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Abstract 

The main focus of my PhD is to investigate and explore more efficient, reduced switching devices count 

four-level π-type converter topologies for low voltage applications (Vdc<600V). This thesis presents the 

work on four-level π-type converters during my PhD period. Average analytical mathematical models 

for analyzing the device power loss and the efficiency of the four-level π-type converter topology have 

been established. It has been found out that with the same input power level and the same dc input 

voltage, the four-level π-type converter can provide higher efficiency when switching frequencies are 

above 5 kHz compared to two-level and three-level converters due to lower switching losses.  

In order to resolve dc-link neutral points (NP) voltages unbalancing issues of neutral points clamped 

(NPC) multilevel converters, a carrier-based modulation (CB-PWM) NPs’ voltages balancing control 

with optimum zero-sequence signals injection for the four-level π-type converter has been investigated. 

Simulations and 300V dc input voltage experimental results proved that with a back-to-back 

configuration, the proposed control method is able to balance the three dc-link capacitors’ voltages even 

at high modulation indices and high-power-factor conditions.  

For the purpose to make the four-level π-type converter topology work as a single-end converter 

(inverter or rectifier) with balanced dc-link capacitors’ voltages, a modified topology based on the 

original four-level π-type converter has been developed and analyzed. This new topology is named as 

the hybrid-clamped four-level π-type converter with one more flying capacitor (FC) as well as two 

additional switching devices. With such layout modification, more redundant switching states can be 

generated to regulate neutral path currents. Therefore, the hybrid clamped four-level π-type converter 

does not have modulation index or power factor limitations when operating as a single-end converter. 
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List of symbols 

Chapter 2 

Symbol Description Units 

a, b, c switching energy curve fitting parameters - 

Esw_ins Switching device switching energy J 

fsw IGBT switching frequency Hz 

ic IGBT switching current A 

iC DC-link capacitor current A 

irr Diode reverse recovery current A 

J Energy on the dc-link capacitor J 

Pcon Average conduction loss W 

Pcon_ins Instantaneous conduction loss W 

Pon Switching device turn-on loss W 

Poff Switching device turn-off loss W 

Prr Diode reverse recovery loss W 

Psw Average switching loss W 

Psw_ins Instantaneous switching loss W 

Qrr Diode reverse recovery charge C 

t1 IGBT switching current rising time during turn-on transient  s 

t2 IGBT switching voltage falling time during turn-on transient  s 

t3 IGBT switching voltage rising time during turn-off transient  s 

t4 IGBT switching current falling time during turn-off transient  s 

trr Diode reverse recovery time s 

T0-T7 Dwell time for zero vectors V0, V7 and active vectors V1-V6 s 

Ts Switching period s 

Vbase Switching device blocking voltage on the datasheet V 

Vα , Vβ alpha-beta variables on alpha-beta frame V 
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Van , Vbn, Vcn A,B,C phase variables on A, B, C frame V 

Vdc dc-link input voltage  V 

Vref Reference vector for SVM V 

Vsw IGBT blocking or switching voltage V 

α Vref location angle on the αβ plane rad 

Δvc Difference between the ideal dc-link capacitor voltage and the 

actual dc-link capacitor voltage 

V 

ΔT Pre-defined pulse width in power loss simulation model 1/s 

 

Chapter 3 

Symbol Description Units 

Li(t) Level function - 

m Modulation index - 

Ti(t) Modified modulation index - 

ui(t) Modulation wave - 

Vdc Total dc-link voltage  V 

Vparasitic Voltage overshoot during switching transient induced by parasitic 

components in the circuit 

V 

𝜔 Fundamental frequency rad/s 

 

 

 

 

 

 

 

 

 

 



3 

 

Chapter 4 

Symbol Description Units 

A0, B0, C0 Parameters of relationship between the switching energy and the 

device current 

- 

Eoff IGBT turn-off energy J 

Eon IGBT turn-on energy J 

Err Diode reverse recovery energy  J 

Esw_ins Instantaneous switching energy J 

Esw Average switching energy over one fundamental cycle J 

fs Carrier frequency/switching frequency Hz 

ic Device conduction current A 

ICM Load current peak value A 

k IGBT conduction duty cycle - 

Pcon_ins Instantaneous conduction power loss W 

Pcon_T Average IGBT conduction loss W 

Pcon_D Average anti-parallel diode conduction loss W 

Psw Average switching power loss W 

r0D Diode equivalent turn-on resistance Ω 

r0T IGBT equivalent turn-on resistance Ω 

Td Deadtime s 

To Fundamental period Hz 

Ts Switching period s 

vCE Switching device forward conduction voltage V 

vp Converter output phase voltage fundamental component V 

Vbase Reference switching voltage V 

VCE0 Equivalent IGBT on-state threshold voltage  V 

VF0 Equivalent diode on-state threshold voltage  V 

VGE IGBT gate driver voltage V 

Vsw Actual switching voltage V 
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ΔVd Decay on the output voltage  V 

φ Power factor angle rad 

θ2, θ1 Integration boundaries  rad 

 

Chapter 5 

Symbol Description Units 

c(t) Zero-sequence components - 

iai , ibi , ici Inverter three-phase output currents A 

iar , ibr , icr Rectifier three-phase ac currents A 

iC1, iC2 , iC3 DC-link capacitor currents A 

𝑖�̅�2_𝑟 , 𝑖�̅�1_𝑟 Average rectifier neutral path currents A 

IN1_i , iN2_i Inverter neutral path currents A 

IN1_r , iN2_r Rectifier neutral path currents A 

𝑖�̅�2_𝑖, 𝑖�̅�1_𝑖 Average inverter neutral path currents A 

Ii Inverter output current peak value A 

Ir Rectifier ac current peak value A 

KaN1_i , KbN1_i , KcN1_i Duty cycles of inverter three-phase currents contribute to neutral 

path currents flows through N1 

- 

KaN2_i , KbN2_i , KcN2_i Duty cycles of inverter three-phase currents contribute to neutral 

path currents flows through N2 

- 

KaN1_r , KbN1_r , KcN1_r Duty cycles of rectifier three-phase currents contribute to neutral 

path currents flows through N1 

- 

KaN2_r , KbN2_r , KcN2_r Duty cycles of rectifier three-phase currents contribute to neutral 

path currents flows through N2 

- 

mi Inverter modulation index - 

mr Rectifier modulation index - 

Pr, Pi Active power of the rectifier and inverter  W 

u*
max , u

*
min Maximum and minimum values of the three-phase sinusoidal 

fundamental components 

- 
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ui(t) Modified final modulation waveforms - 

ui
*(t) Original sinusoidal fundamental waveforms - 

vCj Actual measured voltage of the dc-link capacitor V 

Vrp, Vip Peak phase voltages of the rectifier and inverter V 

𝜑i Inverter output power factor angle rad 

𝜑r Rectifier ac-side power factor angle rad 

 

Chapter 6 

Symbol Description Units 

Cfc FC capacitance value F 

d Duty cycle when the current flowing through neutral points - 

dfc Duty cycle of the switching period that current flows through FC - 

dfc_p Proportion of the switching period where the current flowing 

through the flying capacitor causes the maximum FC voltage ripple 

- 

gp coefficient which represents the corresponding value of the unity 

load current trigonometric function sin(𝜔ot+𝜑) when the maximum 

FC voltage ripple occurs 

- 

Io Converter output current A 

k Values determine which NP the current should flow through - 

Vtol Voltage error tolerance range for the FC voltage V 

Vp Single-phase output phase voltage V 

∆Vfc Variation of the FC voltage  V 

∆Vfc_p Peak voltage ripple on FC V 
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1 Introduction 

1.1 Why multilevel converters and background 

Since the invention of semiconductor devices, power electronics has become the core technology in the 

industry to manipulate the electrical power [1][2][3]. Semiconductor devices make the electronics 

controllable power supply system available, which is helpful for the automatic control system 

development in the industry [4]. Meanwhile, with the popularization of the power electronics system, 

the demand of power electronics in the low-voltage applications market (nominal line voltage up to 

690V under the IEC standard, or 575 V under the ANSI standard) [5] includes commercial use area as 

well as civil use area have increased [6]. These applications include the renewable energy generation 

such as wind turbines and photovoltaic (PV) energy systems [7][8][9][10], the electric vehicle (EV) 

drive system [11], electric train traction, more electric ship propulsion systems and more electric aircraft 

systems[4][8][12]. All these low voltage applications require compact system volume as well as lighter 

system weight. 

All these applications areas require high power density power converter systems. Which means under 

the same power level requirement, the total converter volume and the system weight are the important 

factors which should be considered. This creates a challenge for the power electronics system 

development. Meanwhile, the traditional two-level converter is still the standard industry solution for 

low-voltage and medium voltage applications. The efficiency of this topology restricted by the high 

switching losses at high switching frequencies can be deemed as the main drawback of this topology 

[2][13][14]. However, it has the simple structure and the simple modulation scheme which is still 

preferred in most industries and companies. Engineers faced in two ways. The first way is to employ or 

develop semiconductors with high current ratings in order to increase the power rating of traditional 

two-level converter topologies. Alternatively, advanced SiC and GaN devices with high switching speed 

are currently under development and can be employed to reduce the switching losses [15][16][17]. Even 

though, their cost is still very high which will increase the total expense of the whole system. The second 

way is to use and develop advanced multilevel converter topologies based on conventional low power 
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rating semiconductors [18][19]. A multilevel converter is able to provide an ac output voltage waveform 

with multiple steps, synthesize the staircase output voltage waveform in order to follow the sinusoidal 

modulation waveform [20]. Multilevel converters are normally employed for high voltage applications 

(>33kV) and medium-voltage applications(3-33kV) [21][22], as they allow working at the high dc-link 

voltage levels due to the shared voltage drop on each device on the series interconnection of the devices. 

Therefore, compare to the traditional two-level converter, they provide a series of advantages as follow. 

1) Lower output harmonic content [23][24]. The higher output voltage levels, the closer sinusoidal 

output waveforms. Which means at the same switching frequency, the output harmonic content is less 

than that of the two-level converter and three-level converters. It can provide a higher power quality at 

the ac side and reduce the output filter size. 

2) Lower voltage stress [22]. With the same dc-link voltage, the higher output voltage level, the lower 

switching voltage on each switching device. Consequently, device dv/dt is lower. This feature can make 

the multilevel converter be able to employ lower voltage ratings switching devices with lower price, 

which can save the total cost of the converter system. 

3) Lower switching losses [25][26]. With the same dc-link voltage level, due to the lower switching 

voltage on switching devices, switching losses can be kept low. The converter efficiency drops less with 

the switching frequency increasing [27]. Meanwhile, in order to keep the equivalent output harmonics, 

the switching frequency of the converter can be set as a lower value compares to a two-level or three-

level converter. This feature can also reduce switching losses. Both aspects increase the converter output 

efficiency and shrink the heatsink size.  

Therefore, the multilevel converter has the ability to be used in low voltage applications as well. 

Even multilevel converters have advantages mentioned above, however, they do possess some 

drawbacks. For example, each phase-leg will have greater number of switching devices, which will 

increase the total converter system complexity regarding the circuit configuration as well as the control 

strategy. And this phenomenon becomes more obvious with output voltage levels increase [28]. 

Therefore, a multilevel converter topology with reduced complexity but without losing original 

advantages is required.  

Currently, three main types of multilevel converters are generally used in the industry: cascaded H-
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bridge converters, flying capacitor (FC) converters and neutral point clamped (NPC) converters [18] 

[19][29][30]. Among which the NPC converter does not require numbers of FCs or separated dc voltage 

supplies compares to the other two types multilevel converters. Therefore, the NPC converter can have 

the smaller total size with the same output voltage levels. It then can be the best candidate among these 

three types of multilevel converters. According to the derivation principle of reduced-devices-count 

multilevel converters [18][31][32][33][34], an active NPC four-level π-type converter (in the rest part 

of this thesis, it will be called as the four-level π-type converter for short) was introduced. This converter 

topology has only six active switching devices (IGBT or MOSFET) in each phase leg [20][35][36]. 

Compares to other traditional four-level or even five-level NPC converters, no clamping diodes in the 

phase-leg configuration. The configuration characteristic shows this topology has less total switching 

devices count compare to other four-level converters or even higher-level converters, which simplifies 

the converter configuration, reduces the total conduction loss. Meanwhile, compares to three-level 

converters as well as two-level converters, it has advantages such as lower switching voltages and lower 

harmonics. All these make the four-level π-type converter suitable for low-voltage applications. So far, 

there are no comprehensive topology characteristic and performance analysis as well as control strategy 

design for this converter topology. Among which, the power loss analysis based on effective converter 

power loss models require to be developed in order to quantitatively evaluate the loss distribution as 

well as the efficiency of the π-type converter against the traditional two-level converter and other 

popular low voltage applications multilevel converters. 

One big challenging issue for the four-level π-type converter is to resolve the dc-link capacitors’ 

voltages/neutral point (NP) voltages unbalancing problem as other NPC multilevel converters have  

[28][37][38][39][40][41][42]. The unbalancing of the dc-link capacitors votlages can cause couple of 

issues such as the unwanted higher switching votlage, the higher output harmonics, which may affect 

the system stability and reilability. Among various dc-link NP voltages regulation methods, the active 

NP voltage control methods based on advanced modulation strategies are still most popular technical 

approaches, and have been researched in [26][37][38][40][41][42][43][44][45][46] 

[47][48][49][50][51].  

One method is to use control methods based on a virtual vector PWM (VV PWM) [26][47][48][49]. 

This method can guarantee the dc-link NP voltage balancing with passive front-ends for any voltage 
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level converters with any power factors and modulation indices. However, the main disadvantage of 

this method is the switching pattern of each phase-leg within every switching period involves more than 

two output voltage levels. It consequently increases the total number of switching actions in each 

switching period, which eventually increases the total switching loss as well as the output harmonics.  

Another method is more popular which uses the conventional nearest-three-vectors PWM (NTV PWM) 

in order to balance the dc-link NP voltage, optimize the switching loss and the total harmonic distortion 

(THD) at the mean time [28][41][42][46][50][51]. In this case, there are only two voltage levels 

involved in each switching period and only two switching actions are within each switching period. 

This NTV PWM based control method can also be realized with a CB-PWM implementation with 

appropriate zero-sequence signals injection to the original sinusoidal modulation signal for each phase 

[24][36][40][44][45][52][53][54][55]. Compares to the VV PWM based control method above, the CB-

PWM implementation of this method is relatively easy to implement. The main disadvantage of this 

control method is it cannot guarantee the dc-link capacitor voltage balancing at high modulation indices 

and high power factors, if only the single-end inverter or rectifier is employed [41][42][46][50][51]. 

This issue can be resolved with a symmetrical back-to-back configuration [24][36] [40][41][42][46][51].  

Experimental verifications on NTV PWM based dc-link NP voltage balance control exist for some other 

specific topologies. Experimental verifications based on a back-to-back five-level NPC converter by 

the NTV PWM method have been published in [41][42][46]. [24][40] present the case study based on 

the method by manipulating power angles on both the rectifier side and the inverter side with offline 

modulation wave calculation. Therefore, an appropriate analysis and implementation for the dc-link NP 

voltage balancing control of the four-level π-type converter is required. Appropriate experimental 

verification for control strategy implementation for the four-level π-type converter is also required. 
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1.2 Research objectives 

The primary target of the research work for this PhD thesis is the theoretical investigation and 

experimental implementation on a four-level π-type converter under the low voltage condition. As it is 

designed for low voltage applications such as renewable energy boat, electric aircraft, electric vehicle, 

or photovoltaic system, therefore, some specifications for the research should be briefly listed.  

o The whole system volume should be kept small. As the main space occupying components are 

the converter ac-side filter, therefore, it should employ small output filter to realize the same 

output harmonics or employ the same size output filter to realize the smaller output harmonics 

compares to the two-level and three-level converters under the same input voltage and power 

condition. 

o High and stable efficiency with the change of the switching frequency in order to make the 

system has higher power density for the applications such as electric car, renewable energy boat, 

or electric aircraft. Given the small switching voltage on the four-level π-type converter 

compares to the two-level and three-level converters, it has the less switching loss. System 

efficiency should be kept high and drops as minimum as possible with the increase of the 

switching frequency. This feature should be better than that of the two-level converters and 

three-level converters. 

o Appropriate control strategy needs to be developed and implemented in order to eliminate the 

dc-link NP voltage unbalance issue.  

Therefore, according to the system specification, the primary research target can be expanded to several 

sub-objectives as follows. 

➢ As no cascaded cells are required in the phase-leg layout, meanwhile, over three output voltage 

levels are still required, therefore, compares to the three-level T-type converter or even two-level 

converter, the overall NO. of the switching devices of each phase-leg increases. It is required to 

investigate the structure characteristic of the four-level π-type converter, and compare with the 

other popular NPC multilevel converters in order to prove its advantage on output filter size 

selection and switching device selection.  

➢ As for the low voltage applications such as renewable energy boat or electric vehicle, high power 

density is required. Therefore, it is required to use mathematical method to investigate the power 
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loss distribution as well as total efficiency to prove its advantage on lower switching losses based 

on the same power input and load conditions. Relevant experimental works will be needed to prove 

this investigation. 

➢ As the intrinsic unbalancing issue on the dc-link NP voltages of NPC multilevel converter, 

investigations on the dc-link NP voltage unbalancing situation of the four-level π-type converter 

should be investigated. After that, appropriate NP voltage balancing control strategy should be 

developed and implemented on it. Theoretically or experimentally summarize the control 

applicable region for the back-to-back four-level π-type converter.  

➢ If possible, try to find the NP voltage balancing solution in order to make the four-level π-type 

converter be able to work as the single-end converter without the restriction.  

1.3 Thesis layout 

This thesis is separated into 7 chapters. Except for the chapter 1 introduction part, the remaining 6 

chapters in the following cover the key aspects of the work. 

Chapter 2 

Literature review on the popular NPC multilevel converter topologies, the various sorts of converter 

power loss analysis methods, and the development review of the dc-link NP voltages balancing control. 

Chapter 3 

The four-level π-type converter topology configuration introduction. Its phase-leg layout characteristic 

is presented based on the each switching device selection, modulation scheme introduction, and the 

voltage rating selection on each switching device. Comparison with the other popular topology which 

includes two-level converter, three-level diode NPC converter, three-level T-type converter. 

Chapter 4 

Analytical average power loss models of the four-level π-type converter have been analyzed. Depending 

on the modulation index, the analytical average loss model on each individual switching device has 

been separately analyzed. The three-phase converter operation efficiency has been verified by 

simulations as well as experiments. The efficiency measurement experiments of a traditional two-level 

converter have been taken in order to provide the intuitive comparison with the four-level π-type 

converter.  
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Chapter 5 

A NP voltage balancing control method for the four-level π-type converter based on NTV PWM has 

been analyzed. This control scheme has been implemented with an NTV PWM equivalent level shift 

CB-PWM with the dynamic optimum zero-sequence signals injections in order to simplify the control 

algorithm and provide the NP voltage balancing function at the meantime. A back-to-back configuration 

is used to realize the high modulation index operation when both sides are in the unity power factor 

conditions. The fully controllable region for the back-to-back system when both sides in the unity power 

factor has been verified by simulations as well as experiments. 

Chapter 6 

A hybrid-clamped four-level π-type converter based on the original four-level π-type converter has been 

proposed. This new topology is able to operate at high modulation index and high power factor 

conductions as a single-end inverter or rectifier. It improved the operation limit of the original four-

level π-type converter. Due to the FC includes in each phase-leg, one important feature of this topology 

is able to operate with the single phase-leg structure. Simulation and experimental results verified the 

proposed topology and the control scheme. 

Chapter 7 

Conclusions based on the work presented in this thesis and recommendations of the additional work 

which could further develop and improve the ideas proposed and presented in this thesis 
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2 Literature review 

2.1 Multilevel converter topologies review 

This section presents main kinds of multilevel converter topologies. Generally, there are three basic 

kinds of multilevel converter topologies employed in the industry and the commercial areas: NPC 

converters, FC converters, and cascaded H-bridge converters. 

2.1.1 Cascaded H-bridge converter 

A cascaded H-bridge converter is based on couples of H-bridge converter cells connected in series with 

several individual dc voltage sources [30]. Each H-bridge cell in this converter topology is a H-bridge 

converter which consists of four switching devices, and is supplied by separate dc power supplies. The 

output voltage level of the H-bridge cascaded converter increases with the increase of the cell number. 

Due to its highly scalable and modularized features, it is a good candidate for high voltage applications.  

which is widely used in the industry.  

 

Figure 2.1 Phase-leg structure of a five-level cascaded H-bridge converter 

Fig.2.1 presents the phase-leg structure of a five-level cascaded H-bridge inverter [30]. This topology 

is able to output 5 voltage levels at the ac side. And due to each H-bridge cell is supplied by the 

individual dc voltage supply with the same voltage value, this kind of cascaded H-bridge converter is 

T2a T4a

T1a T3a

E

T3b

T4b

T1b

T2b

E
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also known as the symmetrical cascaded H-bridge converter [8]. A symmetrical cascaded H-bridge 

converter is able to produce 2N+1 output voltage level with N H-bridge cells connected in series. 

 

Figure 2.2 Phase-leg structure of the asymmetrical seven-level cascaded H-bridge converters 

Fig.2.2 presents an asymmetrical 7-level cascaded H-bridge converter phase-leg configuration [30]. It 

can be found out that structure is similar to that of the symmetrical 5-level cascaded H-bridge converter 

as shown in Fig.2.1. The difference is the top H-bridge cell of the asymmetrical 7-level cascaded H-

bridge converter is supplied twice the dc voltage than that of the bottom H-bridge cell. With such 

configuration, the asymmetrical H-bridge converter is able to generate more output voltage levels which 

is exponential to the H-bridge cells number N. An asymmetrical cascaded H-bridge converter with N 

H-bridge cells is able to generate 2(𝑁+1) − 1 output voltage levels with dc voltage supplies varying in 

multiple of constant 2 like: E, 2E, 4E,… 2
(N+1)

E [56]. Meanwhile, due to different H-bridge cells are 

supplied by different dc voltages, switching devices in different cells have different voltage stress as 

well as the switching losses.  

Consequently, the advantages and disadvantages of the cascaded H-bridge converter can be summarized 

as follow. 

Advantages 

• Cascaded H-bridge converter has highly modularity feature due to the repeatability connection 

of each H-bridge cell. Therefore, the cost as well as the complexity to build any desired voltage 

level converter are relatively lower than the other multilevel converters which requires 

T2a T4a

T1a T3a

2E

T3b

T4b

T1b

T2b

E
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customization such as NPC converters or FC converters. This feature makes it be popular in 

high voltage and high power industries. And this feature makes it allow easy manufacturing 

and packaging. 

Disadvantages 

• As each H-bridge cell requires isolated dc voltage source, therefore, this topology is not suitable 

for low voltage applications such as EV, more electric aircraft where the converter size and 

weight are main concerns. 

Reliability 

• Block voltage rating on switching devices: With the same input voltage level, compare to the 

two-level converter, the H-bridge cascaded converters with more than three voltage levels at 

output voltage definitely have less block voltage rating. It means if using the same type of the 

switching devices, the actual block voltage of the switching devices of the H-bridge cascaded 

converter is less, which will reduce the risk of overvoltage shoot through due to the parasitic 

inductance [57][58].  

• Fault tolerance: Assume the fault occurs at the specific switching devices. For the H-bridge 

cascaded converter, if the faulty devices in the system with redundant H-bridge cells standing 

by, then the redundant cell can take over the faulty cell to maintain the whole system continue 

working as normal. If the faulty devices in the system without redundant H-bridge cells, and 

the other cells are still in healthy condition, the whole system will continue the operation but 

loss the symmetrical operation condition and the total output voltage level will be affected [57]. 

On the opposite, the two-level converter will immediately shut down if any fault occurs on the 

switching devices. 

Output harmonics  

• Similar to the other multilevel converters, the output harmonic content of the H-bridge cascaded 

converter is mainly depending on the actual converter voltage levels. If the modulation method 

is the same, higher the output voltage levels, less the output harmonics. Meanwhile, types of 

the modulation methods will affect the final output THD [59][60]. Generally, the level-shifted 

CB-PWM equivalent modulation method will have less output THD compares to the one with 

the phase-shifted CB-PWM equivalent modulation method [59][60]. Compares to the 
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traditional two-level converter, if the ac-side filters are the same, the H-bridge cascaded 

converter definitely shows better output THD [60].  

2.1.2 Flying capacitor (FC) converter 

The FC converter is first proposed in [61]–[63] by T.A. Meynard. It is a kind of multilevel converter 

topology using one or several floating capacitors inside the structure to realize the more output voltage 

levels [64][65][66]. It can be derived from the general converter circuit topology [18][29][31][65] 

[67][68]. FC multilevel converters can also be deemed as the substitution of the NPC multilevel 

converters by using FCs to generate more output voltage levels instead of using clamping diode or 

switching devices as the NPC converters do [69]. Generally, in order to correctly operate the FC 

converter, FCs voltages have to be well regulated in order to limit the voltage stress on each switching 

device during each commutation stage [69]. The FC in the phase-leg is generally a fast charging and 

discharging capacitors and generally within one switching period, its charging and discharging should 

be kept constant in order to maintain the voltage balance [18].  

                

                     (a)                                      (b)   

Figure 2.3 Phase-leg structures of (a) three-level FC converter (b) four-level FC converter 

Fig.2.3 presents phase-leg structures of the three-level FC converter and the four-level FC converter 

[64][65][66][69]. For the three-level FC converter as shown in Fig.2.3 (a), in order to successfully make 
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the converter work, the FC voltage has to be well maintained at ½ of the total dc-link voltage. Table II.I 

shows switching states and their corresponding output voltage levels for the three-level FC converter. 

It can be found out that if output voltage equals to E, there are two different available switching states. 

These two switching states which produce the same output voltage levels are called redundant switching 

states [62] [67]. For the three-level FC converter, these two redundant switching states provide the 

possibility to control the FC voltage. This feature makes FC converters have the ability to operate as 

the single-phase configuration. 

TABLE II.I. SWITCHING STATES AND OUTPUT VOLTAGE LEVELS FOR THE THREE-LEVEL FC CONVERTER 

            Device             

Voltage-level   
T1 T2 T3 T4 

2E ON ON OFF OFF 

E ON OFF ON OFF 

E OFF ON OFF ON 

0 OFF OFF ON ON 

For the four-level FC converter as shown in Fig.2.3 (b), in order to successfully make the converter 

work, two FCs voltages have to be well controlled at 2/3 and 1/3 of the total dc-link voltage, respectively. 

Table II.II shows switching states and their corresponding output voltage levels for the four-level FC 

converter. It can be found out for inner output voltage levels 2E and E, there are three redundant 

switching states for each of them. 

Therefore, with the increase level of the FC converter, more redundant switching states are existing for 

inner output voltage levels. And they improve the FC voltage control ability. However, the higher the 

voltage level, the more number of the FCs, which will increase the converter size significantly. 
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TABLE II.II. SWITCHING STATES AND OUTPUT VOLTAGE LEVELS FOR THE FOUR-LEVEL FC CONVERTER 

            Device             

Voltage-level   
T1 T2 T3 T4 T5 T6 

3E ON ON ON OFF OFF OFF 

2E OFF ON ON ON OFF OFF 

2E ON OFF ON OFF ON OFF 

2E ON ON OFF OFF OFF ON 

E OFF OFF ON ON ON OFF 

E ON OFF OFF OFF ON ON 

E OFF ON OFF ON OFF ON 

0 OFF OFF OFF ON ON ON 

 

Therefore, the advantages and drawback of the FC converter can be summarized as follow. 

Advantages:  

• No NPs in the dc-link, therefore, no dc-link NP voltage drift problem. It prevents the additional 

complex dc-link capacitor voltage balancing solution requirement. 

• Compares to the cascaded H-bridge converter, there is only one dc-link bus. Therefore, only 

one dc voltage supply is required. Hence, it reduces the total system cost and size. 

• More redundant switching states for inner voltage levels, which provide more choices for FC 

voltages control. 

• Single-phase operation ability. 

Disadvantages 

• Except for the dc-link capacitor, additional FCs are required in order to generate desired voltage 

level. The required number of the additional FC increases with the output voltage increases. It 

increases the total system size and cost. 

• Each FC requires the individual voltage sensor in order to monitor and feedback the correct 

signal to the control loop. With the increase of the output voltage levels, the cost of the extra 

voltage sensors will be dominant. 
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• Appropriate initial FC voltage charging up solution has to be provided in order to reduce the 

converter system start up shock. It will increase the whole system complexity to some extent. 

• Different types of FC converters require the different circuit design. Therefore, the FC converter 

lacks of the modularity feature with respect to the industry applications.  

Reliability 

• Block voltage rating on switching devices: With the same input voltage level, compare to the 

two-level converters, the FC converters with more than two voltage levels at output voltage 

definitely have less block voltage rating. It is similar to the other multilevel converters, if using 

the same type of the switching devices, the actual block voltage of the switching devices of the 

FC converter is less, which will reduce the risk of overvoltage shoot through due to the parasitic 

inductance in the circuit [58].  

• Fault tolerance: Assume the fault occurs at the specific switching devices. For the FC converter, 

if the faulty devices occur in the system, and the other switching devices are still in healthy 

condition, the whole system will continue the operation but loss the symmetrical operation 

condition and the total output voltage level will be affected [58]. Apart from that, the advanced 

protection control system can also adjust the FC voltage level in order to recover the system to 

the normal operation condition [70]. On the opposite, the two-level converter will immediately 

shut down if any fault occurs on the switching devices. 

Output harmonics  

• Similar to the other multilevel converters such as the H-bridge cascaded converter, the output 

THD of the FC converter is mainly depending on the actual converter voltage levels. And if the 

modulation method is the same, higher the output voltage levels, less the output harmonics. 

Meanwhile, types of the modulation method will affect the final output THD [71]. Generally, 

the level-shifted CB-PWM equivalent modulation method will have less output THD compares 

to the one with the phase-shifted CB-PWM equivalent modulation method [71]. Compares to 

the traditional two-level converter, if the ac-side filters are the same, the FC converter definitely 

shows better output THD [60].  
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2.1.3 Neutral point clamped (NPC) converter 

Compares to the FC converter, the NPC converter uses neutral paths by switching devices to generate 

more output voltage levels rather than FCs. As indicated in the name, the dc-link of the NPC converter 

has been split into several sections by NPs. Each neural point connects to the converter phase-leg output 

by using one or several switching devices [1], [30], [72]–[74][75]. The concept of the n-level NPC 

converter is shown in Fig.2.4. With such structure, the converter is able to generate multilevel output 

voltages. If n-level output phase voltage is required, there are n-2 NPs at the dc-link. And for multiphase 

converter, all phases share the same dc-link neural points. 

 

Figure 2.4 Concept of the n-level NPC converter 

NPC converters can generate the multiple voltage levels at the ac side passively through a set of series-

connected capacitors. Generally, there is no cascaded cells in the phase-leg, which makes its structure 

more simplicity compares to the cascaded H-bridge converter. Meanwhile, there are no connected FCs 

in the phase-leg, which makes its volume more smaller compares to the FC converter [32], [72].  

Fig.2.5 shows the phase-leg of a three-level diode NPC converter [76], which is introduced by A. Nabae, 

I. Takahashi and H. Akagi in 1981. The output of phase-leg and the dc-link NP is connected through 

two neutral paths by D5 and D6. The corresponding switching states and output voltage levels for the 

three-level diode NPC converter is summarized in Table II.III. Unlike the two redundant switching 

states at output voltage E for the three-level FC converter as shown in Table II.I, there is only one 

switching state when the ac-side voltage level equals to E for the three-level diode NPC converter. 

Which means for the three-level diode NPC converter, there is no other redundant switching state 
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available for the output voltage level E. Therefore, the available option of the switching state to adjust 

the dc-link NP voltage is limited [77]. Appropriate active dc-link NP voltage control method is required 

otherwise the unbalanced or large fluctuated dc-link NP voltages may apply excessively large voltage 

on switching devices, and in consequence a failure may occur. 

 

Figure 2.5 Three-level diode NPC converter 

TABLE II.III. SWITCHING STATES AND OUTPUT VOLTAGE LEVELS FOR THE THREE-LEVEL DIODE NPC CONVERTER 

               Device             

Voltage-level   
T1 T2 T3 T4 

2E ON ON OFF OFF 

E OFF ON ON OFF 

0 OFF OFF ON ON 

 

Therefore, the advantages and disadvantages of the NPC converter are summarized as follow. 

Advantages:  

• Compares to cascaded H-bridge converter, there is only one dc-link bus, which will only require 

single dc voltage supply, which reduce the total converter cost and volume.  

• Compares to the FC converter, there is no additional capacitors in the phase-leg. This 

significantly reduce the total converter volume and cost as well. 

• Suitable for low voltage applications due to the relatively simple and low volume phase-leg 

structure compares to FC converters and cascaded H-bridge converters. 

Disadvantages 
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• Due to the NPs exist in the dc-link, the neutral path current flows through NPs during operation 

will cause the dc-link NP voltage drift issue. Therefore, additional dc-link NP voltage balancing 

control solution has to be provided. It increases the whole system complexity. 

• Different NPC converter topologies require the specific customized circuit design. Therefore, 

it still lacks of the modular-build ability for the industry. 

Reliability 

• Block voltage rating on switching devices: With the same input voltage level, compare to the 

two-level converters, the NPC converters with more than three voltage levels at output voltage 

will have less block voltage rating if there are more than one switching device in series in each 

conduction path. If there is only one switching device in some of the commutation path such as 

the three-level T-type converter, this switching device will have less transient switching voltage 

but the same steady state block voltage compares to the two-level converter [70][78]. It means 

if using the same type of the switching devices, the actual block voltage rating of the switching 

devices of the NPC converter is less, which will reduce the risk of overvoltage shoot through 

during the switching action due to the parasitic inductance.  

• Fault tolerance: Assume the fault occurs at the specific switching devices. For the NPC 

converter, If the faulty devices occur in the system, and the other switching devices are still in 

healthy condition, the whole system will continue the operation but loss the symmetrical 

operation condition and the total output voltage level will be affected [79][80][81]. On the 

opposite, the two-level converter will immediately shut down if any fault occurs on the 

switching devices. 

Output harmonics  

• Similar to the FC converter and the H-bridge cascaded converter, the output harmonic content 

of the NPC converter is mainly depending on the actual converter voltage levels. If the 

modulation method is the same, higher the output voltage levels, less the output harmonics. 

However, unlike the FC converter and the H-bridge cascaded converter, the NPC converter is 

not generally used for very high output voltage levels (>10) due to the complexity of the control 

requirement [82]. Meanwhile, types of the modulation method will affect the final output THD. 

Generally, the level-shifted CB-PWM equivalent modulation method will have less output THD 



18 

 

compares to the one with the phase-shifted CB-PWM equivalent modulation method [83][84]. 

And this will be a brief explanation in section 2.4.2.3. Compares to the traditional two-level 

converter, if the ac-side filters are the same, the H-bridge cascaded converter definitely shows 

better output THD compares to the one of the two-level converter [60]. FFT analysis on 

different NPC converters as well as the two-level converter will be presented in section 3.4.2. 

2.1.4 Generalized multilevel converter topologies  

Table II.IV shows the basic comparison of various aspects of different multilevel topologies discussed 

above, and take the five-level condition for example. It can be observed that for obtaining the same 

number of levels of voltage at the output, different topologies need different number of sources, diodes, 

capacitors etc. Suitability of topology is mostly application oriented. For low applications, as the passive 

components such as FCs and dc voltage supplies are the elements which will increase system size, 

therefore, the NPC converter is the most compact among these three kinds topologies. 

TABLE II.IV. COMPARISON BETWEEN VARIOUS FIVE-LEVEL MULTILEVEL CONVERTERS 

          Topology             

Parameters   

Cascaded H-

bridge converter 
FC converter 

Diode NPC 

converter 

Voltage levels 5 5 5 

NO. of switching devices 8 8 8 

NO. of clamping diodes 0 0 6 

NO. of FCs 0 3 0 

NO. of dc voltage sources 2 1 1 

 

Such like the above mentioned topologies, more topologies of multilevel inverters can be developed 

according to generalized topologies [18]. The first generalized topology was claimed by F. Z. Peng 

claims in 2001 [29]. This generalized topology uses the basic cell consists of two switching devise and 

one capacitor connect layer by layer as shown in Fig.2.6. This generalized topology is called generalized 

topology I [18]. Many other topologies can be derived from this topology.  
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Figure 2.6 Generalized topology I 

For example, Fig.2.7. shows the diagram of transfer from two-layer generalized topology I into the 

active three-level NPC converter and the three-level FC converter. By getting rid of the capacitor C1a 

in layer I, the active three-level NPC converter can be created. If further replace T2b and T3b with 

diodes, three-level diode NPC converter can be created. By getting rid of T2b and T3b in the two-layer 

generalized topology I, the three-level FC converter can be created.  

Layer I

Layer II

Layer N
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Figure 2.7 Transfer generalized topology I to the active three-level NPC converter and the three-level FC 

converter 

The second generalized topology is proposed by P.M.Bhagwat in 1983 [31]. Fig.2.8 presents the phase-

leg structure of the generalized topology II. This topology uses numbers of bidirectional neutral paths 

to divide the dc-link into numbers of sections. For a n-level generalized topology II, there are n-2 NPs 

in the dc-link side. The popular three-level T-type converter [33]–[37][90] and the four-level π-type 

converter [20][35][36] analyzed in this thesis are both derived from generalized topology II. 
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Figure 2.8 Generalized topology II 

2.1.5 Discussion about different applications of topologies with their designs 

For the cascaded H-bridge converter, according to the introduction in 2.1.1, it is of the highly modularity 

feature. This feature will make it a good choice for the high voltage industries especially the areas 

require a customized voltage and power levels such as mine industries and high voltage power 

transmission industries. Engineers could connect the H-bridge cells in series in order to fulfil the 

different voltage level demands. Therefore, the system volume is not the main concern for the design. 

For this purpose, the main design of the cascaded H-bridge converters should focus on the following 

directions 

• System reliability which including the switching device over voltage and over current 

protection, devices status live time monitoring.  

• Makes it easy to adjust the total H-bridge cells numbers of the system in order to fulfil the 

application power or voltage requirements. 

• The cooling system layout should be carefully considered. It is the key aspect for the multiple 
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H-bridge cells modular configuration design, for example: each H-bridge cell contains the 

independent cooling system or multiple H-bridge cells share the external common cooling 

system. Therefore, switching devices power loss analysis should be conducted in order to find 

the appropriate cooling system design. 

For the FC converter, as mentioned in 2.1.2, FC converters only require one dc-link power supply for 

multilevel voltage output requirement compares to cascaded H-bridge converters which require 

multiple independent dc power supplies for dc-ac conversions. Meanwhile, FC converters do not have 

dc-link clamping points, which means they do not have dc-link voltage balancing problem compare to 

NPC converters. Therefore, FC converters can be a good candidate for middle or low voltage level 

multi-phase applications such as renewable energy generation, electric traction/vehicle. Meanwhile, due 

to the single-phase operation ability, it can also be a good candidate for single-phase ac motor drivers 

such as drills driver, compressors driver, centrifugal pump driver, etc. 

Therefore, the main design of the FC converters should focus on the following directions. 

• System reliability which including the FC overvoltage and large voltage ripple protection. 

Relevant FC voltage sensors as well as appropriate FC voltage controllers have to be well 

designed. 

• FC volume and size should be carefully considered in order to find the compromise between 

the whole system size and the capacitor voltage ripple level. 

• Switching devices power loss analysis should be conducted in order to find the appropriate 

cooling system which is also relevant to the whole system volume. 

For the NPC converter, as mentioned in 2.1.3, NPC converters only require one dc-link power supply 

for multilevel voltage output requirement such as that for FC converter, which is the adventure compares 

to cascaded H-bridge converters. Meanwhile, due to there are no FCs in the NPC converter layout, 

which makes it more compact compares to the FC converter. Therefore, apart from the general electric 

traction and renewable energy generation applications, NPC converters can also be a good candidate 

for middle or low voltage level applications where the whole system volume and weight requirements 

are a big consideration. These applications include unmanned aerial vehicles, electric passenger 

transport, and renewable energy boat, etc.  
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Therefore, the main design of the NPC converters should focus on the following directions. 

