
 

Design of High Power Density Three-Level 

Inverter for Aircraft Application 

 

A Dissertation Presented for the  

Doctor of Philosophy 

Degree 

The University of Tennessee, Knoxville 

 

 

Ruirui Chen 

May 2020 



ii 
 

Acknowledgement 

First of all, I would like to express my deepest gratitude to my advisor, Dr. Fred Wang, for his 

support and guidance during my Ph.D. study and in the future. With profound knowledge and 

insight of power electronics, Dr. Wang taught me how to consider problem systematically and 

conduct research deeply and solidly. More importantly, his valuable experience from industry and 

academia and great personality will benefit my career as well as my whole personal life. I also 

thank him for the freedom he gave to explore challenge and opportunities and spark new ideas.  

I am also deeply grateful to Dr. Leon. M. Tolbert for his instruction and support on my research 

and writing. He is always generous to give me encouragement and suggestions during my PhD 

study. I am also grateful to Daniel J. Costinett for his suggestions and guidance which help me 

solve problems and enrich my research. I would also like to thank Dr. Xueping Li for kindly 

accepting my invitation as my PhD committee members and giving me valuable suggestions on 

my dissertation. 

I would like to thank the Boeing Company and NASA for supporting my research during my 

whole PhD studies. Special thanks are for Dr. Shengyi Liu, Dr. John Hull, Dr. John Williams and 

Mr. Tim Messer from the Boeing Company and Dr. Benjamin Choi from NASA for their help and 

patience in guiding my project. 

I would like to thank all the colleagues whom I work with in different projects: Dr. Zheyu 

Zhang, Dr. Bo Liu, Mr. Handong Gui, Mr. Jiahao Liu, Mr. Ren Ren, Mr. Zhou Dong, Mr. Haiguo 

Li, Mr. Craig Timms, Mr. Geoff Laughon, and Ms. Jingyi Tang. It was a great experience to work 

with all of you. I also cherish the help and friendship from all other students, alumni and visiting 

scholars in the power electronics lab. They are Dr. Di Zhang, Dr. Jing Xue, Dr. Ben Guo, Dr. 



iii 
 

Jingxin Wang, Dr. Weimin Zhang, Dr. Zhiqiang Wang, Dr. Xiaojie Shi, Dr. Yalong Li, Dr. Sheng 

Zheng, Dr. Edward Jones, Dr. Yutian Cui, Dr. Wenchao Cao, Dr. Yiwei Ma, Dr. Chongwen Zhao, 

Dr. Ling Jiang, Dr. Shuoting Zhang, Mr. Fei Yang, Mr. Saeed Anwar, Dr. Shiqi Ji, Dr. Li Zhang, 

Mr. Wen Zhang, Mr. Jie Li, Mr. Chi Xu, Mr. Zhe Yang, Mr. Xingxuan Huang, Dr. Mitchell Smith, 

Mr. Surendhar Somasundaram, Ms. Jessica Boles, Ms. Jingjing Sun, Ms. Shuyao Wang, Dr. Yu 

Ren, Ms. Le Kong, Mr. Liang Qiao, Ms. Maeve Lawniczak, Mr. Jacob Dyer, Mr. Gabriel Gabian, 

Mr. Mark Nakmali, Mr. Spencer Cochran, Ms. Paige Williford, Mr. Dingrui Li, Mr. Ruiyang Qin, 

Mr. Jordan Sangid, Mr. Zihan Gao, Mr. Yu Yan, Mr. Yang Huang, Mr. Liyan Zhu, Mr. Zhouyang 

Li, Mr. Doug Bouler, Mr. Daniel Merced, Mr. Nattapat Praisuwanna, Mr. Kamal Sabi, Mr. Quillen 

Blalock, Mr. Andrew Foote, Mr. Jared Baxter, Mr. Montie Smith, Mr. Nathan Strain, and Mr. 

Jordan Gamble. 

During the study in UT, I have received help from current and former staff members in 

CURENT center and EECS department. My appreciation goes to Mr. Robert B. Martin, Ms. Dana 

Bryson, Ms. Wendy Smith, Dr. Anne L. Skutnik, Ms. Judy Evans, Mr. Erin Wills, Mr. Ryan 

Smiley, Mr. Markus Iturriaga Woelfel, Mr. Chris Anderson, and Mr. Alaa Alharzi. 

Finally, I would like to express my heartiest thanks to my parents for the unconditional love 

and support. You are always my deepest motivation to overcome any difficulties.  

This dissertation made use of Engineering Research Center Shared Facilities supported by the 

Engineering Research Center Program of the National Science Foundation and the Department Of 

Energy under NSF Award Number EEC-1041877 and the CURENT Industry Partnership Program. 

  



iv 
 

Abstract 

For more electric transportation applications, power density of the power electronic converters 

becomes the key issue because of the limited space and carrier capability. This dissertation studies 

three-level converter in aircraft application. The research focuses on design of high power density 

three-level inverter emphasizing on passive reduction through novel modulation and control, 

paralleling and interleaving strategy, filter modeling and design optimization. 

First, understanding harmonic characteristics in a power converter is critical for passive design 

and reduction. Harmonic calculation models of three-level neutral point clamped inverter with 

space vector modulation are developed. The impact of interleaving angle on dc and ac side 

harmonics and EMI harmonics is comprehensively studied considering multiple impact factors 

and optimal interleaving angle ranges to reduce these harmonics is derived. 

Second, low frequency circulating currents need to be suppressed in paralleled inverters. To 

increase inverter system power density, a space vector modulation is proposed for paralleled three-

level inverters to reduce common-mode voltage and switching loss in addition to suppress the low 

frequency circulating current. 

Third, high frequency circulating currents are suppressed by coupled inductors in parallel 

interleaved inverters. To reduce the coupled inductor size and weight, carrier based PWM method 

to achieve minimum flux for coupled inductor in interleaved three-level inverters is proposed.  

Fourth, to reduce the required EMI filter, one approach is reducing EMI noise. The inverter and 

filter topology for common-mode noise reduction in three-level inverter is investigated. Fourth-

leg topology is applied to three-level inverter for common-mode noise reduction. An impedance 

balancing circuit filter topology is proposed to reduce both dc and ac side common-mode noise for 
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motor drive system. 

Fifth, to reduce the required EMI filter, another approach is filter design optimization. Spectrum 

concept is introduced for CM inductor saturation analysis and design optimization. CM inductor 

flux density model is developed and multiple impact factors are investigated. An improved CM 

filter design procedure is proposed to avoid over-design or under-design of CM inductor. 

Last, design and demonstration of a 1 MW three-level inverter with cryogenic cooling is 

presented which provides guidance for high power three-level inverter design and cryogenic power 

converter design.  
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1. Introduction  

1.1 Application Background  

Electrical power is utilized more and more in transportation applications. In aircraft applications, 

the trend is more electric aircraft (MEA) in last a few decades. Different from conventional aircraft 

where several types of energy including mechanical, electrical, hydraulic, and pneumatic energy 

are used, MEA replaces the major parts driven by nonelectric power with pure electrical systems. 

This can eliminate the heavy and costly nonelectric components, and thus bring various benefits 

in efficiency, weight, maintenance costs, reliability, and emissions. The electric power rating keeps 

increasing as large aircraft is developing towards MEA as shown in Fig. 1-1 [227]. Electrical 

system in aircraft covers power generation to power distribution, energy storage for emergency 

power supply or electrical loads. All these are realized through power converters such as inverters, 

rectifiers, and choppers. Power converters are the key units to process the electrical power. Fig. 1-

2 [227] shows an example of an aircraft electric network with industrial power converters. Power 

converters has also been utilized for propulsion purpose. As envisioned by NASA and Boeing, 

high power inverters (5 to 20 MW) will be a key enabler for future aircraft based hybrid electric 

or electric propulsion [1]. One notional diagram of a hybrid system using a combination of a 

turbine-driven generator and a battery for the energy source is shown in Fig. 1-3 [1], and the 

notional inverter system boundary is shown in Fig. 1- 4 [1]. 
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Fig. 1-1.  Evolution of MEA [227].  

 

Fig. 1-2. Example of an aircraft electric network with power converters [227]. 
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Fig. 1-3. Notional power system configuration [1]. 

 

Fig. 1-4. Inverter System boundary and interfaces [1]. 
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For aircraft applications [2-3], power density becomes the key issue because of the limited 

space and carrier capability. The introduction of fast switching power semiconductor devices has 

greatly improved the efficiency, size, and weight of the power converters. However, the switching 

actions of power converters generate harmonics which need to be suppressed to meet power quality 

(PQ) and electromagnetic compatibility (EMC) requirements. Passive components are inserted 

into power converter systems to suppress undesired harmonics. Fig. 1-5 shows a typical inverter 

fed motor drive for aircraft propulsion. Passive filters such as dc and ac side EMI filters, dc-link 

capacitors, and coupled inductors for paralleled inverters are inserted to the inverter system. The 

passives largely increase the power electronics size and weight [4-6]. For a motor drive system 

with EMI filter added to both ac and dc sides, the filters usually take more than 50% of the total 

system weight [26-27] and become the main barrier for achieving high power density of the 

inverter fed motor drive in aircraft applications. It is a big challenge for power electronics to design 

and integrate the power converters and filters together to achieve high power density. 

 

Fig. 1-5. Inverter fed motor drive system for aircraft propulsion. 
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1.2 Multilevel Topology and Modulation 

Multilevel converters have several advantages when compared to two-level converters, and are 

promising to achieve higher power density [7-11]. First, each switch has smaller voltage stress, 

and low rated devices with low loss can be used. Second, the switching noise and EMI emission 

are reduced due to the smaller dv/dt. Third, the output voltage/current has lower harmonics.  

Because of the advantages of multilevel converters, this topology has been evolving for decades 

and numerous variations has been invented [12-18]. In general, there are four major categories for 

the multilevel converter family as shown in Fig. 1-6. The first and second categories, flying 

capacitor (FC) and the neutral point clamped (NPC) converter, were invented in early 1980’s as 

shown in Fig. 1-7. The cascade topology as the third category is first reported in 1980’s as well as 

shown in Fig. 1-8. Then, within the last three decades, it has been widely used in high power 

applications. This evolved in 2000’s when the modular multilevel converter (MMC) topology was 

proposed for even higher voltage and power rating. The fourth category of hybrid topology is a 

combination and mixture of the other three categories.  

Multilevel VSI

Flying Capacitor (FC)

Stacked FC

Neutral Point 
Clamped (NPC)

Diode Clamped

Active Clamped

T-type

Cascaded

Cascaded H Bridge 
(CHB)

Asymmetric CHB

Modular Multilevel 
Converter (MMC)

Hybrid

NPC+CHB

Cascade NPC 
Bridge

ANPC+FC
 

Fig. 1-6. Classification of multilevel converter topologies. 
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Fig. 1-7. Subdivisions of NPC and FC topologies. 
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Fig. 1-8. Subdivisions of cascaded topologies. 
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Modulation Methods
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Fig. 1-9. Classification of modulation strategies for multilevel converter. 

