level and 0 level operating 

in lower PF condition, the experiment in the cases of PF = 0.5 (both capacitive and 

inductive) are also carried out.  

Fig. 6.21 shows the results in capacitive condition. The phase shift between the output 

current and grid voltage is 60o. There is no FC voltage ripple/drop in reactive power zones. 

The measured output current THD is increased to 1.8% due to the increased current ripples 

in reactive power zones. 
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Fig. 6.21. Experimental results using hybrid modulation with 2 level and 0 level at PF = 0.5 

(capacitive): waveforms of output voltage (CH1), FC voltage (CH2), grid voltage (CH3) and 

output current (CH4). 

Fig. 6.22 shows the results in inductive power factor (PF = 0.5) condition. Similarly, 

there is no FC voltage ripple/drop in reactive power factor condition. The measured output 

current THD is also 1.8%. 

Based on the experimental results using hybrid modulation with 2 level and 0 level in 

both PF = 0.9 and PF = 0.5 conditions, it is concluded that the 6S-5L-ANPC inverter using 

hybrid modulation with 2 level and 0 level can operate at low PF condition with no FC 

voltage ripple in reactive power zones. 
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Fig. 6.22. Experimental results using hybrid modulation with 2 level and 0 level under reactive 

power operation (PF = 0.5, inductive): waveforms of inverter output voltage (CH1), FC voltage 

(CH2), grid voltage (CH3) and output current (CH4). 

6.6 Comparison among Three Hybrid Modulation Methods 

With the previous analysis and the simulation/experiment verifications, a 

comprehensive comparison among three hybrid modulation techniques is made. The 

results are shown in Table 6.3.  

In terms of output performance: among three modulation methods, hybrid modulation 

with +2 level and -2 level generates the highest output current THD due to the highest dv/dt. 

In addition, from the simulation and experimental results, it is observed that the output 

current THD by using hybrid modulation with 2 level and 0 level (1.66% in simulation and 

1.65% in experiment) is better than that using hybrid modulation with +1 level and -1 level 
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(1.69% in simulation and 1.7% in experiment). Therefore, among three methods, hybrid 

modulation with 2 level and 0 level achieves the lowest output current THD. 

Table 6.3. Comparison among Three Hybrid Modulation Methods 

Name of 

modulation 

method 

Hybrid modulation 

with 

+1 level and -1 level 

Hybrid modulation 

with 

2 level and 0 level 

Hybrid modulation 

with 

+2 level and -2 level 

Advantages 

Do not require 

accurate output 

current zero-crossing 

sensing capability 

No FC voltage ripple 

in reactive power 

zones 

No FC voltage ripple 

in reactive power 

zones 
Maximum power factor 

operating capability 
Low output current 

THD  

Maximum power factor 

operating capability 
Lowest output current 

THD among three 

methods 
 

Disadvantage 

Operating in high 

power factor 

condition 

Require accurate 

output current zero-

crossing sensing 

capability 

Highest output current 

THD among three 

methods Low FC voltage 

drop in reactive 

power zones 

 

In terms of FC voltage ripple/drop: from the analysis, it is concluded that, by using 

hybrid modulation with 2 level and 0 level and hybrid modulation with +2 level and -2 

level, the FC is not used during 2 level and 0 level switching states so that the FC voltage 

is a constant value in reactive power zones. However, for hybrid modulation with +1 level 

and -1 level, the FC charging state and discharging state are used alternatively in reactive 

power zones, resulting in the FC switching frequency voltage ripples and even FC voltage 

drop because the duty cycle of FC discharging state is higher than that of FC charging state. 

Nevertheless, the FC voltage drop is much less than that using PD-PWM method. In 

conclusion, in terms of FC voltage ripple/drop, hybrid modulation with 2 level and 0 level, 

and hybrid modulation with +2 level and -2 level are better. 
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In terms of reactive power capability: from Section 6.3.1, it is concluded that hybrid 

modulation with +1 level and -1 level cannot operate in low PF condition because the 

inverter switched between +1 level and -1 level cannot generate the output voltage higher 

than 1 level (Vdc/4). For hybrid modulation with 2 level and 0 level, and hybrid modulation 

with +2 level and -2, they can be used in any PF conditions. Therefore, in the aspect of 

reactive power capability, hybrid modulation with 2 level and 0 level, and hybrid 

modulation with +2 level and -2 level are better. 

In terms of the output current zero-crossing sensing capability: for hybrid modulation 

with +1 level and -1 level, the switching states used in the reactive power zones Z1 and Z3 

(state B and state G) have bi-directional current path (similar results for hybrid modulation 

with +2 level and -2 level); while for hybrid modulation with 2 level and 0 level, it uses 0 

level switching states D and E which only have unidirectional current path. Because of this, 

hybrid modulation with 2 level and 0 level will require more accurate zero-crossing sensing 

capability: only when the output current/grid voltage reaches its zero-crossing point can 

the hybrid modulation begin; but for hybrid modulation with +1 level and -1 level, and 

hybrid modulation with +2 level and -2 level, the hybrid modulation can start before the 

zero-crossing point. So, in the aspect of system safety, hybrid modulation with +1 level 

and -1 level, and hybrid modulation with +2 level and -2 level are better. 