• DC-link NP voltage balancing controller design. As in order to realize the full operation with 

only one dc power supply for dc-ac applications, its intrinsic dc-link NP voltage drift problem 

should be resolved before hand. 

• Switching devices power loss analysis should be conducted in order to find the appropriate 

cooling system which is also relevant to the whole system volume. 

2.2 Popular NPC multilevel converters  

As introduced in section 2.1, the NPC multilevel converter does not require additional FC or separated 

dc voltage supply, which reduces the total system volume. This feature makes it suitable for low voltage 

applications. In this section, four existing NPC converter topologies in the industry has been introduced. 

2.2.1 Three-level diode NPC converter 

The three-level diode NPC converter is first proposed by A. Nabae, I. Takahashi and H. Akagi in 1981 

in [76]. The dc-link capacitor is split into two by one neutral path in order to get the three voltage levels 

at the output phase voltage. 

Three-level diode NPC converters have been widely employed in high-power medium-voltage (MV) 

applications [5][21][91][92][93][94][95][96]. However, due to its relatively compact structure 

compares the cascaded H-bridge converter and the FC converter, it is also widely used in the low-

voltage application area. For example, with a 600V dc input voltage, the three-level diode NPC 

converter build with 600V IGBTs has shown a lower total power loss than the two-level converter build 

with 1200V IGBTs when the switching frequency is higher than 10 kHz [5]. The reason of this is that 

in the low switching frequency domain (<10 kHz) the conduction loss contributes for the dominant. 

While in the high switching frequency domain (>10 kHz), the switching loss contributes for the 

dominant. Therefore, the increased conduction loss caused by the higher number of series connected 

switching devices in the phase-leg has been overcompensated by the reduced switching loss of the 

relatively lower switching voltage [97]. 
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For a three-level diode NPC converter as shown in Fig.2.9, there are four switching devices plus two 

clamping diodes in each phase-leg. And the four switching devices in each phase-leg require four 

individual gate driver supplies, which is double the number of the two-level converter. The output of 

this topology is connected to the dc-link capacitor NP (mid-point) via diodes to provide the third level 

at the output voltage as shown in Fig.2.10. The current is drawn from the NP upon the output is 

connected to the NP. And as NP does not directly connect to the dc voltage supply, the current is drawn 

through the dc-link NP, causing one charge whilst the other one discharge.  

 

Figure 2.9 Phase-leg structure of the three-level diode NPC converter 
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Figure 2.10 Switching states and current flow paths of the three-level diode NPC converter 

Table II.V presents the switching state truth table with respect to the switching states as shown in 

Fig.2.10.  

TABLE II.V. SWITCHING STATES AND OUTPUT VOLTAGE LEVELS FOR THE THREE-LEVEL NPC CONVERTER 

               Device             

Voltage-level   
T1 T2 T3 T4 

2E ON OFF ON OFF 

E OFF ON ON OFF 

0 OFF ON OFF ON 

Under the normal operation condition, the mean current drawn from the NP over one fundamental 

period is zero and the NP potential remains constant from the point of view of fundamental period. This 

feature can be deemed as the three-level diode NPC converter is fundamentally NP voltage balanced. 
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However, if the system is open loop, from the point of view of each switching period, non-zero neutral 

currents always exist and can not be regulated within each switching period, therefore, cause the low 

frequency voltage ripple at the NP [98]. If such low frequency voltage ripples are not well eliminated, 

higher voltage will be applied on the switching device which may cause the system unstable. Many 

publications have introduced control and modulation schemes to reduce or eliminate this low frequency 

voltage ripple in the NP [71][86]–[88][92], [102], which will be introduced in section 2.4.  

Therefore, the main advantage of the three-level diode NPC converter can be presented as follows. 

• Each switching device of the three-level diode NPC converter only has to withstand half of the 

whole dc-link voltage. Compare to the two-level converter, this feature effectively reduces the 

blocking voltage level for a given power switching device [92]. 

• Relative lower converter ac-side voltage harmonics compares with the two-level converter. The 

first group of the output voltage harmonics component in the harmonic spectrum is centered 

around twice the switching frequency [76][103].  

However, the main drawback of this converter is also obvious. Such as relatively more complex 

topology layout. And even the dc-link capacitor voltage of this converter is fundamentally balanced, 

low frequency voltage ripples still occurs if no active control strategy or large dc-link capacitors applied. 

2.2.2 Three-level T-type converter 

The three-level diode NPC converter presents advantages of better output voltage and current harmonics, 

lower voltage stress on switching devices compares to the traditional two-level converter. However, its 

disadvantages are also obvious. For example, the increased converter topologies complexity and costs 

due to the additional switching devices as well as diodes, the two times the number of gate drive supplies 

compares to the one of two-level converters. In order to overcome these problems to some extent, the 

three-level T-type converter topology with reduced count of switching devices has been proposed in 

[33]–[37][90] according the generalized topology II discussed in section 2.1.4 as a tradeoff.  

The phase-leg structure of the three-level T-type converter is shown in Fig.2.11. There are four 

switching devices in each phase-leg. This topology can be deemed as an extension of the two-level 

converter with one additional bidirectional neutral path (i.e two IGBTs connected back-to-back) 
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clamped between the NP and the phase-leg output. And if the two switching devices in the neutral path 

have their collectors connected, T1 and T3 can share one gate driver supply. The additional gate driver 

supply for T2 can be shared to all phases if multiphase system is required. Therefore, only one additional 

gate driver supply is required for the three-level T-type converter compares to the two-level converter. 

In terms of the switching device rated blocking voltage, due to the symmetrical structure of its phase-

leg structure, the upper device T1 and lower device T4 have to block the whole dc-link voltage, and the 

devices T2, T3 only have to withstand half of the total dc-link voltage. Compare with the three-level 

diode NPC converter, there are no series-connected switching devices during each commutation process 

according to Fig.2.12. Therefore, under the same input and output condition, conduction losses can be 

reduced.  

 

Figure 2.11 Phase-leg structure of the three-level T-type converter 
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Figure 2.12 Switching states and current flow paths of the three-level T-type converter 

Table II.VI presents the switching state truth table of the three-level T-type converter. It can be found out Table 

II.VI is identical to Table.II.V. 

TABLE II.VI. SWITCHING STATES AND OUTPUT VOLTAGE LEVELS FOR THE THREE-LEVEL T-TYPE CONVERTER 

               Device             

Voltage-level   
T1 T2 T3 T4 

2E ON OFF ON OFF 

E OFF ON ON OFF 

0 OFF ON OFF ON 

Therefore, the main advantage of the three-level T-type converter is the more simplified structure 

compares to the three-level diode NPC converter. No clamping diode and less switching devices in the 

conduction path during commutation, which reduces the total conduction loss compares to the three-

level diode NPC converter.  
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2.2.3 Four-level diode NPC converter 

This is the most common four-level NPC converter [28][50][104]. In order to output four voltage levels 

at the ac-side, there are two NPs at the dc-link. Therefore, totally four clamping diodes as well as 6 

active switching devices are allocated in each phase-leg as shown in Fig.2.13. Each switching device 

only has to withstand 1/3 of the total dc-link voltage, which is relatively more advanced compares to 

the three-level diode NPC converter as well as well the three-level T-type converter. However, due to 

the relatively higher number of switching devices as well as clamping diodes, the required gate driver 

supplies for each switching device increases, the totally converter topology complexity increases, the 

conduction loss during the operation also increases. Meanwhile, regarding to the multilevel NPC 

converter which has more than three-level output voltage levels, there is no redundant switching state 

for the inner voltage levels according to Table II.VII. Therefore, unlike the three-level NPC converter, 

the four-level diode NPC converter can not even realize the fundamental dc-link NP voltage balancing 

if no active control strategy applied [28]. The dc-link NP voltage balancing problem becomes a severe 

issue for the control requirement and system reliability. Therefore, the four-level diode NPC converter 

is not a good candidate for low power applications. 

 

Figure 2.13 Phase-leg structure of the four-level diode NPC converter 
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TABLE II.VII. SWITCHING STATES AND OUTPUT VOLTAGE LEVELS FOR THE DIODE FOUR-LEVEL NPC CONVERTER 

               Device             

Voltage-level   
T1 T2 T3 T4 T5 T6 

3E ON ON ON OFF OFF OFF 

2E OFF ON ON ON OFF OFF 

E OFF OFF ON ON ON OFF 

0 OFF OFF OFF ON ON ON 

 

2.3 Power loss and efficiency analysis for the converter 

2.3.1 Why power loss analysis and kinds of power loss 

The power electronics converter plays the role to convert the power from ac to dc, dc to ac, or modify 

the ac signal frequency. Ideally, if ideal switching devices are employed, it will not consume energy. 

However, unlike the idea switching devices, the practical semiconductor switching devices exhibit the 

internal inherent characteristics such as the on-state resistance, the forward voltage drop, the turn-on 

rise time, the turn-off fall time, and the switching delay time [21][27][92]–[94]. These physical 

phenomenon accounts for the energy consumption and dropped efficiency inside power converters 

[108]. Therefore, in practical, the power conversion through the converter system employing the 

semiconductor switching devices is not 100% efficient, which means some parts of the energy has been 

dissipated. Apart from the energy waste, most of this energy loss converts into thermal loss and cause 

the converter system temperature rise, even failure. Thus, the power loss inside the power converter 

analysis is essential in order to employ the appropriate heatsink system to the converter preventing 

switching devices overheat and improve the whole power converter system efficiency. 

Generally, converter losses can be divided into conduction losses and switching losses.  

First one is the conduction loss. For practical switching device, it has the intrinsic resistance even when 

it is completely at on-state [21], [90], [104], [105], [109], [110]. The on-state resistance causes the 

forward voltage drop across the IGBT, MOSFET, and diode. Therefore, when the conduction current 

flowing through this on-state resistance, the actual switching device conduction voltage is above zero 
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to some extent as shown in Fig.2.14. Therefore, resultant conduction losses occur. The conduction loss 

can be calculated by multiplying the device forward voltage and corresponding converter current, and 

it generally can be realized by obtaining from the curve of forward voltage drop vs corresponding 

converter currents [21] [22][25] [109][111] [112][113][114].  

 

Figure 2.14 Switching device conduction voltage 

Another kind of converter loss is the switching loss. For practical switching devices, intrinsic gate 

resistors and inductance make the devices gate voltages ramp up and down with the time. Therefore, 

the practical switching device can not switch on and off instantaneously. Therefore, during the switching 

transient, the overlap part between the current and the voltage on the switching device generates the 

switching loss as shown in Fig.2.15, where the dashed part is the overlap area. 

 

(a) 

 

(b) 

Figure 2.15 Relationship between voltage and current of the switching device during the switching transient (a) 

ideal switching device, (b) practical switching device 
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2.3.2 Average analytical model 

The average analytical power loss model is normally derived based on averaging the power 

consumption over one fundamental cycle [115]. The average analytical power loss equations can 

directly present the relationship between the average power loss and system parameters such as voltages, 

currents, power factor and modulation indices, etc [22][108][115][116]. 

The switching device instantaneous conduction loss can be modelled as the product of the device 

conduction voltage drop Vce and the device collector current ic [117][118]. The relationship between 

Vce and ic of the switching device is generally given in the device datasheet. And this relationship is 

generally described as the first order polynomial fitting curve [117][119].  

With regards to the switching device switching loss, it can be modelled by several methods.  

One method is to build a very precious model based on the switching device physics characteristic 

which provides the voltage and current waveforms during the switching actions.  

Take the IGBT based buck converter as an example as shown in Fig.2.16. 

 

Figure 2.16 IGBT based buck converter 

When a turn-on gate signal is sent to the IGBT gate terminal, T starts to turn on, the turn-on transient 

waveforms are shown in Fig.2.17 (a). The turn-on loss Pon can be expressed as (2.1) 

𝑃𝑜𝑛 = 𝑉𝑠𝑤 ∙ 𝑖𝑐 ∙
𝑡1 + 𝑡2

2
∙ 𝑓𝑠𝑤                                                              (2.1) 

where, Vsw is the IGBT blocking or switching voltage. ic is the IGBT switching current. t1 is the IGBT 

switching current rising time. t2 is the IGBT switching voltage falling time. fsw is the switching 

frequency.  
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When a turn-off gate signal is sent to the IGBT gate terminal, T starts to turn off, the turn-off transient 

waveforms are shown in Fig.2.17 (b). The turn-off loss Poff can be expressed as (2.2) 

𝑃𝑜𝑓𝑓 = 𝑉𝑠𝑤 ∙ 𝑖𝑐 ∙
𝑡3 + 𝑡4

2
∙ 𝑓𝑠𝑤                                                             (2.2) 

where, Vsw is the IGBT blocking or switching voltage. ic is the IGBT switching current. t3 is the IGBT 

switching voltage rising time. t4 is the IGBT switching current falling time. fsw is the switching 

frequency. 

For the freewheeling diode, the most significant loss is the reverse recovery loss during its turn-off 

period as shown in Fig.2.17 (c). When the IGBT starts to turn on, its switching current ic of the IGBT 

starts to rise up. At the meantime, the current flowing through the diode starts to fall down, and a 

negative current must flow through the diode to remove the stored charge before the diode can 

completely block any negative voltage [120]. The switching voltage value in the figure changes from 

zero to the negative value due to this switching voltage should be opposite to the diode forward 

conduction current. The diode reverse recovery loss Prr can be expressed as in (2.3) 

𝑃𝑟𝑟 = 𝑄𝑟𝑟 ∙ 𝑉𝑠𝑤 ∙ 𝑓𝑠𝑤 = 𝑉𝑠𝑤 ∙ 𝑖𝑟𝑟 ∙
𝑡𝑟𝑟

2
∙ 𝑓𝑠𝑤                                        (2.3) 

where, Qrr is the reverse recovery charge. Vsw is the diode switching current. fsw is the switching current. 

irr is the peak value of the diode reverse recovery current. trr is the diode reverse recovery time. 

One thing should be noticed that t1, t2, t3, t4 or trr can be got from the switching device datasheet, or 

they can be derived from the practical test if required. 
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                     (a)                                              (b) 

 

(c) 

Figure 2.17 Switching transient processes of the switching devices (a) IGBT turn-on (b) IGBT turn-off (c) 

freewheeling diode reverse recovery 

The second method is to derive the expression based on the total switching action times of the devices. 

This is generally based on well-defined PWM schemes [121]. If the PWM modulation wave can not be 

well defined or systems use hysteresis controller which show chaotic switching behavior, this method 

will not be a good option. 

The third method is to establish the switching loss expression by a defined switching loss look-up table. 

This look-up table of the switching loss usually depends on certain parameters such as switching current, 

device blocking voltage, or/and junction temperature. This look-up could be found in switching devices 

datasheet but usually in the format as switching energy [115]. This is generally based on test data from 
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the devices manufactures, therefore, the blocking voltage might be different. If the blocking voltage on 

the datasheet Vbase is different to the actual requirements, it can be adjusted by a linear approximation 

employing the factor Vsw/Vbase. Or if a more accurate look-up table is required due to the specific circuit 

board layout, appropriate groups of practical double-pulse tests could be implemented [16][117]. The 

switching energy expression is generally as shown in (2.4) 

Esw_ins=(a+b∙|ic|+c ∙ic
2)

Vsw

Vbase

                                                  (2.4) 

where, a, b, c are the switching energy curve fitting parameters as it is usually defined as the 2nd order 

function with regards to the switching current [117][122]. ic is the switching device switching current. 

So, based on the instantaneous power loss model, the analytical average expression can be derived. Eq 

(2.5) (2.6) express the average conduction loss mathematical expression and the average switching loss 

mathematical expression in a simplified manner, respectively 

𝑃𝑐𝑜𝑛 =
1

2𝜋
∫ 𝑃𝑐𝑜𝑛_𝑖𝑛𝑠 ∙ 𝑑𝜃
𝜃2
𝜃1

                          (2.5) 

𝑃𝑠𝑤 =
1

2𝜋
∫ 𝑃𝑠𝑤_𝑖𝑛𝑠 ∙ 𝑑𝜃
𝜃2
𝜃1

                           (2.6) 

Where, Pcon is the average conduction loss over one fundamental period, Pcon_ins is the instantaneous 

conduction loss. Psw is the average switching loss over one fundamental period, Psw_ins is the 

instantaneous switching loss. θ2, θ1 are integration boundaries depending on conduction intervals or 

switching intervals for switching devices. 

The average analytical analysis for the three-phase diode NPC converter has been presented in [21][97]. 

The average analytical power loss model based on CB-PWM for the three-phase T-type converter has 

been presented in [22]. The feature of the average power loss analytical expression is it can directly 

present the relationship between the switching device average power loss and other system parameters 

(such as dc input voltage, converter power factor, converter load current) [22]. Regardless of the 

converter topology type, the average analytical power loss model can be used to investigate converters’ 

performance, power loss, and efficiency with any number of switching devices and any voltage levels 

multilevel converter with respect to the average power loss distribution. Furthermore, it is 

computationally efficient. In this thesis, as the average power loss analysis is selected for the four-level 

π-type converter, therefore, the detailed analysis will be presented in Chapter 4. 



36 

 

2.3.3 Numerical simulation 

Numerical simulation power loss model is the method to establish the thermal model of the power 

switching devices and cooling systems (heatsink, fan cooling system, or liquid cooling system) by 

system parameters, then connect these thermal equivalent circuits in order to simulate and monitor 

dynamically in the software [27][117]. 

For the conduction loss, the actual conduction current can be set as the input to the instantaneous 

conduction loss model as described in section 2.3.2 in order to get the time behavior of the conduction 

loss as shown in Fig.2.18 [117][123]. 

 

Figure 2.18 Conduction loss numerical simulation diagram 

For the switching loss analysis, the general mathematical expression can use the methods which are the 

same as described in section 2.3.2. However, unlike the average analytical method, the method of 

implement these instantaneous switching power loss mathematical expressions to the numerical 

simulation system will be relatively more complicated. Fig.2.19 from [117] gives an example of such 

simulation process diagram. The switching device gate signal should be set as the input. When the 

switching signals detects on/off states change on the switching devices, an active pulse of height 1.0 

will be generated with a pre-defined pulse width ΔT. This pulse signal has the unit 1/s, will multiply 

with mathematical instantaneous energy expression as described above to derive the corresponding 

switching power for this switching action.  
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Figure 2.19 Implementation of the switching loss to numerical simulation diagram[117] 

Fig.2.20 (a) presents the three-phase two-level converter system. Take the phase A upper device T1 for 

example. The collector current ic measured from the device T1 provides the input for the power loss 

simulation. The gate signal (PWM signal) of T1 is also used as the input of the power loss simulation 

as shown in Fig.2.20 (b). The PWM signal can be used to count the switching actions and simulate the 

switching loss as described in Fig.2.19. The total power loss Ptotal(t) of T1 then feeds into the T1 thermal 

model in order to calculate the junction temperature variables. The instantaneous calculated T1 junction 

temperature TJ,T1(t) then feeds back to the T1 switching loss simulation block to dynamically adjust the 

temperature dependent model of the conduction loss and the switching loss.  
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(a) 

 

(b) 

Figure 2.20 Example of the numerical simulation (a) three-phase two-level converter system (b) Implementation 

of the numerical power loss simulation as well as the junction temperature simulation [124] 

The thermal model of the switching device can be established as a RC thermal circuit as an example 

shown in Fig.2.21. This model is usually derived from the thermal step response of the relevant 

switching device by 3D-FEM solver or through the experimental data [117]. The process of the thermal 

model establishment will not be discussed here, and the detail of the switching device thermal model 

setup process can be found in [125]. 
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Figure 2.21 Thermal equivalent model of the switching device T1 and D1 in Fig.2.20 [117] 

Fig.2.22 presents the example numerical power loss simulation results of two-level converter in [117] 

in order to demonstrate the concept of the final desired results. Fig.2.22 (a) gives the concept of the 

numerical power loss simulation based on the live time variation. With such simulation results, 

engineers are able to monitor and analyze the instantaneous power loss with regards to the change of 

the corresponding system voltage and current waveforms. Fig.2.22 (b) presents the concept of the 

numerical switching device junction temperature live time based variation, which is a good practice to 

predict the live time devices junction temperature variation in order to optimize the cooling system 

design.  



40 

 

 

(a) 

 

(b) 

Figure 2.22 Simulation output concept example (a) live time power loss of switching devices (b) live time 

junction temperature of switching devices [117] 

The numerical simulation method of the power loss analysis is to demonstrate the live time based 

switching device power loss variation as well as the corresponding live time based switching device 

junction temperature variation. It is a good way to monitor the power loss and temperature change with 
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the converter devices voltage and current variation in a live simulation environment. Software such as 

PLEXIM, PSIM, Matlab can be selected as the simulation platform. For applications which require the 

real time power loss monitor function, the numerical simulation power loss analysis is a preferred 

solution. But the main drawback of this method is it requires more computation resource to calculate 

the instantaneous power. 

2.4 Converter dc-link NP voltages balancing  

2.4.1 The effect of the converter dc-link NP voltages unbalancing issue 

The advantage of the NPC multilevel converter has been introduced in section 2.1.3. However, with the 

increase number of dc-link capacitors, the number of the NPs in the dc-link increases as well. It will 

cause the current flowing through each NP during each fundamental period hard to be coordinated 

[42][45][86][105][106]. Consequently, the dc-link NP voltage will eventually drift with the time pass. 

Therefore, the dc-link NP voltages drift issue has become a great challenge.  

After figured out the reason of the dc-link NP voltage drift phenomenon, it is worth to take a look at 

what it will impact on the converter system. The negative impact on the unbalanced NP voltages for 

NPC multilevel converters can be summarized as follow. 

• When the voltage applied on each dc-link capacitor is unbalanced, capacitors have to withstand 

undesired higher voltage, which may cause capacitors failure if the voltage is over the capacitor 

rated voltage. On the other hand, it disables the possibility to employ the cheaper capacitor with 

lower voltage rating on the dc-link, which is kind of loss in the advantage of the multilevel 

converter. 

• Converters can not output desired voltage levels at high modulation indices due to the voltage 

collapse of inner capacitors of the dc-link. For example, the four-level converter can only output 

three voltage levels at high modulation indices as the whole dc-link voltage is distributed only 

on the top and the bottom capacitors of the dc-link. With a constant total dc-link voltage, 

switching devices have to withstand higher voltage during switching transients. Higher dv/dt 

increases the switching loss and reduces the switching devices reliability.  

• The output waveforms harmonic increases due to the converter is not able to output desired 
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voltage levels. 

• System reliability will be reduced as dv/dt of switching devices has to increase due to the 

voltage balancing lost in the dc-link capacitors. If it exceeds the voltage rating of switching 

devices, systems reliability will be significantly affected. 

For the three-level NPC converter, such as three-level diode NPC converter and three-level T-type 

converter. Because there is only one neutral path between the dc-link and the converter output terminal, 

and due to their symmetry constructions, they have the fundamentally self-voltage balancing ability on 

the dc-link capacitors no matter what power factor conditions as shown in Fig.2.23. And there is only 

the low frequency voltage ripples at three times of the fundamental frequency for a three-phase system 

if there’s no active NP voltage balancing control adopted [24][102][128].  

 

Figure 2.23 Neutral current flows condition for three-level NPC converter (a) power factor=1, (b) power 

factor=0 

Some research work has addressed on reducing or eliminating the low ripple on three-level NPC 

converters by applying the appropriate modulation and control methods [19][92][128][129]. Publication 

[92] presented the dc-link NP voltage balancing control strategy based on the selection of the nearest 

three space vectors to synthesize the reference vector within each switching period (NTV SVM). This 

control method is not able to control the dc-link NP voltages for high modulation indices and low power 

factors. The reason of this limitation is the fact that in high modulation index conditions, the neutral 

path current produced by the medium vectors can not be fully compensated by the neutral path current 

caused by the small vectors [100]. From the point of view of the three-phase CB-PWM implementation, 

for the three-level NPC converter, under the low power factor condition, the higher the modulation 

index, the less zero-sequence components can be selected to inject into the original sinusoidal 
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modulation signals in order to regulate the neutral path current [43], [96], [101], [130]. 

The dc-link capacitors voltages share of the converter which has more than three output voltage levels 

during the operation is more complicated. When the NPC multilevel converter delivers non-zero real 

power to the load, the dc-link capacitors voltages balance is difficult to achieve [45][46]. This 

phenomenon exists when NPC multilevel converters work as inverters or rectifiers only. The charging 

and discharging problem has already appeared in the four-level converter [28][50] as shown in Fig.2.24. 

For the single phase-leg four-level NPC converter with the normal sinusoidal modulation, the middle 

capacitor C2 will be fully discharged within one fundamental period when PF=1. This is due to the fact 

as introduced in section 2.2.3 Table II.VII. For the single-phase four-level NPC converter, there is no 

other redundant switching states can be used for the neutral current adjustment for the dc-link capacitor 

voltage balancing. This phenomenon will severely limit the multilevel converter for the practical 

applications. And for the worse situation, the voltage unbalance may result in overvoltage of the 

switching devices and the dc-link capacitors, cause the converter system unstable or even fail [73], 

which limits the use of higher level NPC converter. 

Therefore, appropriate dc-link NP voltage balancing method has to be employed in order to functional 

use the higher-level NPC converter. 

 

Figure 2.24 Charge and discharge conditions of C2 for the four-level NPC converter (a) power factor=1, (b) 
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2.4.2 Existing converter dc-link voltage balancing control strategy 

2.4.2.1 Isolated dc sources 

The most directly way to balance the dc-link NP voltages is to use separated dc sources for each dc-link 

capacitor [131]. This method will be able to supply each dc-link capacitor with the stable dc voltage 

independently. The unbalance tendency caused by the neutral path current during the operation can be 

completely avoided [132][133]. However, this method requires numbers of the dc supplies in series 

connected for each dc-link capacitor. Fig.2.25 shows the concept of the four-level NPC converter 

supplied by three independent dc power supplies. For the four-level NPC converter, there are two NPs 

in the dc-link which splits the dc-link capacitor into three. Each dc-link capacitor requires an 

independent dc power supply in order to compensate the currents injected or extracted from NPs during 

the operation. The number of the required dc supplies increase with the increase of multilevel converter 

output voltage levels, which is not suitable for low voltage applications that requires the high power 

density and compact systems.  

 

Figure 2.25 Concept of separated dc voltage supplies for the four-level NPC converter 

2.4.2.2 Additional hardware/circuits to help with the NP voltage balancing 

The NP voltages balance can be achieved by using additional passive or active components as shown 

in [65] in Fig.2.26. By employing a buck-boost converter, the energy will be forced to transfer from 

outer capacitors to inner capacitors. 

DC

DC

DC
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Figure 2.26 DC-link capacitors voltage balancing by using circuit remedy (a) four-level case (b) five-level 

case[65] 

Similar approach is published in [98][134] as well, Based on the auxiliary converters, the current can 

be injected to the dc-link NPs of the main converter to balance the dc-link NP voltages. This method is 

able to employ pure sinusoidal modulation without the advanced modulation strategy. But the main 

shortcoming of this approach is the need for additional power hardware, which increases the complexity 

as well as the cost of the system and cause additional power losses [135]. 

 

Figure 2.27 Bidirectional buck-boost chopper for dc-link capacitors voltage balancing for the five-level NPC 

converter[136] [137] 

[136] [137]used two bidirectional buck-boost chopper to help with the dc-link voltage balancing for a 
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five-level NPC converter as shown in Fig.2.27. One of the two buck-boost chopper is used to balance 

the voltages of the top two capacitors (positive capacitors). Another one is for the voltage balancing of 

the bottom capacitors (negative capacitors). And they operated independent of each other. 

The method uses additional passive components and auxiliary circuit can help with the dc-link 

capacitors voltage balancing and not increases the system volume too much compares to the method in 

section 2.4.2.1. However, this method still increases the total system cost by using more hardware 

components, and this method is not controllable during the operation as the hardware is fixed. 

2.4.2.3 Advanced modulation strategy with active front end (back-to-back configuration) 

As introduced in section 2.2 and section 2.4.1, for the NPC multilevel converter which has over three 

output voltage levels, the single phase-leg is not able to balance the dc-link NP voltages with the normal 

sinusoidal modulation. Therefore, the three-phase system with advanced modulation scheme has to be 

employed. 

The key idea of the dc-link NP voltages balancing control strategy is the representation of the unbalance 

phenomena in a suitable capacitor energy-based cost function so that an optimum control approach can 

be used to minimize the goal function and to achieve the correct capacitor voltage balance 

[38][138][139]. This goal function can be mathematically expressed as shown in (2.7) [38] 

𝑑𝐽

𝑑𝑡
= ∑∆𝑣𝑐 ∙ 𝑖𝐶 ≤ 0                             (2.7) 

Where J is the energy of the dc-link capacitor, Δvc is the difference between the ideal dc-link capacitor 

voltage value and the actual dc-link capacitor voltage value. iC is the dc-link capacitor current. After the 

control goal function has been defined, the mathematical relationship between the goal function and the 

duty ratio of the output PWM signal could be established. This mathematical relationships have been 

discussed in many publications [28][41][44][51][53][140][141][142]. And this relationship will be 

detailed explained in Chapter 5 as well. With regards to the PWM techniques, there are two basic kinds 

of techniques: Space Vector PWM (SVM) [42][46][51][140] and Carrier-Based PWM (CB-PWM) 

[43][130]. 

SVM is very popular in converter control area which includes the NP voltage balancing control [2] 

[42][51][78][79][108] [120]–[122][144]. The space vector concept was first introduced as the technique 
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to analyze the electric machine by Pfaff, Weschta and Wich in 1982 [145]. The basic idea to analyze the 

converter switching states by considering per-phase quantities together as a group [146]. It means the 

generation of the converter control PWM signals will treat three-phase PWM as a single task, instead 

of generating three independent PWM signals or switching patterns.  

Take the two-level converter as the example. Fig.2.28 presents a three-phase two-level inverter layout, 

Vdc is the input dc-link voltage for the inverter. Van , Vbn , Vcn are three-phase output phase voltages 

applied to the star-connected RL load. S1 and S2 compose the phase leg A to control Van. While S3 and 

S4 compose the phase leg B to control Vbn. S5 and S6 compose the phase leg C to control Vcn. And each 

pair of switches for each phase operate in a complimentary manner. For example, if phase A has S1 

closed and S2 open, while phase B and phase C have their upper switches open and lower switches 

closed. This will lead to a positive voltage being applied to phase A 

 

Figure 2.28 Three-phase two-level inverter layout 

The concept of the space vector is a reference vector rotating at a constant frequency obtained from the 

three phase variables. The rotational vector or so-called reference vector is rotating in a stationary 

orthogonal αβ co-ordinate frame plane with the speed equals to the converter output fundamental 

frequency. Meanwhile, the frequency to refresh the new synthesized reference vector equals to the 

converter switching frequency [147][148]. At same time, the three-phase system is not an orthogonal 

coordinate frame. While in order to synthesize the reference vector, an orthogonal coordinate frame is 

required. Therefore, the Clarke Transformation can be used to transform the three-phase ABC frame 

into the equivalent orthogonal two-phase αβ coordinate frame [148][149]. Equation (2.8) expresses the 

Clarke Transformation. 
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[
𝑉𝛼
𝑉𝛽
] =

2

3
[
1 −

1

2
−
1

2

0
√3

2
−
√3

2

] ∙ [
𝑉𝑎𝑛
𝑉𝑏𝑛
𝑉𝑐𝑛

]                      (2.8) 

The 2/3 term used here is to rescale the amplitude of the alpha-beta variables in order to maintain the 

same amplitude as in the three-phase frame system. Therefore, Table II.VIII summaries the switching 

states corresponding to the relevant vectors. 

TABLE II.VIII Switching states and corresponding vector of two-level converter 

Voltage 

Vectors 

Switching states Phase voltages Vector 

values S1 S2 S3 Van Vbn Vcn 

V0 0 0 0 0 0 0 0 

V1 0 0 1 
2𝑉𝑑𝑐
3

 −
𝑉𝑑𝑐
3

 −
𝑉𝑑𝑐
3

 
2𝑉𝑑𝑐
3

 0° 

V2 0 1 1 
𝑉𝑑𝑐
3

 
𝑉𝑑𝑐
3

 −
2𝑉𝑑𝑐
3

 
2𝑉𝑑𝑐
3

 60° 

V3 0 1 0 −
𝑉𝑑𝑐
3

 
2𝑉𝑑𝑐
3

 −
𝑉𝑑𝑐
3

 
2𝑉𝑑𝑐
3

 120°  

V4 1 1 0 −
2𝑉𝑑𝑐
3

 
𝑉𝑑𝑐
3

 
𝑉𝑑𝑐
3

 
2𝑉𝑑𝑐
3

 180°  

V5 1 0 0 −
𝑉𝑑𝑐
3

 −
𝑉𝑑𝑐
3

 
2𝑉𝑑𝑐
3

 
2𝑉𝑑𝑐
3

 240°  

V6 1 0 1 
𝑉𝑑𝑐
3

 −
2𝑉𝑑𝑐
3

 
𝑉𝑑𝑐
3

 
2𝑉𝑑𝑐
3

 300°  

V7 1 1 1 0 0 0 0 

Therefore, there are total 8 different combinations of switching states on phase-leg A, phase-leg B, and 

phase-leg C. These 8 switching states make up six active space vectors (100), (110), (010), (101), (011), 

(001), and two zero vectors (000), (111) on the stationary orthogonal αβ co-ordinate frame plane as 

shown in Fig.2.29. The magnitudes of all six active vectors are equal and there is a 60° phase 

displacement between each two adjacent vectors. 
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Figure 2.29 Principle of the SVM hexagon of the two-level converter 

After the vector hexagon has been defined, the process to synthesize the reference vector could begin. 

First, the desired switching state vectors to synthesize the reference vector should be selected. Generally, 

Vref should be synthesized by nearest two active vectors plus one or two zero vectors within each 

sampling/switching period [28][143][150]. As presented in Fig.2.29, the SVM hexagon has been 

divided into 6 sections by six active vectors. Take the condition in Fig.2.29 as well. In this situation, 

Vref is located in the section between V2 and V1. Therefore, the nearest two active vectors to Vref are 

V2 and V1. 

Second, the time duration (dwell time) of each selected vector should be calculated. Take the condition 

in Fig.2.29 as well, if two zero vectors are selected at the same time, Vref could be expressed in (2.9) 

𝑉𝑟𝑒𝑓 =
𝑇0∙𝑉0+𝑇1∙𝑉1+𝑇2∙𝑉2+𝑇7∙𝑉7

𝑇𝑠
                         (2.9)    

where T0, T1, T2, T7 are dwell times for V0, V1, V2, V7, respectively. Ts is the switching period. 

And T0, T1, T2, T7 could be expressed in (2.10) to (2.12). 
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T1 = √3𝑇𝑠
𝑉𝑟𝑒𝑓

𝑉𝑑𝑐
sin (

𝜋

3
− 𝛼)                         (2.10) 

T2 = √3𝑇𝑠
𝑉𝑟𝑒𝑓

𝑉𝑑𝑐
sin (𝛼)                         (2.11) 

T0 = T7 =
𝑇𝑠−T1−T2

2
                          (2.12) 

where Vdc is the inverter dc-link input voltage. α is the Vref location angle on the αβ plane.  

And third, after the dwell time for the two active vectors and the zero vectors within one sampling 

period have been calculated, it is possible to produce the switching sequence/pattern for the three phase-

legs within each switching period. In order to make the switching actions minimum within each 

sampling period, the switching patterns should follow the symmetric principle: All on switching states 

on each phase should be at the center [147][148]. It is shown in Fig.2.30. Therefore, there will be only 

six switching actions (one switch-on action and one switch-off action for each phase) within one 

switching period. 

 

Figure 2.30 Switching pattern based on two active vectors and two zero vectors of two-level converter 

It can be noticed above, Vref is synthesized by totally four vectors (two active vectors and two zero 
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vectors) within each switching period, which contains six switching actions within one switching period 

as mentioned above as well. The total switching actions within each switching period can be further 

reduced by using only one zero vector rather than two. Fig.2.31 presents the switching pattern when 

only uses zero vector V7. It can be found out that only two phases occur switching actions. This method 

is called the nearest three vector modulation (NTV). Therefore, the NTV modulation mentioned in 

Chapter 1 is a method by only using three vectors (two active vectors and one zero vectors) to synthesize 

the reference vector. With the NTV modulation, switching actions only occur on two phases, which 

reduce the switching loss at the same time. 

 

Figure 2.31 Switching pattern based on two active vectors and one zero vectors of two-level converter 

Above introduction shows the reference vector synthesis process when the reference vector is within 

section as shown in Fig.2.29. The synthesis process when the reference vector is in other sections 

follows the same method by just using the corresponding different adjacent active vectors. This is the 

basic process of the SVM for the two-level converter.  

Similarly, for the three-level converter, the SVM hexagon is shown in Fig.2.32. There is one more 

voltage level at the output phase-voltage compares to the one of the two-level converter. Therefore, 

there are totally 27 initial vectors, and the vector hexagon has been divided into 24 sections. Due to the 
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relative more sections within the hexagon compares to the condition of the two-level converter, all 

voltage vectors can be classified into four categories by the magnitude: zero vectors, small vectors, 

middle vectors, and large vectors [151]. Therefore, the procedure of the SVM algorithm for the three-

level converter can be briefly introduced (similar to the two-level condition): First, identify the small 

triangle in which the reference vector locates. Second, calculate dwell times of the three vectors that in 

order to synthesize the reference vector. Third, identify switching states as well as the corresponding 

duty cycles according to the before mentioned dwell time calculations and the control goal function 

such as (2.7) [152]. And similar to the two-level condition, the reference vector can be synthesized by 

nearest three vectors [127]. Generally, it has been found out that large vectors and zero vectors have no 

effect on the NP voltages change, however the middle vectors as well as the small vectors have the 

effect on it [42].  

 

Figure 2.32 SVM hexagon for the three-level NPC converter condition 

With converter output voltage level increases, the selection of redundant vectors leads to more and more 

difficult. However, the level shifted CB-PWM can be implemented relatively easier as it does not 

require to select the redundant vectors within each switching period. And the implementation 

complexity to realize almost does not increase with the converter output voltage levels increase. 

Therefore, the level shifted CB-PWM based control strategy can be deemed as the more preferred dc-

link NP voltages balancing control when the NPC converter voltage levels are over three. In order to 

get the dc-link NP voltages balanced with the level shifted CB-PWM, the main task is to identify the 
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desired zero-sequence components according to the control target function.  

Meanwhile, the dc-link NP voltage balancing control method based on NTV can also be implemented 

by CB-PWM. SVM synthesizes the Vref by three or four vectors during each switching period can be 

substituted by CB-PWMs [153]. Many publications have presented the work on NTV based dc-link NP 

voltage balancing control strategy or its equivalent CB-PWM implementation [41][42][51] [52][55] [88] 

[124]–[126]. And the selection process of the desired zero-sequence signals are equivalent to the process 

of the proper selection of dwell times in equivalent redundant switching states [52] [55] [121][154] 

[156][157]. The fundamental frequency of zero-sequence components is three times of the fundamental 

frequency of original sinusoidal modulation waveforms. Therefore, the zero-sequence components 

injection into modulation waveforms does not affect the output line voltages as they can be cancelled 

out in the line voltage [101] [128][151] [158][159], but influences the switching states, consequently 

effects NP voltages. The third order harmonic signal is one of the zero-sequence signals. The concept 

of three-phase modulation waves with third order harmonic components as zero sequence signals 

injection is shown in Fig.2.33. Where in the upper figure, there are three-phase original sinusoidal 

modulation signals, and the third order harmonic signal as shown as the black waveform. In the lower 

figure, by adding the third order harmonic signal in to the original three-phase sinusoidal modulation 

signals, the final three-phase signals are not sinusoidal but a bit notch at tops due to the third order 

harmonics signals injection. 