 

The modulation is tightly connected with the topology for multilevel converters, and it largely 

determines the system performance. The categories of the modulation strategies are shown in Fig. 

1-9. There are two major groups of modulations. One is the space vector based and the other is 

carrier based. 

Space vector modulation is based on three-phase systems [21-22]. The different switching states 

for the three-phase multilevel converter can be mapped to a space vector hexagon. The voltage 

reference can also be mapped to the hexagon, and it can be synthesized in various manners by the 

space vectors, or the switching status. For a three-level converter, each phase leg has three 

switching states, and the three-phase system has 27 switching states, which corresponds to 19 

space vectors in the hexagon. There are redundant switching states for some vectors, which can be 

used as freedom to achieve certain control objectives. For a converter with higher level, there will 

be a large number of space vectors. The higher level provides more redundant switching states for 

control freedom. But it also has higher computation cost for the reference voltage locating and the 
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vector selection from a large number of candidates. For this reason, the SVM is not realistic for 

implementation when the level goes high. But it is extremely suitable for three-level NPC topology 

since the calculation is not complex.  

Low frequency modulation is based on staircase synthesis [23]. Sinusoidal voltage waveform 

can be represented by stacking multiple two-level square waves. Hence, this modulation is usually 

applied to cascaded topology with high level number.  

Carrier based high frequency modulation is classified to two categories. One is the phase shifted 

modulation and the other one is level shifted modulation [23-24]. For the phase shift (PS) 

modulation, the carrier for each cell has a phase shift with other carriers. The specific phase shift 

angle is 180° divided by the module numbers. All the modules in a phase leg have the same 

switching pattern. The switching frequency and switching loss for each module is therefore 

naturally balanced. Another benefit for this modulation is the high equivalent switching frequency 

at the output, which equals to the switching frequency for each carrier times the cell numbers. The 

more cells in the phase leg, the higher switching frequency and lower THD at its output. 

Consequently, the phase shift method is especially suitable for CHB and MMC topology.  

Another carrier based method is the level shifted modulation. The carrier waves shift their level 

with respect to the reference wave. There are three types of level shifting methods: phase 

disposition (PD), phase opposite disposition (POD), and alternative phase opposite disposition 

(APOD). For the PD method, all the carriers are in the same phases. For POD method, all the 

positive carriers are in phase with each other, so does the negative carriers. But the positive and 

negative carriers are in phase opposite with each other. For APOD method, all the carriers are in 

phase opposite with each other. The level shift modulation generates different switching frequency 

and switching pattern for different cell. The inner cells have lower switching frequency and 
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switching loss than the outer cells. The switching pattern and loss distribution is influenced by the 

modulation index. From the THD point of view, the level shift modulation has higher THD than 

the phase shift modulation. The THD comparison for all the carrier based high frequency 

modulation gives the following sequence for THD from low to high: PS<PD<APOD<POD. The 

level shift method is not as advantageous as the phase shift method for the cascade topology. But 

it is often used on the NPC topology since it has unbalanced loss and switching pattern for each 

device. Each carrier modulates one switch in the phase leg. It is a simple way to modulate one 

NPC phase leg compared with SVM method. 

The mixed frequency modulation is the mixture of low frequency and high frequency 

modulation [25]. The concept is to use different switching frequencies for different cells in the 

system according to their voltage ratings. Therefore, it is suitable for hybrid multilevel topologies.  

1.3 EMI Noise and EMI Filters 

The generation of EMI noise is an inherent problem of power converters. During the modulation 

and switching, other than the energy generated at needed frequency, different harmonics will also 

be generated at different frequencies that can interfere with other equipment through the physical 

connections and become conducted EMI noise. Fig. 1-10 shows the noise propagation in a power 

inverter system. The power inverter (DUT) is used to process the energy from source to load. The 

source could be a dc power supply, dc voltage bus or an active front end, and the load could be a 

motor or grid, or RL load. The line impedance stabilization network (LISN) is required to measure 

and compare the EMI noise per all conducted emissions standards. To analyze the EMI noise and 

design EMI filters, the conducted emissions can be separated into two types: common-mode (CM) 

and differential mode (DM). The CM noise flows in the same direction and then returns through a 
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common ground. The DM noise flows between the power ports of the converters.  

In aircraft applications, the EMI noise can be harmful to other electronics systems on the aircraft 

such as the communication, navigation and surveillance systems. EMI emissions is limited by 

specified regulations to protect these systems. Fig. 1-11 shows the dc and ac side EMI limits 

defined in DO-160 standards for different categories of equipment. 

 

Fig. 1-10. EMI noise propagation path in a power inverter system. 

 

 

Fig. 1-11. EMI standards in DO-160. 
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EMI filters are usually added to the inverter system to suppress the EMI noise and thus to meet 

EMI standards. Typical EMI filters have one or several stages of inductors and capacitors to create 

the impedance mismatch between the power converter and load/source to block or bypass EMI 

noise. In conventional EMI filter design, the CM filter and DM filter are designed separately 

according to the CM and DM bare noise [28]. Typical LC filters are selected. Assuming ideal 

inductors and capacitors are used without influence from parasitic components, the attenuation 

performance of one stage LC filter features a slope of 40 dB/dec. The bare noise of either CM or 

DM needs to be measured and compared with standard at first. The part of noise higher than the 

EMI standards is the part of noise requiring attenuation. Based on the required attenuation, LC 

filter corner frequency can be determined. 

1.4 Literature Review 

1.4.1 Space Vector Selection for Three-Level Inverter 

For the three-level inverter, each phase leg is equivalent to a 1 pole triple-throw switch that 

connects to the positive, negative or neutral dc bus. As shown in Fig. 1-12 [32], there are a total of 

27 switching states, corresponding to 19 space vectors. Among them, there are six long vectors, 

six medium vectors, six small vectors and one zero vector. The small and zero vectors have 

redundant switching states. For the space vector modulation method, the selection of the redundant 

switching states is the key to achieve different control objectives such as the neutral point (NP) 

voltage balance [29-34], switching loss reduction [35-36], or common-mode noise reduction [37-

42]. 
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Fig. 1-12. Circuit and space vector diagram for three-level NPC inverter [32]. 

 

The principle to achieve the three control objectives by selecting the redundant switching states 

in three-level modulation is illustrated as follows: 

(1) Neutral point voltage balance 

For the neutral point clamped (NPC) converter, the dc link is separated by several capacitors, 

each of which provides one output voltage level. For the three-level NPC converter, the two 

capacitor voltages must be balanced. Otherwise, the output voltage is distorted and harmonics are 

increased. The NP balance can be achieved by modulation method. The four types of vectors have 

different influence on neutral point voltage. By defining the neutral point voltage imbalance as the 

difference between the bottom and top cell capacitor voltage ∆ܸ = ைܸே − ௉ܸை , the influence of 

different vectors can be analyzed as shown in Fig. 1-13.  
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Fig. 1-13. Circuit diagram for vectors and the influence on NP voltage [32]. 

 

The analysis takes the first sector as an example.  For the long vectors in Fig. 1-13(a), both the 

top and bottom capacitors are connected in the circuit. There is no neutral current so the two 

capacitors are charged or discharged by the same current. Consequently, the long vectors do not 

create any neutral point voltage imbalance. For the medium vector in Fig. 1-13(b), the top and 

bottom capacitors are connected in the circuit as well. However, there is neutral current in the 

circuit, and the two dc capacitors are charged or discharged by different current. The medium 

vectors create imbalance and are the source for the neutral point voltage variation. For the small 

vectors in Fig. 1-13(c), the two switching states for the small vector connect different dc-link 

capacitors in the circuit but with the same charging or discharging phase current. If phase current 

is more than zero, vector ONN reduces ைܸே  and increases ∆ܸ  while POO reduces ௉ܸை  and 

decreases ∆ܸ. If the phase current is less than zero, the result is just the opposite. Hence, the two 

switching states for one small vector have an opposite influence on the neutral point voltage and 
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this is the basis to balance the neutral point voltage. 

There are three approaches to select the small vectors for NP balance. The passive balancing 

method alternately uses the two switching states in a pair in each switching cycle. Since the 

influence of the two states are opposite, the neutral point voltage can be balanced naturally. This 

method does not need to sense the neutral point voltage and phase current. Also it does not cause 

extra switching events and related loss in the switching cycle. But the balancing result largely 

relies on the power factor. Also, it can only work under a balanced three-phase system and the 

balancing result is poor under system dynamics. 

The active balance scheme uses both switching states for the small vector in each switching 

cycle. The control objective is to achieve a zero neutral point charge in one switching cycle so that ∆ܸ returns to the initial value after the switching cycle. For each small vector, the two switching 

states are used with different duty cycle to achieve zero NP charge. The charge is calculated by 

sensing the phase current and knowing the duty cycle of each vector. The active scheme has good 

balancing result within one switching cycle. However, it uses both two switching states for each 

small vector in the switching cycle. The transition between the two switching states inevitably 

introduces extra switching events. 

Compared with the active balance scheme which uses both switching states and tries to balance 

NP voltage in every switching cycle, the hysteresis balance scheme balances the NP voltage in two 

or more switching cycles by using only one switching state for the small vector in each switching 

cycle. The selected small vector moves the neutral point voltage to the opposite direction of the 

imbalance. In each switching cycle, the neutral point voltage ∆ܸ is sensed together with the three-

phase current. The switching state for the small vector is selected based on ∆ܸ and the phase 

current direction. If ∆ܸ is positive at the beginning of the switching cycle, the switching state is 
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selected to decrease the NP voltage. In the next switching cycle, if ∆ܸ is reduced to a negative 

value, then the other switching state for the same small vector is used to increase NP voltage. If 

one cycle is not enough to control the NP voltage, this method will use the same switching state 

continuously for several cycles to control the NP voltage. This method is robust to the system 

dynamics because it has neutral voltage feedback. The NP balancing result is not as good as that 

of the active scheme since the neutral point voltage is controlled back and forth around zero. The 

NP voltage also has a strong harmonic component at half of the switching frequency. But this 

method can still achieve NP balance within several switching cycles. It has the benefit of having 

the least switching events because it only uses one switching state in each switching cycle. 

(2) Switching loss reduction 

The basic principle for this control objective is to clamp the phase leg for a certain period of 

time, so that the phase leg with the largest current can avoid switching. Thus, switching loss can 

be reduced. There are some variations on the clamping methods, and they are similar to the DPWM 

for the two-level converter. The phase leg can be clamped for 60° or 30° in a line cycle. Each leg 

can be clamped to positive, negative or neutral dc bus.  