With all the aspects considered, it can be concluded for hybrid modulation with 2 level 

and 0 level is the best choice due to the lowest output current THD, no FC voltage ripple 

in reactive power zones and maximum power factor operating capability, but it needs more 

accurate zero-crossing sensing capability. 
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6.7 Conclusion 

In this chapter, three different hybrid modulation methods for 6S-5L-ANPC are 

proposed to decrease or eliminate the FC voltage drop in reactive power zones: 1) hybrid 

modulation with +1 level and -1 level, 2) hybrid modulation with 2 level and 0 level, and 

3) hybrid modulation with +2 level and -2 level. First, the problem of using PD-PWM 

method for the 6S-5L-ANPC inverter in reactive power condition is discussed. Then the 

operation of three hybrid modulation methods is presented in detail. Simulation and 

experimental verifications of hybrid modulation with +1 level and -1 level at PF = 0.9 and 

hybrid modulation with 2 level and 0 level at PF = 0.9 and 0.5 are given. Based on the 

analysis and simulation/experimental results, a comprehensive comparison among three 

hybrid modulation methods in terms of output performance, FC voltage ripple/drop, 

reactive power capability and output current zero-crossing sensing capability is made. The 

comparison results show that hybrid modulation with 2 level and 0 level is the best choice 

due to the lowest output current THD, no FC voltage ripple in reactive power zones and 

maximum power factor operating capability. 
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Chapter 7 

Summary and Future Works  

7.1 Summary 

The five-level Active-Neutral-Point-Clamped (5L-ANPC) inverter combines the 

advantages of flying-capacitor (FC) type and neutral-point-clamped (NPC) type multi-

level inverters and is already commercially used for industrial applications. This thesis is 

working on reducing the number of active switches for 5L-ANPC inverter topologies. The 

thesis has four contributions: 

In Chapter 3, the 6-switch (6S) 5L-ANPC inverter topology is proposed. As compared 

with the conventional 8-switch (8S) 5L-ANPC inverter topologies, the 6S-5L-ANPC 

inverter reduces two active switches. In addition, from device voltage stress, device 

switching frequency and loss analysis, it can be concluded that the 6S-5L-ANPC inverter 

has the same or higher efficiency over the 8S-5L-ANPC inverter topologies in high power 

applications. The simulation and experimental results demonstrate the effectiveness of the 

6S-5L-ANPC inverter topology. 

In Chapter 4, the 7-switch (7S) 5L-ANPC inverter topology is proposed to solve the FC 

voltage drop problem of the 6S-5L-ANPC inverter operating in reactive power condition. 

By adding additional active switch, the 7S-5L-ANPC inverter can operate at maximum 

power factor conditions without FC voltage drop. The current stress analysis of the newly 

added switch T7 shows the T7 current stress for 7S-5L-ANPC operating in high power 

factor condition (PF > 0.9) is small. The simulation and experimental results demonstrate 

the effectiveness of the 7S-5L-ANPC inverter topology. 
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In Chapter 5, a new DC capacitor voltages balancing method for all 5L-ANPC inverter 

topologies is proposed. The existing DC capacitor voltages balancing method has double 

line-frequency (120 Hz) FC voltage ripple in steady state. To eliminate this double line-

frequency FC voltage ripple in steady state, the proposed DC capacitor voltages balancing 

method uses the average DC capacitor voltage to determine the FC reference voltage. The 

FC reference voltage is changed every half grid cycle. The analysis and 

simulation/experimental results show that the proposed method has better dynamic 

response and lower output current harmonic distortion in steady state over the existing 

method.  

In Chapter 6, three different hybrid modulation methods are proposed to decrease or 

eliminate the FC voltage drop of the 6S-5L-ANPC inverter operating in reactive power 

condition: (1) hybrid modulation with +1 level and -1 level, (2) hybrid modulation with 2 

level and 0 level, and (3) hybrid modulation with +2 level and -2 level. Three hybrid 

modulation methods can provide the FC charging path in reactive power zones. The results 

of comparison among three methods in terms of output current harmonic distortion, FC 

voltage ripple/drop, reactive power capability and output current zero-crossing sensing 

show that hybrid modulation with 2 level and 0 level is the best choice due to the lowest 

output current THD, no FC voltage ripple in reactive power zones and maximum power 

factor operating capability. 

7.2 Future Works 

This thesis mainly discusses the single-phase application of the 6S-5L-ANPC and the 

7S-5L-ANPC inverters and their corresponding modulation methods. Their performance 

in three-phase application has not been evaluated yet. 
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For three-phase application, the Space Vector Modulation (SVM) is commonly used as 

modulation method since it conveniently provides more flexibility (e.g. redundant 

switching state sequences and adjustable duty cycles) to optimize the switching 

waveforms. From the analysis of the 6S-5L-ANPC inverter, it is observed that there are 

limitations of selecting +1 and -1 voltage level switching state: when output current iout > 

0, state F which generates -1 voltage level cannot be used; when output current iout < 0, 

state C which generates +1 voltage level cannot be used. Therefore, when synthesizing the 

reference vector, attention should be paid to the selection of space vectors. A special SVM 

modulation strategy should be designed for the 6S-5L-ANPC inverter. 

There is literature published about how to balance the DC-link capacitor voltage using 

SVM strategy. However, due to the particularity of the 6S-5L-ANPC inverter topology, 

these techniques might not work for the 6S-5L-ANPC inverter. Therefore, potential 

research can be done regarding the DC-link capacitor voltage balancing method using 

SVM for the 6S-5L-ANPC inverter. 

In Chapter 5, the DC capacitor voltages balancing method using Phase-Disposition (PD) 

PWM modulation method is proposed. The DC capacitor voltage balancing principle is by 

changing the FC reference voltage to change the DC capacitor voltages. For Phase-Shifted 

(PS) PWM modulation, changing the FC reference voltage can be achieved by changing 

the duty cycles of redundant 1 voltage level switching states. Therefore, potential research 

can be done on the PS-PWM modulation. In addition, evaluation of the proposed DC 

capacitor voltages balancing method used in three-phase 5L-ANPC inverters is another 

future work.  
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