 

Figure 2.33 Concept of three-phase modulation waves with third order harmonic components as zero sequence 
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signals injection 

Meanwhile, for the CB-PWM, there are generally two kinds of implementations: level shifted CB-PWM 

[160], and phase shifted CB-PWM [66][161].  

For the level shifted CB-PWM, two or more triangular carrier waves are vertically displaced with 

constant offset and can be deemed as stacked with each other. All carrier waves have the same amplitude 

and in phase with each other. Each carrier wave will interact with the modulation wave to control the 

switching condition of one pair of the complimentary switching devices. Meanwhile, for the level 

shifted CB-PWM, the modulation can only cross over one carrier wave at the specific part of the 

modulation wave. Take the three-level T-type converter condition for example, as shown in Fig.2.34 (a). 

There are two carrier waves (peak-peak value equal to 1) level shifted with each other. When the 

modulation wave instantaneous value above 1, only the top carrier wave has the interaction with it, 

which means, only S1 and S2 are continuously switching on and off within this region. S3 and S4 are 

kept on and off, respectively. Similarly, when he modulation wave instantaneous value below 1, only 

the bottom carrier wave has the interaction with it, which means, only S3 and S5 are continuously 

switching on and off within this region. S1 and S2 are kept off and on, respectively. Therefore, total 

switching actions can be kept minimum. 

For the phase shifted CB-PWM, there is phase shift between carrier waves but no level shift with each 

other [145]. Similar to the level shifted CB-PWM, each carrier wave controls the switching condition 

of one pair of the complimentary switching devices. However, the modulation wave has to interact with 

all two carrier waves on both the first half fundamental cycle and the second half fundamental cycle as 

shown in Fig.2.34 (b). Therefore, the total switching actions significantly increase compare to the 

condition of the level shifted CB-PWM. So, this feature will make it generate more THD at the output 

line to line voltage. Therefore, the phase-shifted CB-PWM is not recommended for the NPC multilevel 

converter, but is more popular for the H-bridge cascaded multilevel converter. While each H-bridge cell 

is equivalent to a three-level converter. Two bipolar opposite triangular carrier waves are generated for 

each H-bridge cell. Four switches of the H-bridge cell are operated according to the comparison between 

the two triangular carrier waves and the modulation wave. The coordination among different H-bridge 

cells can be realized by the phase-shift of the different groups of the carrier waves [162]. 
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(a) 

 

(b) 

Figure 2.34 Concepts of CB-PWM (a). level shifted (b). phase shifted 

According to the review above, it is generally accepted that the level shifted CB-PWM is superior to 

phase shifted CB-PWM because it produces large harmonic concentration at some specific frequencies 

(such as three times the fundamental frequency) that can be cancelled in the line voltage, hence reducing 

their THD [14][163][164]. It can be monitored through an example on three-level T-type converter as 

shown in Fig.2.35. The THD value of the output line voltage based on phase shifted CB-PWM is about 

10% higher than that of the level shifted CB-PWM condition. Therefore, the level shifted CB-PWM is 

generally preferred for the NP multilevel converter control. 
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(a)                                        (b) 

  

(c)                                        (d) 

Figure 2.35 Different THD values of three-level T-type converter output line voltage based on (a) (b) level 

shifted CB-PWM (c) (d) phase shifted CB-PWM 

Even the above control strategy is able to control the NPC converter dc-link NP voltage, however, when 

the voltage level is larger than three and the ac side power factor is close to 1 with the single-end inverter 

or rectifier employed, the control effect will be limited to about 0.6 modulation index 

[28][41][134][135]. Fig.2.36 from [41] presents the dc-link NP votlages balancing limit for five-level 

NPC converters and four-level NPC converters with respect to modulation indices and ac side power 

factor angles. 
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Figure 2.36 DC-link NP voltage balancing control limit for single-end NPC multilevel converters[41] 

For NPC converters with over three voltage levels, based on NTV control strategy, when ac side unity 

power factor closes to 1, the higher the modulation index, the less redundant switching states can be 

selected for the dc-link NP voltages control. One solution is to use the back-to-back configuration 

[42][46][166]. When two NPC converters connect back-to-back through the same dc-link, these two 

converters can share the task of balancing the NP voltages. Converters on both sides are able to 

contribute the neutral path current to the NPs to help balance the dc-link NP voltages [38][42][46]. It 

means with the back-to-back configuration, the dc-link NP voltages balancing control ability can be 

significantly increased [38]. Additional advantages by adopting the back-to-back configuration include: 

1) The ability to use the ac power supply. 2) The input power factor of the rectifier side can be controlled. 

3) The power can be regenerated back to the supply through the back-to-back configuration [167][168], 

which is preferred for bidirectional power flow applications. Therefore, the back-to-back connected 

NPC multilevel converter which can output more than three phase voltage levels can be used as (i) 

interface medium for two asynchronous ac utility grids [51], (ii) high voltage dc system, (iii) 

controllable speed ac motor drive.  

DC-link NP voltages balancing control limit for the back-to-back system based on NTV SVM when 

both side modulation indices and power factors different is also investigated in several publications. 

[129] analysed the dc-link NP voltages balancing control limits for back-to-back three-level diode NPC 
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converters in order to eliminate the NP voltage ripple as shown in Fig.2.37. It can be found, for the 

three-level diode NPC converter, the most difficult control area is close to a 90-degree output power 

factor angle. And the higher the modulation index, the less controllable ability on this point. DC-link 

NP voltages balancing control limits for back-to-back five-level diode NPC converters have been 

presented in [44][45][136] with offline-calculated modulation signals by various simulations attempts. 

Reduce the power factor on either side can help with the control ability.  

 

Figure 2.37 Theoretical dc-link capacitor voltage balancing control limit for the back-to-back three-level NPC 

converter[129] 

2.4.2.4 Virtual vector PWM (VV PWM) 

DC-link capacitors voltage unbalancing issues can also be resolved by employing the control method 

based on a VV PWM with a passive front-end for multilevel NPC converters under any power factors 

and modulation indices [26][43][47]–[49][54][86][87][120][121][140]. The idea of this modulation 

strategy as well as the control method is to coordinate switching actions within each carrier-waveform 

period in order to reduce the neutral path current to zero. Compared to the NTV based control strategy, 

the VV PWM based control strategy will have more than two switching actions on each phase leg within 

each switching period. And during each switching period, the converter phase is allowed to switch 

between any voltage level. Fig.2.38 presents the concept of output voltage switching sequence within 

one switching period for a four-level NPC converter, where the output voltage switched between all 
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four voltage levels.  

 

Figure 2.38 concept of output voltage switching sequence within one switching period for a four-level NPC 

converter. 

Even the VV PWM based dc-link NP voltage balancing control strategy is able to guarantee the control 

effect at any operation points, its drawback is still obvious. The output voltage for each phase in each 

switching period involves more than two voltage levels, and the number switching actions can increase 

significantly. This feature increases the switching loss significantly and the output harmonics increase 

to some extent as well [54][86][87]. 

The VV PWM based control strategy can also transfer to the CB-PWM implementation. Fig.2.39 

presents the concept of the CB-PWM implementation of VV PWM for the four-level NPC converter. 

There are three modulation waves in total in order to force the neutral path current to zero by 

coordinating the switching actions [43][54][171]. 
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Figure 2.39 Concept of CB-PWM implementation of VV PWM based control 

2.5 Summary 

The NPC converter presents the suitability for low voltage applications. As compare to cascaded H-

bridge converters, there is only one dc-link bus for the NPC converters, which will only require single 

dc voltage supply, reduce the total converter cost and volume. Compare to the FC converters, there is 

no additional capacitors in the phase-leg of the NPC converters. This significantly reduce the total 

converter volume and cost as well.  

Among different NPC converter topologies, under the same output voltage level condition, the NPC 

topology derived from the generalized topology II such as the three-level T-type converter can have the 

reduced count of the switching devices which reduces the conduction loss, and is preferred for low 

applications. The four-level π-type converter is the NPC converter derived from this generalized 

topology and can be deemed as the potential candidate for low voltage applications. 

In order to provide comprehensive power loss/thermal analysis for the cooling system design, the 

average analytical power loss model can be selected. This power loss model provides the mathematical 

expression of the power loss model for switching devices based on average power loss distribution as 

the function of voltage, current, power factor, modulation index, etc. It provides a preferred way to 

adjust the parameters such as voltage, current, power factors, etc during the design. 

In order to resolve the dc-link NP voltage drift issue, the back-to-back configuration with the NTV 

based control strategy can be employed for bidirectional power flow applications. 

The topology analysis, power loss analysis as well as the dc-link NP voltage balancing control design 
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for the four-level π-type converter will be presented in the following chapters based on the reviews in 

Chapter 2. 

 

 

 

 

  



62 

 

3 Four-level π-type converter topology and modulation technique 

3.1 Introduction 

According to the introduction in section 2.1, multilevel converters have advantages such as lower 

voltage stress (dv/dt), lower output harmonic content, and lower switching losses under the same 

switching frequency and input voltage conditions. However due to the increased number of switching 

devices, actual conduction losses as well as the total converter topology complexity are the considerable 

drawback. At the same time, according to the reduced number of switching devices multilevel converter 

derivation methods published in [18][31]–[34][36], an active NPC four-level π-type converter was 

introduced. This topology has only six switching devices per phase-leg. Compares to the popular 

employed three-level diode NPC converter and the three-level T-type converter, the four-level π-type 

converter only has two more switching devices on each phase-leg, no clamping diodes required, but has 

lower output harmonics and lower voltage stress on the switching device under the same input voltage 

condition. Compares to the even higher-level NPC converters such as five-level NPC converters, the 

total topology complexity as well as the modulation control complexity of the four-level π-type 

converter reduce. In order to give an initial understanding as well as the clear view of the proposed four-

level π-type converter, this chapter introduces the structure configuration, modulation concept as well 

as the appropriate switching device voltage rating selection for the four-level π-type converter. 

Meanwhile, in order to adopt the literature review and demonstrate advantages of the four-level π-type 

converter compares to the other popular NPC converters as well as the traditional two-level converter, 

the topology configuration feature comparison and the simple open-loop operation comparison among 

the traditional two-level converter, three-level diode NPC converter, as well as three-level T-type 

converter has been analyzed in this chapter. It can be found out with the same input dc voltage level as 

well as the same switching frequency, the proposed four-level π-type converter is of the lower voltage 

stress on switching devices, lower output harmonics, as well as the compromised phase-leg 

configuration complexity among these four converter topologies. 

Some of the work in this chapter has been published in [78], [115] by the author already. 
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3.2 Topology introduction and modulation scheme 

In this section, the topology characteristic as well as the corresponding modulation scheme for the four-

level π-type converter will be introduced. Fig. 3.1 (a) shows the structure of the phase-leg for a four-

level π-type converter, which contains six switching devices. Take IGBTs as unit switching devices for 

this topology, two bidirectional neutral paths can be created by connecting two IGBTs back-to-back 

between dc-link NPs (N1 and N2) and the output terminal. Four output voltage levels then can be 

realized by clamping the phase-leg output terminal to the appropriate dc-link junction point with this 

configuration.  

          

  (a)                                     (b) 

Figure 3.1 Phase-leg structure of a four-level π-type converter (a) common-emitter connection in neutral paths 

(b) common-collector connection in neutral paths 

With respect to the number of required switching devices gate driver supplies, as shown in Fig. 3.1 (a), 

T2, T3 or T4, T5 can employ the same gate drive supply with a common-emitter connection. Thus, for 

a three-phase four-level π-type converter, there will be 6 additional isolated gate driver supplies required 

compares to the traditional two-level converter. In order to further reduce the number of required gate 

driver supplies, T2, T3 pair or T4, T5 pair can have a common-collector connection as shown in Fig.3.1 

(b). With such configuration, T1, T3 and T5 can use the same gate driver supply as they share the same 

emitter potential. T2 and T4 then require two additional individual gate driver supplies, which can also 

be shared by another two phase-legs as their emitters are connected to the dc-link NPs. Therefore, with 

the configuration in Fig.3.1 (b), compares to the two-level converter, only two additional gate power 

supplies are required for a three-phase four-level π-type converter system.  
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In this thesis, the PWM has been selected to modulate the converter. Meanwhile, the carrier/switching 

frequency is set far higher than the modulation/fundamental frequency. From each switching period 

point of view, the modulation signal value can be treated as constant during each switching period, 

which is convenient for the implementation through a digital signal processer (DSP) in practice. 

Next, the operation principle and the modulation for the four-level π-type converter will be analyzed. 

Fig.3.2 shows converter output voltage levels and corresponding switching states with respect to the 

converter current directions. There are total 8 switching states with considering the converter current 

directions.  

 

 

Figure 3.2 Switching states and current flow paths 

Fig.3.3 (a) shows the original concept of this traditional level shifted CB-PWM scheme, where 

intersections between the modulation wave and three carrier waves determine switching states for three 

different pairs of switching devices, respectively. For example, when the modulation wave across the 

top carrier wave, T1, and T2 switch on and off in a complimentary manner. Meanwhile, during this 

period, the modulation wave is always over the middle and bottom carrier waves, therefore, T3, T5 stay 

in on-state, while T4 and T6 stay in off-state. In order to make it easy to be implemented in the digital 
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control chip, the modulation wave can be set as per-unit (p.u.) value. Assume dc-link NP voltages are 

balanced under this condition. Set the voltage E on each dc-link capacitor as the based value, then the 

total dc-link voltage can be converted to 3. The p.u. amplitude value of each carrier wave can be 

normalized to 1/3 of the total dc-link voltage and equals to 1. Then, the p.u. peak-to-peak amplitude 

value of the modulation wave will be in the range of 0~3 with reference to the negative side of the dc-

link. Take the pure sinusoidal PWM for example, the modulation wave can be expressed as (3.1) 

ui(t)=1.5m ∙sin(𝜔t)+1.5         i=a,b,c               (3.1) 

where m is the modulation index. 𝜔 is the fundamental frequency. ui(t) is the modulation wave. 

This modulation method will require multiple level shifted carrier waves, which occupies more logic 

resource when program in the field programmable logic array (FPGA). To resolve this problem, the 

modulation wave can be adjusted according to Fig.3.3 (b). The level function can be derived as in (3.2) 

Li(t)=floor[ui(t)]                               (3.2) 

The floor function is able to output the greatest integer Li(t) less than or equal to ui(t) which denotes the 

level number of the modulation wave/output voltage. Then the modified modulation wave can be 

derived in (3.3) 

Ti(t)=ui(t)-Li(t)                               (3.3) 

With the modified modulation wave Ti(t), only a single carrier wave is required to determine its 

intersections with the modulation wave. Then the resultant PWM signal (switching function) will be 

superposed on the level function to apply on the appropriate switching devices, then obtain the final 

phase voltage.  
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(a) Three level shifted carriers with sinusoidal modulation wave 

 

(b) Single carrier with modified modulation wave 

Figure 3.3 Traditional level shifted CB-PWM scheme for the four-level π-type converter 

With the traditional level shifted CB-PWM, the four-level π-type converter is able to operate 

appropriately. Table III.I summarizes the logic switching groups for each switching device according to 

different commutation processes during the operation. 
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TABLE III.I. SWITCHING STATES AND OUTPUT VOLTAGE LEVELS FOR THE FOUR-LEVEL Π-TYPE CONVERTER 

               Device             

Voltage-level   
T1 T2 T3 T4 T5 T6 

3E ON OFF ON OFF ON OFF 

2E OFF ON ON OFF ON OFF 

E OFF ON OFF ON ON OFF 

0 OFF ON OFF ON OFF ON 

In order to prevent the shot through phenomenon in a practical converter circuit during commutations, 

an appropriate dead-time has to be inserted between switching actions of the two complementary 

devices. Fig.3.4 presents each commutation process with considering the dead-time effect. Fig.3.4 (a) 

(b) present the commutation process between 3E and 2E. In this case, T3 and T5 should be always 

“ON”. T1 and T2 switch in turn in a complementary manner. T1 turns ON in order to get a 3E voltage 

output. T2 turns ON in order to get a 2E voltage output. Meanwhile, when the output voltage is 2E, and 

the output current flows out of the converter, during the dead-time period, the current flows through D2 

and T3. When the output voltage is 3E, and the current flows into the converter, during the dead-time 

period, the current flows through D1.  

For the commutation between 2E and E as shown in Fig.3.4 (c) (d), T2 and T5 are always “ON”. T3 

and T4 switch in turn in order to output voltages 2E and E respectively. When the output voltage is E, 

and the current flows out of the converter, during the dead-time period, the current flows through D4 

and T5. When the output voltage is 2E, and the current flows into the converter, during the dead-time 

period, the current flows through T2, D3. 

For the commutation between E and 0 as shown in Fig.3.4 (e) (f), T2 and T4 are always “ON”. T5 and 

T6 switch in turn in order to output voltages E and 0, respectively. When the output voltage is 0, and 

the current flows out of the converter, during the dead-time period, the current flows through D6. When 

the output voltage is E, and the current flows into the converter, during the dead-time period, the current 

flows through T4 and D5. 
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(a) 3E, 2E commutation when io>0 

 

(b) 3E, 2E commutation when io<0 

 

(c) 2E, E commutation when io>0 
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(d) 2E, E commutation when io<0 

 

(e) E, 0 commutation when io>0 

 

(f) E, 0 commutation when io<0 

Figure 3.4 Commutation process of the four-level π-type converter with consideration of the dead-time effect 
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3.3 Switching devices voltage rating analysis 

The general operation of the four-level π-type converter has been analyzed in section 3.2, and the 

switching truth table corresponding to each switching state has been summarized in Table III.I. It can 

be found out, unlike the standard two-level converter, switching devices voltage ratings of the multilevel 

converter such as the proposed four-level π-type converter are not the same for  . Therefore, the 

switching device voltage rating analysis is necessary here in order to optimize the selection for 

switching devices. According to Table III.I as well as Fig.3.2, the appropriate devices selection for T1 

to T6 can be analyzed as follows. The device blocking voltage can be analyzed with two aspects: steady 

state voltage and transient state voltage.  

a) Steady State voltage  

The steady state is with reference to each switching period. It means switching devices have finished 

switching actions, and keep in on or off state for specific period during each switching period. Generally, 

the steady state period is far more than the transient period. For the switching state as shown in Fig.3.2 

(a) (e), T1, T3, T5 are in on-state, while T2, T4, T6 are in off-state. The phase-leg is clamped to the 

positive dc-link top point through T1, which results in an output voltage 3E. According to Kirchhoff’s 

Voltage Law (KVL) as shown in Fig.3.5, under this condition, T2 has to hold 1/3 the total dc-link voltage 

(E), T4 has to hold 2/3 the total dc-link voltage (2E), and T6 has to withstand the whole dc-link voltage 

(3E).  

 

Figure 3.5 Devices blocking voltages during 3E 
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For the switching state 2E as shown in Fig.3.6, T2, T3, T5 are in on-state, while T1, T4, T6 are in off-

state. In this situation, the phase-leg output terminal clamps to the upper NP (N2) through T2 and T3, 

which results in an output voltage 2E. T1 has to hold 1/3 the total dc-link voltage (E), T4 has to hold 

1/3 1/3 the total dc-link voltage (E) as well, and T6 has to hold 2/3 the whole dc-link voltage (2E) at 

this stage. 

 

Figure 3.6 Devices blocking voltages during 2E 

For the switching state as shown in Fig.3.7, T2, T4, T5 are in on-state, while T1, T3, T6 are in off-state. 

The phase-leg output terminal clamps to the lower NP (N1) through T4 and T5, which results in an 

output voltage E. T1 has to hold 2/3 the total dc-link voltage (2E), T3 has to hold 1/3 the total dc-link 

voltage (E), and T6 has to block 1/3 the total dc-link voltage (E) in this condition. 

 

Figure 3.7 Devices blocking voltages during E 

For the switching state as shown in Fig.3.8, T2, T4, T6 are in on-state, while T1, T3, T5 are in off-state. 
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The output terminal of the phase-leg clamps to the negative dc-link bottom point through T6, which 

results in an output voltage 0. T1 has to block the whole dc-link voltage (3E), T3 has to hold 2/3 the 

total dc-link voltage (2E), while T5 has to hold 1/3 the total dc-link voltage (E). 

 

Figure 3.8 Devices blocking voltages during 0 

According to the analysis above, in the static state, T1 and T6 have to withstand the whole dc-link 

voltage (3E). T3 and T4 need to hold 2/3 of the dc-link voltage (2E). T2 and T5 have to hold 1/3 of the 

dc-link voltage (E).  

b) Transient state voltage 

The transient state is a dynamic switching process when a switching device switching from the on-state 

to the off-state, and vice versa. During each pair of the complimentary devices switching on and off, 

the converter output voltage jumps between adjacent voltage levels. For the four-level π-type converter, 

if the modulation index is high enough, the output phase voltage contains four voltage levels. Therefore, 

the voltage difference between each adjacent voltage level is E. Consequently, the ideal switching 

voltage for each switching device of the four-level π-type converter during the transient is E. For 

example, when commutating between 3E and 2E, T1 and T2 are the complimentary devices switching 

on and off. During 3E switching state as shown in Fig.3.5, voltages on T1 and T2 are 0V and E 

respectively. During 2E switching state as shown in Fig.3.6, voltages on T1 and T2 are E and 0V 

respectively. Therefore, switching voltages on T1 and T2 are both E, which proves the above analysis. 

In a practical PCB circuit or any other format converter circuit, the distance between dc-link capacitors 
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and switching devices may not be ideally zero. Meanwhile, the practical copper path, the capacitor as 

well as the switching device itself contain parasitic inductance. Fig.3.9 presents the simplified phase-

leg structure of the four-level π-type converter with parasitic inductance. 

 

Figure 3.9 Simplified phase-leg structure of the four-level π-type converter with parasitic inductance 

During the commutation transient process, the current of the switching device is relatively large, which 

will cause the induced voltage of the circuit parasitic inductance. Therefore, apart from the ideal 

switching voltage, the induced voltage on the parasitic inductance will also affect the actual blocking 

voltage on the switching device during the commutation transient process. Fig.3.10 presents the turn-

off process of the collector current and the collector-emitter voltage of the IGBT. When an IGBT 

abruptly turns off, the trapped energy in the circuit parasitic inductance will continue against the current 

change in the circuit, causing a voltage overshoot (Vparasitic) across the IGBT as shown in Fig.3.10. The 

magnitude of the induced voltage on the parasitic inductance is proportional to the amount of the 

parasitic inductance and the rate of the current fall. This can be expressed in (3.4) 

Vparasitic= -L
di

dt
                                    (3.4) 

(3.4) indicates the induced voltage of the parasitic inductance depends on the rate of the current change 

as well as the value of parasitic inductance, and always opposes the direction of the current change.  
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Figure 3.10 Turn-off process of the collector current and the collector-emitter voltage 

However, exactly values of the parasitic inductance in different commutation loops are different and 

hard to measure. Therefore, the value of the induced voltage of the parasitic inductance plus the ideal 

switching voltage (Vparasitic + Vsw ) for each switching device can be assumed to be equal to the blocking 

voltage during the transient state for each switching device. This is the reason that the rated voltage for 

the switching device of the traditional two-level converter has to be generally 2 times the dc-link voltage 

in order to leave an enough margin for the parasitic inductance induced voltage plus the switching 

voltage. For a four-level π-type converter, the device rated voltage can be reduced because of the lower 

switching voltage.  

For low voltage applications, take a 600V dc-link voltage application for example. According to the 

analysis above, during the static period, T1 needs to withstand the whole dc-link voltage 600V. While 

during the commutation process 3E to 2E, the voltage across T1 during the switching transient will be 

the sum of the switching voltage E (200V) and the induced voltage from the parasitic inductance. In 

summary, T1 has to hold 600V in static, while 200V plus the induced voltage of parasitic inductance 

during the commutation (e.g. < 600V). Therefore, 900V super-junction MOSFETs or 1200V 

IGBT/MOSFET are both suitable for this purpose. It is the same for T6 as T1 and T6 are in the 

symmetrical positions in the phase-leg configuration. Similarly, T3 and T4 have to hold 400V in static, 

while 200V plus the induced parasitic voltage (<400V) during the commutation. 600V IGBTs or 

MOSFETs can be employed. For T2 and T5, they have to block 200V in static, while 200V plus the 

induced parasitic voltage (<200V) during the commutation. Therefore, 400V switches can be employed. 

Table III.II summarizes the candidate devices types with the minimum device voltage rating for the 

four-level π-type converter phase-leg based a 600V dc-link voltage application. 
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VCE
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TABLE III.II. APPROPRIATE SWITCHING DEVICES VOLTAGE RATINGS AND CANDIDATE DEVICES 

 T1, T6 T3, T4 T2, T5 

Minimum device voltage rating 900V 600V 400V 

Candidate devices 
1200V IGBT or 900V 

MOSFET 

600V 

IGBT/MOSFET 

600V IGBT or 

400V MOSFET 

 

3.4 Topology comparison between four-level π-type converter, three-level T-type converter, 

three-level diode NPC converter, and two-level converter 

In this section, topology characteristics of the four-level π-type converter and the three-level T-type 

converter, the three-level diode NPC converter, as well as the two-level converter have been compared. 

Practically, for three-level converters, there exist alternatives such as active NPC three-level converters 

[172], three-level FC converters [5], or the more complex three-level split-inductor converters [173] 

and three-level matrix converters [5], for four-level converters there exist alternatives such as four-level 

NPC converters [50], four-level FC converters [93]. However, considering the popularity in the industry 

as well as the low voltage application tendency, the selected three-level T-type converters and three-

level diode NPC converters are more competitive and worthy to take into the comparison.  

3.4.1 Layout characteristics comparison between four-level π-type converter, three-level 

T-type converter, three-level diode NPC converter, and two-level converter 

Fig.3.11 presents the phase-leg structure of the four-level π-type converter, the three-level T-type 

converter, the three-level diode NPC converter, and the two-level converter. 
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(a)                                        (b) 

                

(c)                                   (d) 

Figure 3.11 Phase-leg structures: (a) four-level π-type converter, (b) three-level T-type converter, (c) three-level 

diode NPC converter, (d) two-level converter 

Fig.3.11 intuitively presents phase-leg structures of these four types of converter topologies. According 

to the literature introduction in section 2.2, and take a 600V dc-link input voltage as the example, 

topology characteristics comparisons have been summarized in Table III.III and Table III.IV. 
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TABLE III.III. TOPOLOGY CHARACTERISTICS COMPARISON A  

           Topology 

Parameter 

Four-level π-

type converter 

Three-level T-

type converter 

Three-level diode 

NPC converter 

Two-level 

converter 

NO. of voltage levels 4 3 3 2 

NO. of IGBTs each phase-

leg 
6 4 4 2 

NO. of clamping diodes 

each phase-leg 
0 0 2 0 

NO. of separate dc-link 

voltage sources for open 

loop systems 

3 2 2 1 

NO. of switching states 4 3 3 2 

Min NO. of isolated gate 

driver supply for single 

phase-leg 

4 3 4 2 

Min NO. of isolated gate 

driver supply for three-

phase 

6 5 10 4 

TABLE III.IV. TOPOLOGY CHARACTERISTICS COMPARISON B 

           Topology 

Parameter 

Four-level π-

type converter 

Three-level T-

type converter 

Three-level diode 

NPC converter 

Two-level 

converter 

NO. of 1200V IGBTs 2 2 0 2 

NO. of 600V IGBTs 4 2 4 + 2 diodes 0 

Switching voltage 200V 300V 300V 600V 

Through the initial layout characteristics comparison above, the main advantage of the four-level π-type 

converter is the lower switching voltage, which can lead to the lower voltage stress on each switching 

device. This allows to use lower voltage rating devices and reduce the switching loss at the same time. 

However, consider of the number of switching devices, the number of the dc-link voltage sources, and 

the number of the isolated gate driver supplies, the three-level converter as well as the two-level 

converter show the advantage over the four-level π-type converter. 

3.4.2 Operation comparison between four-level π-type converter, three-level T-type 

converter, three-level diode NPC converter, and two-level converter 

Considering the traditional level shifted CB-PWM, for the two-level converter, only one carrier wave 

is required to interact with the modulation wave to determine the turn-on and turn-off state of the 

complimentary devices of the phase-leg. For the three-level T-type converter and three-level diode NPC 
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converter, two level shifted carrier waves are required to interact with the modulation wave to determine 

two pairs of complimentary devices of the phase-leg. For the four-level π-type converter, three level 

shifted carrier waves are required to interact with the modulation wave to determine three pairs of 

complimentary devices of the phase-leg.  

In order to operate the simulation, the Simulink toolbox integrated in the MATLAB has been selected 

as the operation platform. Operational verification simulations have been implemented on these four 

topologies, respectively. Table III.V to Table III.VII list the simulation models setup parameters for the 

three-phase two converter, the three-phase three-level NPC converter, the three-phase three-level T-type 

converter, and the three-phase four-level π-type converter, respectively. The modulation indices for all 

four topologies are set to 0.95 as the modulation wave used in all simulations are purely sinusoidal. The 

screen shots of the Matlab/Simulink simulation models for all four topologies are shown in Appendix 

B. 

The purpose of this group of simulations is to validate the operation of each topology listed in Fig.3.11. 

Therefore, the simulation models are proposed to be established as practical as possible. The Solver of 

the simulation models are selected as discrete, and Zero-order Hold is employed in order to imitate the 

ADC sampling process of the practical circuit. The Internal resistance Ron is selected as the default 

value 0.01 in order to make it similar to a practical IGBT. The snubber resistance and capacitance are 

selected as the default.   
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TABLE III.V THREE-PHASE TWO-LEVEL CONVERTER SYSTEM SIMULATION PARAMETERS 

Parameters Values 

Software Matlab 2017.b 

Toolbox Simulink 

Simulation type (Solver) Discrete 

Simulation system sample time 1 μs in powergui 

Zero-Order Hold sample time  100 μs 

Sinusoidal fundamental signals 

generator model for the inverter 

Sine Wave (Sine type: Time based, Time(t): Use simulation time, 

Frequency=100π rad/s (50Hz), Phase=[0, 2/3π, -2/π3] rad, Sample 

time=0) 

Triangular carrier wave 

generator model for the inverter  

Repeating table (frequency = 10 kHz) 

IGBT model IGBT/Diode module 

IGBT/Diode module setting Internal resistance Ron=0.01, Snubber resistance Rs=100000, 

Snubber capacitance Cs=inf 

DC-link cap model Series RLC Branch (Branch type: C, C=2000µF, cap initial 

voltage =600V) 

DC-link parallel protection 

resistors model  

Series RLC Branch (Branch type: R, resistance value: 100kΩ) 

DC voltage supply model DC Voltage Source (Amplitude=600V) 

Inverter side load model Three-Phase Series RLC Branch (Branch type: RL, 

Resistance=25Ω, Inductance=5mH) 
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TABLE III.VI THREE-PHASE THREE-LEVEL DIODE NPC AND T-TYPE CONVERTERS SYSTEM SIMULATION 

PARAMETERS 

Parameters Values 

Software Matlab 2017.b 

Toolbox Simulink 

Simulation type (Solver) Discrete 

Simulation system sample time 1 μs in powergui 

Zero-Order Hold sample time  100 μs 

Sinusoidal fundamental signals 

generator model for the inverter 

Sine Wave (Sine type: Time based, Time(t): Use simulation time, 

Frequency=100π rad/s (50Hz),  Phase=[0, 2/3π, -2/π3] rad, 

Sample time=0) 

Triangular carrier wave 

generator model for the inverter  

Repeating table (frequency = 10 kHz) 

IGBT model IGBT/Diode module 

IGBT/Diode module setting Internal resistance Ron=0.01, Snubber resistance Rs=100000, 

Snubber capacitance Cs=inf 

DC-link cap model Series RLC Branch (Branch type: C, C=2000µF, cap initial 

voltage: C1=C2=300V) 

DC-link parallel protection 

resistors model  

Series RLC Branch (Branch type: R, resistance value: 100kΩ) 

DC voltage supply model DC Voltage Source * 2 (in series, Amplitude=300V) 

Inverter side load model Three-Phase Series RLC Branch (Branch type: RL, 

Resistance=25Ω, Inductance=5mH) 
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TABLE III.VII THREE-PHASE FOUR-LEVEL Π-TYPE CONVERTERS SYSTEM SIMULATION PARAMETERS 

Parameters Values 

Software Matlab 2017.b 

Toolbox Simulink 

Simulation type (Solver) Discrete 

Simulation system sample time 1 μs in powergui 

Zero-Order Hold sample time  100 μs 

Sinusoidal fundamental signals 

generator model for the inverter 

Sine Wave (Sine type: Time based, Time(t): Use simulation time, 

Frequency=100π rad/s (50Hz), Phase=[0, 2/3π, -2/π3] rad, Sample 

time=0) 

Triangular carrier wave 

generator model for the inverter  

Repeating table (frequency = 10 kHz) 

IGBT model IGBT/Diode module 

IGBT/Diode module setting Internal resistance Ron=0.01, Snubber resistance Rs=100000, 

Snubber capacitance Cs=inf 

DC-link cap model Series RLC Branch (Branch type: C, C=2000µF, cap initial 

voltage: C1=C2=C3=200V) 

DC-link parallel protection 

resistors model  

Series RLC Branch (Branch type: R, resistance value: 100kΩ) 

DC voltage supply model DC Voltage Source * 3 (in series, Amplitude=200V) 

Inverter side load model Three-Phase Series RLC Branch (Branch type: RL, 

Resistance=25Ω, Inductance=5mH) 

Fig.3.12 shows simulation output waveforms based on open loop systems of the two-level converter, 

the three-level diode NPC converter, the three-level T-type converter as well as the four-level π-type 

converter with simulation parameters shown in Table III.V to Table III.VII.  

As mentioned above, the reason this simulation is carried out with Simulink as well as the above 

parameters is to simulate the practical prototypes operations in order to get a reasonable prediction for 

converter prototypes. Considering the switching device internal resistor, the zero-order hold blocks as 



82 

 

well as deadtime, the operation comparison between difference converter topologies can be more 

practical and convincing. And all simulation topologies have been converted to the discretization system, 

and are supplied with the same input voltage as well as the same load condition to make the comparison 

more reasonable. And one thing needs to be mentioned here is the simulation parameters setting will be 

used for the practical prototypes test in Chapter 4. 

Fig.3.12 (a) (b) show operation waveforms of the two-level converter. The phase A output phase voltage 

is with reference to the negative bottom point of the dc-link, which only jumps between 600V and 0V 

as shown in the bottom figure of Fig.3.12 (a). Meanwhile, the output line voltage has three levels as 

shown in the top figure of Fig.3.12 (a). Three-phase sinusoidal output currents are shown in Fig.3.12 

(b).  

Fig.3.12 (c) (d) show operation waveforms of the three-level diode NPC converter. Due to the two dc-

link NP clamping diodes (as shown in Fig.3.11 (c)), the phase A output phase voltage has three levels 

as shown in the bottom figure of Fig.3.12 (c). Meanwhile, the output line voltage has five levels as 

shown in the top figure of Fig.3.12 (c). Three-phase sinusoidal output currents are shown in Fig.3.12 

(d). It can be noted that the current waveform line in Fig.3.12 (b) is bolder than that in Fig.3.12 (d), 

which indicates the high frequency harmonics in the output current of the three-level converter is less 

than that of the two-level converter. 

Fig.3.12 (e) (f) show operation waveforms of the three-level T-type converter. Similar to the three-level 

diode NPC converter, the back-to-back IGBT connected neutral path enables the three-level T-type 

converter to output three levels at its phase voltage as shown in the bottom figure of Fig.3.12 (e). The 

output line voltage also has five levels as shown in the top figure of Fig.3.12 (e). Three-phase sinusoidal 

output currents are shown in Fig.3.12 (f). Due to the same modulation technique as well as the same 

output voltage level, the current waveform line of the T-type converter is as bold as that of the three-

level diode NPC converter. 

Fig.3.12 (g) (h) show operation waveforms of the four-level π-type converter. Due to the two back-to-

back IGBT connected neutral paths, the phase A output voltage has four level as shown in the bottom 

figure of Fig.3.12 (g). The output line voltage has seven levels as expected as shown in the top figure 

of Fig.3.12 (g). Three-phase sinusoidal output currents are shown in Fig.3.12 (h). It can be noticed that 
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the current waveform line of Fig.3.12 (h) is less bold than those in Fig.3.12 (d) and (f), which indicates 

the high frequency harmonics in the output current of the four-level converter is further less than that 

of the three-level converter. 

 

(a) Output voltages                              (b) Output currents 

 

(c) Output voltages                            (d) Output currents 
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(e) Output voltages                            (f) Output currents 

 

 

(g) Output voltages                           (h) Output currents 

Figure 3.12 Simulation waveforms of (a) (b): two-level converter, (c) (d): three-level NPC converter, (e) (f): 

three-level T-type converter, (g) (h): four-level π-type converter 

Fig.3.13 shows the corresponding simulation output harmonic analysis through the Fast Fourier 

Transform (FFT) in MATLAB for open loop systems of the two-level converter, the three-level diode 

NPC converter, the three-level T-type converter, and the four-level π-type converter. 

Fig.3.13 (a) (b) show harmonic spectrums of the line voltage and the output current for the two-level 

converter, respectively. The THD of the line voltage is relatively large due to only three levels at the 

output line voltage. The THD of the output current is 3.7%, which is much less than that of the voltage 
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THDs due to the 5mH output inductor adopted. 

Fig.3.13 (c) (d) show harmonic spectrums of the line voltage and the output current for the three-level 

diode NPC converter, respectively. The THD of the line voltage in Fig.3.13 (c) is now 37.53%, less than 

half of the THD of the line voltage for the two-level converter in Fig.3.13(a). It is due to the two more 

voltage levels on line voltages compare to that of the two-level converter. Therefore, the THD of the 

current for the three-level diode NPC converter in Fig.3.13 (d) is less than half of the current THD of 

the two-level converter as shown in Fig.3.13(b). It proves the advantage that in order to get the same 

output harmonic level, the output filter of the three-level converter can be much smaller. 

Fig.3.13 (e) (f) present harmonic spectrums of the line voltage and the output current for the three-level 

T-type converter, respectively. With the same output voltage levels, the THD of the line voltage as well 

as the current of the three-level T-type converter are almost the same to the ones of the three-level diode 

NPC converter. 

Fig.3.13 (g) (h) present harmonic spectrums of the line voltage and the output current for the four-level 

π-type converter, respectively. Due to even more line voltage levels, the THD of the line voltage in 

Fig.3.13 (g) is now 24.09%, which almost 2/3 of the THD of the line voltage for three-level converters 

as shown in Fig.3.13 (c) (e). Meanwhile, the THD of the current for the four-level π-type converter 

further reduces compares with the current THD of three-level converters. It proves that to get the same 

output harmonic level, the output filter of the four-level converter can be further reduced compares to 

the three-level converter.  
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(a) Line voltage                              (b) Output current 

 

(c) Line voltage                              (d) Output current 

 

(e) Line voltage                              (f) Output current 
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(g) Line voltage                              (h) Output current 

Figure 3.13 FFT analysis of simulation waveforms of (a) (b): two-level converter, (c) (d): three-level NPC 

converter, (e) (f): three-level T-type converter, (g) (h): four-level π-type converter 

Through the phase-leg layout characteristic as well as the simulated operation comparison among these 

four topologies above, with the same input and load condition, disadvantages and advantages of the 

four-level π-type converter can be summarized as follow. 

Disadvantages  

• For the aspect of the number of switching devices: the switching devices number of the three-

level T-type converter and the two-level converter are 33.33% less and 66.67% less than that 

of the four-level π-type converter, respectively. The number of switching devices of the three-

level diode NPC converter is the same as the one of the four-level π-type converter due to the 

two clamping diodes. 

• For the aspect of the minimum number of the isolated gate driver supplies for three-phase 

system, the number of the three-level T-type converter, and the two-level converter is 16.67% 

less, and 33.33% less than that of the four-level π-type converter, respectively.  