The most commonly used DPWM method for both two-level and three-level converter is the 

60° DPWM that clamps each phase leg for 60° around its voltage reference peak. This method can 

avoid the phase leg switching in the vicinity of its maximum voltage reference. The space vector 

hexagon division for this method is shown in Fig. 1-14(a). The hexagon is equally divided into six 

sectors. Each sector is center aligned to the peak or valley of the phase leg reference voltage as 

shown in Fig. 1-14(b). The shaded areas on the voltage reference waveform are the clamped period. 

By properly selecting the switching states for the small vector, each phase leg is clamped to P or 

N in consecutive 60° area.  
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Fig. 1-14. Space vector hexagon and voltage reference for 60° DPWM. 

 

(3) Common-mode voltage reduction 

Besides the NP voltage ripple and switching loss, the common mode voltage can also be 

reduced or even eliminated by the redundant small vector selection. For the three-phase system, 

the CM voltage is defined as one third of the summation of the three phase output voltage. The 

CM voltage generated by the different types of vectors can be calculated. The long vectors generate ±1/6	 ௗܸ௖ CM voltage. The medium vectors generate no CM voltage. For the small vectors, the 

two switching states generate different CM voltage. They give either ±1/6	 ௗܸ௖ or ±1/3	 ௗܸ௖ CM 

voltage. For the zero vectors, they generate either ±1/2	 ௗܸ௖ or zero CM voltage. 
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Fig. 1-15. Two methods for CM voltage reduction. 

 

There are two modulations to reduce CM voltage. The CM elimination method (CME) can 

totally avoid CM noise generated by the modulation. It only uses the medium vectors and the zero 

vector OOO since they do not generate any CM voltage. The vector diagram for this method is 

shown in Fig. 1-15 (a). By using only the medium and zero vectors, this method can totally 

eliminate the CM voltage. However, the dc link voltage utilization rate is reduced. The radius for 

the reference vector is reduced from 1 to√3/2. This method also loses the benefit of the nearest 

three vectors. Each phase leg has more switching events and higher switching loss associated with 

the switching. Additionally, due to the influence of the dead-time, the CM noise cannot be totally 

eliminated. Another method is the CM reduction method (CMR). This method uses the nearest 

three vectors to synthesize the reference, and the switching state of small vectors with smaller CM 

voltage ±1/6	 ௗܸ௖  is selected as shown in Fig. 1-15(b). This method reduces the CM voltage 

amplitude by half and also has the benefit of reduced switching loss compared to continuous PWM 

method. 
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1.4.2 Harmonic Reduction through Parallel Interleaving 

The use of paralleled three-phase PWM converters dates back to the late 1980s in motor drive 

and uninterruptable power supply (UPS) applications [43-44]. By phase shifting the carriers of the 

paralleled converters, i.e. interleaving, the total voltage and current ripple at the ac terminal due to 

PWM switching can be reduced. As a result, the size and weight of passive components such as 

the dc-link capacitors and EMI filters can be reduced. 

The time domain analysis shows that ripple current cancellation effect exists when interleaving 

is applied [45-46]. However, the analysis in time domain lacks insight. It is difficult to investigate 

the impact of interleaving angle on harmonics reduction, especially if there are more than two 

converters in the paralleling system.  As a result, conventional symmetric interleaving is used, in 

which the carrier waves of each converter are phase shifted by 1/N switching cycle for N paralleled 

converters.  

Frequency domain analysis is more effective for understanding the harmonics characteristics. 

Harmonics generated by PWM can be determined using double Fourier integral analysis. Much 

study has been conducted on the harmonics analysis of two-level and three-level converters [47-

52]. Frequency domain analysis has also been used to investigate the impact of interleaving on 

paralleled converter systems [53-65]. The output harmonics cancellation effect of interleaving N 

converters has been theoretically confirmed. Impact of interleaving on harmonic voltages and 

currents on the ac and dc side of paralleled converters are analyzed. The impact of the non-

conventional asymmetric interleaving is also discussed. 
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1.4.3 Circulating Current Reduction in Paralleled Inverters 

Circulating current issue exists for paralleled three phase converters due to the hardware and 

control difference between paralleled converters. The circulating current can be classified into two 

groups by frequency. One is the low frequency components related to fundamental frequency, 

which can be limited by control. The other one is the high frequency components related to 

switching frequency, which is out of the control bandwidth and can only be limited by passive 

components. 

Much research has been conducted on circulating current suppression, both in control and 

passive components. The conventional method is to use separate power supplies [44], [66-68], or 

isolated transformer [45], [69-72]. Adding additional power supplies or the line-frequency 

transformer make the paralleling converter system bulky and expensive. Another method of 

passive components is to use coupled inductor and CM inductor to provide high impedance in the 

loop to suppress circulating current [73-77]. However, this method is not effective to suppress the 

low frequency circulating current.  

Control methods need to be used for suppressing the low frequency circulating current [78-91]. 

[78-81] mainly focus on the circulating current on the d-q axis, which is also called load sharing 

control. The control of zero sequence circulating current (ZSCC) on the zero axis are discussed in 

[82-85] for two-level inverters. Ye et al. [83] proposed a method to control the low frequency 

ZSCC by adjusting the dwell time of zero space vectors. Furthering this study, the dead-beat 

control was proposed to improve the performance of ZSCC control [88]. With a similar concept, 

the ZSCC is controlled by adjusting the injected zero sequence signal to the modulation for the 

carrier based pulse width modulation (PWM) [89-92]. Nonlinear control methods were also 

proposed to reduce ZSCC [93-94], however, this algorithm was too complicated to be implemented 
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in practical applications.  

The method to control the low frequency ZSCC is to adjust the averaged zero-sequence voltage 

(AZSV) generated by the paralleled inverters. This method is also applied to ZSCC suppression in 

paralleled three-level inverters. In [95], the ZSCC of paralleled T-type inverters is modeled, a 

proportional-integral (PI) controller and a modified LCL filter are applied to reduce low frequency 

and high frequency ZSCCs, respectively. In [96], ZSCC suppression of paralleled three-level T-

type inverters with three-limb inductors was discussed. The periodical ZSCC jumps was observed 

and eliminated, and the grid voltage feedforward control is adopted to eliminate starting current 

jumps. In [97], the deadbeat control is also applied to three-level inverters to achieve better control 

performance when the paralleled inverters have different parameters. In [98], a large, medium, 

small and zero vector modulation (LMSZVM) method is proposed which reduce the ZSCC and 

the common-mode voltage (CMV) simultaneously. This modulation method is equivalent to the 

phase opposition disposition PWM (PODPWM) for carrier based PWM [99]-[100]. 

1.4.4 EMI Noise Reduction Methods 

EMI filters are inserted in power converters to provide enough EMI noise attenuation and thus 

pass EMI standards. EMI filters usually take more than 50% of the total inverter system size and 

weight in aircraft motor drive system where both dc and ac side need to pass EMI standards. 

Generally, two approaches can be considered for EMI filter size and weight reduction. The first 

approach is to reduce the EMI noise in the power converter system. The second approach is to 

optimize EMI filter design. In this section, the advanced method for EMI noise reduction are 

reviewed and briefly illustrated.   

(1) Switching frequency selection 
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Switching frequency is a key design parameter for power converters. Generally, increasing 

switching frequency will reduce passive components weight and increase switching device power 

loss. Therefore, for a specific application, there would be an optimal switching frequency. When 

considering the EMI filter, the relationship between the switching frequency and the filter may not 

be linear due to the noise spectrum and the standard requirement. Fig. 1-16 shows the required 

filter corner frequency (a two-stage filter with 80 dB attenuation is assumed) versus the switching 

frequency based on the DO-160 standards [101]. The non-linear relationship indicates that higher 

switching frequency does not necessarily lead to higher filter corner frequency. A higher corner 

frequency is desirable since it indicates a smaller filter. There are some preferred switching 

frequencies (such as 40 kHz, 140 kHz or above 500 kHz) as can be seen in Fig. 1-16. Some 

literature [102-103] pointed out that the weight of an inductor is not only determined by the 

inductor value but also related with the volt-second on the inductor. Switching frequency selection 

needs to avoid amplifying the volt-second on the CM or DM inductor. 

 

Fig. 1-16. EMI filter corner frequency versus switching frequency [101]. 
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In addition to selecting an optimized fixed switching frequency, random PWM (RPWM) can be 

used to further reduce EMI noise. The principle of RPWM is to spread the energy concentrated 

around the harmonics of the switching frequency to a wider frequency range to reduce the EMI 

noise peak [104-111].  

(2) Modulation method 

Modulation schemes determine the noise source of the conducted EMI. Many efforts have been 

made on modulation scheme optimization for CM noise reduction.  

For two-level inverters, the main idea is reducing the CM voltage from ܸ݀ܿ/2  to ܸ݀ܿ/6 

through avoiding zero vectors. Among these modulation schemes, the active zero state pulse width 

modulation (AZSPWM) and near state pulse width modulation (NSPWM) are usually preferred 

[112] – [115]. AZSPWM is a variation for SVPWM but inverses the aligment of the medium-

length duty and reduces the CM voltage peak to be ±Vdc/6. Similarly, NSPWM is a variation for 

DPWM and reduces both the switching loss and CM voltage, but it could not work with a low 

modulation index. Fig. 1-17 shows the four typical PWM methods’ gate logic and the 

corresponding CM voltage.  
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Fig. 1-17. Gate logic and CM voltage for (a) SVPWM, (b) DPWM (clamped to positive bus), (c) 

DPWM (clamped to negative bus), (d) AZSPWM, (e) NSPWM. 

 

For three-level three phase inverters, the two modulation method to reduce CM voltage and CM 

noise – CME and CMR methods –  are illustrated in section 1.41 [37-42].  

(3) Active/hybrid filters 

Active/hybrid filter is a promising alternative of the bulky passive filter.  Active filters are 

mainly based on the detection-injection concept where the raw noise, either voltage or current, is 

sensed using direction detection circuitry, then a reversed noise, either current or voltage, is 

injected back to ensure the output line current is less noisy. Usually the active filter reduces low 

frequency EMI noise, and the passive filter reduces high frequency EMI noise. The total size and 

weight of active filter and passive filters could be much smaller than a conventional passive EMI 

filter. A considerable amount of research has been conducted on active/hybrid filters in different 

applications such as dc-dc converters, motor drives and electric vehicles [116-134]. In [120], four 
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basic circuit configurations for current cancellation were classified and compared. In [121], a 

generalized analysis of active EMI filter topologies was conducted. The converter insertion loss 

and stability issues were discussed in [129-131]. Hybrid EMI filters were evaluated and 

implemented in motor drive systems [122-126]. Digital active filters were applied to a micro-

inverter module and a dc/dc converter in [127-128]. DM active filter was used in boost power 

factor correction ac-dc converters [134].  