• If open loop systems used, the four-level converter requires more separated dc-link voltage 

sources 

Advantages 

• For the aspect of the THD of output waveforms, THDs of the line voltage and the current of 
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the four-level π-type converter are 35.57% less, and 39.87% less than those of the two kinds 

three-level converters, respectively. While, THDs of the line voltage and the current of the 

four-level π-type converter are 70% less, and 74.32% less than those of the two-level converter, 

respectively. 

• For the aspect of the switching voltage of switching devices, the switching voltage for the 

four-level π-type converter is 33.33% less, and 66.67% less than those for the three-level 

converter, and the two-level converter, respectively. 

Even the tradeoff has been made between disadvantages and advantages of the four-level π-type 

converter. From the numerical comparison analysis above, and consider the compact system 

requirement for the low voltage applications such as electric vehicles, advantages still take the dominant 

position for the four-level π-type converter. And the separated dc-link voltage sources problem can also 

be resolved by employing the proposed dc-link NP voltages control strategy which will be introduced 

in Chapter 5. 

3.5 Summary of Chapter 3 

This chapter introduced and investigated the layout as well as basic modulation operations of the four-

level π-type converter.  

From the aspect of the configuration, the proposed four-level π-type converter consists of only 6 

switching devices on each phase-leg. Two back-to-back connected neutral paths make the converter 

topology be able to output four voltage levels at the phase voltage. Compares to the three-level T-type 

converter, it only has two more switching devices on each phase-leg. Compares to the three-level diode 

NPC converter, it does not require clamping diodes. If the two switching devices in two neutral paths 

are common-collector connected, then there will be only two more gate driver supplies for the three-

phase converter compares to the three-phase two-level converter topology. Therefore, the four-level π-

type is less complexity compares to other four-level NPC converters.  

From the aspect of the device voltage rating requirement, the switching voltage of each switching device 

on the proposed topology is only 1/3 of the total dc-link voltage, which allows it to employ the device 

with the lower block voltage rating compares to the three-level converter and the two-level converter. 
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Lower switching voltage can help to reduce the switching loss when the dc-link voltage is the same.  

From the aspect of the output harmonics, this four-level π-type converter can be well operated with a 

traditional level shifted CB-PWM scheme. With the traditional level shifted CB-PWM, and the same 

input, load conditions, by taking the numerical comparison about the layout characteristics as well as 

the open loop operation performance among the two-level converter, the three-level diode NPC 

converter, the three-level T-type converter, as well as the four-level π-type converter, the four-level π-

type converter demonstrates much lower output harmonic contents. 

Therefore, the lower switching voltage, the comprised topology configuration complexity, and lower 

output harmonic contents make the four-level π-type converter as a qualified candidate for low voltage 

applications which require the compact and higher power density requirements.  
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4 Power loss analysis for the four-level π-type converter 

4.1 Introduction 

In chapter 3, topology characteristics, the switching device voltage rating feature, the operation based 

on initial modulation, as well as output harmonic contents have been analyzed and compared with 

existing popular NPC converters. Initial results in chapter 3 verified the proposed four-level π-type 

converter can be a qualified candidate for low voltage applications. Therefore, the next step is to 

systematically analyze the power loss situation for the four-level π-type converter based on the 

mathematical power loss model. Meanwhile, it is worth to compare the topology operation efficiency 

of the four-level π-type converter to other popular NPC converters and the two-level converter in order 

to verify the advantage of the proposed four-level topology. In this chapter, an average analytical power 

loss model has been established in order to investigate the power loss distribution as well as the 

operation efficiency of the four-level π-type converter. Based on the proposed average power loss model, 

the average power loss distribution of each individual switching device of the four-level π-type 

converter phase-leg can be calculated in order to investigate the power stress of each device under 

different operation modes. Apart from that, the total power converter output efficiency under different 

switching frequencies can be calculated in order to compare the efficiency characteristic of four-level 

π-type converter to other power converter topologies. The average analytical expressions of the 

proposed average power loss model can be varied according to the modulation wave shape. In this 

chapter the pure sinusoidal modulation has been used out of the simplification. A 3kW four-level π-type 

converter prototype has been established to verify the proposed power loss model. A 3kW two-level 

converter prototype with the same switching device (IGBT) has also been built to provide a practical 

efficiency comparison to the four-level π-type converter in order to validate the power loss advantage 

of the four-level π-type converter. Through the power loss model calculation, simulation as well as the 

test verification, the proposed power loss model calculated converter efficiency which matches well 

with practical experimental results. Meanwhile, the four-level π-type converter presents a lower total 

output loss compares to other three converters. 

The work in this chapter has been published in [78], [115] by the author. 
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4.2 Average analytical power loss model establishment 

In this chapter, the average analytical approach is adopted to analyze the power loss distribution of the 

four-level π-type converter. According to the literature review in section 2.3, the power loss of the 

switching device can split into two parts. One part is the conduction loss out of the power dissipation 

on the device conduction forward resistance. Another part is the switching loss due to the power 

consumption during the switching transient. And due to silicon co-packed IGBTs are selected as 

example switching devices in this thesis, the reverse recovery loss of the anti-parallel diode should be 

considered as well. 

4.2.1 Average analytical model of conduction losses 

Conduction losses occur when the conduction current is flowing through the switching device on-state 

resistance. Therefore, the instantaneous conduction power for any switching device in the phase-leg is 

shown in (4.1). 

𝑃𝑐𝑜𝑛_𝑖𝑛𝑠 = 𝑣𝐶𝐸 ∙ |𝑖𝑐|                               (4.1) 

where, ic is the IGBT collector conduction current or diode forward current. From the piecewise point 

of view, ic can be deemed and expressed as the converter load current when corresponding devices are 

in on-state. Generally, for a sinusoidal PWM converter, the output load current is fundamentally 

sinusoidal and bidirectional. Therefore, the reason for using the absolute value of the device forward 

conducting current |ic| is that the forward conducting current of the on-state switching device should be 

always positive, regardless of the direction of the output load current. vCE is the switching device 

forward conduction voltage drop. Fig. 4.1 (a) (b) show forward conduction voltage drops vs conduction 

collector/diode currents curves of the IGBT and anti-parallel diode of FGW15N120VD [174] under a 

175℃ junction temperature. They both follow the exponential law. Generally, in most of the working 

range, the device forward conduction voltage drop increases linearly with the forward current increases. 

Therefore, for analysis simplification, vCE can be expressed as a first order linear equation as shown in 

(4.2). 

0 0 | |CE CE T cv V r i= +                               (4.2) 



92 

 

where, VCE0 represents the equivalent IGBT on-state threshold voltage. r0T represents the IGBT 

equivalent turn-on resistance. They can be derived by extending the linear region of the conduction 

voltage drop vs conduction collector current curve to get across the vCE axis. Thus, the distance between 

the origin and the cross point on the vCE axis is equal to VCE0. The reciprocal of the gradient of the 

extended line is expressed as ΔvCE/Δic which equals to r0T. Fig. 4.1 (c) demonstrates this method for the 

IGBT intuitively, where the blue dash lines are extended lines of the linear region of the conduction 

voltage drop vs conduction collector current curves.  

When current flows through the anti-parallel diode, the diode forward conduction voltage drop can be 

expressed by using the same principle as shown in (4.3). Fig. 4.1 (d) demonstrates the method to get 

the diode equivalent turn-on resistance r0D, and the diode equivalent on-state threshold voltage VF0. 

0 0 | |F F D cv V r i= +                               (4.3) 

 

                     (a) IGBT                                (b) Anti-parallel diode 
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     (c) Conduction parameters derivation for IGBTs       (d) Conduction parameters derivation for diodes 

Figure 4.1 Curves of conducting collector/diode currents vs turn-on voltages of FGW15N120VD 

It should be noticed that all curves and data should be taken at a high junction temperature condition 

(175℃), which is the worst case for consideration [108][109][175]. And the condition VGE=15V curve 

is selected for IGBT is due to it is a typical gate driver voltage, and the gate-emitter voltage used for 

the test later will be 15V as well. 

As mentioned before, for the sinusoidal PWM modulation method, when the frequency ratio is greater 

than 15 or so [25], the switching frequency is much larger than the fundamental frequency. In this case, 

with a proper output filter, the load current can be assumed as sinusoidal [25]. Therefore, ic can be 

expressed as (4.4) 

sin( )c CMi I t = −                              (4.4) 

where, ICM is the load current peak value. φ is the power factor angle. 

The average conduction loss of the IGBT over one fundamental cycle can be expressed as an integration 

formula in (4.5a) by combing (4.1) and (4.2). Similarly, the average conduction loss of the anti-parallel 

diode within one fundamental period can be expressed in (4.5b). 

 
2

1

2

, 0 0

1
| sin( ) | ( sin( ))

2
con T CE CM T CMP k V I t r I t d t




    


 =   − +  −               (4.5a) 

Δic

ΔvCE

VCE0 r0T =ΔvCE/Δic

Δic

ΔvFVF0 r0D =ΔvF/Δic
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2

1

2

, 0 0

1
| sin( ) | ( sin( ))

2
con D F CM D CMP k V I t r I t d t




    


 =   − +  −               (4.5b) 

k represents the switching device conduction duty cycle which is the device on/off ratio. θ2, θ1 are 

integration boundaries depending on conduction intervals for switching devices. Devices on different 

positions on the converter topology may have different integration boundaries, as their corresponding 

conduction intervals are different. Therefore, due to the topology configuration as well as the CB-PWM 

being used, the on/off ratio k in (4.5) has different expressions in various regions which has been derived 

according to the method in [25]. The derivation of k will be described as follows. 

Assuming an inductive load, Fig.4.2 shows conduction intervals of switching devices with related to 

the converter output phase voltage fundamental component vp (take the dc-link middle point as the 

reference point) and the converter output load current ic for the four-level π-type converter with respect 

to the angle domain. Different modulation indices m and power factor angles φ can result different 

conduction intervals as shown in Fig.4.2 (a) (b) (c) (d), respectively. And the integration boundary (θ2, 

θ1) in (4.5a) or (4.5b) can be obtained from Fig.4.2. Assume the total dc-link voltage equals to 3E, and 

according to Table III.I in section 3.2, in Fig.4.2, the switching state P indicates the inverter output phase 

voltage vp equals to 3E/2, T1 and T3, T5 are ON. O+ means vp= E/2, T2, T3 and T5 are ON. O- means 

vp= -E/2, T2, T4 and T5 are ON. And N indicates vp= -3E/2, T2, T4 and T6 are ON.  
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(b) 

 

(c) 

 

(d) 

Figure 4.2 Conduction intervals for switching devices(a) m ≤ 
1

3
. (b) m >

1

3
,  0 < φ ≤ sin

-1
(

1

3m
). (c) m >

1

3
, 

sin
-1

(
1

3m
) < φ < π- sin

-1
(

1

3m
). (d) m >

1

3
,  π- sin
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(
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3m
) ≤  φ < π.  
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Assume the sinusoidal modulation, Fig.4.2 (a) presents the situation when the modulation index is less 

than 1/3. Assume the waveform of output phase voltage fundamental component vp=sin(θ), then the 

current waveform is ic=sin(θ-φ). With this situation, when the level-shifted CB-PWM is adopted as 

shown in Fig.3.3, the modulation wave always below the upper carrier wave and over the bottom carrier 

wave. Therefore, T1 is always in off-state, while T6 is always in off-state as well, which means T1, T6, 

D1, D2 will neither switch nor conduct at all according to Table III.I. During one fundamental period, 

the current only flows through T2, T3, T4, T5, D2, D3, D4, D5. Under this situation, the converter 

output phase voltage only has two voltage levels, therefore, the converter is equivalent to a two-level 

converter. 

Fig.4.2 (b) presents the situation when the modulation index is larger than 1/3. Meanwhile the power 

factor angle is large 0 but less than sin
-1

(
1

3m
). Under this situation, the converter is able to output the 

phase voltage with four voltage levels. Please note, the angle sin
-1

(
1

3m
) is an important angle value. 

The relationship between sin
-1

(
1

3m
) and the power factor angle φ will determine conduction intervals 

and switching intervals of each switching device even the modulation index m is the same.  

Fig.4.2 (c) presents the situation when the modulation index is larger than 1/3. And the power factor 

angle is larger than sin
-1

(
1

3m
) but less than π-sin

-1
(

1

3m
). Even in this situation the converter works as 

a four-level converter, however, devices conduction intervals are different compare to Fig.4.2 (b) due 

to different power factor angles. For example, D1 doesn’t conduct at all in Fig.4.2 (b), but does conduct 

in Fig.4.2 (c) in the region [sin
-1

(
1

3m
), φ]. For the four-level π-type converter, there’re three commutation 

regions P~O+, O+~O-, O-~N. With a sufficient large modulation index, current directions in different 

commutation regions will result in devices switching on and off differently.  

Fig.4.2 (d) presents the situation when the modulation index is larger than 1/3. And the power factor 

angle is larger than π-sin
-1

(
1

3m
) but less than π. This situation is close to a rectifier operation, where 

the vp and ic are nearly out of phase. This situation should still be taken into consideration when establish 

the power loss model and calculate the efficiency. 

Devices conduction intervals have been summarized in Table IV.I, Table IV.II, Table IV.III, Table IV.IV.  
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TABLE IV.IV. M ≤ 
1

3
 

 

 

 

 

 

 

 

 

 

TABLE IV.II M >
1

3
,  Φ ≤ SIN-1 (

1

3M
) 

Device Conduction intervals 

T1, T6 [sin
-1

(
1

3m
), π-sin

-1
(

1

3m
)] 

D1, D6 Null 

T2, T5 [0, φ], [π+φ, π+sin
-1

(
1

3m
)], [2π-sin

-1
(

1

3m
), 2π] 

D2, D5 [φ, sin
-1

(
1

3m
)], [sin

-1
(

1

3m
), π-sin

-1
(

1

3m
)], [π-sin

-1
(

1

3m
), π+φ] 

T3, T4 [φ, sin
-1

(
1

3m
)], [sin

-1
(

1

3m
), π-sin

-1
(

1

3m
)], [π-sin

-1
(

1

3m
), π+φ] 

D3, D4 [0, φ], [π+φ, π+sin
-1

(
1

3m
)], [2π-sin

-1
(

1

3m
), 2π] 

 

 

 

 

 

 

 

 

 

 

 

Device Conduction intervals 

T1, T6 Null 

D1, D6 Null 

T2, T5 [0, φ], [π+φ, 2π] 

D2, D5 [φ, π+φ] 

T3, T4 [φ, π+φ] 

D3, D4 [0, φ], [π+φ, 2π] 
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TABLE IV.III. M >
1

3
, SIN-1 (

1

3M
) <Φ < Π- SIN-1 (

1

3M
) 

Device Conduction intervals 

T1, T6 [φ, π-sin
-1

(
1

3m
)] 

D1, D6 [sin
-1

(
1

3m
), φ] 

T2, T5 [0, sin
-1

(
1

3m
)], [sin

-1
(

1

3m
), φ], [2π-sin

-1
(

1

3m
), 2π] 

D2, D5 [φ, π-sin
-1

(
1

3m
)], [π-sin

-1
(

1

3m
), π+sin

-1
(

1

3m
)] 

T3, T4 [φ, π-sin
-1

(
1

3m
)], [π-sin

-1
(

1

3m
), π+sin

-1
(

1

3m
)] 

D3, D4 [0, sin
-1

(
1

3m
)], [sin

-1
(

1

3m
), φ], [2π-sin

-1
(

1

3m
), 2π] 

 

TABLE IV.IV. M >
1

3
,  Π- SIN-1 (

1

3M
) ≤Φ < Π 

Device Conduction intervals 

T1, T6 Null 

D1, D6 [sin
-1

(
1

3m
), π-sin

-1
(

1

3m
)] 

T2, T5 [0, sin
-1

(
1

3m
)], [sin

-1
(

1

3m
), π-sin

-1
(

1

3m
)], [π-sin

-1
(

1

3m
), φ], [φ+π, 2π] 

D2, D5 [φ, π+sin
-1

(
1

3m
)], [2π-sin

-1
(

1

3m
), φ+π] 

T3, T4 [φ, π+sin
-1

(
1

3m
)], [2π-sin

-1
(

1

3m
), φ+π] 

D3, D4 [0, sin
-1

(
1

3m
)], [sin

-1
(

1

3m
), π-sin

-1
(

1

3m
)], [π-sin

-1
(

1

3m
), φ], [φ+π, 2π] 

 

Fig.4.3, Fig.4.4 and Fig.4.5 show different switching states according to the relative geometrical 

position between the modulation wave and the triangular carrier wave within one switching period Ts. 

As mentioned before, the large frequency index condition is employed in this chapter, therefore, 

switching period Ts is much less than the fundamental period To. Consequently, within a single 

carrier/switching period, the value of the modulation wave can be deemed as constant. Therefore, the 

modulation wave can be drawn as a horizontal straight line across the carrier wave during each carrier 

period as shown in Fig.4.3 to Fig.4.5. According to this assumption, the corresponding on/off ratio k 

can be derived by the essential mathematical analysis of the geometrical triangle proportional relation 
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between the modulation wave and the carrier wave. Detailed analysis shows as follows.  

(a) P~O+ region 

 

Figure 4.3 The switching state when the modulation wave between P and O+ (P ~ O+ commutation) 

Take Fig.4.3 for example, it shows the condition when the commutation happens within the P ~ O+ 

region. The modulation wave across the top triangular wave (top carrier wave). The length of the straight 

line (modulation wave) across the blue triangle in Fig.4.3 is the duty cycle (kPO+_O+) of the switching 

state O+ within P ~ O+ region. Consequently, use the similar triangles geometrical relationship, the O+ 

switching state ratio kPO+_O+ can be evaluated as follows 

3-[1.5m∙ sin(ωt)+1.5]

3-2
=

kPO+_O+

1
 

(3−2) : 1 = 
3 3

[ sin( )]
2 2

m t−    : kPO+_O+ 

   kPO+_O+ = 
3 3

sin( )
2 2

m t−                         (4.6) 

Due to P switching state ratio kPO+_P has the complementary relation with the O+ switching state ratio, 

within P ~ O+ region, thus it can be calculated as 

kPO+_P = 1− kPO+_O+ = 
1 3

sin( )
2 2

m t− +                     (4.7) 
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(b) O+ ~ O− region 

 

Figure 4.4 The switching state when the modulation wave between O+ and O- (O+ ~ O- commutation) 

For the commutation of O+ ~ O- as shown in Fig.4.4, O−  switching state ratio kO+O-_ O- can be 

evaluated as 

2-[1.5m∙ sin(ωt) +1.5]

2-1
=

kO+O-_O-

1
 

(2−1) : 1 = 
1 3

[ sin( )]
2 2

m t−    : kO+O-_ O- 

kO+O-_ O- = 
1 3

sin( )
2 2

m t−                          (4.8) 

O+ switching state ratio kO+O-_ O+ can be calculated as 

kO+O-_ O+ = 1− kO+O-_ O- =  
1 3

sin( )
2 2

m t+                    (4.9) 
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(c) O− ~ N region 

 

Figure 4.5 The switching state when the modulation wave between O- and N (O- ~ N commutation) 

For the commutation of O- ~ N as shown in Fig.4.5, N switching state ratio kO-N_ N can be evaluated as 

1-[1.5m∙ sin(ωt) +1.5]

3-2
=

kO-N_N

1
 

(1-0) : 1 = 
1 3

[ sin( )]
2 2

m t− −    ：kO-N_ N 

kO-N_ N = 
1 3

sin( )
2 2

m t− −                             (4.10) 

O− switching state ratio kO-N_ O- can be obtained as 

kO-N_ O- = 1− kO-N_ N = 
3 3

sin( )
2 2

m t+                      (4.11) 

In summary, the on/off ratio (duty cycle) k in different commutation regions can be listed in Table IV.V 

TABLE IV.V. ON/OFF RATIO WITHIN DIFFERENT COMMUTATION REGIONS 

 

Detailed average conduction loss analytical expressions are listed in Appendix A.IV. 
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Modulation wave
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t

3
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1

0

Carrier waves

kO-N_O- kO-N_O-kO-N_N

Region P ~ O+ O+ ~ O− O− ~ N 

State P O+ O+ O− O− N 

k 
1 3

sin( )
2 2

m t− +   3 3
sin( )

2 2
m t−   1 3

sin( )
2 2

m t+   1 3
sin( )

2 2
m t−   3 3

sin( )
2 2

m t+   1 3
sin( )

2 2
m t− −   
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4.2.2 Average analytical model of the switching loss 

After conduction losses have been analyzed in the previous section, another important part the switching 

loss which consists of the total converter power loss will be discussed here. Switching losses contain 

turn-on losses and turn-off losses. For anti-parallel diodes, only reverse recovery losses will be 

considered. The forward recovery loss during the diode switching on transient is negligible here, and 

most datasheets do not provide this data at all [14][101][117] [161][175][176]. Generally, the switching 

energy vs the device current curve is provided by the switching devices datasheets [174], [177]. For 

example, Fig.4.6 (a) (b) present switching energy vs device collector/diode current curves of 1200V 

silicon IGBTs (FGW15N120VD). Even all three curves are from the datasheet of FGW15N120VD, 

however, the detailed mathematical relationship between the switching energy and the device 

collector/diode current is still unknown. In order to get this mathematical relationship, a hypothesis 

model can be made according to the shape of the curve first. It can be monitored from Fig.4.6 (a) (b), 

all turn-off energy Eon, turn-off energy Eoff, and diode reverse recovery energy Err curves present a 

parabola shape. Therefore, the switching energy of switching devices can be formulated as shown in 

(4.12), where the switching energy is assumed to be proportional to the device switching voltage (Vsw) 

and has a quadratic relationship with the device current at the meantime [21].  

Esw_ins(𝑖𝑐(𝜔𝑡))=(A0+B0∙|ic(𝜔𝑡)|+C0∙ic
2(𝜔𝑡))

Vsw

Vbase

                                        (4.12) 

where, Esw_ins(𝑖𝑐(𝜔𝑡)) is the instantaneous switching energy as a function of the load current. Vsw is 

the actual switching voltage of the switching device. Vbase is the reference switching voltage provided 

in the datasheet which used for characterizing the switching energy. Vsw/Vbase means the assumption 

made here that the device switching energy has a linear relationship with the device switching voltage. 

A0, B0, C0 are parameters describing the relationship between the switching energy and the device 

collector/diode current. Then the next step is to find out specific values of parameters A0, B0, C0. Import 

these three curves to the mathematical analysis software (here, MATLAB has been used), then utilize 

the curve fitting function to generate values of A0, B0, C0, respectively. Curves in the datasheet can be 

imported to MATLAB by selecting some data points on each curve as shown in Fig.4.6 (c) 
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(a) IGBT turn-on and turn-off energy curves      (b) Anti-parallel diode reverse recovery energy curve 

 

(c) Curve fitting methods of switching energy curves 

Figure 4.6 FGW15N120VD switching energy vs collector current and MATLAB curve fitting 

Obviously, the curve generated by curve fitting approach matches well to datasheet points. 

Of course, the data on the datasheet might not be precise when actual junction temperatures, switching 

voltages, or even different converter layouts are different. In order to get a more precise energy curve, 

groups of double pulse tests should be taken under the desirable operation condition. However, it may 

take too much time to carry out specific double pulse tests once the temperature requirement, the voltage 

requirement or the converter prototype layout change. Therefore, the method which takes the data 
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directly from the datasheet under a high junction temperature not only gives an approximation of 

switching energy function parameters, but also takes the worst case as mentioned before. 

Once switching energy curve parameters have been generated, the switching loss can be analyzed. 

Assuming a sinusoidal PWM operation, there are j switching actions within each fundamental period. 

In order to calculate switching losses, all j switching actions during one fundamental period have to be 

considered. Therefore, the switching energy averaged over one fundamental cycle Esw  can be 

expressed as 

Esw =
1

2𝜋
∙ ∫ 𝑔(𝜔𝑡) ∙ Esw_ins(𝑖𝑐(𝜔𝑡))

2𝜋

0

                                                       (4.13) 

where g(𝜔t) is a piecewise function indicating switching intervals, and has been expressed in (4.14). 

θsw1, θsw2 are switching intervals (expressed as angle/radian, where the devices switching transient 

happen) within one fundamental cycle. 

𝑔(𝜔𝑡) = {
0,                          𝑖𝑓 𝜔𝑡 ∉ (θsw1,θsw2)

1,                           𝑖𝑓 𝜔𝑡 ∈ (θsw1,θsw2)
                                                (4.14) 

Substitute (4.14) into (4.13), the average switching energy over one fundamental cycle can be expressed 

as shown in (4.15). 

Esw =
1

2𝜋
∙ ∫ Esw_ins(𝑖𝑐(𝜔𝑡))

θsw2

θsw1

                                                       (4.15) 

Meanwhile, the average switching loss power during each fundamental period can be generally 

expressed as 

Psw = 𝑓𝑠∙ Esw                                                                   (4.16) 

where, fs is the carrier frequency (switching frequency). Then, substitute (4.12) and (4.15) into (4.16), 

the average switching loss during one fundamental period can be expressed as 

Psw=
f
s

2π
∙

Vsw

Vbase

∫ [A0+B
0
∙|ICM sin(ωt-φ)|+C0∙(ICM sin(ωt-φ) )

2
]dωt

θsw2

θ1

                       (4.17) 

With (4.17), the switching device average switching loss has been expressed as the function of switching 

frequency, load current, switching intervals as well as the load power factor angle. It should be noted, 

due to the sinusoidal PWM operation, the IGBT collector current or anti-parallel current in each 
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switching action can be presented as the instantaneous value of the output load current. Therefore, the 

current in (4.17) presents as the instantaneous value of the output load current, where ICM is the load 

current peak value. Thus, the switching loss is expressed as a function of the switching frequency, the 

peak load current as well as the power factor.  

Theoretically, switching losses of different switching devices are depending on switching transients as 

well as output current directions. Therefore, in order to find out turn-on losses, turn-off losses of IGBTs 

and anti-parallel diode recovery losses (The forward recovery loss of the diode during the switching 

transient is negligible here as mentioned before), it is important to analyze the detailed the commutation 

process for each switching transition.  

Assume the current flows out of the converter as the positive direction. Fig.4.7 (a) shows the switching 

transitions between P and O+ when the current is positive, the blue circles indicate the switching devices 

in ON-state. The red arrows indicate the switching transition from P to O+. According to Table III.I, 

when switching from P to O+, T3 is always in ON-state, therefore, no switching losses occur on T3. 

With the switching-off of T1 and switching-on of T2, the current flows through T1 during P-level state 

commutates to D2 and T3, which causes the turn-off loss on T1. As forward recovery loss of the diode 

does not consider here, so no switching losses occur on D2. In opposite, the blue arrows indicate the 

switching transition from O+ to P. According to Table III.I, when switching from O+ to P, T3 is always 

in ON-state, therefore, no switching losses occur on T3. With the switching-on of T1 and the switching-

off of T2, the current flows through D2 and T3 commutates to T1, which causes the turn-on loss on T1 

and the reverse recovery loss on D2. 

Similarly, Fig.4.7 (b) shows the switching transitions between P and O+ when the current is negative. 

The red arrows indicate the switching transition from P to O+. According to Table III.I, when switching 

from P to O+, T3 is always in ON-state, therefore, no switching losses occur on D3. With the switching-

off of T1 and switching-on of T2, the current flows through D1 during P-level state commutates to T2 

and D3, which causes reverse recovery loss on D1 and the turn-on loss on T2. In opposite, the blue 

arrows indicate the switching transition from O+ to P. According to Table III.I, when switching from 

O+ to P, T3 is always in ON-state, therefore, no switching losses occur on D3. With the switching-on 

of T1 and the switching-off of T2, the current flows through T2 and D3 commutates to D1, which causes 
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the turn-off loss on T2. As forward recovery loss of the diode does not consider here, so no switching 

losses occur on D1. 

 

(a) 

 

(b) 

Figure 4.7 Switching transition between P and O+ (a) i > 0, (b) i < 0 

Fig.4.8 (a) shows the switching transitions between O+ and O- when the current is positive, the blue 

circles indicate the switching devices in ON-state. The red arrows indicate the switching transition from 

O+ to O-. According to Table III.I, when switching from O+ to O-, T2 and T5 are always in ON-state, 

therefore, no switching losses occur on D2, T5. With the switching-off of T3 and switching-on of T4, 

the current flows through D2 and T3 during O+ level state commutates to D4 and T5, which causes the 

turn-off loss on T3. As forward recovery loss of the diode does not consider here, so no switching losses 

occur on D4. In opposite, the blue arrows indicate the switching transition from O- to O+. According 

to Table III.I, when switching from O- to O+, T2 and T5 are always in ON-state, therefore, no switching 

losses occur on D2 and T5. With the switching-on of T3 and the switching-off of T4, the current flows 

through D4 and T5 commutates to D2 and T3, which causes the turn-on loss on T3 and the reverse 
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recovery loss on D4. 

Similarly, Fig.4.8 (b) shows the switching transitions between O+ and O- when the current is negative. 

The red arrows indicate the switching transition from O+ to O-. According to Table III.I, when switching 

from O+ to O-, T2 and T5 are always in ON-state, therefore, no switching losses occur on T2, D5. With 

the switching-off of T3 and switching-on of T4, the current flows through T2 and D3 during O+-level 

state commutates to T4 and D5, which causes reverse recovery loss on D3 and the turn-on loss on T4. 

In opposite, the blue arrows indicate the switching transition from O- to O+. According to Table III.I, 

when switching from O- to O+, T2 and T5 are always in ON-state, therefore, no switching losses occur 

on T2, D5. With the switching-on of T3 and the switching-off of T4, the current flows through T4 and 

D5 commutates to T2 and D3, which causes the turn-off loss on T4. As forward recovery loss of the 

diode does not consider here, so no switching losses occur on D3. 

 

(a) 

 

(b) 

Figure 4.8 Switching transition between O+ and O- (a) i > 0, (b) i < 0 
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Fig.4.9 (a) shows the switching transitions between O- and N when the current is positive, the blue 

circles indicate the switching devices in ON-state. The red arrows indicate the switching transition from 

O- to N. According to Table III.I, when switching from O- to N, T4 is always in ON-state, therefore, no 

switching losses occur on D4. With the switching-off of T5 and switching-on of T6, the current flows 

through T1 and D4 during O- level state commutates to D6, which causes the turn-off loss on T5. As 

forward recovery loss of the diode does not consider here, so no switching losses occur on D6. In 

opposite, the blue arrows indicate the switching transition from N to O-. According to Table III.I, when 

switching from N to O-, T4 is always in ON-state, therefore, no switching losses occur on D4. With the 

switching-on of T5 and the switching-off of T6, the current flows through D6 commutates to T5 and 

D4, which causes the turn-on loss on T5 and the reverse recovery loss on D6. 

Similarly, Fig.4.9 (b) shows the switching transitions between O- and N when the current is negative. 

The red arrows indicate the switching transition from O- to N. According to Table III.I, when switching 

from O- to N, T4 is always in ON-state, therefore, no switching losses occur on T4. With the switching-

off of T5 and switching-on of T6, the current flows through T4 and D5 during O- level state commutates 

to T6, which causes reverse recovery loss on D5 and the turn-on loss on T6. In opposite, the blue arrows 

indicate the switching transition from N to O-. According to Table III.I, when switching from N to O-, 

T4 is always in ON-state, therefore, no switching losses occur on T4. With the switching-on of T5 and 

the switching-off of T6, the current flows through T6 commutates to T4 and D5, which causes the turn-

off loss on T6. As forward recovery loss of the diode does not consider here, so no switching losses 

occur on D5. 
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(a) 

 

(b) 

Figure 4.9 Switching transition between O- and N (a) i > 0, (b) i < 0 

Table IV.VI summarizes the resulted switching losses during different switching transitions as shown 

in Fig.4.7, Fig.4.8 and Fig.4.9.  
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TABLE IV.VI SWITCHING LOSSES DURING DIFFERENT COMMUTATIONS  

 Switching Losses 

Switching Transitions ic ≥ 0 ic ≤ 0 

P → O+ P_T1_off P_T2_on, P_D1_rr 

O+ → P P_T1_on, P_D2_rr P_T2_off 

O+ → O- P_T3_off P_T4_on, P_D3_rr 

O- → O+ P_T3_on, P_D4_rr P_T4_off 

O- → N P_T5_off P_T6_on, P_D5_rr 

N → O- P_T5_on, P_D6_rr P_T6_off 

 

In order to get the analytical expression of the switching loss of different switching devices, switching 

intervals θsw1, θsw2 in (4.17) are key factors. Through Fig.4.2, switching intervals of different switching 

devices can be summarized in TABLE IV.VII to TABLE IV.X according to different modulation indices 

and power factor angles. 

TABLE IV.VII. M ≤ 
1

3
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Device Switching intervals 

T1, T6 Null 

D1, D6 Null 

T2, T5 Null 

D2, D5 Null 

T3, T4 [φ, π+φ] 

D3, D4 [0, φ], [π+φ, 2π] 
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TABLE IV.VIII. M >
1

3
,  Φ ≤ SIN-1 (

1

3M
) 

Device Switching intervals 

T1, T6 [sin
-1

(
1

3m
), π-sin

-1
(

1

3m
)] 

D1, D6 Null 

T2, T5 Null 

D2, D5  [sin
-1

(
1

3m
), π-sin

-1
(

1

3m
)]  

T3, T4 [φ, sin
-1

(
1

3m
)], [π-sin

-1
(

1

3m
), π+φ] 

D3, D4 [0, φ], [π+φ, π+sin
-1

(
1

3m
)], [2π-sin

-1
(

1

3m
), 2π] 

 

TABLE IV.IX. m >
1

3
, sin

-1
(

1

3m
) < φ  < π- sin

-1
(

1

3m
) 

Device Switching intervals 

T1, T6 [φ, π-sin
-1

(
1

3m
)] 

D1, D6 [sin
-1

(
1

3m
), φ] 

T2, T5  [sin
-1

(
1

3m
), φ]  

D2, D5 [φ, π-sin
-1

(
1

3m
)]  

T3, T4  [π-sin
-1

(
1

3m
), π+sin

-1
(

1

3m
)] 

D3, D4 [0, sin
-1

(
1

3m
)], [2π-sin

-1
(

1

3m
), 2π] 
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TABLE IV.X. M >
1

3
,  Π- SIN-1 (

1

3M
) ≤ Φ < Π 

Device Switching intervals 

T1, T6 Null 

D1, D6 [sin
-1

(
1

3m
), π-sin

-1
(

1

3m
)] 

T2, T5  [sin
-1

(
1

3m
), π-sin

-1
(

1

3m
)]  

D2, D5 Null 

T3, T4 [φ, π+sin
-1

(
1

3m
)], [2π-sin

-1
(

1

3m
), φ+π] 

D3, D4 [0, sin
-1

(
1

3m
)], [π-sin

-1
(

1

3m
), φ], [φ+π, 2π] 

 

Compare Table IV.I ~ Table IV.IV to Table IV.VII ~ Table IV.X, it can be noticed that switching intervals 

of some switching devices are different compared to their conduction intervals. The reason is that in 

some specific intervals, specific devices do conduct but don’t switch. For example, when m ≤ 1/3, the 

conduction intervals of T2 are [0, φ] and [π+φ, 2π] over one fundamental period. However, within these 

two intervals, T2 is always ON. Consequently, during this commutation, even the current flows through 

them changed, there’s no switching loss, the voltage drops on T2 and D2 are always 0. Therefore, in 

this situation, the switching interval of T2 is Null. The detailed average switching loss analytical 

expressions are listed in Appendix A.IV.  

In summary, proposed average analytical power loss models for the four-level π-type converter present 

the switching device power loss as a function of the load power factor, switching frequency, modulation 

index, device voltage, and converter current. It gives an intuitive vision of the power loss distribution 

from each individual switching device of the converter.  

It should be noticed, all calculation parameters from the datasheet are based on the worst case (175°C 

junction temperature). Meanwhile, the parasitic parameters of specific converter board layouts are not 

considered as well. The reason of this can be divided into two parts. First, the purpose of the proposed 

loss model derived for the proposed four-level π-type converter is to provide a quick estimation for the 

converter thermal analysis based on the selected switching device datasheet. If temperature conditions 

and parasitic effects have to be considered, devices conduction parameters as well as switching 
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parameters have to be re-measured through double-pulse tests once the operation temperature or 

porotype layout are changed. Therefore, it will be too complicated, and time consuming even it can 

provide relative more precise parameters for the system optimization design. Second, the thermal design 

based on the worst case calculation can provide the most reliable operation.  

The proposed loss model derived in this chapter is a generalized method. Therefore, even the proposed 

loss model is based on the most basic sinusoidal modulation, if any pre-calculated zero-sequence single 

components need to inject into the original sinusoidal modulation waveform such as third order 

harmonic contents, the final fundamental phase voltage vp in Fig.4.2 needs to be changed. Therefore, 

devices conduction intervals in Fig.4.2, Table IV.I to Table IV.IV and switching intervals in Table IV.VII 

to Table IV.X need to be changed accordingly. 

4.3 Power loss calculation analysis based on the proposed power loss model 

TABLE IV.XI IGBT DEVICES CANDIDATES 

Switch Device 

T1, T6 FGW15N120VD (1200V) 

T2, T3, T4, T5 IKW30N60H3 (600V) 

In this thesis, 1200V Si IGBTs with co-pack anti-parallel diodes (FGW15N120VD) [174] are selected 

as candidate devices for T1(D1) and T6(D6). Meanwhile, 600V Si IGBTs with co-pack anti-parallel 

diodes (IKW30N60H3) [177] are selected as candidate devices for T2(D2), T3(d3), T4(D4) and T5(D5) 

of the four-level π-type converter topology as shown in Table. IV.XI. 

By employing the linear extended method introduced in Fig.4.1, parameters of conduction losses 

expressions (4.2) (4.3) (4.5a) (4.5b) can be derived. Similarly, use the curve fitting method introduced 

in Fig.4.6, parameters of switching losses expressions (4.17) can be derived as well. These parameters 

are summarized as shown in Table IV.XII and Table IV.XIII. 
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TABLE IV.XII PARAMETERS OF LOSS MODEL FOR FGW15N120VD 

Parameters of the loss model 

(FGW15N120VD) 
Value 

VCE0 1 V 

r0T 0.093 Ω 

VF0 0.9 V 

r0D 0.057 Ω 

A0T_on, B0T_on, C0T_on 2.15×10-4, 2.6×10-5, 3.5×10-6 

A0T_off, B0T_off, C0T_off 0.4×10-4, 1.007×10-4, -1×10-6 

A0D, B0D, C0D 8.002×10-4, 6.8×10-5, -8.627×10-7 

TABLE IV.XIII PARAMETERS OF LOSS MODEL FOR IKW30N60H3 

Parameters of the loss model 

(IKW30N60H3) 
Value 

VCE0 1.17 V 

r0T 0.042 Ω 

VF0 1.02 V 

r0D 0.038 Ω 

A0T_on, B0T_on, C0T_on -3.256×10-5, 2.61×10-5, 5.36×10-7 

A0T_off, B0T_off, C0T_off -0.708×10-5, 1.84×10-5, 7.63×10-8 

A0D, B0D, C0D 4.2×10-4, 7.88×10-6, -1.04×10-7 

TABLE IV.XIV SYSTEM PARAMETERS FOR SIMULATION AND CALCULATION 

Vdc 600V 

Output power 6.5 kW 

Switching frequency 10 kHz and 50 kHz 

Fundamental frequency 50 Hz 

Modulation index 0.28 and 0.95 

 

Substitute parameters of Table IV-XII and Table IV-XIII into devices average analytical loss expressions 
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in Appendix A.IV, the power loss distribution on each switching device of the four-level π-type 

converter over one fundamental period can be calculated. This process can be done through 

MATLAB/Simulink, detailed MATLAB code is summarized in Appendix C. 

Fig.4.10 shows the calculated power loss distribution among different switching devices of the four-

level π-type converter under the same output power level, different modulation indices and different 

switching frequencies. Simulation parameters are shown in Table IV.XIV.  

Fig.4.10 (a) (b) show conditions under a relative high modulation index (m=0.95) with inverter and 

rectifier operations based on a 10 kHz switching frequency. With the rectifier operation under the high 

modulation index (m=0.95) as shown in Fig.4.10 (a), power losses generated from D1, T2, D3 are higher 

than that from D2, T3, T1. In contrast, with the inverter operation as shown in Fig.4.10 (b), power losses 

on D2, T3 and T1 are higher than that on D1, T2, D3. Fig.4.10 (c) (d) present conditions under a low 

modulation index condition (m=0.28) with inverter and rectifier operations based on a 10 kHz switching 

frequency. It should be noted, the dc-link voltage utilization ratio when m=0.28 is approximately only 

0.3 times the one of the conditions when m=0.95. Therefore, in order to get a same output power level, 

the output current of the condition in Fig.4.10 (c) (d) is approximately 3.4 times the output current of 

the condition in Fig.4.10 (a) (b). Consequently, as shown in Fig.4.10 (c), the total power loss is much 

higher than that of Fig.4.10 (c), and the conduction loss of T2 and D3 are much dominant. In Fig.4.10 

(d) the total power loss is also much higher than that of Fig.4.10 (b), and T3 and D2 are more stressed. 

From the comparison of Fig.4.10 (a) (b) and Fig.4.10 (c) (d), it can be concluded that for the four-level 

π-type converter, in order to get the same output power level, the less modulation indices, the higher 

total power losses generated. Meanwhile, as introduced in Chapter 3, when m ≤ 1/3, the converter 

operates as a general two-level converter, which loses the advantage of the low output harmonic 

characteristic.  

Fig.4.10 (e) (f) show conditions under the high modulation index (m=0.95) with inverter and rectifier 

operations based on the 50 kHz switching frequency. The power loss distribution tendency on each 

switching device is similar as that of conditions on Fig.4.10 (a) (b), where D1, T2, D3 are more stressed 

than D2, T3, T1 during rectifier operation. And D2, T3, T1 are more stressed than D1, T2, D3 during 

the inverter operation. The difference is the switching loss of the corresponding switching device of 
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Fig.4.10 (e) (f) is much higher than that of Fig.4.10 (a) (b) due to the 5 times higher switching frequency. 

Fig.4.10 (g) (h) show conditions with the low modulation index (m=0.28) with inverter and rectifier 

operations based on the 50 kHz switching frequency. Similar to the tendency of Fig.4.10 (a) (b) (c) (d), 

with the same output power level, power losses of low modulation index conditions in Fig.4.10 (g) (h) 

are much higher than that of high modulation index conditions in Fig.4.10 (e) (f). Meanwhile, due to 

the high switching frequency, switching losses on corresponding switching devices of Fig.4.10 (g) (h) 

are much higher than that of Fig.4.10 (e) (f). 

 

(a) 10 kHz m=0.95, rectifier                    (b) 10 kHz m=0.95, inverter 

  

(c) 10 kHz m=0.28, rectifier                    (d) 10 kHz m=0.28, inverter 
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(e) 50 kHz m=0.95, rectifier                    (f) 50 kHz m=0.95, inverter 

  

(g) 50 kHz m=0.28, rectifier                    (h) 50 kHz m=0.28, inverter 

Figure 4.10 Calculation average power losses of the four-level π-type converter 

Fig.4.11 shows average switching device losses variation with the power factor angle under different 

carrier-waveform frequencies and different modulation indices. Fig.4.11 (a) (b) show conditions when 

the modulation index equals to 0.28 (low modulation index), where T1, T6, D1, D6 do not conduct or 

switch at all according to Table IV.IV and Table IV.VIII. Therefore, their corresponding average power 

losses are zero. In Fig.4.11 (a), the carrier wave frequency equals to 10 kHz (relatively low), T3, T4, 

D2, D5 are more stressed in the inverter mode, while T2, T5, D3, D4 are more stressed in the rectifier 

mode. Fig.4.11 (b) shows the condition when the carrier wave frequency equals to 50 kHz (relatively 

high), where the power loss distribution tendency is like the situation in Fig.4.11 (a). However, 

according to Table IV.I and Table IV.VIII and Appendix A.IV, when m ≤ 1/3, T2, T5, D2, D5 do not 

switch but conduct, average switching loss expressions of T2, T5, D2, D5 also equal to 0, only switching 

loss expressions of T3, T4, D3, D4 are proportional to the carrier wave frequency. Therefore, compare 
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with the results in Fig.4.11 (a), the total average power losses of T3, T4, D3, D4 are higher in Fig.4.11 

(b), but total average power losses of T2, T5, D2, D5 are the same in Fig.4.11 (b). Fig.4.11 (c) (d) show 

the conditions when the modulation index equals to 0.95 (high modulation index) with a same output 

power level as presented in Table IV.XIV. In Fig.4.11 (c), the carrier wave frequency equals to 10 kHz 

(relatively low), T1, T6 are most stressed at the inverter operation, T3, T4, D2, D5 are relatively mild 

at the inverter operation. D1, D6 are most stressed at the rectifier mode, T2, T5, D3, D4 are relatively 

mild at the rectifier operation. Fig.4.11 (d) shows the condition when the carrier wave frequency equals 

to 50 kHz (relatively high), where the power loss distribution tendency is like the situation in Fig.4.11 

(c). Meanwhile, under a high modulation index condition, T1, T6, D1, D6 occupy the most switching 

and conduction time during each fundamental period, therefore, with the increase of the carrier wave 

frequency, switching losses increase on T1, T6, D1, D6 are more dominant. Switching losses on T2, T3, 

T4, T5, D2, D3, D4, D5 also increase with the increase of the carrier wave frequency. However, due to 

their switching and conduction time during each fundamental period is much smaller than that of T1, 

T6, D1, D6, therefore, switching losses increase on T2, T3, T4, T5, D2, D3, D4, D5 are not obviously 

at high carrier wave frequencies. In summary, compare Fig.4.11 (a) (b) and Fig.4.11 (c) (d), when 

outputs the same power level from the four-level π-type converter, the higher the modulation index, the 

less the total power loss. Meanwhile, with the high modulation index, the total power loss can be further 

shared on more devices, each device will not be that hard stressed compare with the condition under 

low modulation indices. 
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(a) 10 kHz m=0.28                             (b) 50 kHz m=0.28 

  

(c) 10 kHz m=0.95                              (d) 50 kHz m=0.95 

Figure 4.11 Variation of devices losses with different power factor angles 

4.3.1 Loss model comparison 

In this part, the total power loss distribution among different converter topologies has been compared 

through calculation/simulation based on the proposed average power loss model. Detailed average 

analytical loss expressions of each switching device for the two-level converter, the three-level diode 

NPC converter, the three-level T-type converter and the four-level π-type converter have been listed in 

Appendix A I, II, III, respectively. 

Fig.4.12 shows the calculated total power loss distribution of these four kinds of power converter 

topologies based on parameters on Table IV.XIV but only with the high modulation index (m=0.95). 

Fig.4.12 (a) (b) show conditions under the 10 kHz carrier wave frequency with both rectifier and 

inverter operations. In the rectifier mode as shown in Fig.4.12 (a), the conduction loss of the two-level 

converter is the lowest due to the minimum value of the forward conduction voltage vCE for conduction 
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devices during each commutation period. However, due to the high switching voltage on each switching 

device (have to withstand the whole dc-link voltage), its switching loss is much higher than other three 

power converter topologies. This leads to a total highest power loss from the two-level converter. In 

comparison, the conduction loss of the three-level diode NPC converter is the highest. The number of 

the conduction devices of the three-level diode NPC is the highest (4 devices) among these four 

topologies during each commutation process. However, due to the switching voltage on each device of 

the three-level diode NPC converter only have to withstand 1/2 of total dc-link voltage, the total power 

loss will be still lower than that of the two-level converter. For the three-level T-type converter, the 

conduction loss of it is the second lowest among these four topologies. As there are only three devices 

conducting during each commutation period. From the switching loss point of view, even switching 

voltages of devices of the three-level T-type converter are also 1/2 of the total dc-link voltage. However, 

as introduced in chapter 3, for 600V dc-link voltage, there are two 1200V IGBTs with two 600V IGBTs 

in the three-level T-type converter, and four 600V IGBT with two 600V diode in the three-level diode 

NPC converter. According to Table IV.XII and Table IV.XIII, switching loss parameters of 600V IGBTs 

and 1200V IGBTs are different. Therefore, switching losses of the three-level T-type converter are 

relatively higher than that of the three-level diode NPC converter. For the four-level π-type converter, 

the analysis is a bit complicated. In 3E to 2E and E to 0 commutations processes, there are three devices 

conducting during each commutation. However, in 2E to E commutation processes, there are four 

devices conducting during each commutation. Therefore, the conduction loss of the four level π-type 

converter is higher than that of the three-level T-type converter but less than that of the three-level diode 

NPC converter. Meanwhile, the switching voltage of devices of the four-level π-type converter is 1/3 of 

the total dc-link voltage. This makes the four-level π-type converter still have the lowest switching loss 

among these four converter topologies. It can be found the four-level π-type converter has the lowest 

total power loss. In the inverter mode as shown in Fig.4.12 (b), the tendency is similar to the condition 

of Fig.4.12 (a). However, when the converter operates as an inverter, the ac side voltage is almost out 

of phase of the as side current, which leads to the IGBT conduction time and switching times much 

larger than that of the anti-parallel diode. Meanwhile, according to switching devices datasheets 

parameters summarized in Table IV.XII and Table IV.XIII, the equivalent IGBT on-state threshold 

voltage VCE0 and the IGBT equivalent turn-on resistance r0T of both IGBTs are larger than their 
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corresponding anti-parallel diode equivalent turn-on resistance r0D, and diode equivalent on-state 

threshold voltage VF0. Due to the linear relationship between conduction losses and loads currents, 

therefore, conduction losses of the inverter mode are relatively larger than that of the rectifier mode. 

The switching parameters of IGBTs and anti-parallel diodes are also different in Table IV.XII and Table 

IV.XIII. Due to the quadratic relationship between switching losses and load currents, therefore, 

switching losses are different between the rectifier mode and the inverter mode.  

Fig.4.12 (c) (d) show conditions under the 50 kHz carrier wave frequency with both rectifier and 

inverter operations. With the increase of the switching frequency, switching losses on both modes 

increases and becomes dominant. Therefore, the advantage of the four-level π-type converter is more 

dominant, as its switching loss still keeps relatively low compare with other three topologies. It can be 

found out, the total loss of the four-level π-type converter in any conditions is the minimum. 

  

(a) 10 kHz m=0.95, rectifier                    (b) 10 kHz m=0.95, inverter 

  

(c) 50 kHz m=0.95, rectifier                   (d) 50 kHz m=0.95, inverter 

Figure 4.12 Power losses comparison among different converter topologies 
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Fig.4.13 shows the converter efficiency variation with respect to different switching frequencies. The 

calculation is based on rectifier and inverter modes when m=0.95 in comparison to the two-level 

converter and three-level (diode NPC and T-type) converters. Due to more devices in series in 

conduction paths, the four-level π-type converter has higher conduction losses compares to those of 

other three converters. Meanwhile, under the low switching frequency region, where conduction losses 

are the dominant, therefore, as shows in Fig.4.13, the four-level π-type converter presents slightly lower 

efficiency when switching frequency is roughly below 5 kHz. In contract, the four-level π-type presents 

the higher efficiency when the switching frequency is higher than 5 kHz as shown in Fig.4.13. It is due 

to switching losses are the dominant at the high switching frequency domain, while the four-level π-

type converter has the lowest switching losses. The efficiency curves match well to corresponding 

results in Fig.4.12. 

 

(a) Rectifier efficiency 

 

(b) Inverter efficiency 

Figure 4.13 Calculated efficiencies vs switching frequencies curves of different converter topologies 
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4.4 Prototype design and converter efficiency measurement 

In order the validate the proposed average analytical power loss model for the four-level π-type 

converter, the experimental case study need to be carried out. As used for the power loss analysis 

calculation, the 1200V Si IGBT (FGW15N120VD) and 600V Si IGBT (IKW30N60H3) are also 

selected for the converter prototype switching device. The prototype is designed with the ability to 

handle 3kW power flow. Therefore, during the PCB design procedure, 2 layer PTH, 1.6 mm FR4, 2oz 

Cu has been set as the converter PCB manufacturing specification. Consider of reducing the effect of 

disturbance in the gate signal during the transmission, gate driver circuits are integrated in converter 

board as well. The optocoupler from Avago (HCPL 315J000E) has been chosen as the gate driver chip. 

Fig.4.14 shows the three-phase four-level π-type converter prototype and Table IV.XV shows the bill of 

material for the construction of this prototype. The PCB layout view is shown in Appendix E I. 

 

Figure 4.14 Three-phase four-level π-type converter prototype 
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TABLE IV.XV. LIST OF COMPONENTS FOR THE FOUR-LEVEL Π-TYPE CONVERTER 

dc-link capacitors MAL215990125E3 (1000µF/315V) × 6 

dc-link parallel resistors 100kΩ/2W × 3 

Switches (T1, T6) FGW15N120VD (1200V) × 6 

Switches (T2, T3, T4, T5) IKW30N60H3 (600V) × 12 

Gate driver chips HCPL 315J000E × 9 

Gate resistors 10Ω (SMD 0806) × 18 

Gate driver input resistors 680Ω (SMD 0806) × 18 

Gate driver output 

decoupling caps 
0.1μF (SMD 0806) × 18 

Heatsink Elektronik 58/50SA × 3 

 

The dc-link parallel resistors used here are for the system protection. With respect to their effects on the 

converter output efficiency, a quick Matlab/Simulink operation with the same setup as used on the 

prototype has been operated as shown in Appendix C.IV. This simulation is also identical to the models 

used in Appendix B.IV. The only difference is the load resistance on each phase changed from 25Ω to 

44Ω. According to the simulation results, with a 600V dc voltage input (200V for each dc-link capacitor, 

respectively in this test), the average current flowing through each dc-link parallel resistor during each 

fundamental period is 2mA. The simulation results are shown in Fig.4.15. Thus, the average power on 

the three dc-link parallel resistors is 1.2W in total. Therefore, for a 2.5kW load converter system, this 

will only bring a 0.06% difference on the final output power efficiency compares to the results without 

the dc-link parallel resistors condition. Consequently, the effect on the output power converter from the 

dc-link parallel resistors can be ignored.  
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Figure 4.15 Simulation results of currents flow through dc-link parallel resistors 

The inverter prototype is driven by three-phase PWM signals generated from a DSP/FPGA board 

existing in EEMG lab. Fig.4.16 presents the DSP/FPGA control board which consists of a Xilinx 

SPARTAN XC3S400 FPGA chip and a TI TMS320 F28335 DSP chip. All the operation and control 

codes in C program and VHDL are written by the author. 

 

Figure 4.16 DSP/FPGA board 
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Figure 4.17 Gate driver supply board 

The gate driver supply board is designed by Prof. Xibo Yuan, the main device is chosen as the DC-DC 

buck converter from RECOM (REC8-2415SRW/H2/A/M). Each of them offers single regulated 15V 

DC output voltage in a DIP24 package with the 2KV isolation. As introduced in Chapter 3, due to the 

common collector connection of two IGBTs in neutral paths in the converter phase-leg configuration as 

shown in Fig.3.1, only 8 gate driver supply chips are required for a three-phase inverter. Fig.4.17 shows 

the layout of the gate driver supply board, as one board contains 4 DC-DC converters, a double-deck is 

required. 

Two NORMA 4000 high bandwidth power analyzers are employed to measure the input and output 

power of the four-level π-type inverter individually. EA-PS 8080-170 3U 5000W dc power supply is 

used for the power input. And Agilent DSOX3014A 100 MHz Oscilloscope is used for the waveform 

measurement. Fig.4.18 shows the test equipment setup. The test is based on a three-phase RL load 

(R=44Ω, L=6.32mH each phase), and modulation index m=0.95. As the prototype is operated with an 

open loop sinusoidal modulation, in order to prevent dc-link NP voltages drift, three individual dc power 

supplies provide 200V voltage to each of dc-link capacitors equally in order to get a total 600V dc input 

voltage. No forced cooling is applied. Detailed test parameters are summarized in Table IV.XVI. 

DC-DC 
converter
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Figure 4.18 Power efficiency measurement test equipment 

TABLE IV.XVI. TEST PARAMETERS 

Vdc 600V 

Load 44Ω, 6.32mH 

Fundamental frequency 50 Hz 

Each dc-link capacitor 1000μF 

Modulation index 0.95 

Power factor 0.987 

Dead-time 2μs 

In order to present a practical reference as well as an efficiency comparison, a three-phase two-level 

converter prototype based on FGW15N120VD (1200V) IGBTs is also built and tested. Fig.4.19 shows 

the photo of this two-level converter prototype, and Fig.4.20 shows the photo of the separated gate 

driver board. The PCB layout view is shown in Appendix E II. The bill of material of the two-level 

converter is shown in Table IV.XVII. The test equipment is the same as that for the four-level π-type 

inverter. 
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DC power 
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Figure 4.19 Three-phase two-level converter prototype 

 

Figure 4.20 Gate driver board for the two-level converter 

TABLE IV.XVII. LIST OF COMPONENTS FOR THE TWO-LEVEL CONVERTER 

dc-link capacitors 1 B43644-A5687-M (680µF/450V) × 4 

dc-link capacitors 2 VISHAY 1848 MKP (40µF/900V) × 3 

dc-link parallel resistors 100kΩ/2W × 2 

Switches  FGW15N120VD (1200V) × 6 

Gate driver chips HCPL 0314 × 6 

Gate resistors 10Ω (SMD 0806) × 6 

Gate driver input resistors 680Ω (SMD 0806) × 6 

Gate driver output 

decoupling caps 
0.1μF (SMD 0806) × 6 

Heatsink 163AB1000B (0.4 C/W, 100*200*40mm) 

Gate drivers

DC-link

IGBTs
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4.4.1 Test output waveforms comparison 

Fig.4.21 shows experimental output currents and voltages waveforms of the two-level inverter as well 

as the four-level π-type inverter under different switching frequencies. Fig.4.21 (a) (b) show the phase 

A line voltage, phase voltage (with regards to the dc-link bottom side) and the output current. In Fig.4.21 

(a) the phase voltage has two voltage levels and the line voltage has three levels for the two-level 

inverter as expected. In Fig.4.21 (b) the phase voltage has four voltage levels and the line voltage has 

seven voltage levels for the four-level π-type inverter as expected. Fig.4.21 (c) (d), Fig.4.21 (e) (f), 

Fig.4.21 (g) (h), Fig.4.21 (i) (j) show the line voltage and output three-phase currents under fs=10 kHz, 

fs=20 kHz, fs=30 kHz, fs=40 kHz, respectively. It can be found out under the same switching frequency 

such as in Fig.4.21 (c) (d) fs=10 kHz, output currents waveforms of the two-level inverter in Fig.4.21 

(c) are thicker than that of the four-level π-type inverter in Fig.4.21 (d). It is due to the output current 

high frequency harmonic of the four-level π-type inverter is smaller than that of the two-level inverter. 

Meanwhile, compare Fig.4.21 (c) and Fig.4.21 (i), output currents in Fig.4.21 (i) are thinner than that 

of Fig.4.21 (c), which means with the increase of the switching frequency, output currents high 

frequency harmonic reduces with the same output filter setting.  

  

(a) fs=10 kHz                              (b) fs=10 kHz 

  

(c) fs=10 kHz                              (d) fs=10 kHz 
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(e) fs=20 kHz                                (f) fs=20 kHz 

  

(g) fs=30 kHz                                (h) fs=30 kHz 

  

(i) fs=40 kHz                                 (j) fs=40 kHz 

Figure 4.21 Test waveforms of the two-level inverter (a) (c) (e) (g) (i), and the four-level π-type inverter (b) (d) 

(f) (h) (j) 

4.4.2 Harmonic analysis and comparison 

Fig.4.22 shows the FFT analysis for test waveforms in Fig.4.21. Fig.4.22 (a) (b) (c) (d) show the 

conditions when fs=10 kHz. Fig.4.22 (a) (b) show the FFT analysis for output current waveforms in 

Fig.4.21 (c) (d). As the output filter inductor is 6.32mH each phase, the THD of the line voltage and 

output current of the four-level π-type inverter are 24.60% and 2.86%, respectively. While the THD of 
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the line voltage and output current of the two-level inverter are 80.57% and 6.67%, respectively. Test 

results verify the four-level π-type inverter is able to output much lower output harmonics with the same 

output filter setting. It can prove on another side that smaller filters are required than that of the two-

level converter when the output harmonic requirement is the same.  

It can be noticed there is the decay on the fundamental components in Fig.4.22 (a) (c) of the four-level 

π-type converter. And this decay is higher than that in Fig.4.22 (d) (f) of the two-level converter. These 

decays on fundamental values are due to the dead-time injected to the PWM. The value of the decay on 

the output voltage practical value depends on the actual duration of the deadtime, switching frequency 

(switching period) as well as the switching voltage, which can be expressed as  

∆𝑉𝑑 =
𝑇𝑑
𝑇𝑠
𝑉𝑠𝑤 

where ∆𝑉𝑑 is the value of the decay on the practical output voltage, 𝑇𝑑  is the deadtime duration, 𝑇𝑠 

is the switching period, 𝑉𝑠𝑤 is the switching voltage. As the switching voltage of the four-level π-type 

converter is only 1/3 of the two-level converter, therefore, the actual amount of the decay on the four-

level π-type converter is much smaller than that of the two-level converter. It can prove the dead-time 

will have less effect on the four-level π-type inverter compares to the two-level converter.  

Fig.4.22 (e) (f) (g) (h) show conditions when fs=20 kHz. It can be found out, with the increase of the 

switching frequency, output current harmonics contents of both topologies reduce to some extent. 

However, according to the previous power loss analysis, consider of the aspect of power losses, the 

two-level converter is very sensitive to the switching frequency. The higher the switching frequency, 

the higher the switching loss of the two-level converter, and the more significant drop of the output 

efficiency. In comparison, due to the much lower switching voltage on each switching device, switching 

losses of the four π-type converter are much lower than that of the two-level converter. Therefore, the 

four-level π-type converter has a much more flat output efficiency vs switching frequency curve. 

Consider either the harmonic content or high switching frequency applications, the four-level π-type 

inverter shows more advantages than the conventional two-level converter. 
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        (a) Line voltage harmonics of the two-level inverter           (b) Line voltage harmonics of the four-level π-type inverter 

  

   (c) Output current harmonics of the two-level inverter          (d) Output current harmonics of the four-level π-type inverter 

  
    (e) Line voltage harmonics of the two-level inverter            (f) Line voltage harmonics of the four-level π-type inverter 
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(g) Output current harmonics of the two-level inverter          (h) Output current harmonics of the four-level π-type inverter 

Figure 4.22 Harmonic analysis of test waveforms, fs=10 kHz: (a) (b) (c) (d), fs=20 kHz: (e) (f) (g) (h) 

4.4.3 Efficiency simulation and test comparison 

Fig.4.23 shows the efficiency measurement for both the four-level π-type inverter as well as the two-

level inverter in comparison. The experimental efficiency curve on Fig.4.23 agrees with the calculation 

based on the proposed average analytical power loss model reasonably well for the four-level π-type 

inverter. It can be found out that actual measurements are a bit higher than calculation results when the 

switching frequency goes high. Apart from the measurement tolerance, the reason can be summarized 

into two parts. The first one is that all calculation parameters from the datasheet are based on the worst 

case (175°C junction temperature as mentioned in Section 4.2). However, the actual case temperature 

of devices measured through the thermal laser gun was about 40°C, which caused the difference of the 

power loss especially the switching loss at the higher switching frequency. The second one is the 

switching energy curve on the datasheet was based on a specific test setup. The converter prototype 

established in this paper has the different parasitic parameters due to the different PCB layout, which 

caused the switching power loss difference as well. In summary, experimental results match well with 

calculation results, which validated the proposed average power loss model for the converter. The 

efficiency doesn’t drop too much with the increase of the switching frequency of the four-level π-type 

converter compare with the two-level converter. Fig.4.23 (b) sets the frequency axis as logarithm axis 

in order to show the cross point clearer.  
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(a)  

 

(b) 

Figure 4.23 Experimental results of efficiency measurements for four-level π-type converter and two-level 

converter (a) linear frequency axis (b) logarithm frequency axis 

One thing needs to be mentioned that the test equipment as well as the measurement method can only 

measure the total converter operation loss. And as described in 4.4.3, experimental measurements can 

be used to verify the converter operation efficiency. The verification about the loss distribution on each 

switching device of the converter can not be made with the test method in this chapter. A good approach 

is to use the voltage probe and the current probe pair on each IGBT in order to measure the live voltage 

and live current of each individual switching device at the same time. Then use the math function on 

the oscilloscope to calculate the live conduction loss as well as the live switching loss of each switching 
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device within each fundamental period. For the three-phase four-level π-type converter, 18 differential 

voltage probes, 18 current probes as well as nine oscilloscopes with math function (assume four 

channels for each one) will be required. After the live conduction loss as well as the live switching loss 

have been measured, the switching device loss distribution can be verified. This is just a concept, the 

voltage probe bandwidth, the oscilloscope calculation capability as well as the total cost still need to be 

carefully concerned. It can be an interesting further investigation. 

4.5 Summary of Chapter 4 

This chapter investigated the power loss distribution and operation efficiency of the four-level π-type 

converter based on an average analytical average power loss model. This analytical average power loss 

model of this topology based on the average power loss expression of each individual switching device 

in order to proceed the analysis. The concept of this analytical average power loss is to provide the 

analytical average power loss expression as a function of such as IGBT collector current, power factor 

etc. within single fundamental period. The average analytical power loss investigated in this thesis is 

based on the pure sinusoidal modulation. The other pre-calculated modulation wave can also be used 

by changing conduction intervals summarized in TABLE IV.I to TABLE IV.IV as well as switching 

intervals summarized in Table IV.VII to TABLE IV.X. Based on the data from the devices datasheets, 

the proposal power loss model is able to provide the quick analysis for the converter system power loss 

distribution as well as the efficiency. Through the power loss model analysis as well as the efficiency 

curve comparison, the four-level π-type converter shows a higher efficiency than the two-level converter 

and three-level converters when the switching frequency is higher than 5 kHz due to the reduced 

switching loss. Meanwhile when the same output filter is employed, and operates at the same switching 

frequency, the four-level π-type converter presents lower output harmonics. It validated that in order to 

achieve the same output harmonic, the equivalent switching frequency of the four-level π-type converter 

can be kept low when compared to the two-level converter or three-level converters. This feature can 

reduce switching losses and the heatsink size for the compact application. Meanwhile, it can be derived 

if operates with the identical switching frequency, the filter required for the four-level π-type converter 

can be smaller. Either way can help for the reduce of the converter system volume or improve the system 

power density. This indicates the proposed four-level π-type converter topology is a qualified candidate 
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for low voltage applications such as compact applications as EVs and electric aircrafts where the power 

converter size should be kept as small as possible. 

The theoretical converter operation efficiency calculation based on the proposed power loss model has 

been compared to experimental measurements. The case study is based on a four-level π-type inverter 

prototype as well as a two-level inverter prototype. Test parameters are chosen as the 600V dc-link input 

voltage, pure sinusoidal modulation with a 0.95 modulation index, unity output power factor, and a 

2.5kW output power. By comparing calculation efficiencies and measured efficiencies, the experimental 

results of both the four-level π-type inverter and the two-level inverter match well with their 

corresponding theoretical calculations, which proved that the proposed average analytical power loss 

model works well to evaluate the operation efficiency of the four-level π-type converter 
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5 Control strategy for the four-level π-type converter 

5.1 Introduction 

In chapter 4, the analysis of the power loss distribution as well as the efficiency based on the proposed 

average analytical power loss model have implemented. The proposed four-level π-type converter has 

been verified has the higher efficiency compares to the popular two-level converter, the three-level T-

type converter as well as the three-level diode NPC converter. It proved that the four-level π-type 

presents higher power efficiency when the switching frequency is more than 5 kHz. However, the 

experimental test in chapter 4 is based on the open-loop sinusoidal modulation operation, which means 

three individual dc power supply are required to supply its dc-link, otherwise, its dc-link NP voltage 

will drift. In order to resolve this problem and make it be able to operate with only one dc power supply, 

a proposed dc-link NP voltages balancing control strategy is investigated in this chapter. In this chapter, 

the dc-link NP voltages balancing control strategy for the proposed four-level π-type converter under 

the unity power factor condition (the worst case) has been presented. The dc-link NP voltages balancing 

strategy proposed in this section is based on the traditional level shifted CB-PWM. The core process to 

realize this control target can be briefly described as three steps. First, optimum zero-sequence signals 

will be dynamically selected according to a cost function which makes the energy variation on each dc-

link capacitor as minimum as possible. Second, inject selected optimum zero-sequence signals into 

original sinusoidal modulation signals to form final modulation signals. Third, final modulation signals 

will compare with triangular carrier waves to generate desirable PWM signals to drive the converter 

and balance the dc-link NP voltages at the same time. The proposed control method is completely 

dynamic without the requirement of the preset look-up table. Meanwhile, in order to get a good NP 

voltage balancing control performance and fulfill the calculation speed of the existing control board at 

the same time, the system close loop bandwidth has been set equals to the PWM carrier 

frequency/converter switching frequency. 

As the traditional level shifted CB-PWM control can be equivalent to the SVM, and the most important 

feature of this modulation is the minimum number of switching actions during each switching period. 

Therefore, when a single-end converter (inverter or rectifier) with more than three output voltage levels 
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is used, the dc-link NP voltages balancing can not be guaranteed at a high modulation index condition. 

To overcome this issue, a symmetrical back-to-back configuration is employed to make sure the system 

dc-link NP voltages can be balanced at high power factors and high modulation indices when power 

factors and modulation indices on both sides are the same. The back-to-back four-level π-type converter 

system has experimentally verified the proposed dc-link NP voltages control method with the 

symmetrical back-to-back structure. Meanwhile, with the back-to-back configuration, conditions when 

unity power factors on both sides but different modulation indices on both sides have been tested as 

well. And the guaranteed dc-link NP voltages balanced stable operation region when different 

modulation indices on both sides under the unity power factors has been summarized at the first time.   

The work in this chapter has been published in [78], [178] by author.  

5.2 DC-link NP voltages unbalancing analysis based on the four-level π-type converter 

Before analyzing the dc-link NP voltages as well as their balancing control method, some assumptions 

need to be made first. 

1) The total dc-link voltage should be constant. The influence of the dc-link voltage variance on 

the NP voltages can be eliminated. Actually, this can be realized by using a stable dc-link supply 

or a good dc-link voltage control loop. 

2) Three dc-link capacitors have the same capacitance values. 

3) The converter is three-phase symmetrical, operating under a three-phase balanced mode. 

4) As mentioned in Chapter 3 and Chapter 4, the high frequency modulation index is adopted in 

this thesis, which means the carrier frequency is much higher than the fundamental frequency. 

Therefore, the values of phase current and modulation wave can be deemed as constant within 

each carrier period with the appropriate output filter employed. 

It is known, there are two neutral paths clamped between dc-link NPs and the converter ac-side output. 

Therefore, similar to other multilevel NPC converters, the four-level π-type converter has the issue of 

three dc-link NP voltages drift problem. It is known that the function of these two neutral paths in the 

four-level π-type converter topology is to clamp the converter ac-side terminal to corresponding dc-link 

NPs in order to output desired voltage levels during the operation. Therefore, once one of these two 
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neutral paths conduct, the converter current will flow through the dc-link NP. Therefore, it will charge 

and discharge dc-link capacitors. Consequently, it will cause the valtage variation on them. As 

introduced in section 2.4.1, the fundamental criteria of the dc-link NP voltage balancing for the single 

phase-leg is the equally charge and discharge balance on each dc-link capacitor during each fundamental 

period. For the four-level converter, apart from regulating the top capacitor C3 and the bottom capacitor 

C1, the middle capacitor C2 should be dealt with special cares, otherwise, C2 will be fully discharged. 

Fig.5.1 presents four current flow situations on the two NPs N1 and N2 from the point of view of the 

single phase-leg structure. If the phase-leg output clamps to N2, and the current flows out of the 

converter. Then C3 charges, C1 and C2 discharge as shown in Fig.5.1 (a). If the phase-leg output clamps 

to N1, and the current flows into the converter. Then C1 charges, C2 and C3 discharge as shown in 

Fig.5.1 (b). If the phase-leg output clamps to N2, and the current flows into the converter. Then C3 

discharges, C1 and C2 charge as shown in Fig.5.1 (c). If the phase-leg output clamps N1, and the current 

flows out of the converter. Then C1 discharges, C2 and C3 discharge as shown in Fig.5.1 (d). As 

introduced in section 2.4.1, the primary reason of the collapse of the dc-link NP voltage balancing 

condition for the multilevel NPC converter is the fully discharged inner capacitors due to the unbalance 

charge and discharge for them within one fundamental period for the single phase-leg. Therefore, for 

the four-level π-type converter, only the charge and discharge situation of C2 should be carefully 

analyzed here.  
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(a)                                      (b)  

           

                            (c)                                      (d)  

Figure 5.1 Situations of current flow paths with regards to N2 and N1. (a) current flows through N2 out of the 

converter (b) current flows through N1 into the converter (c) current flows through N2 into the converter (d) 

current flows through N1 out of the converter  

Fig.5.2 illustrates charging and discharging conditions for C2 over one fundamental cycle based on the 

single phase-leg for the unity power factor situation and the zero power factor situation. Staircase output 

voltages are demonstrated here instead of PWM output voltages in order to simplify the analysis. 

Assume three dc-link capacitors voltages are balanced at the initial status. In Fig.5.2 (a), with the unity 

power factor, when the converter phase-leg output voltage level is E/2 or –E/2 with reference to the 

mid-point of the dc-link, the converter current always flows out of C2. Therefore, C2 keeps discharging 

in one fundamental period. Consequently, the voltage of C2 will eventually discharge to zero, which 

makes the total dc-link voltage distribute on C1 and C3. In contrast, with the zero power factor as shown 

in Fig.5.2 (b), when the converter phase-leg output voltage level is E/2 or –E/2, the converter current 

does not always flows out of C2. And the charging and discharging period for C2 are balanced within 
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one fundamental period. Even the above analysis is based on ideal situation, it still indicates that the 

higher the power factor, the harder dc-link NP voltages can be balanced for the proposed four-level π-

type converter.  

 

 

(a) 

 

(b) 

Figure 5.2 Charge and discharge conditions of C2 (a) unity power factor, (b) zero power factor 

The above analysis is based on the single phase-leg configuration. From the point of view of the three-

phase system, currents flow through two NPs N2 and N1 are not only from any specific single phase-

leg, but are contributed by all three phase-legs. Therefore, some mathematical analysis regarding to 

neutral path currents has been presented below for the three-phase four-level π-type converter. Fig.5.3 

shows the visual concept of neutral paths currents and three-phase output currents of the three-phase 

four-level π-type inverter. 
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Figure 5.3 Neutral path currents and three-phase output currents of the three-phase four-level π-type inverter 

According to sinusoidal modulation waves defined as (3.1), define inverter three-phase output currents 

as (5.1) 

𝑖𝑎𝑖 = 𝐼𝑖 ∙ 𝑠𝑖𝑛(𝜔𝑡 + 𝜑𝑖)                           (5.1a) 

𝑖𝑏𝑖 = 𝐼𝑖 ∙ 𝑠𝑖𝑛 (𝜔𝑡 + 𝜑𝑖 −
2𝜋

3
)                         (5.1b) 

𝑖𝑐𝑖 = 𝐼𝑖 ∙ 𝑠𝑖𝑛 (𝜔𝑡 + 𝜑𝑖 +
2𝜋

3
)                        (5.1c) 

Where, Ii is the peak inverter output current. Dynamically, at any time point, inverter neutral path 

currents 𝑖𝑁2_𝑖 and 𝑖𝑁1_𝑖 can be expressed as (5.2) 

𝑖𝑁2_𝑖 = 𝑘𝑎𝑁2_𝑖 ∙ 𝑖𝑎𝑖 + 𝑘𝑏𝑁2_𝑖 ∙ 𝑖𝑏𝑖 + 𝑘𝑐𝑁2_𝑖 ∙ 𝑖𝑐𝑖                 (5.2a) 

𝑖𝑁1_𝑖 = 𝑘𝑎𝑁1_𝑖 ∙ 𝑖𝑎𝑖 + 𝑘𝑏𝑁1_𝑖 ∙ 𝑖𝑏𝑖 + 𝑘𝑐𝑁1_𝑖 ∙ 𝑖𝑐𝑖                 (5.2b) 

Take phase-A for example, where 𝑘𝑎𝑁2_𝑖  and 𝑘𝑎𝑁1_𝑖 are duty cycles of the inverter phase-A current 

acts as the neutral path current flows through N2 and N1, respectively. Their analytical expressions in 

different intervals under the sinusoidal modulation within each fundamental cycle have been analyzed 

in Section 4.2.1, Fig.4.2 to Fig.4.5, Table.IV.V, and can be expressed as (5.3) 

𝑘𝑎𝑁2_𝑖 =
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                                                                     0 ≤ 𝜔𝑡 ≤ 𝑠𝑖𝑛−1(

1

3𝑚𝑖
)  

0                                                                           𝑠𝑖𝑛−1 (
1

3𝑚𝑖
) ≤ 𝜔𝑡 ≤ 𝜋 − 𝑠𝑖𝑛−1(

1

3𝑚𝑖
) 

−
3

2
𝑚𝑖 ∙ sin(𝜔𝑡) +

1

2
                                   𝜋 − 𝑠𝑖𝑛−1 (

1

3𝑚𝑖
) ≤ 𝜔𝑡 ≤ 𝜋 + 𝑠𝑖𝑛−1(

1

3𝑚𝑖
)

3

2
𝑚𝑖 ∙ sin(𝜔𝑡) +

3

2
                                    𝜋 + 𝑠𝑖𝑛−1 (

1

3𝑚𝑖
) ≤ 𝜔𝑡 ≤ 2𝜋 − 𝑠𝑖𝑛−1(

1

3𝑚𝑖
)

−
3

2
𝑚𝑖 ∙ sin(𝜔𝑡) +

1

2
                                                        2𝜋 − 𝑠𝑖𝑛−1 (

1

3𝑚𝑖
) ≤ 𝜔𝑡 ≤ 2𝜋

  (5.3b) 

Neutral path currents duty cycles for Phase-B and Phase-C can be calculated by the similar method. 

Then the average neutral path currents during each fundamental cycle 𝑖�̅�2_𝑖  and 𝑖�̅�1_𝑖   can be 

calculated by using the integration calculation 

𝑖�̅�2_𝑖 =
1

2𝜋
∫ (𝑘𝑎𝑁2𝑖 ∙ 𝑖𝑎𝑖 + 𝑘𝑏𝑁2𝑖 ∙ 𝑖𝑏𝑖 + 𝑘𝑐𝑁2𝑖 ∙ 𝑖𝑐𝑖)𝑑𝜔𝑡
2𝜋

0

 

𝑖�̅�1_𝑖 =
1

2𝜋
∫ (𝑘𝑎𝑁1𝑖 ∙ 𝑖𝑎𝑖 + 𝑘𝑏𝑁1𝑖 ∙ 𝑖𝑏𝑖 + 𝑘𝑐𝑁1𝑖 ∙ 𝑖𝑐𝑖)𝑑𝜔𝑡
2𝜋

0

 

Finally, the analytical expression of average neutral path currents can be expressed as (5.4) 

𝑖�̅�2_𝑖 =
3

8𝜋
𝐼𝑖 ∙ 𝑐𝑜𝑠𝜑𝑖(−3𝑚𝑖𝜋 + 18𝑚𝑖 ∙ 𝑠𝑖𝑛

−1 (
1

3𝑚𝑖
) + 2√

9𝑚𝑖
2−1

𝑚𝑖
2 )          (5.4a) 

𝑖�̅�1_𝑖 = −
3

8𝜋
𝐼𝑖 ∙ 𝑐𝑜𝑠𝜑𝑖(−3𝑚𝑖𝜋 + 18𝑚𝑖 ∙ 𝑠𝑖𝑛

−1 (
1

3𝑚𝑖
) + 2√

9𝑚𝑖
2−1

𝑚𝑖
2 )        (5.4b) 

In order to make the dc-link NP voltages balancing, 𝑖�̅�2_𝑖, 𝑖�̅�1_𝑖 have to be zero. However, through 

(5.4) it can be derived that, with the sinusoidal modulation, when the inverter ac-side power factor 

𝑐𝑜𝑠𝜑𝑖 ≠ 0(real power transfer exists), 𝑖�̅�2_𝑖 and 𝑖�̅�1_𝑖 can not be zero, and results in deviations of the 

dc-link capacitors voltages. As introduced in section 2.4.2.3, the NTV PWM-based dc-link NP voltage 

balancing control strategy is able to prevent drifts of dc-link NP voltages of the four-level and five-level 

NPC converter, but with the ac-side modulation index upper limit 0.6 under the unity power factor 

condition [28][41].  