Fig. 1-18 and Fig. 1-19 show the implementation of CM active filters [117]. In Fig. 1-18, the 

voltage between the neutral point and the dc bus is sensed using resistors and injected to the dc 

side through a CM transformer. There is a disadvantage for the CM noise voltage cancellation in 

high voltage applications. The transformer’s primary side inductor cannot be small to avoid large 

magnetizing current. Then the inductance of the secondary side will be large due to the high turn 

ratio of the voltage transformer. So the voltage transformer’s weight/size will be big.  

 

Fig. 1-18. Implementation of feedforward CM noise voltage cancellation [117]. 
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Fig. 1-19. Implementation of feedforward CM noise current cancellation [117]. 

 

Fig. 1-20. Comparison of the measured CM noise [117]. 

 

In Fig. 1-19, a current transformer is used to sense CM noise current on the dc bus. The 

cancellation current is then injected to the common ground via injection capacitor. The 

transformer’s primary winding has only one turn. Hence, the current transformer’s weight and size 

is much smaller than that of the voltage transformer. Passive filter is usually used together with 

the active filter to reduce high frequency noise and to reduce the ݀݅/݀ݐ of the CM current so that 

active filter can work properly. Fig. 1-20 shows the measured CM noise using hybrid filter with 
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current feedforward cancellation [117]. Around 50 dB attenuation is achieved by the active filter 

at the first noise peak. 

(4) Special inverter and filter topology 

Some special inverter topologies were proposed for CM voltage and CM noise reduction in 

previous literature such as four phase-leg inverters and balanced inverters [142-151]. The fourth-

leg topology was first used by Julian et al. [145] to reduce CMV and CM noise. A fourth-leg and 

a fourth phase LC filter are inserted into the two-level inverter as shown in Fig. 1-21. The zero 

vector is not used in the modulation to achieve zero CMV. Compared to two-level inverters, little 

attention has been paid to the fourth-leg for three-level inverters. An auxiliary leg is added to the 

NPC inverter to produce the compensating voltage for CMV reduction through a four-winding 

transformer in [149]. However, an additional dc source and a CM transformer are required. A 

multi-level fourth-arm circuitry is used and connected to the induction motor neutral point through 

an isolation capacitor to eliminate the bearing current in NPC inverter based motor drive in [150].  

The CMV reduction of four-leg T-type grid-tied inverter is illustrated in [151]. However, the PWM 

method is carrier based, and the control strategy cannot achieve zero CMV. 

Some special filter topologies are proposed for motor drive applications. The CM noise in the 

dc and ac side of a dc-fed motor drive system are coupled, which makes the filter design more 

complicated. Adding EMI filter on one side will change the propagation impedance and EMI noise 

level on both sides. However, on the other hand, it provides the opportunity to use connecting ac 

and dc filetr topology to supress EMI noise. One method is connecting the ac and dc mid-point. A 

filter topology which connectes the ac DM capacitor mid-point and the dc link capacitor mid-point 

in motor drive system was propoaed in [135-138]. The influence of this method on EMI noise 

reduction is analyzed in [137]. Fig. 1-22 shows the filter topology [137]. This method confines the 
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CM noise within the converter and supresses both ac and dc side CM noise. 

Another method is using impedance balancing technique. In [139], an impedance balancing 

circuit is presented to reduce CM EMI noise of dc-dc converters by creating a balanced impedance 

bridge around the CM voltage source of the converter. This method is then applied to single-phase 

boost PFC converters [140]. The impedance balancing circuit was first introduced  to dc-fed motor 

drive system in [141]. An impedance bridge is formed by adding a Lr-Rr-Cr branch from the 

inverter ac output to dc input as shown in Fig. 1-23 [141]. In the EMI frequency range, the 

impedance of ܴݎܥ ,ݎ is much smaller than ݎܮ, impedance ݔܥ is much smaller than ݉ܿܮ, motor 

CM impedance is modeled as capacitance 1ܥ, and device parasitic impedance is modeled as 2ܥ, 

so the CM current in LISN branch is zero if equation ݉ܿܮ/ݎܮ =  is met. The impedance 2ܥ/1ܥ

balancing circuit can effectively reduce CM noise in the low EMI frequency range. However, the 

high frequency CM noise reduction performance is limited due to the impact of parasitics of the 

components in the impedance balance bridge. Moreover, this topology is only suitable for motor 

drive system where only dc side needs EMI filters. 

 

Fig. 1-21. Four leg two-level inverter with second order filter and motor load [145].  
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Fig. 1-22.  Filter topology - connecting ac and dc mid-points [137]. 

 

 

Fig. 1-23. Filter topology - impedance balancing circuit in motor drive system [141]. 
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1.4.5 EMI Filter Modeling and Design Optimization 

As discussed in last section, the second approach for EMI filter size and weight reduction is 

filter design optimization. In this section, the EMI filter modeling and design optimization are 

reviewed and briefly illustrated.   

Design of EMI filters for power converters has been traditionally done using trial and error 

methods which cannot ensure the optimal EMI filter design. However, over the last few decades, 

several modeling methodologies have been published for extracting EMI models of power 

converters.  

For the noise source modeling, the subintervals of switching actions were considered in [152], 

and [155] simplified the switching devices as equivalent voltage and current sources. [152] further 

approximated the source impedance using impedance masking concept. The unterminated 

behavior model was applied in [153-154]. The impact of dv/dt switching speed on EMI were 

investigated theoretically and experimentally in IGBT, SiC, GaN converters [156-160]. Generally, 

this impact is above tens of MHz, mainly in radiated noise range. 

For the passive EMI filters modeling, several efforts have been made in literature from 

modeling of the inductor’s parasitic capacitance [161-165], impedance characteristics and 

equivalent circuit considering the frequency-dependent behavior [161, 166-172] and current-

dependent flux density nonlinearity [169, 173-177] of magnetic cores, and thermal resistance [178-

179]. Inductive coupling and capacitive coupling of passive components in a multi-components 

filter are considered as key factors degrading filter performance. However, theoretical modeling is 

difficult due to the invisible and multi-branch coupling path strongly related to component 

geometry and dimensions. The finite element method (FEM), method of moments (MOM), finite 

difference time domain (FDTD), and partial element equivalent circuit (PEEC) based solutions are 
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presented to predict coupling impedance [180-182]. 

Parasitic reduction techniques and winding scheme techniques to improve filter high frequency 

attenuation performance were explored. In [183-187], equivalent parallel capacitance cancellation 

for CM choke and DM inductor was illustrated. In [188-189], PCB trace length was controlled to 

form a negative coupling inductance to offset the ESL of capacitor branch. In [186, 190], inductive 

coupling mitigation for two stage DM capacitors by adding an extra opposite winding on a film 

capacitor were presented. The winding schemes’ impact on parasitic capacitance of inductor and 

its optimization were reported in [163-165, 191-197].  

EMI filter design considerations for dc-fed motor drive system were illustrated in [198-204]. 

Design optimization on CM and DM inductor physical implementation were also investigated 

where all design variables such as winding turns, wire size, core material and geometry, flux 

density, and temperature rise are controllable to find the optimized result in terms of efficiency, 

size, weight and cost [204-215]. 

1.5 Research Challenges 

From literature review results, significant effort has been made on increasing inverter system 

power density through modulation and control methods, paralleling and interleaving topology, 

EMI modeling and filter design optimization. However, there are still a lot of unknown knowledge 

and unsolved issues and for design of high power density three-level inverter fed motor drive. The 

main challenges are summarized as follows. 

(1) Understanding the harmonic characteristics in power inverters is critical for passives design 

and reduction. However, there is still a lack of analytical models to analyze different harmonics 

(dc and ac side harmonics, EMI harmonics) in three-level NPC inverters with space vector 
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modulation. How interleaving angle impacts these harmonics and how to optimize interleaving 

angle to reduce these harmonics for three-level inverters are also unknown. 

(2) Paralleling and interleaving two-level converters and associated circulating current 

suppression methods are well studied. However, knowledge regarding paralleling and interleaving 

three-level inverters has not been fully explored. Modulation methods to achieve multiple control 

objectives in addition to circulating current control for paralleled three-level inverter have not been 

investigated. Coupled inductor flux minimization and design optimization for interleaved three-

level inverters are not studied. 

(3) EMI noise reduction methods for three-level inverter and for motor drive systems that 

requires both dc input side and ac output side EMI filters has not been fully explored. 

Comprehensive CM inductor flux modeling, analysis and filter design optimization for three-level 

inverter has not been conducted. 

Addressing these issues, this dissertation will propose new method and provide new knowledge 

on modulation and control, paralleling and interleaving strategy, EMI noise reduction and filter 

design optimization for three-level inverters, aiming at increasing the power density of three-level 

inverter for aircraft application.  

1.6 Dissertation Organization 

The dissertation is organized as follows: 

Chapter 1 introduces the application backgrounds of this research and reviews the research 

activities in the corresponding areas including modulation methods for three-level inverters, 

harmonics and circulating current reduction in paralleled and interleaved inverters, EMI noise 
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reduction and EMI filter modeling and design optimization. 

Chapter 2 presents the modeling and reduction of harmonics in paralleled three-level inverters. 

Analytical harmonic calculation models for three-level NPC inverter with space vector modulation 

are developed. The optimal interleaving angle ranges to reduce the ac and dc side harmonics and 

EMI harmonics considering multiple impact factors for parallel interleaved three-level inverters 

are thoroughly studied. 

 Chapter 3 investigates circulating current control and reduction in paralleled three-level 

inverters. A space vector modulation which reduces the circulating current, common-mode voltage, 

and switching loss simultaneously for paralleled three-level inverters is proposed. 

Chapter 4 analyzes the flux linkage of coupled inductor in parallel interleaved three-level 

inverters. Carrier based PWM method to achieve minimum flux linkage for the coupled inductor 

is proposed.  

Chapter 5 studies the inverter and filter topology for CM EMI noise reduction for a three-level 

inverter. First, the fourth-leg inverter topology is applied to three-level inverter to reduce CM noise. 

Second, an impedance balancing circuit filter topology is proposed to reduce both the dc and ac 

side CM noise for an inverter-fed motor drive. 

Chapter 6 presents the modeling and design optimization of CM inductor in a three-level 

inverter. First, the spectrum concept is introduced for CM inductor analysis and optimization. 

Second, CM inductor flux density model considering multiple impact factors is developed, and an 

improved filter design procedure is proposed to CM inductor over-design and under-design. 

Chapter 7 presents the design and demonstration of a MW three-level inverter with cryogenic 

cooling. Power device and magnetics characterization at cryogenic temperature, inverter system 
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design to fit cryogenic cooling and achieve high power density, MW inverter prototype and 

cryogenic cooling system building and testing results are demonstrated. 