As introduced in section 2.4.2.3, one method to extend the operation modulation index under the unity 

power factor condition for the multilevel NPC converter is to use the back-to-back configuration. For 

the four-level π-type converter topology, the corresponding back-to-back configuration is shown in Fig. 

5.4. 
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Figure 5.4 Back-to-back four-level π-type converter structure with a bidirectional power-flow structure 

If the sinusoidal modulation is employed, average neutral path currents contributed by the front-end 

rectifier during each fundamental period can be expressed as (5.5) 

𝑖�̅�2_𝑟 =
3

8𝜋
𝐼𝑟 ∙ 𝑐𝑜𝑠𝜑𝑟(−3𝑚𝑟𝜋 + 18𝑚𝑟 ∙ 𝑠𝑖𝑛

−1 (
1

3𝑚𝑟
) + 2√

9𝑚𝑟
2−1

𝑚𝑟
2 )          (5.5a) 

𝑖�̅�1_𝑟 = −
3

8𝜋
𝐼𝑟 ∙ 𝑐𝑜𝑠𝜑𝑟(−3𝑚𝑟𝜋 + 18𝑚𝑟 ∙ 𝑠𝑖𝑛

−1 (
1

3𝑚𝑟
) + 2√

9𝑚𝑟
2−1

𝑚𝑟
2 )        (5.5b) 

In order to guarantee dc-link NP voltages balancing, the net average current of the neutral paths within 

one fundamental period should be enforced to zero, i.e. 

𝑖�̅�2_𝑟 = 𝑖�̅�2_𝑖 

𝑖�̅�1_𝑟 = 𝑖�̅�1_𝑖 

The active power of the rectifier and the inverter  𝑃𝑟  and 𝑃𝑖  can be expressed as follow, where, 

𝑚𝑟 and 𝑚𝑖 are their corresponding modulation indices. 𝑉𝑟𝑝 and 𝑉𝑖𝑝 are rectifier and inverter ac-side 

peak phase voltages. 

𝑃𝑟 =
3

2
𝑉𝑟𝑝 ∙ 𝐼𝑟 ∙ 𝑐𝑜𝑠𝜑𝑟  

𝑃𝑖 =
3

2
𝑉𝑖𝑝 ∙ 𝐼𝑖 ∙ 𝑐𝑜𝑠𝜑𝑖 

𝑚𝑟 =
𝑉𝑟𝑝

0.5𝑉𝐷𝐶
 

𝑚𝑖 =
𝑉𝑖𝑝

0.5𝑉𝐷𝐶
 

Considering the power balance on both sides, the active power in the rectifier side should be equal to 

the active power in the inverter side (assume the ideal switching action), then 

𝐼𝑟 = 𝐼𝑖 ∙
𝑚𝑖 ∙ 𝑐𝑜𝑠𝜑𝑖
𝑚𝑟 ∙ 𝑐𝑜𝑠𝜑𝑟
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Consequently,  

                             𝑚𝑖 (−3𝑚𝑟𝜋 + 18𝑚𝑟 ∙ 𝑠𝑖𝑛
−1 (

1

3𝑚𝑟
) + 2√

9𝑚𝑟
2 − 1

𝑚𝑟
2 )                                          (5.6)   

= 𝑚𝑟 (−3𝑚𝑖𝜋 + 18𝑚𝑖 ∙ 𝑠𝑖𝑛
−1 (

1

3𝑚𝑖
) + 2√

9𝑚𝑖
2 − 1

𝑚𝑖
2 ) 

(5.6) indicates that when the back-to-back three-phase four-level π-type converter system as shown in 

Fig.5.4, and transfers the active power between the rectifier and the inverter, nonzero average neutral 

paths currents always occur. It has been analyzed as shown in Fig.5.2. Therefore, only the case mr=mi 

implies that 𝑖�̅�2_𝑟 = 𝑖�̅�2_𝑖 and 𝑖�̅�1_𝑟 = 𝑖�̅�1_𝑖. If the modulation indices on both sides are not the same, 

then 𝑖�̅�2_𝑟 ≠ 𝑖�̅�2_𝑖 and 𝑖�̅�1_𝑟 ≠ 𝑖�̅�1_𝑖, the middle capacitor C2 will finally be fully discharged, and the 

bottom capacitor C3 as well as the top capacitor C1 will be unequally charged or discharged. DC-link 

NP voltage will not be balanced. This concludes that the pure sinusoidal modulation can not guarantee 

the dc-link capacitors voltages balancing, and not practical to implement.  

Through the analysis above, even the back-to-back configuration has the feature to compensate the 

neutral path currents from both sides, the dc-link NP voltages balancing condition only applies to the 

same modulation indices on both sides if the sinusoidal modulation is employed. If initial voltages on 

each dc-link capacitor are different, or modulation indices are different on both sides, the dc-link NP 

voltages would tend to imbalance, and lead to the system unstable. Therefore, the appropriate dc-link 

NP voltage balancing close loop controller must be provided. In the next section, the CB-PWM based 

dc-link NP voltages balancing control method will be introduced and analyzed. The actual performance 

as well as the limit (different modulation indices on both sides) under the unity power factor condition 

will be tested by prototype in section 5.4 as well. 

5.3 DC-link NP voltages balancing control 

The proposed dc-link NP voltages balancing control scheme is a level shifted CB-PWM with desired 

zero-sequence signal injection. Therefore, the actual final modulation wave for the converter consists 

of two parts: sinusoidal fundamental components and zero sequence components as presented in (5.7).   

*( ) ( ) ( ) , ,i iu t u t c t i a b c= + =                     (5.7) 
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where, ui(t) are modified final modulation waveforms. c(t) are zero-sequence components. ui
*(t) are 

original sinusoidal fundamental waveforms in order to get the sinusoidal current waveforms. 

 

Figure 5.5 The relationship between carrier waves and modulation waves in a level shifted CB-PWM 

As the level shifted CB-PWM scheme adopted for control is shown in Fig.5.5, three-phase sinusoidal 

fundamental components can be obtained by normalizing three-phase output phase voltage fundamental 

components with 1/3 of the dc-link voltage as introduced in section 3.2. Therefore, the p.u. value of 

three-phase fundamental components with regards to the negative terminal of the dc-bus will be in the 

range of 0~3. Thus, three-phase original sinusoidal fundamental waveforms ui
*(t) are expressed as 

below 

{
 
 

 
 

𝑢𝑎
∗ (𝑡) = 1.5𝑚 ∙ sin(𝜔𝑡) + 1.5

𝑢𝑏
∗(𝑡) = 1.5𝑚 ∙ sin (𝜔𝑡 +

2𝜋

3
) + 1.5

𝑢𝑐
∗(𝑡) = 1.5𝑚 ∙ sin(𝜔𝑡 −

2𝜋

3
) + 1.5

 

Technically, sinusoidal fundamental components can be obtained from the output of the converter 

current control loop, which is employed in order to control the converter fundamental current and track 

the desired reference value. At the same time, desired zero-sequence components can be obtained 

according to the appropriate cost function, then inject into three-phase fundamental components 

simultaneously to manipulate three dc-link capacitors voltages and extend the output voltage at the same 

time. Meanwhile, from the point of view of the practical realization (the discrete operation), zero-

sequence components can be deemed as the same offset value injected to three-phase sinusoidal signals 

within each sampling period. Therefore, for a three-phase system, the effect of the zero-sequence can 

0

2

3

1

t

u*
i(t) 
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be eliminated at the output line voltage as well as the output current. 

In order to guarantee the linear modulation without any overmodulation, the equivalent range of 

modified modulation waves are shown as following 

0 ≤ 𝑢𝑖(𝑡) = 𝑢𝑖
∗(𝑡) + 𝑐(𝑡) ≤ 3 

The slash area in Fig.5.6 illustrates the region that three-phase modulation waves can be approached 

maximally by injecting zero-sequence components graphically. 

 

Figure 5.6 Modulation waves maximum approachable region 

Therefore, the range of zero-sequence components c(t) that can be injected into three-phase sinusoidal 

fundamental components can be expressed as in (5.8) 

* *

min max( ) ( ) 3 ( )u t c t u t−   −                           (5.8) 

where, u*
max(t) and u*

min(t) are maximum and minimum values of three-phase sinusoidal fundamental 

components. Fig.5.7 (a) shows u*
max(t) and u*

min(t) graphically, where the top solid blue line is u*
max(t) 

and the bottom solid red line is u*
min(t). They can be expressed in (5.9) 

* * * *

min

* * * *

max

( ) min( ( ), ( ), ( ))

( ) max( ( ), ( ), ( ))

a b c

a b c

u t u t u t u t

u t u t u t u t

 =


=
                       (5.9) 

Finally, according (5.8) the available zero-sequence component can be used to inject into sinusoidal 

fundamental components is shown in Fig.5.7 (b). 
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(a) 

 

(b) 

Figure 5.7 Visual concept of (a) u*max and u*min (b) available zero-sequence component 

In the process of modulation, zero-sequence signals are the only freedom degree that can be adjusted. 

Therefore, the key point of this control and modulation scheme is to find out optimum zero-sequence 

components within the available range of zero-sequence components which expressed in (5.8). With 

respect to the appropriate cost function/target, optimum zero-sequence components should be selected 

within the range in (5.8). The operable method is within each sampling period/switching period, several 

samples within the available range in (5.8) can be selected. For instance, as shown in Fig.5.8, from the 

point of view of discretization, within each sampling period, the available zero sequence components 

range 3- u*
max(t) + u*

min(t) will be equally divided into several parts, each part will then be sampled and 

evaluated in the incoming appropriate cost function. The one which can achieve the relevant optimum 

value of the cost function will be finally picked. In theory, the number of the above mentioned equally 

sampling method should be as many as possible, however, in practical implementation, this number 

depends on the actual system clock speed of the control chip as well as the time consumption of the 
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control algorithm code. In order to make sure the control code can be run thoroughly within each 

sampling period and get the desired PWM output refreshed within each sampling period, therefore, 

based on the control board introduced in section 4.4, 3- u*
max(t) + u*

min(t) within each sampling period 

has been equally divided into 5 section, which means six potential zero-sequence components samples 

have been selected evenly according to (5.8) and evaluated through the cost function within each 

sampling period as shown in Fig.5.8. And this has been verified in section 5.5.  

 

Figure 5.8 Discretization implementation concept of the zero-sequence components sampling method from the 

available zero-sequence components range 

Then, how to select the appropriate cost function in order to balance dc-link NP voltages of a four-level 

π-type converter? The control cost function can be selected and established in order to minimize the 

energy variation J on each dc-link capacitor. The expression of the dc-link capacitor energy variation J 

is shown in (5.10) [38][51][169] 

3 3
2 2

1 1

1 1
( )

2 2 3

dc
Cj Cj

j j

V
J C v C v

= =

=   =  −                      (5.10) 
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where, Vdc is the whole dc-link voltage. vCj is the actual measured voltage of the corresponding dc-link 

capacitor. ΔvCj is the voltage deviation on the dc-link capacitor Cj in Fig.5.1 (a) from its reference value 

(1/3 of the total dc-link voltage Vdc). C is the capacitance value of each capacitor. According to (5.10), 

the parameter J is the summation of the quadratic operation (vCj −
Vdc

3
)
2

 for all three dc-link capacitors, 

which should be positive defined. Therefore, the relevant optimum zero-sequence component should 

be selected upon J has been minimized and close to zero as much as possible. Consequently, when J is 

minimized, the value of 
dJ

dt
 should be no larger than zero and should be as negative as possible as shown 

in (5.11). 

3 3

1 1

0
cj

Cj Cj Cj
j j

dvdJ
C v v i

dt dt= =

=   =                        (5.11) 

where, iCj are currents flowing through capacitors Cj. (5.11) can relate the dc-link capacitor energy 

variation J to dc-link capacitor currents iCj. As there will be six candidate zero-sequence components 

selected first as shown in Fig.5.8 to evaluate the value of (5.11) within each sampling period, therefore, 

the one which can lead to the most negative value of (5.11) will be finally selected. And of course, if 

none of the six candidate zero-sequence components can get a negative value of (5.11), the one which 

can make (5.11) close to 0 the most will be selected. One thing should be noticed that if the system is 

the back-to-back configuration, dc-link capacitor currents will be contributed by both the rectifier and 

the inverter side. Thus, for the back-to-back configuration, 𝑖𝐶𝑗 = 𝑖𝐶𝑗𝑟 + 𝑖𝐶𝑗𝑖  , where, 𝑖𝐶𝑗𝑟   are 

capacitors currents contributed by the rectifier, and 𝑖𝐶𝑗𝑖  are capacitors currents contributed by the 

inverter. 

Therefore, with the available zero-sequence components constraint defined in (5.8), the final cost 

function for the dc-link NP voltages balancing control can be expressed as (5.12).  

3 3

1 1

* *

min max

min ( )
3

Constriant : ( ) ( ) 3 ( )

dc
Cj Cj Cj Cj

j j

V
V v i v i

u t c t u t

= =


=   =  − 


 −   −

               (5.12) 

The next step is to find out the relationship between the cost function and available zero-sequence 

components in order to evaluate each zero-sequence component sample against the cost function. In 

(5.12), ΔvCj can be obtained from the voltage sensor measurement. Therefore, the key is to find the 
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relationship between iCj and c(t). Before that, the relationship between iCj in (5.12) and iN1, iN2 can be 

derived as presented in Fig.5.9.  

In Fig.5.9 (a), the converter output terminal is clamped to N1. It makes the converter output phase 

voltage equal to E. Assume the direction of arrows in Fig.5.9 are positive, the current flows through C1 

can be expressed as follow 

1Ci C V= −   

The currents flow through C3 and C2 are 

2 3
2

C C

C
i i V= =   

Assume the total dc-link voltage is constant, the voltage variation on C1 equals to the whole voltage 

variation across C2 and C3. Then, the relationship between the iN1 and iC1, iC2 and iC3 can be expressed 

as shown in (5.13a) 

1 22C Ci i= −  

2 1 1C C Ni i i− =  

{
 
 

 
 iC1=−

2

3
iN1

iC2=
1

3
iN1

iC3=
1

3
iN1

                                                                 (5.13a) 

Similarly, in Fig.5.9 (b), the converter output is clamped to N2. It makes the converter output phase 

voltage equal to 2E. With same method above, the relationship between iN2 and iC1, iC2 and iC3 can be 

expressed as shown in (5.13b) 

{
 
 

 
 iC1=−

1

3
iN2

iC2=−
1

3
iN2

iC3=
2

3
iN2

                                                             (5.13b) 

Therefore, combine (5.13a) and (5.13b), the relationship between dc-link capacitors currents and neutral 

paths currents for the inverter operation can be established as shown in (5.14a). Similarly, the 
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relationship between dc-link capacitor currents and dc-link NP currents for the rectifier operation can 

be established as in (5.14b).  

{
 
 

 
 iC1=−

1

3
iN2 −

2

3
iN1

iC2=−
1

3
iN2 +

1

3
iN1

iC3=
2

3
iN2 +

1

3
iN1

                                                    (5.14a) 

 

{
 
 

 
 iC1=

1

3
iN2 +

2

3
iN1

iC2=
1

3
iN2 −

1

3
iN1

iC3=−
2

3
iN2 −

1

3
iN1

                                             (5.14b)       

 

(a)                                      (b) 

Figure 5.9 Relationship between dc-link capacitor current and neutral path currents (a) current flows through N1 

(b) current flows through N2 

The relationship between neutral currents (iN1, iN2) and zero-sequence components c(t) can be derived 

as follows. Since the value of three-phase modulation waves has the range of 0~3, when a random point 

of one of modulation waves has been sampled, the integer part of this sample point (ui) represents the 

voltage level (int(ui)), while the fractional part determines the duty cycle (frac(ui)). For example, when 

the modulation wave value is 1.2, it means the voltage level is 1 and the corresponding duty cycle for 

the switching device is 0.2. In this case, the output commutation is between E and 2E as illustrated in 

Fig.5.10. When commutations involve output phase voltage level 2E and E, the duty cycle of 
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corresponding switching devices can be adjusted. Therefore, iN1, iN2 can be determined by (int(ui)) and 

(frac(ui)).  

 

Figure 5.10 Concept of the modulation wave level and corresponding duty cycle 

It can be found out that final modulation waves ui can be regulated by zero-sequence components, which 

explains why zero-sequence components can affect neutral path currents, dc-link capacitor currents and 

eventually the cost function in (5.12). Therefore, the relationship between neutral path currents iN1, iN2 

and three-phase final modulation waves can be formulated as shown in (5.15) according to the method 

in [179].  

{
 
 

 
 𝑖𝑁1= ∑ ii×[(int(ui) == 0)×frac(ui)+(int(ui)==1)×(1-frac(ui))]

i=a,b,c

𝑖𝑁2= ∑ ii×[(int(ui) == 1)×frac(ui)+(int(ui)==2)×(1-frac(ui))]

i=a,b,c

                       (5.15) 

where, ia, ib, ic are converter ac-side three-phase currents. int(ui)= =0 is the operation used to check 

whether the reference voltage level is 0 or not. If it is zero, then (int(ui)= =0) equals to 1, otherwise 0. 

It is obvious that when int(ui) equals to 1 or 2, the converter output clamps to N1 or N2, and currents 

flow through N1 or N2. Therefore, the amount of neutral path currents can be adjusted by frac(ui). 

With (5.7) to (5.15), the relationship between the control objective and the zero-sequence signal can be 

established. Fig.5.11 presents this control algorithm in the format of a flow chart in order to present this 

control algorithm intuitively. In summary, the modulation and the NP voltages balancing control 

algorithm can be implemented as follows. First step, original three-phase fundamental components ui
*(t) 

are obtained from the current control loop (generally, it can be the Proportional-Integral (PI) control-

based current loops). Second step, using (5.8) and (5.9), the range of available zero-sequence 

components can be defined. Third step, within each sampling period, equally sample six values within 

the available range of the zero-sequence components in (5.8), and add them to the original fundamental 

components one by one to obtain the potential reference voltages by using (5.7). that Fourth step, using 

(5.10) to (5.15) to check which zero-sequence component sampled in the third step above leads to the 

2E

E

2

1 frac(ui )int(ui )
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minimum value of the objective function in (5.11). That zero-sequence component will be selected to 

form the final reference voltage. After the reference voltage is obtained, it will be compared with three 

triangle carrier-signals to generate the PWM signals for the device gate drivers. All these four steps 

should be done thoroughly within each sampling period. 

 

Figure 5.11 DC-link NP voltages balancing control algorithm flow chart 

5.4 Simulation analysis 

This section presents simulation results of the four-level π-type converter in order to give an initial 

validation for the proposed dc-link NP voltages balancing control strategy introduced in this chapter. 

The simulation model’s setup parameters are summarized in Table V.I. Screen shots of the detail of the 
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simulation blocks are presented in Appendix D. I and II. The Solver of the simulation models are 

selected as discrete, and Zero-order Hold is employed in order to imitate the ADC sampling process of 

the practical circuit. The Internal resistance Ron is selected as the default value 0.01 in order to make it 

similar to a practical IGBT. The snubber resistance and capacitance are selected as the default. In 

practical, initial voltages of dc-link capacitors usually differ to the desirable value 100V. Therefore, 

initial voltages of the upper and lower capacitors C3 and C1 are set as 80V, while the initial voltage of 

the middle capacitor C2 is set as 120V before the PWM signals applied on them. This setup will be able 

to simulate the practical startup process of the topology, and test the NP voltage balancing control 

strategy capability at the same time.  
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TABLE V.I THREE-PHASE FOUR-LEVEL Π-TYPE CONVERTER SYSTEM SIMULATION PARAMETERS 

Parameters Values 

Software Matlab 2017.b 

Toolbox Simulink 

Simulation type (Solver) Discrete 

Simulation system sample time 1 μs in powergui 

Zero-Order Hold sample time  100 μs 

Deadtime model On/Off Delay (On delay, Time delay:2µs) 

Sinusoidal fundamental signals 

generator model for the inverter 

Sine Wave (Sine type: Time based, Time(t): Use simulation time, 

Frequency=100π rad/s (50Hz), Phase=[0, 2/3π, -2/3π] rad, Sample 

time=0) 

Triangular carrier wave 

generator model for the inverter  

Repeating table (frequency = 10 kHz) 

IGBT model IGBT/Diode module 

IGBT/Diode module setting Internal resistance Ron=0.01, Snubber resistance Rs=100000, 

Snubber capacitance Cs=inf 

DC-link cap model Series RLC Branch (Branch type: C, C=2000µF, cap initial 

voltage: C1=C3=80V, C2=120V) 

DC-link parallel protection 

resistors model  

Series RLC Branch (Branch type: R, resistance value: 100kΩ) 

Inverter side load model Three-Phase Series RLC Branch (Branch type: RL, 

Resistance=25Ω, Inductance=5mH) 

Three-phase grid voltage model 

(back-to-back only) 

Three-Phase Programmable Voltage Source (Generator type: 

swing) 

Rectifier input choke (back-to-

back only) 

Three-Phase Series RLC Branch (Branch type: RL, 

Resistance=0.2Ω, Inductance=2mH) 

 

Fig.5.12 presents simulation waveforms of the three-phase single-end four-level π-type inverter (the 

simulation model is shown in Appendix D I). Test parameters are set as: total dc-link input Vdc=300V, 
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dc-link capacitor C1=C2=C3=2000μF, fundamental frequency fo=50 Hz, switching frequency fs=10 

kHz, load R=25Ω L=5 mH each phase (makes output PF equals to 1), modulation index mi=0.55. 

Fig.5.12 (a) presents the Phase-A line voltage and phase voltage, which are five levels (due to the low 

voltage modulation index) and three levels, respectively. Fig.5.12 (b) presents three-phase output 

currents. Fig.5.12 (c) shows three dc-link capacitors voltages. It can be monitored that the proposed NP 

voltage balancing control strategy can effectively pull back the voltages on each dc-link capacitor. And  

all three capacitors can be eventually well regulated at 1/3 of the total dc-link voltage. Fig.5.12 (d) upper 

figure presents the selected zero-sequence signal according to the algorithm in Fig.5.11, and Fig.5.12 

(d) lower figure presents the phase-A final modulation signal with the injection of the selected zero-

sequence signal.  

  

          (a) Phase and line voltage                      (b) Three-phase output currents 

  

          (c) Three dc-link capacitors voltages         (d) Injected zero-sequence and modulation signals 

Figure 5.12 Simulation results of three-phase single-end four-level π-type inverter, mi=0.55 

Fig.5.13 presents simulation waveforms of three-phase back-to-back four-level π-type converter with 
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the same modulation indices on both sides under unity power factors condition (the simulation model 

is shown in Appendix D II). Test parameters are set as: total dc-link input Vdc=300V, dc-link capacitor 

C1=C2=C3=2000μF, fundamental frequency fo=50 Hz on both sides, switching frequency fs=10 kHz on 

both sides, grid side peak-to-peak voltage 287V, rectifier choke RG=0.2Ω LG=2 mH each phase, rectifier 

modulation index mr=1.1, load RL=25Ω LL=5 mH each phase, inverter modulation index mi=1.1. 

Fig.5.13 (a) upper figure presents the selected zero-sequence signal of the rectifier side according to the 

algorithm in Fig.5.11. Fig.5.13 (a) lower figure presents the rectifier side phase-A final modulation 

signal with the injection of the selected zero-sequence signal. Fig.5.13 (b) then similarly presents the 

selected zero-sequence signal as well as the final modulation signal of the inverter side. It can be 

monitored that both sides have the similar patterns on zero-sequence as well as final modulation signals 

due to the identical modulation indices. Fig.5.13 (c) presents the rectifier Phase-A line and phase voltage, 

which are seven levels and four levels, respectively. Fig.5.13 (d) shows rectifier three-phase currents. 

Fig.5.13 (e) presents inverter Phase-A line and phase voltage, which are seven levels and four levels, 

respectively. Fig.5.13 (f) shows inverter three-phase sinusoidal currents. Fig.5.13 (g) shows three dc-

link capacitors voltages which have been well regulated at 1/3 of the total dc-link voltage. 
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(a) Rectifier modulation and zero-sequence signals     (b) Inverter modulation and zero-sequence signals 

  

        (c) Rectifier phase and line voltage               (d) Rectifier hree-phase output currents 

  

    (e) Inverter phase and line voltage               (f) Inverter three-phase output currents 
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(g) Three dc-link capacitors voltages 

Figure 5.13 Simulation results of three-phase back-to-back four-level π-type inverter, mr= mi =1.1 

Fig.5.14 presents the simulation waveforms of three-phase back-to-back four-level π-type converter 

with the different modulation indices on both sides under unity power factors condition (the simulation 

model is shown in Appendix D II). Test parameters are set as: total dc-link input Vdc=300V, dc-link 

capacitor C1=C2=C3=2000μF, fundamental frequency fo=50 Hz on both sides, switching frequency 

fs=10 kHz on both sides, grid side peak-to-peak voltage 287V, rectifier choke RG=0.2Ω LG=2 mH each 

phase, rectifier modulation index mr=1.1, load RL=25Ω LL=5 mH each phase, inverter modulation index 

mi=0.65. Fig.5.14 (a) (b) present the selected zero-sequence and final modulation signals for the rectifier 

side and the inverter side, respectively. It can be monitored at this condition, the patterns of zero-

sequence and final modulation signals for both sides are different. There are more selectable values for 

inverter side zero-sequence components (Ci) due to the lower modulation index mi=0.65. In contract, 

the selectable points for rectifier side zero-sequence components (Cr) are relatively less due to the 

relative higher modulation index mr=1.1. Fig.5.14 (c) presents the rectifier Phase-A line and phase 

voltage, which are seven levels and four levels, respectively. Fig.5.14 (d) shows rectifier three-phase 

currents. Fig.5.14 (e) presents inverter Phase-A line and phase voltage, which are five levels (due to 

low modulation index on the inverter side) and four levels, respectively. Fig.5.14 (f) shows inverter 

three-phase sinusoidal currents. Fig.5.14 (g) shows three dc-link capacitors voltages which have been 

well regulated at 1/3 of the total dc-link voltage. 
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(a) Rectifier modulation and zero-sequence signals     (b) Inverter modulation and zero-sequence signals 

  

   (c) Rectifier phase and line voltage               (d) Rectifier hree-phase output currents 

  

(e) Inverter phase and line voltage               (f) Inverter three-phase output currents 
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(g) Three dc-link capacitors voltages 

Figure 5.14 Simulation results of three-phase back-to-back four-level π-type inverter, mr=1.1, mi =0.65 

Above simulations have provided the initial validation for the proposed dc-link NP voltages balancing 

control strategy for the four-level π-type converter. However, the practical control performance is 

affected accordingly by the practical DSP processing speed as well as the practical system tolerance 

[53]. Therefore, the actual validation as well as the controllable range based on the back-to-back four-

level π-type converter prototype under the unity power factor condition will be provided in section 5.5. 

5.5 Exprimental tests 

In this section, experimental tests regarding the dc-link NP voltages balancing control for the proposed 

four-level π-type converter have been presented. 

The established three-phase four-level π-type converter prototype presented in Chapter 4 will be used 

in Chapter 5 as well. As the closed loop control will be implemented on the converter, corresponding 

voltages as well as currents values have to be measured dynamically for the feedback purpose. 

Therefore, appropriate sensor boards will be required. 

As mentioned above, the purpose of the sensor board is to dynamically measure the actual electrical 

variables such as dc-link capacitors voltages, load currents, grid voltages as feedback signals for the 

close-loop control system. Meanwhile, by measuring the real time electrical variables, overcurrent and 

overvoltage protection can be implemented. 

The sensor board used in this thesis contains voltage transducers LEM LV25-P which are able to provide 

40µs response time with maximum 500V measurement range. Current transducers LEM LA 55-P can 

V
C
(V

)



163 

 

provide less than 1µs response time with maximum 50A measurement range. Both voltage transducers 

and current transducers provide rms ac 2.5kV galvanic isolation between the converter board and the 

control board where measurements signals are transferred which makes sure the reliability of the system. 

Meanwhile, both LEM LV25-P and LEM LA 55-P can share the +/-15V dc supply with the existing 

DSP/FPGA control board. The sensor board prototype presents as in Fig. 5.15. The control codes for 

DSP and FPGA are shown in Appendix F I. 

 

Figure 5.15 Sensor board prototype 

5.5.1 Single-end system test and investigation without the proposed control strategy 

First, a trial operation for the single-end three-phase inverter system under the pure sinusoidal 

modulation open loop condition has been implemented. Operation parameters under a low modulation 

index are listed in Table V.II 
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TABLE V.II. TEST PARAMETERS WITHOUT CONTROL APPLIED I 

Vdc 60V 

Load (each phase) 44Ω, 5mH 

Switching frequency 10 kHz 

Fundamental frequency 50 Hz 

C1, C2, C3 2000μF 

Modulation index 0.5 

Dead-time 2μs 

 

Fig.5.16 shows converter output waveforms when m=0.5. Fig.5.16 (c) shows three dc-link capacitors 

voltages. It is obvious that the middle capacitor C2 has been completely discharged, and the total dc-

link voltage has been distributed on C1 and C3. Fig.5.16 (a) shows the output line voltage as well as 

the phase voltage. Due to the low modulation index, the open loop sinusoidal modulation operation 

makes the four IGBT T2, T3, T4, T5 in two neutral paths have more switching actions during each 

fundamental period. However, due to the dc-link central capacitor C2 is completely discharged, the two 

neutral paths can be deemed as clamping to the same NP. Therefore, there are no commutations between 

2E and E in practice at all. That is the reason the phase voltage only has three levels and contains flat 

line in the middle. Fig. 5.16 (b) presents three-phase output currents which contain visible significant 

harmonics. 
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(a) Line and phase voltage                     (b) Three-phase output currents 

 

(c) Three dc-link capacitors voltages  

Figure 5.16 Inverter open loop operation when m=0.5 

Operation parameters under a high modulation index are listed in Table V.III 

TABLE V.III. TEST PARAMETERS WITHOUT CONTROL APPLIED II 

Vdc 60V 

Load 44Ω, 5mH 

Switching frequency 10 kHz 

Fundamental frequency 50 Hz 

C1, C2, C3 2000μF 

Modulation index 0.85 

Dead-time 2μs 

 

Fig. 5.17 shows the output waveforms when m=0.85. Fig. 5.17 (a) shows the output line voltage as well 

as the phase voltage. It can be found out the phase voltage has three levels, while the line voltage has 
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five levels even at the high modulation index. Fig. 5.17 (b) presents three-phase output currents. They 

are periodical but not sinusoidal, visible distortions have been monitored in current waveforms. Fig. 

5.17 (c) presents three dc-link capacitors voltages. It is obvious that the middle capacitor C2 fully 

discharges. The whole 60V dc-link voltage has been almost equally distributed on the top capacitor C3 

and the bottom capacitor C1.  

  

(a) Line and phase voltage                   (b) Three-phase output currents 

 

(c) Three dc-link capacitors voltages  

Figure 5.17 Inverter open loop operation when m=0.85 

According to test waveforms in Fig. 5.16 and Fig. 5.17, it can be verified if there is no dc-link NP 

voltage balancing control applied on the single-end three-phase four-level π-type inverter system, the 

pure sinusoidal modulation open loop operation will cause the dc-link central capacitor C2 discharged 

completely with the time passes. Switching devices switching voltage increases, top and bottom dc-link 

capacitors withstanding voltage increases, significant harmonic contents occur at the output. All these 

reduce the system operation reliability as well as the output quality.   
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5.5.2 Single-end system test and investigation with the proposed control strategy 

It has been experimentally verified in section 5.5.1, that if there is no active dc-link NP voltages 

balancing control applied, the central capacitor C2 will be finally discharged under the open loop 

operation, and cause three dc-link NP voltages unbalancing. Therefore, the proposed dc-link NP 

voltages balancing control has to be applied on the single-end three-phase inverter system. The system 

setup concept diagram is shown in Fig.5.18. 

 

Figure 5.18 Concept diagram of the single-end three-phase inverter with proposed dc-link NP voltages 

balancing control strategy. 

Table V.IV presents test parameters for the single-end three-phase four-level π-type inverter with the 

proposed dc-link NP voltages balancing control employed under m=0.6. 

TABLE V.IV. TEST PARAMETERS OF WITH CONTROL APPLIED I 

Vdc 60V 

Load 44Ω, 5mH 

Switching frequency 10 kHz 

Fundamental frequency 50 Hz 

C1, C2, C3 2000μF 

Modulation index 0.6 

Dead-time 2μs 
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Fig.5.19 presents operation waveforms of three-phase four-level π-type inverter system with dc-link 

capacitors voltages balancing control applied. The AD5725 DAC chips can be employed to monitor the 

internal variables in the code through the oscilloscope. The phase A modulation waveform as well as 

the injected zero-sequence signal waveform are shown in Fig. 5.19 (a). The yellow waveform represents 

the phase A sinusoidal fundamental component. The blue waveform is the selected the zero-sequence 

component through the method introduced in section 5.3, whose fundamental frequency is triple the 

one of sinusoidal fundamental components. The green waveform is the phase A final modulation signal 

by adding sinusoidal fundamental waveforms and zero-sequence components together. Fig. 5.19 (b) 

bottom waveform presents phase voltage which has four levels. And due to the relative low modulation 

index, the output line voltage only has five levels as shown in Fig. 5.19 (b) top waveform. Fig. 5.19 (c) 

presents inverter three-phase currents which are sinusoidal. Fig. 5.19 (d) shows three dc-link capacitors 

voltages which are all balanced at 1/3 (20V) of the total dc-link voltage (60V). Fig. 5.19 (e) presents 

the dc-link three capacitors voltages clearer by setting different offset values on voltage probes. 
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(a) Modulation and zero-sequence signals               (b) Output phase and line voltages                                           

  

(c) ac side three-phase output currents                  (d) dc-link capacitors’ voltages                                              

 

(e) dc-link capacitors’ voltages (channel offset values are different) 

Figure 5.19 Single-end inverter operation with proposed control strategy m=0.6 

Table V.V presents operation parameters based on 0.65 modulation index for the single-end three-phase 

four-level π-type inverter system with proposed dc-link NP voltages balancing control employed. 
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TABLE V.V. TEST PARAMETERS OF WITH CONTROL APPLIED II 

Vdc 60V 

Load 44Ω, 5mH 

Switching frequency 10 kHz 

Fundamental frequency 50 Hz 

C1, C2, C3 2000μF 

Modulation index 0.65 

Dead-time 2μs 

Fig.5.20 presents operation waveforms of three-phase four-level π-type inverter system with dc-link 

capacitors voltages balancing control applied, but with m=0.65. In Fig.5.20 (a), the yellow waveform 

represents the phase A sinusoidal fundamental component. The blue waveform is the selected the zero-

sequence component. The green waveform is the phase A final modulation signal by adding previous 

two waveforms together. It can be monitored that the zero sequence signal varies less frequently than 

the m=0.6 condition as shown in Fig.18 (a), which means the available zero sequence to ensure the NP 

voltage balancing task is limited or does not exist. In Fig. 5.20 (b), both the phase voltage and the line 

voltage have only three levels and visible distortion appears on them due to the control algorithm failed 

to balance the dc-link NP voltages. The inverter worked inappropriately. Fig. 5.20 (c) shows three-phase 

currents, visible distortion occurs on current waveforms. Fig. 5.20 (d) shows three dc-link capacitors 

voltages, obviously the center capacitor C2 completely discharged. Triple fundamental frequency ripple 

occurs on the upper capacitor voltage as well as the lower capacitor voltage. In this case, the proposed 

dc-link NP voltages balancing control failed to keep the three dc-link capacitors voltages balanced. 
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(a) Modulation and zero-sequence signals               (b) Output phase and line voltages                                           

  

(c) ac side three-phase output currents                  (d) dc-link capacitors’ voltages                                              

Figure 5.20 Single-end inverter operation with proposed control strategy m=0.65 

Test waveforms in Fig.5.19 and Fig. 5.20 verified that the proposed dc-link NP voltages balancing 

control method has its limit to fulfil the task when a single-end converter is operating under a unity 

power factor condition. This limit is the decided by the modulation index, m=0.6 is approximately the 

upper limit under this condition. 

5.5.3 Back-to-back configuration test 

As the mentioned in Section 4.3 and test results in Section 5.5.2, due to the limitation of proposed 

control strategy, the single-end configuration is not able to balance the dc-link NP voltages at a high 

modulation index under the unity power factor condition. Therefore, the back-to-back configuration has 

been established and tested. The test setup concept is presented in Fig. 5.21. The rectifier and the 

inverter connect with each other through the dc-link, they share the same dc-link capacitors C1, C2, C3. 

Two dc-link NPs N1 and N2 are common between these two converters. The inverter ac-side connects 
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to the three-phase RL load. The rectifier ac-side connects to the grid, which transfers power to the dc-

link, and also provides dc-link neutral path currents in order to help the dc-link NP voltages balancing. 

Both converters are controlled by the XC3S400 FPGA with TMS320F28335 DSP control board as used 

before. 

 

Figure 5.21 Concept diagram of the back-to-back three-phase four-level π-type converter with proposed dc-link 

NP voltages balancing control strategy. 

Fig. 5.22 presents the back-to-back four-level π-type converter experimental prototype setup. The four-

level π-type converter prototype PCB board has been designed to match the size of the existing 

DSP/FPGA control board in order to stack one by one for the space saving as shown in the figure. 

Meanwhile, as shown in Fig. 5.23, due to the front-end rectifier connects to the grid, the appropriate 

close loop current loop as well as the voltage loop are required to regulate the grid side current and 

maintain the whole dc-link voltage. Therefore, grid side three-phase voltages as well as rectifier three-

phase currents have to be measured dynamically. Fig. 5.23 shows the sensor boards group for the 

rectifier and the inverter, respectively. 
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Figure 5.22 Experimental prototype of the back-to-back four-level π-type converter 

 

Figure 5.23 Sensor boards prototype 

As this is a test prototype, for the purpose of the safe grid connection, three-phase isolation transformers 

as well as a three-phase variac have been connected between the grid and the rectifier as shown in Fig. 

5.24. Meanwhile, the grid-connected variac can be used to modify the rectifier side modulation index 

for the test purpose. The inductance of the transformers as well as the variac can be used as the input 

choke of the rectifier (the maximum value of the sum of the inductance is about 5mH by measurement). 

A three-phase load (R=25Ω, L=6.32mH) is star-connected at the ac-side of the inverter side. This means 

the both sides have nearly unity power factors. The dc-link voltage is set to 300V. Each dc-link capacitor 

has the capacitance C=1000μF. Fundamental frequencies on both sides are both 50 Hz. And switching 

frequencies on both sides are both 10 kHz. As mentioned before, the rectifier ac-side is connected to 

the grid. Therefore Proportional-Integral (PI) control-based current loops are applied to the rectifier side 
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in order to manipulate grid-side rectifier ac currents. Meanwhile, a PI-based voltage control loop is also 

applied on the rectifier side in order to regulate the total dc-link voltage. No PI control is applied on the 

inverter side. The proposed dc-link NP voltages balancing control is used on both sides. Please note, 

only the unity power factors on both sides condition is considered and tested in this chapter in order to 

investigate the nearly pure active power transfer situation on the proposed four-level π-type converter 

system. 

 

Figure 5.24 Grid-side isolation transformer as well as the variac 

Due to the control algorithm is relatively complex, the control algorithm code execution is not instant 

and will cause the time delay. Meanwhile, the purposed control algorithm code should be able to meet 

the control target at the same time. In order to fulfill these two requirements, the number of the sampled 

zero-sequence components within each sampling period is set to six (the optimum value) based on the 

trial and error manually. And this has been mentioned in section 5.3. The detailed code execution 

principle in the DSP/FPGA board is introduced in Appendix F.III. Fig. 5.25 presents the signal delay 

concept within in the DSP/FPGA control board. Briefly speaking, the variable sampled at point n (let’s 

say the nth bottom of the carrier wave), after the AD conversion, the control algorithm calculation, the 

corresponding generated modulation wave as well as the PWN signals will be renewed at point n+1 

(the (n+1)th bottom of the carrier wave) if the total DSP/FPGA code execution time is less than one 

sampling/switching period. Through the DAC chip, it can be monitored, the total DSP/FPGA code 

execution time for each sampling group is 44.5µs as shown in Fig. 5.26. Therefore, for a 10 kHz 
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sampling/switching period, a time delay of one sampling period/switching period can be guaranteed. 

This validated that the proposed control algorithm for the back-to-back system can be executed once 

during each sampling period, and the whole system AD samplings can be updated once during each 

sampling period for a 10 kHz sampling/switching period. It has been shown in Fig.5.26 (b) by zooming 

in the waveform in Fig.5.26 (a).  

 

Figure 5.25 signal delay concept within in the DSP/FPGA control board 

  

        (a) Actual time of each sampling period           (b) Zoomed-in actual code execution time 

Figure 5.26 Monitored back-to-back system DSP/FPGA code execution time through DAC 

Fig.5.27 presents converter operation waveforms with mrec= minv=1.1. Modulation indices values 

employed here are larger than 1 is due to they are defined as the peak value of sinusoidal fundamental 

components divided by the peak value of the carrier waveforms. Thus, m=1 stands for the maximum 

modulation index that a standard sinusoidal modulation can achieve. And m=1.15 stands for the 

maximum modulation index that zero-sequence components injected modulation method can achieve 

ideally. The setting mrec= minv=1.1 used here is nearly close to but slightly lower than the maximum 

modulation index 1.15, in order to leave some margin pretending the saturation out of the deviation of 
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the sensor. As shown in Fig. 5.27 (a) (b). Yellow waveforms mean phase A sinusoidal fundamental 

components (ur
*) and (ui

*) on the rectifier and the inverter, respectively. Blue waveforms are the selected 

zero-sequence components (Cr) and (Ci), and their fundamental frequencies are triple the ones of (ur
*) 

and (ui
*). Green waveforms are phase A final modulation waves by combining yellow waveforms and 

blue waveforms. 

Fig. 5.27 (c) shows phase voltage and the line voltage on the rectifier ac-side. With a 1.1 modulation 

index, four levels occur on the phase voltage, while seven levels occur on the line voltage. Inverter ac-

side voltage waveforms in Fig. 5.27 (d) have the same characteristics. Fig. 5.27 (e) (f) show the rectifier 

and inverter ac-side currents. 

Fig. 5.27 (g) presents three dc-link capacitors’ voltages. They are well regulated by the proposed control 

method employed as expected. Fig. 5.27 (h) presents three dc-link capacitors voltages with different 

offsets.  
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(a) Rectifier modulation and zero-sequence signals     (b) Inverter modulation and zero-sequence signals 

   

(c) Rectifier output phase and line voltages         (d) Inverter output phase and line voltages  

    

 (e) Rectifier AC side three-phase currents         (f) Inverter AC side three-phase currents 

    

(g) Three DC-link capacitors voltages (h) Three DC-link capacitors voltages with different probe offsets 

Figure 5.27 Test waveforms when mrec=minv=1.1 
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The toughest situation for the equal modulation index on both sides has been tested. Then the condition 

of different modulation indices on each side has been tested. Set the rectifier side mrec=0.9 by adjusting 

the grid-side variac, meanwhile, set the the inverter minv=0.6 in the code. Modulation waveforms as well 

as injected zero-sequence components on both sides are shown in Fig. 5.28 (a) (b), as previous tests did. 

It can be monitored that there are more selectable points for inverter side zero-sequence components 

(Ci) due to the lower modulation index mi=0.6. In contract, the selectable points for rectifier side zero-

sequence components (Cr) are relatively less due to the relative higher modulation index mr=0.9. 

Therefore, seven levels occur on the rectifier side line voltage as shown in Fig. 5.28 (c). While five 

levels occur on the inverter side line voltage as shown in Fig. 5.28 (d) due to the reduced modulation 

index. Meanwhile, as the inverter side modulation index is low, it can be considered as a load shedding 

condition. Thus, the total power transferred is reduced. Consider the equal power transfer between both 

the rectifier and the inverter, and the higher rectifier voltage, rectifier currents are lower than inverter 

currents in this situation as shown in Fig. 5.28 (e) (f). Fig. 5.28 (g) shows three dc-link capacitors’ 

voltages. They are all well regulated at 1/3 of the total dc-link voltage. 5.28 (h) presents these three dc-

link capacitors voltages with different offsets. 
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   (a) Rectifier modulation and zero-sequence signals     (b) Inverter modulation and zero-sequence signals 

    

(c) Rectifier output phase and line voltages           (d) Inverter output phase and line voltages  

   

(e) Rectifier AC side three-phase currents          (f) Inverter AC side three-phase currents 

   

      (g) Three DC-link capacitors voltages (h) Three DC-link capacitors voltages with different probe offsets 

Figure 5.28 Test waveforms when mrec=0.9, minv=0.6 
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More scenarios when different modulation indices on both sides have been tested as shown in Fig.5.29. 

It provides results in order to experimentally verify the stable operation region for the back-to-back four-

level π-type configuration with all dc-link capacitors voltage balanced under unity power factors 

condition. Fig.5.29 (a) presents the condition of mrec=1.05 and minv=1.07, where minv is slightly higher 

than mrec, and dc-link capacitors voltages have been well controlled. Fig.5.29 (b) presents the case of 

mrec=1.05 and minv=1.02, where minv is slightly lower than mrec. DC-link NP voltages have still been well 

balanced. Fig.5.29 (c) presents the case of mrec=1.05 and minv=0.7, where mrec is clearly much higher than 

minv. Seven levels occur on the rectifier line voltage, while five levels occur on the inverter line voltage. 

DC-link capacitor voltages are balanced as well. Fig.5.29 (d) and (e) show another two cases where the 

converter can operate stable with dc-link NP voltages balanced can well achieved, which are mrec=0.9, 

minv=0.8 and mrec=0.95, minv=0.6. Fig.5.29 (f) presents the case of mrec=1.1, minv=0.75. It can be monitored 

that the middle capacitor voltage is close to zero. DC-link capacitors voltage can not be well balanced 

under this condition. Fig.5.29 (g) shows another unbalanced dc-link capacitors voltages condition of 

mrec=1.05, minv=0.95. It is noticed that the phase position of the ac components on both sides not locked 

with each other and can vary. The reason is the rectifier/grid side current phase angle (Ir_a) depends on 

the grid voltage angle (which can change from time to time) when the system starts (control activated), 

because the grid current is in phase with the grid voltage. The inverter side current angle (Ii_a) depends 

on when the inverter control is activated (outputs voltage) and the load power factor. Therefore, the phase 

angle difference is not a result of different modulation depth. 
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(a) mrec=1.05, minv=1.07                                                

   
(b) mrec=1.05, minv=1.02 

   
(c) mrec=1.05, minv=0.7 

   

(d) mrec=0.9, minv=0.8 
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(e) mrec=0.95, minv=0.6 

 

   

(f) mrec=1.1, minv=0.75 

 

   
(g) mrec=1.05, minv=0.95 

Figure 5.29 More experimental results of the different modulation indices on both sides 

Through measurements of additional tests, Fig.5.30 summaries the controllable and un-controllable 

region of dc-link capacitors voltages balancing ability for the back-to-back four-level π-type converter 

under unity power factors conditions. Sample tests as shown in Fig.5.29 have also been spotted in 

Fig.5.30.  

It can be found out, with unity power factors on both sides, dc-link NP voltages are more difficult to be 
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balanced with high modulation indices on both sides. According to Fig.5.30, if modulation indices on 

both sides are the same, the NP voltage balancing can always be achieved as similar to the equation 

(5.6) expressed. If modulation indices on both sides are different, and if the modulation index on either 

side is below 0.65, then no matter how large the value of the modulation index on the other side, the NP 

voltage balancing can be achieved. It is matched the test results in section 5.5.1 and section 5.5.2. If 

modulation indices on both sides are different and both larger than 0.65, the closer modulation indices 

at both sides, the more achievable dc-link NP voltage balancing. The above analysis gave the general 

explanation of the curve shape in Fig.5.30. The precise derivation of the actual shape of the unbalanced 

region in Fig.5.30 has not been derived here mathematically, and it could be investigated in the future.  

Through the analysis in Section 5.2 and 5.3 and experimental results above, the main difference between 

the loading mode and grid connected mode can be summarized as below.  

• From the fundamental frequency point of view, the grid-side converter is locked to the grid frequency 

of 50/60Hz while the load-side converter fundamental frequency will be determined by the load 

requirement, which can be variable, e.g. for variable-speed motor drive applications.   

• From the power factor point of view, at the grid-side, the power factor is normally regulated to unity 

to reduce reactive power. In this case, it is more difficult to balance dc-link NP voltages as described 

in Section 5.2. At the load side, the power factor is not fixed, depending on the load. 

• From the modulation index point of view, at the grid side, the modulation index is close to the 

maximum value if connects to the grid directly without the stepdown variac, as the grid voltage 

amplitude is fixed. It is also the most difficult condition to balance dc-link NP voltages. Therefore, 

the grid-side converter generally can not work independently to balance the NP voltages due to both 

high modulation index and high-power factor, unless a back-to-back configuration is used. The 

modulation index of the load-side converter can be variable depending on the load requirement.   

• From the coordination between the rectifier and the inverter point of view, due to the symmetrical 

configuration of the back-to-back system, both the rectifier and the inverter will contribute to the dc-

link NP voltages balancing. References [42][53] have concluded for a symmetrical back-to-back 

multilevel converter, if the power factor as well as the modulation index on both sides are equal, the 

system can operate at any operation points. For the pure active power transmission (both sides unity 
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power factors), the dc-link capacitor voltage balancing ability under variable modulation indices on 

both sides have been concluded in Fig.5.30.  

 

 

 

Figure 5.30 Controllable and uncontrollable region for dc-link capacitors voltage balancing based on 

experimental measurements under unity power factor operation on both sides 

5.6 Summary of Chapter 5 

According to the analysis in chapter 3, there are two NPs in the dc-link of the four-level π-type converter. 

Meanwhile, two neutral paths connect these two NPs to the phase-leg output terminal in order to output 

four voltage level. Therefore, as analyzed in section 5.2, when active power transfer occurs, and if there 

is no appropriate closed loop dc-link capacitors voltages control, the inner capacitors of the dc-link will 

be eventually fully discharged with the operation goes. It makes the converter become a three-level 
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converter. This will lose advantages of the four-level π-type converter and reduce the reliability of the 

system. In order to keep dc-link NP voltages balanced and do not increase the number of switching 

actions during each switching period, the appropriate control scheme has to be implemented on the four-

level π-type converter in this chapter.  

In this chapter, the dc-link NP voltages balancing control solution for the four-level π-type converter 

under the unity power factor condition (worst case) has been analyzed and proposed. The optimum 

zero-sequence injection based on the traditional level shifted CB-PWM based control strategy has been 

implemented on the three-phase four-level π-type converter to resolve the dc-link NP voltages balancing 

issue during the unity power factor operation. Advantages of the proposed control method are the less 

complex algorithm compares to the SVM based control, and less switching actions compared to the VV 

PWM based control. With the proposed control strategy, three dc-link capacitors voltages of the four-

level π-type converter can be initially balanced. However, When the single-end converter (rectifier or 

inverter) is used, the dc-link NP voltages balancing can only be limited to modulation index 0.6. It is 

due to the fact that with the increase of the modulation index, available zero-sequence signals which 

can be used to force the average current variation on three dc-link capacitors are limited. It is verified 

according to the experimental results in section 5.5.2. If the modulation index needs to be extended 

without limitation, the symmetrical back-to-back configuration can be used due to neutral path currents 

caused from the rectifier side and the inverter side can be coordinated with each other. With the back-

to-back configuration, the dc-link NP voltages can be balanced without the limitation of the modulation 

index when both sides have the same modulation indices according to the analysis in section 5.2. The 

practical back-to-back four-level π-type prototype with 300V dc-link voltage experiments verified the 

proposed dc-link NP voltages balancing control method can successfully balance three dc-link 

capacitors voltages at same modulation indices on both sides (mrec=minv=1.1, close to the maximum 

modulation index which can be achieved) under the unity power factor condition in section 5.5.3. 

Meanwhile, the control method used in this chapter is based on dynamic modulation wave generation. 

Therefore, it is hard to calculate to the controllable region with different modulation indices on both 

sides under the unity power factor condition. Consequently, 300V dc-link voltage experiments based 

on different modulation indices on both sides have be implemented to summarize the region that dc-

link NP voltages can not be guaranteed. Fig.5.30 demonstrated test results and proved that the dc-link 



186 

 

NP voltages balancing is more difficult to achieve with the increase of modulation indices. However, 

closer modulation indices on both sides help to balance dc-link capacitors voltages. 
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6 New hybrid-clamped four-level π-type converter 

6.1 Introduction 

Compares to the two-level and three-level converters, the four-level π-type converter presents 

advantages such as lower voltage stress on switching devices during commutations, lower switching 

losses under the same switching frequency, and lower ac harmonic components under the same filter 

setting. Even the dc-link NP voltages drift problem can be resolved by adopting an optimum zero-

sequence components injection voltage balancing method, the converter operation is still limited by the 

modulation index as a single-end rectifier or inverter. One method to resolve this problem is to use two 

identical converters connected through dc-link as shown in Chapter 5. With the back-to-back 

configuration, the four-level π-type converter can operate with high modulation indices and high power 

factors on both sides. 

However, some applications such as electrical car and electric aircraft drives require the single-end 

converter configuration such as dc-ac or ac-dc only conversion in a high modulation index as well. In 

order to enable the four-level π-type converter be employed independently as an inverter or rectifier 

without any modulation index limitation under the unity power factor condition, more redundant vectors 

or zero sequence components are required to be selected during the high voltage level (high modulation 

index) commutation such as 2E to 3E in order to adjust dc-link capacitors voltages. A hybrid-clamped 

four-level π-type converter proposed in [13] has the ability to resolve this issue by adding two additional 

switching devices as well as one additional FC in the phase-leg structure. However, there is no any 

appropriate analysis on this topology. Therefore, in this chapter, a comprehensive analysis about the 

hybrid clamped four-level π-type converter has been implemented. For hybrid NPC converters, there 

are some topologies have been investigated such as four-level hybrid NPC converter [139][140]. With 

the same output voltage level, compare to original FC converters, hybrid NPC converters require less 

number of FCs in the converter phase-leg which will not occupy the volume as much as the original FC 

converter does. Compares to normal NPC converters, hybrid NPC converters have the self dc-link NP 

voltages balancing ability due to the participation of the FC in commutations especially the 

commutations related to the NPs. Meanwhile, for hybrid clamped multilevel converter topologies, there 
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are several modulation and control methods for them. Selective harmonic elimination pulse-width 

modulation (SHE-PWM) has been used for the FC based five-level active NPC converter in [182][183]. 

The phase-shifted (PS) PWN with zero-sequence signals injection method has been used for a four-

level hybrid-clamped converter in [180][184]. In this chapter, a control scheme based on the simple and 

effective logic flow chart with CB-PWM method is designed for the modulation and control of the 

hybrid-clamped four-level π-type converter. Due to this feature, the proposed method is very easy to 

implement. Simulations as well as experimental tests verified the hybrid-clamped four-level π-type 

converter is able to operate as a single-end converter such as inverter with all three dc-link capacitors 

voltage and FC voltage balanced without limitation on the modulation index under the unity power 

factor condition. At the same time, the optimum selection method for the FC has been analysed in this 

chapter in order to make a trade-off on the additional volume due to additional FCs in each phase-leg. 

Through the single phase-leg operation test, the FC ripple expression for the single phase-leg operation 

has been derived for the FC optimum selection. 

6.2 Converter Controllability and Switching States 

The phase-leg structure of the hybrid-clamped four-level π-type converter is shown in Fig.6.1. This 

topology is based on the original four-level π-type converter, but with two more switching devices as 

well as one more FC clamped between two neutral paths of the phase leg structure. This modification 

will enable the hybrid-clamped four-level π-type converter have plenty of redundant switching states, 

which make it possible to balance the dc-link NP voltages and FC voltages even at high modulation 

indices and unity power factor conditions as a single-end converter. Apart from that, all devices in the 

phase-leg do not have to block the whole dc-link voltage either during the steady state or the 

commutation period. Therefore, lower voltage rating devices with cheaper price can be adopted.  
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Figure 6.1 Phase-leg of the hybrid-clamped four-level π-type converter 

TABLE VI.I COMPARISON OF FOUR-LEVEL CONVERTERS (SINGLE PHASE LEG)  

Topology 
NO. of the 

switching states  

Single-end 

operation 

capability 

NO. of switching 

devices per phase 

leg 

NO. of FCs 

Four-level π-type  4 No 6 No 

Hybrid-clamped Four-

level π-type  
8 Yes 8 1 

FC four-level converter 6 Yes 6 3 

Four-level NPC converter 6 No 
6 + 4 clamping 

diodes 
No 

 

Table VI.I compares the four-level π-type converter topology with the hybrid-clamped four-level π-type 

converter and two other topologies, i.e. FC four-level converters and Four-level NPC converters. As 

seen, there are in total 8 switching states in the hybrid-clamped four-level π-type converter, which 

doubles that in the four-level π-type converter. The increase in redundant switching states mainly 

increases options for the dc-link NP voltage adjustment, which enables the new topology to balance all 

the capacitors’ voltages without the restriction of the modulation index (The detail will be explain in 

the following). However, the one additional FC in the hybrid-clamped converter phase-leg increases the 

total system volume to some extent, therefore, the size of FC can be selected with the optimized sized 

which will be discussed later. 

In order to guarantee the uniform step levels at the output phase voltage of this converter topology, dc-

link capacitors should ideally share one third of the whole dc-link voltage (E in Fig.6.1), and the FC 

voltage should be also regulated at one third of the total dc-link voltage. Fig.6.2 presents switching 
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states and corresponding output voltage levels of a converter phase-leg. There are eight switching states 

with four output voltage levels and the current can flow in both directions (in and out of the converter).  

 

Figure 6.2 Switching states with corresponding output voltage levels 

There are four output voltage levels as shown in Fig.6.3. Here, staircase voltages waveforms and 

sinusoidal current waveforms are used to simplify the analysis. To achieve the NP voltages balancing, 

the total amount of current flows N1 and N2 should be zero within one fundamental period. Under the 

zero power factor condition as shown in Fig.6.3 (a), the current flows through N1 and N2 can be zero 

within one fundamental period by only using the switching states V2, V5, when current commutates to 

N1 or N2. Under the unity power factor condition as shown in Fig.6.3 (b), only switching states V2, V5 

are not enough to balance the charge flows through N1 and N2 because they make the neutral path 

current flow in a single direction. Switching states such as V4 and V6 (where currents flow via the FC) 

are required to balance the current flowing through N1 and N2. And V3 and V7 are also required to 

adjust the FC voltage, as V4 and V6 will affect the FC voltage. Therefore, similar to the analysis in 

Chapter 5, the unity power factor is the worst case scenario for NP voltages balancing and will be 

addressed in this chapter as well as in this thesis.  
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Figure 6.3 Neutral path currents flow conditions (a) power factor=0, (b) power factor=1 

For voltage levels 0 and 3E, there is only one switching state corresponding to each of them respectively. 

For voltage level E and 2E (which involve NPs currents), there are three switching states available to 

be selected for each of them, which provides more redundant switching states when regulating NP 

voltages as well as the FC voltage. For example, when the current is flowing out of the inverter during 

the commutation between 2E and 3E. For 3E, only the switching state V8 can be selected, and it does 

not affect NP voltages or the FC voltage. For 2E, V5 will allow the current flowing out of N2, charging 

C3 while discharging C1 and C2; V6 will lead the current flowing out of N1, charging C3, C2 while 

discharging C1. Therefore, for the same output voltage 2E, appropriate switching states can be selected 

to let the current flow either through N2 or N1 in order to regulate the dc-link NP voltages for the 

desired purpose. Similarly, V6 will discharge the FC while V7 will charge the FC, which can be used 

to actively control the FC voltage under the same output voltage level. This enables this topology to 

have sufficient redundant switching states to regulate capacitors’ voltages even at the high modulation 

index under the unity power factor condition. 

Table VI.II shows the switching devices states corresponding to different switching states. 
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TABLE VI.II SWITCHING STATES OF THE NEW HYBRID-CLAMPED FOUR-LEVEL Π-TYPE CONVERTER 

 T1 T2 T3 T4 T5 T6 T7 T8 Vo iN1 iN2 ifc 

V1 0 0 0 0 0 1 0 1 0 0 0 0 

V2 0 0 0 1 1 0 0 1 E io 0 0 

V3 0 0 0 0 0 1 1 0 E 0 0 io 

V4 0 1 1 0 0 0 0 1 E 0 io -io 

V5 0 1 1 0 0 0 1 0 2E 0 io 0 

V6 0 0 0 1 1 0 1 0 2E io 0 io 

V7 1 0 0 0 0 0 0 1 2E 0 0 -io 

V8 1 0 0 0 0 0 1 0 3E 0 0 0 

(a) iload>0  

 T1 T2 T3 T4 T5 T6 T7 T8 Vo iN1 iN2 ifc 

V1 0 0 0 0 0 1 0 1 0 0 0 0 

V2 0 0 0 1 1 0 0 1 E io 0 0 

V3 0 0 0 0 0 1 1 0 E 0 0 -io 

V4 0 1 1 0 0 0 0 1 E 0 io io 

V5 0 1 1 0 0 0 1 0 2E 0 io 0 

V6 0 0 0 1 1 0 1 0 2E io 0 -io 

V7 1 0 0 0 0 0 0 1 2E 0 0 io 

V8 1 0 0 0 0 0 1 0 3E 0 0 0 

(b) iload<0 

It can be found in Table VI.II, the switching group V1,V2; V1,V4; V3,V6; V4,V7; V5,V8; V6,V8, there 

are over two switching devices performing switching actions, which will increase the switching loss to 

some extent. This problem will be resolved in following sections. 

6.3 DC-link NP voltages balancing control and FC voltage control strategy  

The control strategy designed for the hybrid-clamped four-level π-type converter should aim to achieve 

dc-link NP voltages balancing, and regulate the FC voltage without affecting the output voltage quality 

at the same time. From the phase-leg structure of this topology in Fig.6.1, each phase-leg contains one 
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FC, which is independent to other phase-legs if multi-phase system adopted. Therefore, the FC voltage 

can be regulated by the single phase-leg independently [18]. While three dc-link capacitors are shared 

by all other phase-legs if multi-phase system employed. Therefore, dc-link NP voltages can be regulated 

by all phase-legs. Thus, the control of the FC voltage is of a higher priority and the control of dc-link 

NP voltages is given a relatively lower priority.  

As there are sufficient available redundant switching states can be selected to regulate dc-link NP 

voltages as well as the FC voltage during the modulation. Therefore, for this topology, there are two 

methods that can be used for dc-link NP voltages and the FC voltage control. The first method is to 

select appropriate switching states in Fig.6.2 in each phase-leg for a given modulation waveform to 

regulate the FC voltage and dc-link NP voltages depending on the converter current flow directions as 

well as the corresponding output voltage levels [13][18][185]. This approach is straightforward and can 

be employed for each phase independently. 

The second method is to select the optimum redundant vectors in SVM [28][38][151][186], or 

equivalently inject optimum zero-sequence components to fundamental reference waveforms in a CB-

PWM [18][36][75]. Each effective redundant vector or zero-sequence component will have different 

effects on dc-link NP voltages and the FC voltage. Consequently, each redundant vector or zero-

sequence component can be evaluated against the control objective, such as minimizes the energy on 

each dc-link capacitor or keeps the variation of the dc-link capacitor voltage as minimum as possible 

during each switching period. It should be noted that desired redundant vectors or zero-sequence signals 

are selected from multi-phase reference signals, thus this process is based on a multi-phase system. 

Ideally, these two methods should be used together in order to get an overall optimum control effect. 

However, consider the practical system computation effort as well as the characteristic of the hybrid-

clamped four-level π-type converter topology, the first method will be used for the topology modulation 

and all capacitors’ voltages control in this chapter.   

a) FC voltage control 

The FC voltage should be balanced within each sampling period (or switching period if equals to the 

sampling period). 

Assume the sampling frequency equals to the switching frequency, the variation of the FC voltage 
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within one switching period can be expressed as 

∆Vfc=
1

Cfc

∙io∙dfc∙Ts                                                                (6.1) 

where Cfc is the capacitance value of the FC. io is the converter output current. Ts is the switching period. 

dfc is the duty cycle which represents the duty cycle of the switching period where the current flowing 

through the FC. Therefore, dfc can be controlled by adjusting the duty cycle of corresponding switching 

devices. 

As seen in Fig. 6.3 above, only switching states V3, V4, V6, V7 can affect the FC voltage. Meanwhile, 

V4, V6 affect neutral path currents. In order to simplify the control algorithm, and ensure the system 

operation stability at the same time, a voltage error tolerance range for the FC voltage can be predefined, 

e.g. Vtol. Then, by comparing the actual FC voltage with the FC reference voltage (E, 1/3 of the total dc-

link voltage), only if the difference between the reference voltage and actual FC voltage is beyond the 

tolerance Vtol, the FC voltage control will be activated. Consequently, specific switching states will be 

selected depending on output current flow directions as well as output phase voltage levels. Due to the 

coupling between the neutral path current and the FC current in V4 and V6, this predefined tolerance 

Vtol should not be too small. Otherwise, the FC voltage control is always activated due to the high 

priority. As a result, the neutral path current will be affected by V4, V6, and this may lead to dc-link NP 

voltages unbalancing. On the other hand, under the unity power factor condition, Vtol should not be set 

too large as well because V4 and V6 will always discharge the FC when regulating the neutral path 

current, thus the FC voltage will settle around E-Vtol. If Vtol is too large, the offset -Vtol will lead to large 

error in the FC voltage. Therefore, Vtol=1V is used in this chapter. 

As mentioned before, the selection of desirable switching states also depends on output phase voltage 

levels, such as 0, E, 2E, 3E as shown in Fig.6.2. For the single phase-leg structure, a level shifted carrier-

based sinusoidal modulation can be adopted as shown in Fig.6.4 (the sinusoidal modulation wave used 

here is to get the sinusoidal output current if the single phase-leg is employed). Where the corresponding 

modulation wave can be unified within the range of 0 to 3 similar to the modulation introduced in 

section 3.2 and section 5.3. Thus, the voltage level is defined as the integer part of the modulation signal 

while the fractional part defines the PWM duty cycle. Then, corresponding devices can switch on and 

off according to the interaction between the modulation signal and carrier signals. For example, if io>0 
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(Positive direction is defined as the current flows out of the inverter), the FC voltage is higher than the 

reference voltage and the modulation signal voltage level is 2, then switching states V6 and V8 will be 

selected to discharge the FC. The output voltage will switch between 2E and 3E. If the FC voltage error 

is within the predefined range, no active FC voltage control will be applied.  

 

Figure 6.4 Level shifted carrier-based sinusoidal modulation scheme for the hybrid-clamped four-level π-type 

converter 

b) DC-link NP voltages balancing control 

As the FC voltage control for the hybrid-clamped four-level π-type converter is given the first priority. 

When the FC voltage is regulated within the pre-defined range, the dc-link NP voltages balancing 

control will be activated. The control cost function can be derived by keeping three dc-link capacitors’ 

voltages as close to 1/3 of the total dc-link voltage as possible in each switching period as shown in 

(6.2) [139] 

min𝑉 =∑|𝑉𝑑𝑐𝑖 + ∆𝑉𝑑𝑐𝑖 −
𝑉𝑑𝑐
3
|                                                      (6.2)

3

𝑖=1

 

where, Vdc is the total dc-link voltage. Vdc1, Vdc2, Vdc3 are dc-link three capacitors’ voltages, respectively. 

ΔVdci is the estimated capacitor voltage variation in the next switching period, and can be expressed as 

(6.3).  

∆𝑉𝑑𝑐𝑖 =
𝑖𝐶𝑖 ∙ 𝑇𝑠 ∙ 𝑑

𝐶
                                                                   (6.3) 
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where Ci is the capacitance value of each dc-link capacitor. iCi is the current flowing through each dc-

link capacitor. Ts is the switching period. d is the duty cycle when the current flowing through NPs, and 

can be expressed as (6.4) 

𝑑 = {

𝑓𝑟𝑎𝑐(𝑢𝑖)                              𝑖𝑛𝑡(𝑢𝑖) = 0      

1                                             𝑖𝑛𝑡(𝑢𝑖) = 1          

1 − 𝑓𝑟𝑎𝑐(𝑢𝑖)                      𝑖𝑛𝑡(𝑢𝑖) = 2                                  

    (6.4) 

where, ui is the modulation signal as shown in Fig.6.4. int(ui) means the integer part (voltage level) of 

the modulation signal and frac(ui) means the fractional part (duty cycle) of the modulation signal.  

Desirable switching states will be picked in order to force the output current flowing through either N2 

or N1 under the same voltage level in order to minimize the cost function in (6.2). Currents flowing 

through the neutral paths iN1 and iN2 can be expressed in (6.5) 

{
𝑖𝑁1 = 𝑘 ∙ 𝑖𝑜
𝑖𝑁2 = (1 − 𝑘) ∙ 𝑖𝑜

                                                                   (6.5) 

where, io is the output current. The value of k depends on switching states and determines which NP the 

current should flow through. If the current flows through N1, k=1, otherwise, k=0. 

                    

(a) Current flowing through N1                     (b) Current flowing through N2 

Figure 6.5 Relationship between dc-link capacitors currents and neutral path currents 

According to Fig.6.5, the derivation of the relationship between the capacitor current iCj in (6.6) and iN1, 

iN2 is the same as introduced in section 5.3 for the original four-level π-type converter. For the transient 

state in Fig.6.5 (a), the relationship between iN1 and iC1, iC2 and iC3 can be expressed as (6.6a) 
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{
 
 

 
 iC1= −

2

3
iN1

iC2=
1

3
iN1

iC3=
1

3
iN1

                                                                        (6.6a) 

while for the transient state in Fig.6.5 (b), the relationship between iN2 and iC1, iC2 and iC3 can be 

expressed as (6.6b) 

{
 
 

 
 iC1=−

1

3
iN2

iC2=−
1

3
iN2

iC3=
2

3
iN2

                                                                      (6.6b) 

Corresponding switching states selection process in order to keep three dc-link capacitors voltage as 

close to one-third of the total dc-link voltage as possible during each switching period given in (6.2) 

can be implemented in a simple way according to (6.6). The effect on dc-link capacitors voltages 

variations from neutral path currents iN1 and iN2 can be calculated separately. Therefore, expression (6.2) 

can be divided into (6.7a) and (6.7b)  

min𝑉𝑁1 =∑|𝑉𝑑𝑐𝑖 + ∆𝑉𝑑𝑐𝑖 −
𝑉𝑑𝑐
3
|                                                    (6.7𝑎)

3

𝑖=1

 

min𝑉𝑁2 =∑|𝑉𝑑𝑐𝑖 + ∆𝑉𝑑𝑐𝑖 −
𝑉𝑑𝑐
3
|                                                    (6.7𝑏)

3

𝑖=1

 

where (6.7a) presents the sum of three dc-link capacitors’ voltages variations affected only by iN1, and 

(6.7b) presents the sum of three dc-link capacitors’ voltages variations affected only by iN2. If minVN1 > 

minVN2, it means the effect from iN1 leads to a relatively large dc-link capacitor voltage deviation and 

the desired current in the next switching cycle should flow through N2 to compensate the charging and 

discharging effect from iN1. Therefore, optimum switching states should make the current flow through 

N2 and avoid flowing through N1. Vice versa, if minVN1 ≤ minVN2, which means the effect from iN2 

leads to a relatively large dc-link capacitors’ voltages deviation, the desired current in the next switching 

cycle should flow through N1 to compensate the charging and discharging effect from iN2. Then, the 

optimum switching states should make the current flow through N1 and avoid flowing through N2. 
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Therefore, for the dc-link NP voltages balancing control, the corresponding duty cycle will be 

determined first according to the level of the modulation signal as in (6.4). The current flowing through 

different NPs and dc-link capacitors, which affects the voltage sharing among three capacitors will be 

evaluated by (6.3) (6.5) (6.6a) and (6.6b). The switching state which leads to the minimum value of the 

objective in (6.2) will be finally selected, which balances the dc-link NP voltages. 

It should be noticed that even dc-link capacitors’ voltages have been balanced during each fundamental 

period, however, if the modulation wave in Fig.6.4 is a purely open loop sinusoidal wave, C1 and C3 

will always charge and discharge in every half fundamental period in a single-phase system. There will 

be voltage ripples at the NPs N1 and N2 and the frequency equals to the fundamental output. These low 

frequency voltage ripples can be reduced or eliminated in a three-phase system with zero-sequence 

voltage injection.  

In summary, there are four steps to determine the final switching states in each switching period as 

shown in Fig.6.6, which is an extension of the flow chart in [13]. Firstly, check the output current 

direction. Secondly, according to the modulation signal, determine which voltage level the inverter is 

currently working on. Thirdly, compare the FC voltage with the FC reference voltage and check whether 

the error is within the predefined tolerance range. If the error is beyond the predefined tolerance range, 

the FC voltage control will be activated and the corresponding switching states will be selected. Fourthly, 

if the above FC voltage error is within the predefined tolerance range, the dc-link NP voltages balancing 

control is activated. In practice, the switching actions in Table IV.II need to be reconsidered with the 

effect of dead-time. Otherwise, ‘two-level jump’ phenomenon will occur during the operation, which 

will cause unwanted larger switching loss as well as higher dv/dt on switching devices. A practical ‘two-

level jump’ effect during a 70V dc-link voltage operation without considering the dead-time effect has 

been demonstrated in Appendix G I.  
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Figure 6.6 Control and modulation flowchart  

There’re totally six switching states groups situations which will cause the two-level jump. Take the V6 

V8 group when the current flows out of the converter for example as shown in Fig.6.7. When the 

converter in V6 switching state, T4, T5, T7 are in on-state, the current flows through the antiparallel 

diode of T4, T5, then T7 out of the inverter. And the output voltage is 2E as shown in Fig. 6.7 (a), where 

the device inside the blue cycle turns on. When the converter in V8 switching state, T1, T7 turn-on, the 

current flows through T1 and T7 out of the inverter as shown in Fig. 6.7 (a) as well. T7 keeps turn-on 

during the V6 V8 swithing group as shown in Table VI.II. However, in the practical test, a dead-time 

has been introduced in the swithcing group in order to prevent the shot-through due to complimentary 

devices both turn on. Here during the dead-time period, T4, T5, T1 are in turn-off state, only T7 turns 

on, the current flows through the antiparallel diode of T6, the FC then T7 out of the inverter, the output 

voltage is E. This switching state during the dead-time period between V6 and V8 becomes V3. This 

causes the two-level jump as shown in Appendix G.I. To deal with this problem, just keeps T5 always 

in on-state during the commutation between V6 and V8, thus the swithcing state during the dead-time 

period will be still V6, then, aviod the two-level jump phenomenon. Meanwhile, by adjusting the 
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actions has reduced to two compared to the number in Table VI.II, which reduces the swithcing loss. 

 

(a) V6 V8 commutation without correction 

 

(b) V6 V8 commutation with correction 

Figure 6.7 V6, V8 switching states when io>0 

Fig.6.8 presents the V5 V8 group when the current flows out of the converter situation. Actually the 

dead-time effect in this group will not only cause the double-jump phenomenon, but also affect the state 

of FC voltage as shown in Fig.6.8 (a). During the dead-time in Fig. 6.8 (a), only T7 is in turn-on state, 

the current flows through the anti-paralle diode of T6, FC, then T7 out of the converter. It makes the 

inverter output voltage become to E and also discharges the FC which is not desireable during this 

commutation preocess and will affect the system control performance. The solution is the same, just 

keep T3 always on during commutation as shown in Fig. 6.8 (b). 
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(a) V5 V8 commutation without correction 

 

(b) V5 V8 commutation with correction 

Figure 6.8 V5, V8 switching states when io>0 
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For V1 V2 group when the current flows into the converter situation, the solution is keeping T4 always 

on during the commutation as shown in Fig. 6.9. 

 

(a) V1 V2 commutation without correction 

 

(b) V1 V2 commutation with correction 

Figure 6.9 V1, V2 switching states when io<0 
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For V1 V4 group when the current flows into the converter situation, the solution is keeping T2 always 

on during the commutation as shown in Fig. 6.10. 

 

(a) V1 V4 commutation without correction 

 

(b) V1 V4 commutation with correction 

Figure 6.10 V1, V4 switching states when io<0 
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For V4 V7 group when the current flows out of the converter situation, the solution is keeping T3 always 

on during the commutation as shown in Fig. 6.11. 

 

(a) V4 V7 commutation without correction 

 

(b) V4 V7 commutation with correction 

Figure 6.11 V4, V7 switching states when io>0 
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For V3 V6 group when the current flows into the converter situation, the solution is keeping T4 always 

on during the commutation as shown in Fig.6.12. 

 

(a) V3 V6 commutation without correction 

 

 

(b) V3 V6 commutation with correction 

Figure 6.12 V3, V6 switching states when io<0 

In summary, with considering the dead-time effect, the modified switching states truth table according 

to different switching groups is presented in Table VI.III.  
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TABLE VI.III SWITCHING STATES FOR DIFFERENT SWITCHING GROUPS ACCORDING TO THE VOLTAGE LEVEL WITH 

THE DEAD-TIME EFFECT ELIMINATION 

Group Switching state T1 T2 T3 T4 T5 T6 T7 T8 Vo 

V1, V2 

V1 0 0 0 1 1 0 0 1 0 

V2 0 0 0 1 0 1 0 1 E 

V1, V3 

V1 0 0 0 0 0 1 1 0 0 

V3 0 0 0 0 0 1 0 1 E 

V1, V4 

V1 0 1 1 0 0 0 0 1 0 

V4 0 1 0 0 0 1 0 1 E 

V2, V6 

V2 0 0 0 1 1 0 1 0 E 

V6 0 0 0 1 1 0 0 1 2E 

V3, V6 

V3 0 0 0 1 1 0 1 0 E 

V6 0 0 0 1 0 1 1 0 2E 

V4, V5 

V4 0 1 1 0 0 0 1 0 E 

V5 0 1 1 0 0 0 0 1 2E 

V4, V7 

V4 1 0 1 0 0 0 0 1 E 

V7 0 1 1 0 0 0 0 1 2E 

V5, V8 

V5 1 0 1 0 0 0 1 0 2E 

V8 0 1 1 0 0 0 1 0 3E 

V6, V8 

V6 1 0 0 0 1 0 1 0 2E 

V8 0 0 0 1 1 0 1 0 3E 

V7, V8 

V7 1 0 0 0 0 0 1 0 2E 

V8 1 0 0 0 0 0 0 1 3E 

 

6.4 Simulation 

The concept configuration of the proposed single-phase hybrid-clamped four-level π-type converter is 

shown in Fig.6.13. In order to make sure the successful operation, the phase-leg output has to be 

returned back to the mid-point of the dc-link. An identical single-phase simulation system has been 

established in MATLAB/Simulink to verify the proposed FC voltage control and the dc-link NP voltages 
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balancing control strategy for the hybrid-clamped four-level π-type inverter. The simulation model is 

shown in Appendix D III. 