Chapter 8 presents the conclusion and future work. 
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2. Harmonic Modeling and Interleaving Angle Optimization to 

Reduce Harmonics for Paralleled Three-Level Inverters  

Compared with two-level converters, three-level converters have reduced voltage stress for 

devices, lower output current harmonics, and reduced EMI noise. Paralleling three-level converters 

is gaining popularity as it allows higher power rating or an increase in system reliability. In 

addition, by phase-shifting the carriers of the paralleled converters, i.e. interleaving, the switching 

frequency harmonics can be reduced, as a result, the size and weight of passive components such 

as the dc-link capacitors and EMI filters can be reduced. This chapter presents the modeling, 

analysis, and reduction of harmonics in paralleled and interleaved three-level NPC inverters with 

SVM. The analytical models for harmonics calculation of three-level NPC inverter with SVM are 

developed. The impact of interleaving angle on ac and dc side harmonics and EMI harmonics are 

comprehensively studied and optimal interleaving angle ranges to reduce these harmonics are 

derived consider multiple impact factors.  

2.1 Analytical Model for Harmonic Calculation of Three-Level SVM  

2.1.1 Three-Level SVM 

The popular three-level SVM – NTSV scheme – is shown in Fig. 2-1. The NTSV scheme uses 

all the redundant switching states of small vectors as shown in Fig. 2-1. Fig. 2-1 also shows the 

PWM sequences of NTSV in all subsectors of sector I. NTSV will be used as an example to 

develop analytical models and to conduct harmonic analysis in this chapter.  
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Fig. 2-1. Vectors of NTSV and the PWM sequences of sector I. 

 

Different from two-level SVM, the sector is determined by both the reference angle and 

amplitude for three-level SVM. To better illustrate the harmonic calculation of three-level SVM, 

here three regions are defined as (2-1) based on the modulation index range. 

region 1:ܯ ≤ 1√3 ; region 2: 1√3 < ܯ ≤ 23 ; region 3: 23 < ܯ ≤ 2√3 (2 − 1)	
M is the modulation index which is defined as ܯ = ௣ܸ௛௔௦௘/( ௗܸ௖/2) (2 − 2)  
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Fig. 2-2. Two sub-sector boundary angles in sector I, (a) region 2, (b) region 3. 

 

The voltage reference will go through a full circle for a fundamental period. When the reference 

is in region 1, it will only go through subsector 1 of sector I. When the reference is in region 2, it 

will go through sector I from subsector 1 to subsector 3 and then back to subsector 1. When the 

reference is in region 3, it will go through sector I from subsector 2 to subsector 3 and then to 

subsector 4. The cases in other sectors are the same. In both region 2 and region 3, the reference 

will go through different subsectors. For calculation purpose, two subsector boundary angles are 

defined as ߠଵ and ߠଶ as shown in Fig. 2-2. When in region 2, the boundary angles are calculated 

as (2-3). When in region 3, the boundary angles are calculated as (2-4). 

ଵߠ = ݊݅ݏܿݎܽ ܯ3√1 − 3ߨ , ଶߠ = 3ߨ2 − ݊݅ݏܿݎܽ ܯ3√1 (2 − 3) 
ଵߠ = 3ߨ − ݊݅ݏܿݎܽ ଶߠ							,ܯ3√1 = ݊݅ݏܿݎܽ ܯ3√1 (2 − 4) 
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2.1.2 Analytical Model for AC Voltage Harmonic 

The spectrum of pulse width modulated phase leg voltage can be expressed as (2-5). 

(ݐ)݂ = ଴଴2ܣ +෍[ܣ௢௡ cos(݊ݕ) + ௢௡ܤ sin(݊ݕ)]ஶ
௡ୀଵ
+ ෍ ෍ ௠௡ܣ] cos(݉ݔ + (ݕ݊ + ௠௡ܤ sin(݉ݔ + ஶ[(ݕ݊

௡ୀିஶ(௡ஷ଴)
ஶ

௠ୀଵ , ݔ = ߱௖ݐ, ݕ = ߱଴ݐ 
௠௡ܥ = ௠௡ܣ + ,௠௡ܤ݆ ௠௡ܣ	 = ଶߨ12 න න ,ݔ)݂ (ݕ cos(݉ݔ + (ݕ݊ గݕ݀ݔ݀

ିగ
గ

ିగ  

௠௡ܤ	 = ଶߨ12 න න ,ݔ)݂ (ݕ sin(݉ݔ + (ݕ݊ గݕ݀ݔ݀
ିగ

గ
ିగ (2 − 5) 

Here, m and n are the carrier baseband integer indices, respectively. The carrier and fundamental 

angular frequency are represented by ߱௖ and߱଴, respectively. 

 

 

(a) (b) 

Fig. 2-3. (a) Three-level PD PWM carrier waveform, (b) the unit cell contour plot. 
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For carrier based PWM, Fig. 2-3(a) shows the three-level phase disposition (PD) PWM carrier 

waveform, and the unit cell contour plot is shown in Fig. 2-3(b) when the sinusoidal reference 

is݂(ݕ) =  .௠௡ can be determined as (2-6)ܥ Then, the harmonic coefficient .ݕݏ݋ܿܯ

௠௡ܥ = ଶߨ12 ێێۏ
ۍ න න ൬− ௗܸ௖2 ൰ ݁௝(௠௫ା௡௬)݀ିݕ݀ݔగ(ଵାெ௖௢௦௬)

ିగ
ିగଶ
ିగ + න න ൬− ௗܸ௖2 ൰ ݁௝(௠௫ା௡௬)݀ݕ݀ݔగ

గ(ଵାெ௖௢௦௬)
ିగଶ
ିగ

+ න න ൬− ௗܸ௖2 ൰ ݁௝(௠௫ା௡௬)݀ିݕ݀ݔగ(ଵାெ௖௢௦௬)
ିగ

గ
గଶ + න න ൬− ௗܸ௖2 ൰ ݁௝(௠௫ା௡௬)݀ݕ݀ݔగ

గ(ଵାெ௖௢௦௬)
గ
గଶ

+ න න ൬ ௗܸ௖2 ൰ ݁௝(௠௫ା௡௬)݀ݕ݀ݔగெ௖௢௦௬
ିగெ௖௢௦௬

గଶ
ିగଶ ۑۑے

2)																																																																			ې − 6) 
SVM is functionally equivalent to carrier based PWM. The basic idea to derive the analytical 

solution for three-level SVM is to re-define the integral limits in (2-6) by taking account of the 

fact that the reference is no longer the pure sinusoidal but is now made up of several segments 

across a full fundamental cycle. 

For NTSV scheme shown in Fig. 2-1, in sector I subsector 2, the equivalent reference is the 

average of the applied vector volt-second, and is calculated as (2-7). Then the inner integral limits 

can be determined as (2-8). The integral limits in other subsectors can be determined similarly. 

௥ܸ௘௙ = √32 ݏ݋ܿܯ ቀݕ − 6ቁߨ (2 − 7)	
௥ݔ = 32√)ߨ− ݏ݋ܿܯ ቀݕ − ,(6ቁߨ ௙ݔ = 32√)ߨ ݏ݋ܿܯ ቀݕ − (6ቁߨ (2 − 8) 
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Table 2-1. Double Fourier Integral Limits of NTSV in Region 3 (Sector I, II, II) ݕ௦ ݕ௘ ݔ௥ ௙ݔ  ,ݔ)݂   (ݕ
32√)ߨ− ଵߠ 0 ݏ݋ܿܯ ቀݕ − 32√)ߨ (6ቁߨ ݏ݋ܿܯ ቀݕ − 6ቁ) ௗܸ௖2ߨ ݕݏ݋ܿܯ32)ߨ− 6ߨ ଵߠ  − ݕݏ݋ܿܯ32)ߨ (12 − 12) ௗܸ௖2 32√)ߨ− ଶߠ 6ߨ  ݏ݋ܿܯ ቀݕ + 6ቁߨ + 32√)ߨ (12 ݏ݋ܿܯ ቀݕ + 6ቁߨ + 12) ௗܸ௖2 32√)ߨ− 3ߨ ଶߠ  ݏ݋ܿܯ ቀݕ − 32√)ߨ (6ቁߨ ݏ݋ܿܯ ቀݕ − 6ቁ) ௗܸ௖2ߨ  3ߨ 

3ߨ + ௗܸ௖2 (ݕݏ݋ܿܯ32)ߨ (ݕݏ݋ܿܯ32)ߨ− ଵߠ 3ߨ  +  ଵߠ
32√)ߨ− 2ߨ ݏ݋ܿܯ ቀݕ + 6ቁߨ + 32√)ߨ (12 ݏ݋ܿܯ ቀݕ + 6ቁߨ + 12) ௗܸ௖2  2ߨ 

3ߨ + 32√)ߨ− ߨ− ଶߠ ݏ݋ܿܯ ቀݕ − 6ቁߨ + 12) − ௗܸ௖2  

32√)ߨ ݏ݋ܿܯ ቀݕ − 6ቁߨ +  ߨ (12

3ߨ +  ଶߠ
3ߨ2  

ߨ− 1)ߨ− + − (ݕݏ݋ܿܯ32 ௗܸ௖2  

1)ߨ + 3ߨ2ߨ (ݕݏ݋ܿܯ32  
3ߨ2 +  ଵߠ

ߨ− 1)ߨ− + √32 ݏ݋ܿܯ ቀݕ + − (6ቁߨ ௗܸ௖2  

1)ߨ + √32 ݏ݋ܿܯ ቀݕ + ߨ (6ቁߨ
3ߨ2 +  ଵߠ

6ߨ5  
ߨ− 32√)ߨ− ݏ݋ܿܯ ቀݕ − 6ቁߨ + 12) − ௗܸ௖2  

32√)ߨ ݏ݋ܿܯ ቀݕ − 6ቁߨ + ߨ (12
6ߨ5  

3ߨ2 +  ଶߠ
ߨ− ݕݏ݋ܿܯ32)ߨ− + 32) − ௗܸ௖2  

ݕݏ݋ܿܯ32)ߨ + 3ߨ2ߨ (32 ±  ଶߠ
ߨ− ߨ 1)ߨ− + √32 ݏ݋ܿܯ ቀݕ + − (6ቁߨ ௗܸ௖2  
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Table 2-2. Double Fourier Integral Limits of NTSV in Region 2 (Sector I, II, III) ݕ௦ ݕ௘ ݔ௥ ௙ݔ  ,ݔ)݂   (ݕ
32√)ߨ− ଵߠ 0 ݏ݋ܿܯ ቀݕ + 32√)ߨ (6ቁߨ ݏ݋ܿܯ ቀݕ + 6ቁ) ௗܸ௖2ߨ ݕݏ݋ܿܯ32)ߨ− 6ߨ ଵߠ  − ݕݏ݋ܿܯ32)ߨ (12 − 12) ௗܸ௖2 32√)ߨ− ଶߠ 6ߨ  ݏ݋ܿܯ ቀݕ + 6ቁߨ + 32√)ߨ (12 ݏ݋ܿܯ ቀݕ + 6ቁߨ + 12) ௗܸ௖2 ௗܸ௖2 (ݕݏ݋ܿܯ32)ߨ (ݕݏ݋ܿܯ32)ߨ− 3ߨ ଶߠ   3ߨ 