 

Figure 6.13 Concept configuration of the single-phase hybrid clamped four-level π-type converter 

The input dc-link voltage is 300V, modulation index is 0.95. Fundamental frequency is 50 Hz. The 

inverter supplies power to a single-phase RL load 25Ω, 5mH. Full list of simulation setup and 

parameters of this single-phase hybrid clamped four-level π-type converter is shown in Table VI.IV and 

Table VI.V, respectively. 

Zero-order Hold is employed in order to imitate the ADC sampling process of the practical circuit. The 

Internal resistance Ron is selected as the default value 0.01 in order to make it similar to a practical 

IGBT. The snubber resistance and capacitance are selected as the default. In practical, both dc-link 

capacitor and FC will be charged to some level but lower than the desired value before the PWM signals 

applied on them. Therefore, in the simulation system, initial voltages setting for both dc-link capacitor 

and FC are 80% of the desired value.  
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TABLE VI.IV THREE-PHASE SYSTEM SIMULATION PARAMETERS 

Parameters Values 

Software Matlab 2017.b 

Toolbox Simulink 

Simulation type (Solver) Discrete 

Simulation system sample time 1 μs 

Zero-Order Hold sample time  100 μs 

Deadtime model On/Off Delay (On delay, Time delay:2µs) 

IGBT model IGBT/Diode module 

IGBT/Diode module setting Internal resistance Ron=0.01, Snubber resistance Rs=100000, 

Snubber capacitance Cs=inf 

DC-link cap model Series RLC Branch (Branch type: C, cap initial voltage 100V) 

FC model Series RLC Branch (Branch type: C, cap initial voltage 80V) 

 

TABLE VI.V PARAMETERS OF SINGLE-PHASE HYBRID CLAMPED FOUR-LEVEL Π-TYPE CONVERTER 

Parameters Values 

DC-link voltage Vdc = 300 V 

DC-link capacitors C1=C2=C3=2000 μF 

FC Cfc = 300 μF 

FC voltage deviation Vtol =1V 

Fundamental frequency fo = 50 Hz 

Load R = 25 Ω, L = 5 mH 

Modulation index m = 0.95 

Dead-time td = 2 μs 
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Fig.6.14 (a) (b) (c) (d) show output waveforms under the switching frequency fs=10 kHz. Fig.6.14 (a) 

upper figure shows the output phase voltage which has four levels, and Fig.6.14 (a) lower figure shows 

the output current which is sinusoidal as expected. Fig.6.14 (b) shows dc-link capacitors’ voltages and 

the FC voltage which are all well regulated around 100V. Voltage ripples are observed across the upper 

and lower dc-link capacitors at a fundamental frequency 50 Hz. The FC voltage is actually around 99V, 

1V less than the reference value which is expected as introduced in section 6.3 a). Fig.6.14 (c) (d) show 

the FFT analysis of the output phase voltage and current, respectively. Fig.6.14 (e) (f) (g) (h) show 

output waveforms under the switching frequency fs=20 kHz. Fig.6.14 (e) upper figure shows the output 

phase voltage which has four levels as well, and Fig.6.14 (e) lower figure shows the output current 

which is sinusoidal as well. Fig.6.14 (f) shows dc-link capacitors’ voltages and the FC voltage which 

are all well regulated around 100V, on-third of the total dc-link voltage, the same as shown in Fig.6.14 

(b). The FC voltage ripple can be monitored less than that in Fig.6.14 (b) due to the larger switching 

frequency. Fig.6.14 (g) (h) show the FFT analysis of the output phase voltage and current, respectively. 

The THD of current under fs=20 kHz is less than that of 10 kHz situation due to the lower high switching 

frequency harmonic contents. 

 

      (a) Phase voltage and current (fs=10 kHz)     (b) DC-link capacitors’ voltages and FC voltage(fs=10 kHz)                     
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(c) FFT analysis of Vp (fs=10 kHz)                 (d) FFT analysis of io (fs=10 kHz)      

 

  

     (e) Phase voltage and current (fs=20 kHz)    (f) DC-link capacitors’ voltages and FC voltage (fs=20 kHz)     

  

(g) FFT analysis of Vp (fs=20 kHz)                 (h) FFT analysis of io (fs=20 kHz)      

Figure 6.14 Simulation results of the single-phase hybrid clamped four-level π-type converter 
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6.5 Prototype and exprimental results 

a) Experimental results with the presented control 

As mentioned in section 6.1, one characteristic of this topology is the ability to operate as a single phase-

leg system with balanced dc-link NP voltages. To verify the proposed control scheme for the hybrid-

clamped four-level π-type converter especially the single phase-leg operation, a single-phase prototype 

has been built with 600V IGBTs (IKW30N60H3) as shown in Fig.6.15. The PCB layout view is shown 

in Appendix E III. The full list of components for the single-phase hybrid clamped four-level π-type 

converter is shown in Table VI.VI. The inverter is also controlled by the DSP-FPGA (XILINX 

SPARTAN XC3S400, and TI TMS320 F2833) control board which has been used in Chapter 4 and 

Chapter 5. The control codes for DSP and FPGA are shown in Appendix F II. 

 

Figure 6.15 Experimental prototype of the hybrid-clamped four-level π-type single-phase inverter 
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TABLE VI.VI LIST OF COMPONENTS FOR THE SINGLE-PHASE HYBRID CLAMPED FOUR-LEVEL Π-TYPE CONVERTER 

dc-link capacitors 1 MAL215990125E3 (1000µF/315V) × 3 

dc-link capacitors 2 VISHAY 1848 MKP ((20µF/700V) × 3 

dc-link parallel resistors 100kΩ/2W × 3 

Switches  IKW30N60H3 (600V) × 8 

Gate driver chips HCPL 0314 × 8 

Gate resistors 10Ω (SMD 0806) × 8 

Gate driver input resistors 680Ω (SMD 0806) × 8 

Gate driver output 

decoupling caps 
0.1μF (SMD 0806) × 8 

Heatsink 97CN-01500-A-200  

 

With modified switching states arrangement in Table VI.III, the 300V dc-link voltage test has been 

performed. Table VI.VII lists the parameters do perform the test. 

TABLE VI.VII TEST PARAMETERS FOR SINGLE-PHASE HYBRID CLAMPED-FOUR-LEVEL Π-TYPE CONVERTER 

Vdc 300V 

Load 25Ω, 5mH 

Fundamental frequency 50 Hz 

FC voltage deviation Vtol =1V 

Cfc 50μF 

C1, C2, C3 2000μF 

T1 – T8 IKW30N60H3 (600V) 

Modulation index 0.95 

Dead-time 2μs 

Fig.6.16 presents the execution time of the control algorithm for the signal-phase hybrid clamped four-

level π-type converter, the sampling frequency is set to equal to the switching frequency. Put the AD 

conversion time, calculation time as well as the modulation wave generation time together, the total 

execution time of the control algorithm is 19.1µs. For a 10 kHz or 20 kHz switching frequency/sampling 
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frequency, this total execution time is less than the half of the switching period/sampling period. 

Therefore, the preferred modulation waveform update point can be the mid-point of the carrier wave. 

For example, as shown in Fig.6.16 (c), if the AD conversion starts at the bottom of the carrier wave, the 

upcoming peak of the carrier wave can be the modulation wave update point. Basically, with this setting, 

the time delay between the AD sampling point and the modulation wave update point can be reduced 

to half of the switching period/sampling period. This can improve the system dynamic response as well 

as the reliability. One thing should be mentioned here, as the default ADC input filter cutoff frequency 

equals to 1.29 kHz which is relatively low for the sampling requirement for the FC control. Therefore, 

it has been changed in order to fix this issue (the detailed technical process and analysis is shown in 

Appendix G II). 

  

        (a) Actual time of each sampling period           (b) Zoomed-in actual code execution time 

 

 

(c) signal delay concept within in the DSP/FPGA control board 

Figure 6.16 Monitored back-to-back system DSP/FPGA code execution time through DAC 

Fig.6.17 presents the single-phase hybrid-clamped four-level π-type converter output waveforms under 

the 10 kHz switching frequency. Fig. 6.17 (a) shows the output phase voltage Vp which is of four levels 
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as expected, and the output current io is sinusoidal. Fig. 6.17 (b) shows the FC voltage. It is well 

regulated at around 100V. Due to the relatively small FC value, the high frequency voltage ripple 

amplitude is about 6V. Fig.6.17 (c) show three dc-link capacitors’ voltages. Waveforms have shown 

these three voltages are well regulated around 100V as well. A low frequency voltage ripple is observed 

across the upper and lower capacitor at a fundamental frequency 50 Hz. Fig.6.17 (d) shows the FFT 

analysis of the output current in Fig.6.17 (a), 

   

           (a) Output phase voltage and current                      (b) FC voltage 

 

           (c) dc-link capacitors voltages                (d) Output current harmonics spectrum 

Figure 6.17 Single-phase hybrid clamped four-level π-type converter test waveforms at 10 kHz switching 

frequency 

Fig.6.18 presents the single-phase hybrid clamped four-level π-type converter output waveforms under 

the 20 kHz switching frequency. Fig. 6.18 (a) shows the output phase voltage Vp which is of four levels 

as expected, and the output current io is sinusoidal. Compare with the current waveform in Fig.6.17 (a), 

the current waveform in Fig.6.18 (a) is slightly thinner due to the relatively lower high frequency 

distortion. Fig. 6.18 (b) shows the FC voltage which is well maintained at around 100V. It can be noted, 

Vp

io

Vfc=99.5V

VC1=102.6V VC2=101.4V VC3=97.5V
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the FC voltage ripple in Fig.6.18 (b) is lower than that in Fig.6.17 (b). Fig.6.18 (c) show dc-link 

capacitors’ voltages as well. All three dc-link capacitors voltages are well regulated around 100V. 

Voltage ripples are also observed across the upper and lower capacitor at a fundamental frequency 50 

Hz. Fig.6.18 (d) presents the FFT analysis of the output current in Fig.6.18 (a), which presents a lower 

total THD compares to the 10 kHz switching frequency condition. 

   

           (a) Output phase voltage and current                       (b) FC voltage 

 

  

(c) dc-link capacitors voltages                    (d) FFT analysis of output current 

Figure 6.18 Single-phase hybrid clamped four-level π-type converter test waveforms at 20 kHz switching 

frequency 

b) FC voltage variation 

Through the comparison of FC voltage waveforms under the two switching frequencies10 kHz and 20 

kHz conditions, it can be noticed, the higher the switching frequency, the lower the FC voltage ripple. 

As the current direction of the FC will be modified each individual switching period, thus the voltage 

Vp

io

Vfc=98.5V

VC1=103.6V VC2=100.2V VC3=97.6V
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ripple of the FC changes in each individual switching period.  

Fig.6.19 presents the zoomed-in simulation FC voltage waveform as well as the corresponding output 

phase voltage and current of waveforms shown in section 6.4. Under a unity power factor and a high 

modulation index condition, it can be noticed that the maximum high frequency FC voltage ripple 

occurs periodically at positions where the red arrows point to. These positions are within the 

commutation between 0~E or 2E~3E. Taking the switching group V6, V8 in Fig.6.2 above for example, 

with a unity power factor, V6 discharges the FC, while V8 does not. Meanwhile, for a carrier-based 

sinusoidal modulation, at the red arrowed position, the amplitude of the current is relatively large, and 

the time duration of V6 (2E) is much larger than that of V8 (3E). That’s the reason why the large FC 

voltage ripple happens in these positions. 

 

 

Figure 6.19 Single-phase simulation FC voltage, output phase voltage and current (Zoomed) 

Fig.6.20 presents experimental FC voltage ripples under groups of different conditions, it can be 

monitored that the FC voltage ripple is proportional to the output current amplitude Io, and inversely 

proportional to FC capacitance CFC and the switching frequency fs.  
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(a) Io=3.24A, fs=10 kHz, CFC=300µF              (b) Io=3.24A, fs =10 kHz, CFC =200µF   

 

(c) Io=3.24A, fs =10 kHz, CFC =50µF   

   

(d) Io=5.7A, fs =10 kHz, CFC =300µF               (e) Io=5.7A, fs =10 kHz, CFC =200µF   

   

(f) Io=5.7A, fs =10 kHz, CFC =50µF   
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(g) Io=3.24A, fs =20 kHz, CFC =300µF              (h) Io=3.24A, fs =20 kHz, CFC =200µF   

   

(i) Io=3.24A, fs =20 kHz, CFC =50µF   

  

(j) Io=5.7A, fs =20 kHz, CFC =300µF              (k) Io=5.7A, fs =20 kHz, CFC =200µF   

 

(l) Io=5.7A, fs =20 kHz, CFC =50µF   

Figure 6.20 Test FC voltage ripples under different conditions 
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As mentioned in section 6.3, 1/3 of the total dc-link capacitor is set as the reference value for the FC 

voltage control. As the FC voltage control is of the higher priority than the dc-link NP voltages balancing 

control, the predefined FC voltage tolerance range has be defined for the purpose that FC voltage 

regulation control will not always be activated [182]. This method can also be called as the hysteresis 

band control [182][183] . If there’s no such tolerance range, or let’s say the criteria is to make FC voltage 

exactly equals to the idea FC reference voltage point, the FC voltage control will always be activated 

no matter its voltage higher or lower than this reference point. In this case, as the FC voltage control 

has the first priority, the system will only implement the FC voltage control. Consequently, there will 

be no chance for the system to execute the dc-link NPs’ voltages balancing control, the voltages on the 

dc-link capacitors’ voltages of the system will eventually drift and become unbalanced. The system 

becomes unstable. Generally, the FC voltage ripple within some specific range requirement is 

acceptable, and this predefined tolerance range is chosen by this way in order to further optimize the 

size of the FC selection according to different requirements, an analytical expression for the FC 

capacitance should be derived. The FC voltage variation during each switching period is expressed in 

(6.1). To express the peak voltage ripple on FC, (6.1) can be rewritten as in (6.8). 

∆Vfc_p=
1

Cfc

∙dfc_p∙g
p
∙Io∙Ts                                                                       

∆Vfc_p=
kp

Cfc

∙Io∙Ts                                                                      (6.8) 

where Io is the peak load current. dfc_p is the proportion of the switching period where the current flowing 

through the FC causes the maximum FC voltage ripple. gp is the coefficient which represents the 

corresponding value of the unity load current trigonometric function sin(𝜔ot+𝜑) when the maximum 

FC voltage ripple occurs. Among which 𝜔o is the load current fundamental angular speed, and 𝜑 is the 

load power angle. According to the analysis in section 6.5 b) above, maximum FC ripples highlighted 

by the red arrows in Fig.6.19 are periodically. During these maximum FC ripples, the corresponding 

instantaneous load current absolute value can be deemed as the same, which means the corresponding 

value of gp can be deemed as the same as well. Therefore, using kp= dfc_p* gp to simplify the expression 

(6.1).  

To obtain the value of kp, tests under different FC capacitance values have been carried out. Two 
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different switching frequencies of 10 kHz and 20 kHz with two different load currents 3.24A, 5.7A 

(peak value) have been considered. Test results are presented in Table VI.VIII. 

TABLE VI.VIII Measured FC voltage ripples data 

ΔVfc_p/V 

Io 

fs=10 kHz fs=20 kHz 

3.24A 5.7A 3.24A 5.7A 

Cfc 

50μF 2.78 4.76 1.3 2.6 

100μF 1.28 2.32 0.67 1.26 

200μF 0.64 1.16 0.32 0.62 

300μF 0.38 0.78 0.23 0.38 

500μF 0.25 0.46 0.14 0.24 

 

By using the curve fitting technique through Matlab, the FC voltage ripple vs. FC capacitance curve 

has been plotted in Fig.6.21 by using the measured data in Table VI.VIII. Sequence values of kp can be 

derived accordingly as shown in Table VI.IX. Fig. 6.21 presents the peak-to-peak FC voltage ripples 

percentage vs FC values curves under the different switching frequencies and the different inverter 

currents. Under the same inverter current, the higher the switching frequency, the lower the FC ripple.  

 

Figure 6.21 Curves of ΔVfc_p vs Cfc 
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TABLE VI.IX SIMULATION AND TEST PARAMETERS 

Conditions kp 

3.24A, 10 kHz 0.398 

5.7A, 10 kHz 0.405 

3.24A, 20 kHz 0.403 

5.7A, 20 kHz 0.409 

All four values of kp derived from tests in Table VI.IX are around 0.4 within a 3% tolerance. 

Consequently, kp = 0.4 can be used in (6.8) to determine the optimum value of the required capacitance 

under the single-phase unity power factor operation according to the voltage ripple requirements. This 

provides a useful guideline for selecting the value and size of the FC for the single-phase hybrid clamped 

four-level π-type converter. 

6.6 Three-phase inverter operation simulation 

The operation as well as the control strategy for the single-phase hybrid clamped four-level π-type 

converter has been investigated and experimental verified. Meanwhile, due to the proposed control 

strategy for the hybrid-clamped four-level π-type converter is single-phase independent, therefore, the 

proposed topology can be extended to multi-phase converter with the proposed control scheme. In this 

section, the three-phase hybrid-clamped four-level π-type inverter system simulation with the proposed 

FC voltage and dc-link NP voltages balancing control strategy based on the level shifted CB-PWM has 

been carried out using MATLAB/Simulink with results shown in Fig.6.22 and Fig.6.23. Simulation 

setup and parameters are summarized in Table VI.X and Table VI.XI, respectively. The simulation 

model is shown in Appendix D IV. 

Zero-order Hold is employed in order to imitate the ADC sampling process of the practical circuit. The 

Internal resistance Ron is selected as the default value 0.01 in order to make it similar to a practical 

IGBT. The snubber resistance and capacitance are selected as the default. In practical, both dc-link 

capacitor and FC will be charged to some level but lower than the desired value before the PWM signals 

applied on them. Therefore, in the simulation system, initial voltages setting for both dc-link capacitor 

and FC are 80% of the desired value.  
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TABLE VI.X THREE-PHASE SYSTEM SIMULATION PARAMETERS 

Parameters Values 

Software Matlab 2017.b 

Toolbox Simulink 

Simulation type (Solver) Discrete 

Simulation system sample time 1 μs 

Zero-Order Hold sample time  100 μs 

IGBT model IGBT/Diode module 

IGBT/Diode module setting Internal resistance Ron=0.01, Snubber resistance Rs=100000, 

Snubber capacitance Cs=inf 

DC-link cap model Series RLC Branch (Branch type: C, cap initial voltage 100V) 

FC model Series RLC Branch (Branch type: C, cap initial voltage 80V) 

 

TABLE VI.XI THREE-PHASE SYSTEM SIMULATION PARAMETERS 

Parameters Values 

DC-link voltage Vdc = 300 V 

DC-link capacitors C1=C2=C3=2000 μF 

FC Cfc = 300 μF 

FC voltage deviation Vtol =1V 

Carrier frequency fs = 10 kHz 

Fundamental frequency fo = 50 Hz 

Load R = 25 Ω, L = 5 mH 

Modulation index m = 0.95 

Dead-time td = 2 μs 

 

Fig.6.22 (a) shows the three-phase system output phase A phase voltage, phase AB line voltage as well 

as three-phase output currents with a modulation index 0.95. The phase voltage and line voltage have 

four voltage levels and seven voltage levels, respectively as expected. The three-phase output currents 

are sinusoidal. Fig.6.22 (b) upper figure presents three dc-link capacitors voltages waveforms. They are 
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all controlled at 100V which is 1/3 of the total dc-link voltage. There are voltage ripples at triple the 

fundamental frequency (150 Hz) on the upper capacitor C3 and the lower capacitor C1 out of phase 

with each other due to the three-phase system as expected. These voltage ripples can be eliminated by 

an appropriate zero-sequence components injection. Fig.6.22 (b) bottom figure presents three FC 

voltage waveforms corresponding to three phase-legs, which are all regulated at 1/3 of the total dc-link 

voltage. And there is a -1V offset on it as expected.  

  

(a) Three-phase system output voltages and currents      (b) Three-phase system capacitors voltages 

Figure 6.22 Three-phase hybrid clamped four-level π-type converter simulation results 

Through the three-phase hybrid clamped four-level π-type converter simulation results presented in 

Fig.6.22, it verified that the proposed FC voltage and dc-link NP voltages balancing control method can 

be well operated on the three-phase system. Due to the simulation is based on the pure sinusoidal CB-

PWM, there are still low frequency voltage ripples on the dc-link upper and lower capacitors with the 

frequency equals to 3 times fundamental frequency. These low frequency voltage ripples can be further 

reduced by the appropriate zero-sequence single injection. At the same time the operation modulation 

index of the three-phase converter system can be further increased by injecting the zero-sequence single 

as well. Fig. 6.23 shows operation waveforms of three-phase hybrid clamped four-level π-type converter 

with the dynamic optimum zero-sequence generation method used in Chapter 5. The simulation 

parameters are the same as shown in Table VI.X, only changed the modulation index m=1.05. Fig.6.23 

(a) presents the phase voltage of phase A, line voltage of phase AB, and three-phase output currents. 

The system works well, the phase voltage and line voltage have four voltage levels and seven voltage 

levels, respectively as expected. Three-phase output currents are sinusoidal. Fig.6.23 (b) upper figure 

presents three dc-link capacitors voltages waveforms. They are also well regulated but with a much less 
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voltage ripple peak-to-peak 0.1V compares to the voltage ripple 1V shown in Fig.6.22 (a) upper figure. 

Fig.6.23 (b) bottom figure presents three FC voltage waveforms on three phase-legs, which are also 

well regulated at 1/3 of the total dc-link voltage. 

  

(a) Three-phase system output voltages and currents      (b) Three-phase system capacitors voltages 

Figure 6.23 Three-phase hybrid clamped four-level π-type converter simulation results 

6.7 Summary of Chapter 6 

This chapter investigated the hybrid-clamped four-level π-type converter which is extended based on 

the original four-level π-type converter investigated in Chapter 3 to 5. With two additional switching 

devices and one additional FC, this new topology converter is able to operate as a three-phase single-

end converter (rectifier or inverter) or even a single-phase converter with dc-link NP voltages balanced 

at any operation conditions. The worst-case scenario unity power factor with high modulation index 

condition has been tested with a single-phase hybrid-clamped four-level π-type converter. A 300V dc-

link voltage test based on the single phase-leg hybrid clamped four-level π-type converter has verified 

the proposed hybrid clamped four-level π-type converter topology can operate well with all three dc-

link capacitors balanced as well as the FC voltage being controlled at 1/3 the total dc-link voltage (100V) 

with the proposed control strategy.  

Meanwhile, due to the proposed control strategy for the hybrid clamped four-level π-type converter is 

single-phase independent, the system can be extended to multiple-phase configuration without lose the 

dc-link NP voltages balancing. A three-phase hybrid-clamped four-level π-type inverter unity power 

factor operation has been verified by Matlab/Simulink simulation system. 
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Due to additional FC employed in each phase-leg, the size selection for this FC should be take careful 

consideration in order to fulfil the system volume requirements for some specific applications such as 

EV applications. The expression of the relationship between the FC voltage ripple and the FC 

capacitance under unity power factor condition with sinusoidal modulation has also been obtained 

according to 300V dc-link voltage single phase-leg experimental results in section 6.5 b). This final 

expression can be used to optimize the FC size according to the specific power requirement for a single 

phase-leg operation. 
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7 Conclusions and future work 

7.1 Contributions and conclusions 

• Topology layout configurations and operation output waveforms of the proposed four-

level π-type converter have been compared to other popular converters used in low voltage 

applications. It proved the four-level π-type topology can have less voltage stress on each 

switching device, less output harmonics, but the converter layout complexity is not 

significantly increased. It initially verified that compares to the two-level converter, the 

three-level diode NPC converter and the three-level T-type converter, the proposed 

topology is qualified to use switching devices with lower voltage rating and lower price, 

smaller size output filter with the same output harmonics requirements. Which makes it 

a good candidate for the compact system for low voltage applications. 

Theoretical analysis has been implemented. With the same dc voltage supply, the four-level π-

type converter presents a lower switching voltage on each switching device on the phase-leg 

compares to the two-level converter, the three-level diode NPC converter and the three-level T-

type converter. This feature makes the proposed four-level π-type converter be able to use the 

switching devices with lower voltage rating and lower price. With respect to the converter 

configuration complexity, the four-level π-type converter only has two more switching devices 

compares to the three-level T-type converter but without needs of the clamping diodes. And for 

a three-phase system, the four-level π-type converter will only require two additional gate driver 

supplies compares to the two-level converter, and will require even four less gate driver supplies 

compares to the three-level diode NPC converter. Therefore, the structure complexity of the 

four-level π-type converter is not an issue. With the Matlab/Simulation model, and by using the 

same input voltage and power, the numerical comparison among the layout characteristics as 

well as the open loop operation performance have been implemented. Based on the 

Matlab/Simulink proves with the traditional level shifted CB-PWM, the four-level π-type 

converter demonstrates much lower output harmonic contents compares to three-level 

converters as well as the two-level converter. Harmonic performance has been experimentally 

verified with the three-phase four-level π-type converter prototype established by IGBT 
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FGW15N120VD (1200V), IKW30N60H3 (600V) and the three-phase two-level converter 

prototype based on IGBT FGW15N120VD (1200V). This verified the four-level π-type 

converter can have the smaller filter size design compares to the other popular converters, which 

is good for the compact and higher power density applications. 

• Power loss analysis which includes the individual switching device conduction loss and 

switching loss analysis based on different operation conditions. Based on that, a 

generalized analytical average power loss model of the four-level π-type converter is 

established. Based on this proposed model, the converter power loss distribution as well 

as the system operation efficiency under various modulation indices, power factors and 

switching frequencies can be mathematically analyzed. Power efficiency calculation as 

well as the experimental prototype efficiency measurement comparison with the two-level 

converter are conducted. It proved the four-level π-type converter has much less efficiency 

drop with the increase of the switching frequency compares to the two-level converter. 

Calculation and test results also verified the proposed power loss model for the four-level 

π-type converter is effective and can be used in the estimation of the design in practical. 

The proposed analytical average power loss analysis provides the analytical average power loss 

expression as a function of IGBT collector current, power factor angle, input voltage level, 

modulation index, etc. within the single fundamental period. The analytical power loss 

investigated in this thesis is based on the pure sinusoidal modulation. If the modulation wave 

is not sinusoidal such as the modulation waves with the third order harmonics injection, if these 

modulation waves can be pre-calculated, then they can also be used by changing conduction 

intervals summarized in TABLE III.I to TABLE III.IV as well as switching intervals 

summarized in Table III.VII to TABLE III.X. Based on the data from device datasheet, the 

proposal power loss model is able to provide the quick analysis for the converter system power 

loss distribution as well as the system efficiency. Through the mathematical analysis based on 

the proposed power loss model, the four-level π-type converter shows a higher efficiency than 

two-level and three-level converters at switching frequencies higher than 5 kHz due to the 

reduced switching loss at high switching frequencies domain. Meanwhile, through the 

calculation analysis, with same system parameters, switching devices on the four-level π-type 
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converter are less stressed compare to the other three converter topologies. The experimental 

case study is based on the 600V dc voltage input, 2.5 kW power level, unity power factor, 0.95 

modulation index experimental setup (a sample condition for renewable energy power plant). 

Experiments are based on the four-level π-type inverter prototype as well as the two-level 

inverter prototype established with the same IGBTs. Both prototypes operated with the 

sinusoidal open loop condition in order to get the fair comparison. By comparing calculated 

efficiencies and measured efficiencies, the experimental results of both the four-level π-type 

inverter and the two-level inverter match well with their corresponding theoretical calculations. 

It proved that the proposed average analytical power loss model works well to evaluate the 

operation efficiency of the four-level π-type converter. And through both the calculation and 

test results, the power efficiency curve of the four-level π-type converter shows a much more 

flat tendency with the increase of the switching frequency compares to that of the two-level 

converter. It verified the lower switching losses of the four-level π-type converter, which makes 

it a good candidate for the higher power density applications such as renewable energy 

generation and electric vehicles. 

• DC-link NP voltages balancing control strategy design for the four-level π-type converter 

in order to make the proposed topology overcome the dc-link NP voltages drift issue ,and 

ensure the converter is able to operate at stable and reliable conditions. A symmetrical 

back-to-back four-level π-type converter prototype with the proposed control algorithm 

has been first implemented under a 300V dc-link input voltage and the unity power factor 

condition. A controllable region for this back-to-back four-level π-type converter system 

based on the unity power factor conditions have been first summarized experimentally. It 

can be used as the design reference in the bidirectional pure active power applications. 

Implementation of the NP voltage balancing control on the back-to-back configuration of the 

four-level π-type converter optimum zero-sequence injection based on level shifted CB-PWM 

based control strategy has been implemented on the three-phase four-level π-type converter to 

resolve the dc-link NP voltages unbalancing issue during the unity power factor operation. 

Three groups of experimental operations have been implemented on the three-phase four-level 

π-type converter prototype to verify the control effect. The first group is based on 50V dc 
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voltage input, unity output power factor, inverter only system, without dc-link NP voltages 

balancing control applied. Test results verified, the three-phase four-level π-type converter can 

not operate with the dc-link NP voltages balanced under the open loop unity power factor 

condition, regardless the value of the modulation index. The second group is based on 50V dc 

voltage input, unity output power factor, inverter only system, with the proposed dc-link NP 

voltages balancing control applied. Test results verified, the proposed control strategy is able to 

balance the dc-link NP voltages of the three-phase four-level π-type inverter with an upper limit 

0.6 for the modulation index under the unity power factor condition. The third group is based 

on 300V dc voltage input, back-to-back system, grid connects to the rectifier side, RL load 

connects to the inverter side, unity power factors on both sides, proposed control strategy 

applied. According to test results, with the same modulation indices on both sides, converter 

dc-link capacitor voltages balance can be guaranteed on any available value of the modulation 

indices. However, with the different modulation indices on both side, dc-link NP voltages 

balancing can not be guaranteed at all modulation indices combinations on both sides. But 

closer modulation indices on both sides help to balance the voltages as the controllable region 

for back-to-back four-level π-type converter under unity power factor condition on Fig.5.30. It 

can be used as the design reference in the bidirectional pure active power applications such as 

renewable energy boat. 

• Design of the hybrid-clamped four-level π-type converter. This new topology is the one 

approach to make the original four-level π-type converter be able to operate as a single-

end converter (inverter or rectifier) with dc-link capacitors voltages balanced without 

modulation index and power factor limitation. Converter topology configuration and 

control have been comprehensively analyzed and experimentally verified.  

This topology is based on the original four-level π-type converter with two additional switching 

devices and one additional FC in the phase-leg structure. With the 300V dc voltage input, the 

unity power factor and the 0.95 modulation index, the single phase-leg hybrid-clamped four-

level π-type converter prototype established in section 6.5 works stable with all three dc-link 

capacitors voltages and FC voltage controlled at 1/3 the total dc-link voltage. Experiments 

verified the proposed hybrid-clamped four-level π-type converter has the ability to operate as a 
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single phase-leg with all capacitors voltages balanced with the proposed control and modulation 

strategy under the worst-case scenario (unity power factor with high modulation index 

condition). Therefore, this topology can be a potential alternative for the original four-level π-

type converter when dc-ac or ac-dc only conversion in high modulation indices applications are 

required. As the one additional FC employed in each phase-leg, the size selection for this FC 

should be take careful consideration in order to fulfil the system volume requirements for some 

specific applications such as EV applications. The expression of the relationship between the 

FC voltage ripple and the FC capacitance under unity power factor condition with sinusoidal 

modulation for the singe-leg configuration has been obtained according to the experimental 

data. The final expression can be used to optimize the FC size according to the required power 

requirement for the single-phase configuration in order to fulfill the compact size as well as the 

higher power density requirements for the electrical vehicle applications. 

7.2 Future work 

• The back-to-back four-level π-type converter with the proposed dc-link NP voltages balancing 

control method has been successfully verified by experiments with three-phase RL loads. It is 

interested to verify it with the three-phase motor connected as a load in order to investigate its 

actual performance as a motor drive. It is also worth to connect motors on both rectifier side as 

well as the inverter side in order to simulate the generator and motor bi-directional operation, which 

is a good attempt for the power renewable energy power generation-utilization system. Meanwhile, 

for the hybrid-clamped four-level π-type converter, it is also worth verifying its performance as an 

actual motor drive. 

• The close loop dc-link NP voltages balancing control method has been verified with the 300V dc-

link voltage level. It is worth to investigate the possibility with an increased voltage level such as 

600V and even 900V. With the increased voltage level operation, the proposed topology as well as 

the dc-link NP voltages balancing control method can be adopted as the practical low voltage 

industrial standard or medium voltage industrial standard. 

• It is interested to investigate the new application area for the either the back-to-back four-level π-

type converter or the single-end hybrid-clamped four-level π-type converter. 
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• VV PWM based dc-link NP voltages balancing control strategy is worth to be investigated and 

applied on the four-level π-type converter in order to make this topology operate as single inverter 

or rectifier under high power factor and high modulation index condition without the back-to-back 

configuration or FC. Meanwhile, the operation efficiency is also worth to be investigated. 
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Appendix 

Appendix A. Devices conduction loss and switching loss equation 
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Appendix B. MATLAB/Simulink Simulation layout for converter topologies operational 

verification. 

I. Three-phase two-level converter 
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II. Three-phase three-level NPC converter 
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III. Three-phase three-level T-type converter 
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IV. Three-phase four-level π-type converter  
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Appendix C. Power loss analysis calculation through MATLAB/Simulink Simulation  

I. Power loss distribution of the four-level π-type converter 
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II. Power loss vs power factor angle curve of the four-level π-type converter 
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III. Converter topologies efficiencies comparison 
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IV. Simulation models of four-level π-type converter to validate the effect on dc-link 

parallel resistors. 
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Appendix D. MATLAB/Simulink Simulation layout for the dc-link NP voltage balancing 

control 

I. Four-level π-type converter (single-end inverter) 
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II. Four-level π-type converter (back-to-back configuration) 
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III. Hybrid-clamped four-level π-type converter (single-phase) 

 



309 

 

 

  



310 

 

IV. Hybrid-clamped four-level π-type converter (three-phase) 
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Appendix E. Prototype schematic and PCB layouts 

I. Four-level π-type converter 
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II. Two-level converter 
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III. Hybrid clamped four-level π-type converter 
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Appendix F. DSP/FPGA control board related information 

I. Code for NP voltages balancing control code for four-level π-type converter (back-to-

back configuration)  
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II. Code for NP voltage and FC voltage balancing control code for hybrid clamped four-

level π-type converter 
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III. Code execution principle of the DSP/FPGA control board 

Fig.A.E.1 presents the general operation flow diagram of the employed DSP/FPGA control board. First, 

DSP gives an order that XINT2 has been enabled. Where XINT2 actives the interrupt AD conversion 

progress which synchronizes with the triangular carrier wave each sampling period. During the AD 

converter process, DSP gives an order to initialize the AD conversion in ADC chip. AD 7656 will begin 

the AD signals conversion. After the 3µs AD conversion finishes, a BUSY signal will enable the XINT1. 

Where XINT1 actives the interrupt called “AD sampling interrupt”, in which most of the control 

algorithm and codes are executed based on the variables get from the AD conversion in the last step. 

After all the included control algorithm and codes execution, the modulation wave will be updated 

accordingly. Finally, the updated modulation wave will be transferred to the FPGA through the DB(data 

bus) to compare with the carrier wave then generate the PWN signals. 

The feature of this control board is that the FPGA only focuses on the carrier wave generation and PWM 

output (through the comparison of the carrier wave and the modulation wave). While the DSP only 

focuses on the calculation.  

 

Fig.A.E.1 operation flow chart of the DSP/FPGA board 
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Appendix G. Hybrid four-level π-type converter supplementary information 

I. Two-level jump phenomenon in the hybrid four-level π-type converter operation 

An initial test of the hybrid four-level π-type single-phase converter under the 70V dc-link voltage 

condition has been taken as a trail. Due to this test did not consider the deadtime effect, there’re two-

level jump (eg. From E jumps to 3E directly) phenomenons in the phase voltage waveform as shown in 

Fig.A.F.I. As the desirable operation requires the output voltage only jumps between the adjacent 

voltage levels, for example from E to 2E then from 2E to 3E. The two-level jump will cause a larger 

voltage stress on the individual switching device, consequently increases the switching loss as well as 

the output harmonic contents.  

 

(a) Output current and phase voltage 

 

(b) V6 V8 switching states outputs              (c) V6 V8 switching states outputs (zoomed) 

Fig.A.F.I Initial test on single-phase hybrid four-level π-type converter without considering the dead-time effect 
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II. ADC input filter modification and its effect on FC voltage control 

The FC in the hybrid four-level π-type converter should be served as a high frequency 

charging/discharging capacitor. As mentioned in chapter 5, ideally, within one switching cycle, 

switching states should be selected flexibly to charge or discharge the FC for a given current direction. 

Therefore, sampling as well as the control delay for the FC voltage control should be as small as possible. 

In practical implementation, in order to reduce the high frequency noise, each sampled variable has to 

be filtered by the analogue filter before entering into the ADC. Fig. A.F.II presents the schematic layout 

of the second-order high pass filter with the default setting before the input of the ADC on the adopted 

DSP/FPGA control board in this thesis.  

 

 

Fig. A.F.II Schematic layout of the ADC input filter with the default setting 

With the setting in Fig. A.F.II, the cutoff frequency of the low pass filter is 1.29 kHz as shown in Fig. 

A.F.III (a). Fig. A.F.III (b) shows the actual FC voltage waveforms (green) compares with the FC 

waveform signal that ADC achieved after the filter (blue). There is a 201µs delay between them due to 

the original ADC input filter setting. This delay will cause some inaccurate switching actions related to 

the FC voltage control (high speed control). Some point which requires a discharging switching action 

may result a charging switching action due to the sampling signal delay. This will affect the optimum 

selection of the FC size. Therefore, some modifications have been made on the ADC filter. Replace C1 

with 3.9nF capacitor, and C2 with 1nF capacitor, the cutoff frequency of the new filter setting is 44.774 

kHz as shown in Fig. A.F.III (c). Consequently, the actual delay between FC voltage and the ADC 

captured signal has been reduced to 26 µs as shown in Fig. A.F.III (d). This new setting can make the 

FC voltage control more accurate and make it possible to optimize the FC size. 
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(a) C1=100nF, C2=47nF, fc=1.289 kHz, Q=0.7293 

 

   

(b) C1=3.9nF, C2=1nF, fc=44.773 kHz, Q=0.987 

Fig. A.F.III Comparison between (a) the original ADC input filter setting and (b) the modified one 

Fig. A.F.IV presents the comparison of the FC voltage waveforms of the actual operation of the single-

phase hybrid four-level π-type converter between the original ADC input filter setting (Fig.A.F.IV (a)) 

and the modified ADC input filter setting(Fig.A.F.IV (b)). It is obvious, that the voltage ripple on the 

FC voltage has reduced from 11.7% to 4.4% under when CFC=50µF and Io=5.7A. This is due to the time 

delay between the actual FC voltage and the ADC captured signal has been significantly reduced, 

consequently, the mis-switching actions have been prevented.                                                                                                                                                                                                       

201 µs

Vp
Vfc (Filter output)

Vfc (Actual)

Vfc (Filter input)

26 µs

Vp

Vfc (Filter output)

Vfc (Actual)

Vfc (Filter input)
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(a)                                           (b) 

Fig. A.F.IV FC voltages comparison between (a) the original ADC filter setting and (b) the modified ADC filter 

setting  

VC1=101.6V VC2=101.1V VC3=97.5V Vfc=100.3V

Δ Vfc=11.7V(11.7%)
Δ Vfc=4.4V(4.4%)

VC1=102.6V VC2=101.4V VC3=97.5V Vfc=100.5V
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