3ߨ + 32√)ߨ− ଵߠ ݏ݋ܿܯ ቀݕ − 32√)ߨ (6ቁߨ ݏ݋ܿܯ ቀݕ − 6ቁ) ௗܸ௖2ߨ 3ߨ  +  ଵߠ
32√)ߨ− 2ߨ ݏ݋ܿܯ ቀݕ + 6ቁߨ + 32√)ߨ (12 ݏ݋ܿܯ ቀݕ + 6ቁߨ + 12) ௗܸ௖2  2ߨ 

3ߨ + 32√)ߨ− ߨ− ଶߠ ݏ݋ܿܯ ቀݕ − 6ቁߨ + 12) − ௗܸ௖2  

32√)ߨ ݏ݋ܿܯ ቀݕ − 6ቁߨ +  ߨ (12

3ߨ +  ଶߠ
3ߨ2  

ߨ− 1)ߨ− + √32 ݏ݋ܿܯ ቀݕ + − (6ቁߨ ௗܸ௖2  

1)ߨ + 3ߨ2ߨ (ݕݏ݋ܿܯ32  
3ߨ2 +  ଵߠ

ߨ− 1)ߨ− + − (ݕݏ݋ܿܯ32 ௗܸ௖2  

1)ߨ + 3ߨ2ߨ (ݕݏ݋ܿܯ32 +  ଵߠ
6ߨ5  

ߨ− 32√)ߨ− ݏ݋ܿܯ ቀݕ − 6ቁߨ + 12) − ௗܸ௖2  

32√)ߨ   ݏ݋ܿܯ ቀݕ − 6ቁߨ + ߨ (12  

6ߨ5  
3ߨ2 +  ଶߠ

ߨ− ݕݏ݋ܿܯ32)ߨ− + 32) − ௗܸ௖2  

ݕݏ݋ܿܯ32)ߨ + 3ߨ2ߨ (32 +  ଶߠ
ߨ− ߨ 1)ߨ− + √32 ݏ݋ܿܯ ቀݕ − − (6ቁߨ ௗܸ௖2  

1)ߨ + √32 ݏ݋ܿܯ ቀݕ − ߨ (6ቁߨ
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Table 2-3. Double Fourier Integral Limits of NTSV in Region 1 (Sector I, II, II) ݕ௦ ݕ௘ ݔ௥ ௙ݔ  ,ݔ)݂   (ݕ
32√)ߨ− 6ߨ 0 ݏ݋ܿܯ ቀݕ + 32√)ߨ (6ቁߨ ݏ݋ܿܯ ቀݕ + 6ቁ) ௗܸ௖2ߨ  6ߨ 

ௗܸ௖2 (ݕݏ݋ܿܯ32)ߨ (ݕݏ݋ܿܯ32)ߨ− 3ߨ  3ߨ 
32√)ߨ− 2ߨ ݏ݋ܿܯ ቀݕ − 32√)ߨ (6ቁߨ ݏ݋ܿܯ ቀݕ − 6ቁ) ௗܸ௖2ߨ  2ߨ 
3ߨ2  

1)ߨ− ߨ− + √32 ݏ݋ܿܯ ቀݕ + − (6ቁߨ ௗܸ௖2  

1)ߨ + √32 ݏ݋ܿܯ ቀݕ +  ߨ (6ቁߨ

3ߨ2  
6ߨ5  

ߨ− 1)ߨ− + − (ݕݏ݋ܿܯ32 ௗܸ௖2  

1)ߨ + 6ߨ5ߨ (ݕݏ݋ܿܯ32  
ߨ− ߨ 1)ߨ− + √32 ݏ݋ܿܯ ቀݕ − − (6ቁߨ ௗܸ௖2  

1)ߨ + √32 ݏ݋ܿܯ ቀݕ − ߨ (6ቁߨ
 

For different regions, as the reference will go through different subsectors, the equivalent 

reference and double Fourier integral limits will be different. Table 2-1 summarizes the integral 

limits of sector I, sector II, and sector III in region 3. The integral limits for region 2 and region 1 

are shown in Table 2-2 and 2-3 [216-218]. 

Dead-time will impact the harmonics amplitude. As the dead-time ݐௗ is small in the studied 

system (2% of the switching period ௦ܶ௪ ), its impact on harmonics is very small and can be 

neglected. For applications where dead-time is relatively large and needs to be considered, the 

inner integral limits shown in Table 3-1 should be modified by adding a term 2ݐߨௗ/ ௦ܶ௪ on the 

rising or falling edge according to the polarity of output current. For simplicity, dead-time effect 

is shown in the models. 
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2.1.3 Analytical Model for DC Side Current Harmonic of NPC Inverter 

Fig. 2-4 depicts the switching pattern and the current paths of the two dc-link capacitors of a 

three-level active NPC inverter. The positive line current ݅௣(ݐ) of a three-level NPC inverter is a 

combination of ac output currents and the uppermost switchܵଵு. The ac output current can be 

considered as sinusoidal if THD is small. Hence, the frequency domain expression of switched 

current of phase A in the dc side can be derived as (2-9). Here, ݏଵுି௔ represents the switching 

function of the uppermost switch ܵଵுି௔. ܫ଴ and ∅ are the amplitude of the phase output current 

and the power factor angle, respectively.  

The harmonic coefficient of switching function ݏଵுି௔ is expressed as ܥ௠௡ିଵ௔. According to 

the switching pattern, the double Fourier integral limits of ܥ௠௡ିଵ௔ is similar as the derived phase 

output voltage model in Table 2-1. The difference is that, the function ݂(ݔ,  is equal to 1 instead (ݕ

of ௗܸ௖/2 for the positive half cycle, and ݂(ݔ, − is equal to zero instead of (ݕ ௗܸ௖/2 for the negative 

half cycle. Then, ܥ௠௡ିଵ௔ can be determined, which is asymmetric in a fundamental cycle. This 

actually causes the input current frequency domain characteristics to be quite different from two-

level inverter case. As ܥ௠௡ିଵ௔ is determined, transforming (2-9) back to the time domain, the 

Fourier series of switched current of phase A in dc side and harmonic coefficient ܥ௠௡ି௔  are 

represented as (2-10).  

(߱)ௗ௖ି௔ܫ = (߱)଴௔ܫ⨂(߱)ଵுି௔ݏ = ଴௔2ܫ ቀ݁௝∅ݏଵுି௔(߱ − ߱଴) + ݁ି௝∅ݏଵுି௔(߱ − ߱଴)ቁ (2 − 9) 
(ݐ)ௗ௖ି௔ܫ = ଴଴ି௔2ܣ +෍[ܣ଴௡ି௔ cos(݊ݕ) + ଴௡ି௔ܤ sin(݊ݕ)]ஶ

௡ୀଵ
+ ෍ ෍ ௠௡ି௔ܣ] cos(݉ݔ + (ݕ݊ + ௠௡ି௔ܤ sin(݉ݔ + ஶ[(ݕ݊

௡ୀିஶ
ஶ

௠ୀଵ  
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଴଴ି௔ܣ = ଴2ܫ ∅ݏ݋଴ଵܿܣ) +  	(∅݊݅ݏ଴ଵܤ
௠௡ି௔ܣ = ଴2ܫ ൣ൫ܣ௠,௡ିଵିଵ௔ + ∅ݏ݋௠,௡ାଵିଵ௔൯ܿܣ + ൫ܤ௠,௡ିଵିଵ௔ +  ൧∅݊݅ݏ௠,௡ାଵିଵ௔൯ܤ

௠௡ି௔ܤ = ଴2ܫ ൣ൫ܤ௠,௡ିଵିଵ௔ + ∅ݏ݋௠,௡ାଵିଵ௔൯ܿܤ − ൫ܣ௠,௡ିଵିଵ௔ − ൧∅݊݅ݏ௠,௡ାଵିଵ௔൯ܣ (2 − 10) 
The contribution of phase B and phase C switched currents to the dc side current can be 

calculated similarly. Then, the harmonic coefficient ܥ௠௡ of ݅௣(ݐ) is derived by summing all three 

phases as (2-11). The harmonic spectrum of negative line current ݅௡(ݐ) is similar as ݅௣(ݐ) due to 

symmetry, and the neutral line current ݅௡௘௨(ݐ) harmonics can be calculated based on (2-12). 

(߱)ௗ௖ܫ = (߱)଴௔ܫ⨂(߱)௔ଵݏ + (߱)଴௕ܫ⨂(߱)௕ଵݏ + ௠௡ܥ (߱)଴௖ܫ⨂(߱)௖ଵݏ = ௠௡ି௔ܥ ൬1 + 2 cos ൬݊ 3ߨ2 ൰൰ (2 − 11)	݅ௗ௖ − ݅௖ଵ(ݐ) = ݅௣(ݐ), ݅௖ଶ(ݐ) − ݅ௗ௖ = ݅௡(ݐ), ݅௡௘௨(ݐ) = ݅஼ଵ(ݐ) − ݅஼ଶ(ݐ) = −݅௣(ݐ) − ݅௡(ݐ) (2 − 12) 
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Fig. 2-4.  Switching pattern and current path of a three-level active NPC. 
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To illustrate the difference of the dc side current harmonics between a three-level NPC inverter 

and a two-level inverter, the dc side current characteristics of the two-level inverter is briefly 

discussed. The dc side current spectrum of a two-level inverter with SVM is calculated, and the 

main components are shown in Fig. 2-5. The dc input current spectrum has the dc component, odd 

order carrier harmonic components such as ௖݂ ± 3 ଴݂, ௖݂ ± 9 ଴݂, and even order carrier harmonic 

components such as 2 ௖݂, 2 ௖݂ ± 6 ଴݂. Since the 1st carrier harmonic does not exist, the 2nd carrier 

harmonic is the dominant component. 

Then, based on the derived model, the dc side current spectrum of NPC converter is calculated 

and illustrated in Fig. 2-6. Fig. 2-6(a) shows the positive/negative line current spectrum, and Fig. 

2-6(b) is the neutral line current spectrum. Unlike the spectrum of a two-level inverter, the 

positive/negative line current has dc component, third order harmonics, and  ݉ ௖݂ ± 3݊ ଴݂ carrier 

harmonics for both odd order and even order carrier harmonics. The neutral line current does not 

have dc component, but it has third harmonics, odd order carrier harmonic components such as ௖݂, 

௖݂ ± 6 ଴݂, and even order carrier harmonics components such as 2 ௖݂ ± 3 ଴݂, 2 ௖݂ ± 9 ଴݂. The third 

harmonic and all the carrier harmonics have doubled amplitude compared to the positive/negative 

line current harmonics. The 1st carrier harmonic is the dominant component. The difference of dc 

side current harmonic characteristics between a two-level inverter and a three-level NPC inverter 

is caused by the NPC structure. The existence of the neutral line actually decouples the positive 

line and negative line current. Thus, more sideband harmonics exist in the NPC inverter.   
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Fig. 2-5. Dc side current spectrum of a two-level inverter with SVM when PF=1. 
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Fig. 2-6. Dc side current spectrum of a three level NPC inverter with NTSV when PF=1, (a) 

positive/negative line current, (b) neutral line current.  
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2.2 Impact of Interleaving on AC Voltage and DC side Current Harmonics  

The impact of interleaving angle on ac side voltage and dc side current harmonics of parallel 

interleaved three-level NPC inverters is studied in this section. For two interleaved inverters, if the 

interleaving angle of inverter 2 is ߛ with respect to inverter 1, the harmonic amplitude of two 

interleaved inverters output can be determined as (2-13). From (2-13), it is obvious that 

interleaving can reduce the amplitude of the output harmonics.  

௠௡,௔௩௚ܥ = 12 ห(ܥ௠௡,ଵ + ௠௡,ଶ݁௜௠ఊ)หܥ = ௠௡ܥ ቚcos ቀ݉2ߛ ቁቚ (2 − 13) 
2.2.1 Impact of Interleaving Angle on AC Voltage WTHD 

The weighted total harmonic distortion (WTHD) is a commonly used figure of merit to size the 

power filter requirements in the ac output side and is used for interleaving angle optimization. 

With the developed models, the ac side line voltage harmonics WTHD is calculated as a function 

of modulation index and interleaving angle. The results are shown in Fig. 2-7. From Fig. 2-7, 

interleaving angle range around 90°  is optimal to minimize WTHD for different modulation 

indexes. As the dominant high frequency components in the line voltage are the 2nd carrier 

harmonic sidebands 2 ௖݂ ± ଴݂ , 90 °  interleaving angle eliminate the 2nd carrier harmonic and 

sideband and thus significantly reduce WTHD. 
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Fig. 2-7. Ac side line to line voltage WTHD versus interleaving angle ( ଴݂ = ݖܪ	400 , ௖݂  .(ݖܪ݇	20=

 

2.2.2 Impact of Interleaving Angle on DC-link Capacitor RMS Current 

Based on the spectrum analysis, the dc side current of three-level NPC inverter has both low 

frequency and high frequency components. The low frequency components can be controlled if 

there is front-end converters, or closed-loop control, and is not impacted by interleaving angle. 

The high frequency components is the result of PWM switching and must be handled by dc-link 

capacitors. Dc-link capacitors are usually a weak point in the system and determine system 

reliability due to the thermal issues related to ripple current flowing through the capacitors. The 

capacitor high frequency ripple current rms value is used as the figure of merit for interleaving 

angle optimization. From Fig. 2-4(b) and relationship shown in (2-12), the high frequency 

harmonics in the positive/negative line will flow through the dc-link capacitor.  

With the developed models in section 2.1 and (2-13), the normalized dc-link capacitor high 



48 
 

frequency ripple current rms value is calculated as a function of modulation index, interleaving 

angle, and power factor. The results are shown in Fig. 2-8. The optimal interleaving angle range 

for dc-link capacitor ripple current rms is highly dependent on power factor and modulation index. 

The results show different trends compared to the interleaved two-level inverters. 

When the modulation index is high and power factor is high, the minimum dc-link capacitor 

ripple current rms value can be achieved when the interleaving angle range is around 180°. This 

can be expected as the 1st carrier harmonic exists and is the dominant high frequency component 

in the dc-link capacitor current, and 180° interleaving angle will totally eliminate the 1st carrier 

harmonic and its sidebands.  

When the modulation index is high and power factor is low, the minimum dc-link capacitor 

ripple current rms value can be achieved when the interleaving angle range is around 90°. This is 

because the 2nd carrier harmonic sidebands become the dominant high frequency component, and 

90° interleaving angle will eliminate the 2nd carrier harmonic and its sidebands.  

When the modulation index is low (in region 1), the dc-link capacitor ripple current rms value 

shows a complicated variation trend when the interleaving angle varies. This is because both the 

1st and 2nd and high order carrier harmonic sidebands are dominant in this case. 
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(a) 

 
(b) 

Fig. 2-8.  Dc side dc-link capacitor ripple current RMS value versus interleaving angle ( ଴݂ ,ݖܪ	400= ௖݂ =  .PF=1, (b) PF=0 (a) ,(ݖܪ݇	20

2.3 Impact of Switching Frequency and Interleaving on EMI Harmonics 

EMI filters are required in power converters to suppress the EMI harmonics and thus pass EMI 

standards. The size and weight of an EMI filter can be indicated by EMI filter corner frequency. 

A higher EMI filter corner frequency usually indicates a smaller filter. The impact of switching 
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frequency and interleaving angle on EMI filter corner frequency are analytically derived in this 

section.    

2.3.1 Relationship between Switching Frequency and EMI Filter Corner Frequency 

As the harmonics of ac side output phase voltage is calculated above, the EMI noise source for 

both common-mode and differential-mode voltages can be determined as (2-14) and (2-15). 

஼ܸெ = ஺ܸ + ஻ܸ + ஼ܸ3 = 13 ෍ ෍ ௠௡ܥ cos(݉ݔ + (ݕ݊ ൬1 + 2 cos ൬݊ 3ߨ2 ൰൰	ஶ
௡ୀିஶ

ஶ
௠ୀଵ (2 − 14) 

஽ܸெି஺ = ஺ܸ − ஼ܸெ (2 − 15) 
EMI filter corner frequency is actually determined by a certain EMI noise peak. The motor 

drive system in aircraft application is investigated. For CM noise, the motor CM impedance can 

be simply modeled as a capacitor. EMI noise currents need to meet DO-160 standards. The LISN 

schematic defined in DO-160 standards is shown in Fig. 2-9(a). The CM equivalent circuit for the 

CM noise propagation path is derived as shown in Fig. 2-9(b). 
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Fig. 2-9. (a) LISN used in DO-160 standards, (b) CM equivalent circuit. 
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As the EMI noise source and noise propagation path impedance are determined, and EMI 

standards are given, the required CM noise attenuation can be determined as (2-16). 

ோ஺(௙೔೙೏೐ೣ)ܫ = ଵ଴݃݋20݈ ቆ ஼ܸெ(௙೔೙೏೐ೣ) × 10଺ܼ஼ெ(௙೔೙೏೐ೣ) ቇ − ௦௧ௗ(௙೔೙೏೐ೣ)ܫ + Margin	 (2 − 16)	
where ܫோ஺(௙೔೙೏೐ೣ) ௦௧ௗ(௙೔೙೏೐ೣ)ܫ , , ஼ܸெ(௙೔೙೏೐ೣ) , and ܼ஼ெ(௙೔೙೏೐ೣ)  are the noise current required 

attenuation, EMI standards defined noise current limit level, CM noise voltage, and CM noise 

propagation path impedance at a certain frequency ௜݂௡ௗ௘௫, respectively. 

After the required noise attenuation is calculated and the EMI filter type is selected, the noise 

peak frequency ௣݂௞ which determines the EMI filter corner frequency can be identified with the 

flowchart shown in Fig. 2-10. Then, CM filter corner frequency can be calculated as (2-18). Here, 

the filter type is indicated by k (k=2 and k=4 represent single and two stage LC filters, respectively). 

ோ஺(௙೔೙೏೐ೣ)ܫ ≥ ݇ ቀ20݈݃݋ଵ଴( ௜݂௡ௗ௘௫) − ଵ଴൫݃݋20݈ ௣݂௞൯ቁ + ோ஺൫ܫ ௣݂௞൯	 (2 − 17)	
)ଵ଴݃݋݈ ௖݂) = ଵ଴൫݃݋݈ ௣݂௞൯ + ௦௧ௗ൫௙೛ೖ൯ܫ − ଵ଴݃݋20݈ ቆ ஼ܸெ൫௙೛ೖ൯10଺ܼ஼ெ൫௙೛ೖ൯ ቇ20݇ (2 − 18) 
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Fig. 2-10. Flow chart to determine the noise peak frequency. 

 

Then, the CM filter corner frequency ௖݂  as a function of switching frequency ௦݂  can be 

calculated. Fig. 2-11 shows a case study calculation results (ܥ௠௢௧௢௥ =  when one stage LC (ܨ݊	1

filter and two stage LC filter are assumed. The DM filter corner frequency calculation is similar 

and is not repeated here.  

Resonance may exist in the CM noise propagation path impedance if there is not enough 

damping. If the resonance frequency is close to the switching frequency or its multiples, it may 

become the noise peak frequency and largely impact the CM filter corner frequency. However, for 

a high density EMI filter design, it is better to damp the impedance resonance first and then design 

the EMI filter.  
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From Fig. 2-11, several findings are observed. When 20 kHz< ௦݂<150 kHz,  ௖݂ and ௦݂ have a 

non-linear relationship, some preferred ௦݂ exist such as 140 kHz. When 150 kHz< ௦݂<2 MHz, if 

single stage LC filter is applied,  ௖݂ has slight change as ௦݂ increases. If two or multiple stage LC 

filters are applied, ௖݂ increases fast as ௦݂ increases. This findings provide a guideline for switching 

frequency and EMI filter type selection.  

The non-linear relationship between ௖݂ and ௦݂ in the 20 kHz to 150 kHz range can be understood 

because the noise peak frequency and CM voltage harmonic amplitude are not changed linearly as 

switching frequency increases. The different trends of filter corner frequency between a single 

stage LC filter and a multiple stage filter when switching frequency is in the 150 kHz ~ 2 MHz 

range can also be explained. As switching frequency increases, the LC filter impedance increases, 

and the DO-160 EMI standard limit decreases at a slow rate of around 30 dB/dec. For single stage 

LC filter, the benefit gained from the increase of LC filter impedance is almost cancelled out by 

the decrease of the EMI standards limit. As a result,  ௖݂ has slight change as ௦݂ increases.  For 

multiple stage LC filter, the LC filter impedance increases much faster as switching frequency 

increases and outweighs the decrease of EMI standard limit. Thus,  ௖݂ increases fast as ௦݂ increases. 

MATLAB/SIMULINK simulations were conducted. CM filter corner frequency are determined 

for different switching frequencies as shown in Fig. 2-12. The trends how CM filter corner 

frequency varies with switching frequency match the calculation and conclusions above. 
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one stage LC filter 
(k=2)

two stage LC filter 
(k=4)

 

(a) (b) 

Fig. 2-11. Calculated corner frequency versus switching frequency, (a) single stage LC filter, and 

(b) two stage LC filter. 

 

  

(a) (b) 

Fig. 2-12. Design results of ac side CM filter corner frequency versus switching frequency, (a) 

single stage LC filter, and (b) two stage LC filter applied. 
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2.3.2 Impact of Interleaving on EMI Filter Corner Frequency 

According to (2-13), when symmetric interleaving (ߛ = ߨ ) is applied to two interleaved 

inverters, 

௠௡,௔௩௚ܥ = ௠௡ܥ ቚcos ቀ݉2ߨ ቁቚ = ൜ܥ௠௡,				݉	݅ݏ	݊ܽ	݊݁ݒ݁	,0ݎܾ݁݉ݑ݊								݉	ݏ݅	݊ܽ	݀݀݋	ݎܾ݁݉ݑ݊ (2 − 19) 
When asymmetric interleaving (ߛ ≠  ,is applied to two interleaved inverters (ߨ

௠௡,௔௩௚ܥ = ௠௡ܥ ቚcos ቀ݉2ݎ ቁቚ ≤ ௠௡ܥ (2 − 20) 
Hence, symmetric interleaving will eliminate the odd number carrier harmonics while keeping 

the even number carrier harmonics amplitude unchanged. Asymmetric interleaving could reduce 

the amplitude of all the harmonic components. When the objective is EMI noise and EMI filter 

reduction which is actually determined by certain harmonic peaks, asymmetric interleaving could 

be more effective. 

As the CM and DM voltage harmonics calculation, noise propagation path impedance 

calculation, and the noise peak frequency ௣݂௞  identification are illustrated, the relationship 

between interleaving angle and CM filter corner frequency is calculated as (2-21). The relationship 

between interleaving angle and ac side DM filter corner frequency can be calculated similarly. 

)ଵ଴݃݋݈ ௖݂) = ଵ଴൫݃݋݈ ௣݂௞൯ + ௦௧ௗ൫௙೛ೖ൯ܫ − ଵ଴݃݋20݈ ቌ ஼ܸெ൫௙೛ೖ൯ cos ቀmγ2 ቁ10଺ܼ஼ெ൫௙೛ೖ൯ ቍ20 ∙ ݇ (2 − 21) 
From (2-21), EMI filter corner frequency is a function of switching frequency, modulation 

index, interleaving angle, EMI filter type, and EMI noise propagation path impedance. Interleaving 

angle can be optimized to increase EMI filter corner frequency.  
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Whether the switching frequency is located in the EMI frequency range or not will influence 

the trend how EMI filter corner frequency varies as interleaving angle changes. Hence, two case 

studies are conducted.  

The first case is that switching frequency is ௦݂=70 kHz (<150 kHz). The CM and DM filter 

corner frequencies are calculated as a function of modulation index and interleaving angle. One 

stage filter is assumed (k=2). The results are shown in Fig. 2-13.  

From Fig. 2-13(a), the CM filter corner frequency peak is achieved when interleaving angle is 

around 180°, and the second optimal interleaving angle range is 30°~90°. From Fig. 2-13(b), the 

DM filter corner frequency peak is obtained when interleaving angle is around 30°~60°, and the 

second optimal interleaving angle range is around 120°~180°.  

In this case, the 1st and 2nd carrier harmonics are not in the EMI frequency range. Hence, the 3rd 

to 6th carrier harmonics are the potential candidates which may determine EMI filter corner 

frequency. For CM voltage harmonics, the 3rd and 5th harmonics are dominant, and 30°~60° and 

150°~180° interleaving angle range are preferred for harmonics reduction according to Fig. 2-14. 

For DM voltage harmonics, the 4th and 6th harmonics are dominant, and 30°~60° and 90°~120° 

interleaving angle range are preferred for harmonics reduction.  
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(a) 

 

(b) 

Fig. 2-13.  EMI filter corner frequency versus interleaving angle ( ௦݂ =  CM filter, (b) (a) ,(ݖܪ݇	70

DM filter. 
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Fig. 2-14. The 3rd, 4th, 5th and 6th carrier harmonics gain versus interleaving angle. 

 

The second case is that switching frequency is ௦݂=200 kHz (>150 kHz). In this case, the 1st and 

2nd carrier harmonics are in the EMI frequency range. The analysis is similar. The CM and DM 

filter corner frequencies are also calculated, and the results show that the CM filter corner 

frequency peak is achieved when interleaving angle is around 180° while the DM filter corner 

frequency peak is achieved when interleaving angle is in the 90° ~150° range.  

2.4 Experimental Results 

Two three-level NPC inverters are constructed to verify the key points in aforementioned 

analysis. Fig. 2-15 shows the circuit schematic and Fig. 2-16 shows the experiment platform. The 

inverter is tested at 200 V dc bus voltage. The ac output fundamental frequency is 400 Hz and 

carrier frequency is 60 kHz. RL load (R=20 Ω, L=320 uH for each phase) is applied.  
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Fig. 2-15. Circuit schematic Circuit schematic of two paralleled three-level ANPC inverters. 
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Fig. 2-16. Experiment platform of two paralleled three-level ANPC inverters. 
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2.4.1 Analytical Model Verification 

Fig. 2-17 shows the ac side output voltages and current with modulation index M=0.9. Fig. 2-

18(a) and Fig. 2-18(b) show the tested phase output voltage spectrum and the calculated spectrum 

with developed model, respectively. Table 2-4 summarizes the main components comparison 

between tested results and calculated results. The calculated harmonics frequency and amplitude 

match well with tested results.  

Fig. 2-19 shows the dc side input currents waveforms including the positive line current ݅௣, 

neutral line current ݅௡௘௨, and negative line current ݅௡. The definition of the currents are the same 

as shown in Fig. 2-4(b). Fig. 2-20(a) and Fig. 2-20(b) show the tested positive line current spectrum 

and the calculated spectrum with developed model, respectively. Fig. 2-21(a) and Fig. 2-21(b) 

show the tested neutral line current spectrum and calculated spectrum with developed model, 

respectively. The negative line current spectrum is the same as the positive line current.  

Table 2-5 summarizes the main components value comparison between tested results and 

calculated results. The calculated harmonics frequency and amplitude match well with tested 

results, and verifies the aforementioned dc side current harmonic characteristics analysis. 
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Line to line voltage Vab (250V/div)

Phase output voltage Va (250V/div)

Phase output current Ia (5A/div)

 

Fig. 2-17. Ac side output voltage and current. 
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(a) (b) 

Fig. 2-18. Spectrum of ac side phase output voltage, (a) tested results, (b) calculation results with 

developed models. 

Table 2-4. Comparison of Main Components of AC Phase Voltage. 

Harmonics/V ଴݂ 3 ଴݂ ௖݂ 2 ௖݂ ± ଴݂ 2 ௖݂ ± 3 ଴݂ 

Tested 89 18.7 46 16 1.1 

Calculated 90 19.2 46.8 16.5 1.3 
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(a) (b) 

Fig. 2-19. DC side input currents. (a) From top to bottom: output phase current i௔, input positive 

line current ݅௣, input neutral line current ݅௡௘௨, input negative line current ݅௡, (b) zoom in figures of 

(a) showing switching cycle waveforms. 

 

DC component
1st carrier & 

sideband

C
ur

re
nt

(A
)

DC 
component 1st carrier & 

sideband

 

(a) (b) 

Fig. 2-20. Spectrum of dc side positive line current, (a) tested results, (b) calculation results with 

developed models. 



63 
 

1st carrier & 
sideband 1st carrier & sideband

 

(a) (b) 

Fig. 2-21. Spectrum of dc side neutral line current, (a) tested results, (b) calculation results with 

developed models. 

Table 2-5. Comparison of Main Components of DC Input Currents. 

Harmonics/A DC 3 ଴݂ ௖݂ ௖݂ ± 6 ଴݂ 2 ௖݂ 2 ௖݂ ± 3 ଴݂ ݅௣ tested 3.16 0.21 2.1 0.19 1.2 0.18 ݅௣ calculated 3.02 0.18 2 0.22 1.1 0.15 ݅௡௘௨ tested 0 0.41 4.2 0.39 0 0.36 ݅௡௘௨ calculated 0 0.36 4.04 0.44 0 0.3 

 

2.4.2 Impact of Interleaving on AC Voltage and DC Side Current Harmonics 

The line voltage of paralleled inverters are measured with different modulation indexes and 

different interleaving angels. Fig. 2-22 shows line voltage waveforms with 0° and 90° interleaving 

angle, all at the condition M=0.9. Fig. 2-23 shows spectrum of line voltage. With 90° interleaving 

angle, the dominant components - second carrier frequency and sideband harmonics - are almost 

eliminated. Table 2-6 summarizes the WTHD of line voltage at different modulation indexes and 

interleaving angles. Minimum WTHD is achieved at around 90° interleaving angle. 
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Line to line voltage at load input Vab (250V/div)

Line to line voltage of inverter #1Vab1 (250V/div)

Phase output current (5A/div)

 

(a) (b) 

Fig. 2-22. Ac side voltage waveforms at M=0.9. From top to bottom: line to line voltage measured 

at load input, line to line voltage of inverter #1, and phase output current, (a) 0° interleaving angle, 

(b) 90° interleaving angle. 
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sideband
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2nd carrier & 
sideband

1st fundamental

 

(a) (b) 

Fig. 2-23. Spectrum of line voltage at M=0.9, (a) 0° interleaving angle, (b) 90° interleaving angle. 

Table 2-6. Line Voltage WTHD at Different Modulation Index and Interleaving Angles 

WTHD0 (%) M=0.9 M=0.4 0.114 0.108 180°=ߛ 0.051 0.036 90°=ߛ 0.14 0.12 0°=ߛ 

 



65 
 

The dc side currents are measured with different modulation indexes, different interleaving 

angles, and different power factors. Fig. 2-24 shows the dc side input current waveforms with 0° 

and 180° interleaving angle, all at the condition M=0.9. As RL load (R=20 Ω, L=320 uH for each 

phase) is adopted, the power factor is nearly PF =1. In Fig. 2-24, ringing can be observed in the 

switching cycle PWM waveforms. This is because the leads between the dc-link cap and switch 

phase leg is purposely increased for measuring input current. However, the ringing frequency is 

above MHz and will not impact the switching frequency harmonic characteristics.  

Fig. 2-25 shows the spectrum of positive line current harmonics. With 180° interleaving angle, 

the dominant components - the 1st carrier frequency and sideband harmonics - are eliminated. As 

the high frequency components of ݅௣ will go through dc-link capacitor C1, around 180° interleaving 

angle eliminates the dominant high frequency components and achieves minimum RMS ripple 

current in capacitor C1.   

 

Table 2-7. DC-link Capacitor High Frequency Current RMS Value with Different Modulation 

Index and Interleaving Angles (PF=1) 

Capacitor high frequency current RMS (A) M=0.9 M=0.4 (41%) 0.34 (45%) 0.79 180°=ߛ (61%)0.51 (65%) 1.15 90°=ߛ (100%)0.83 (100%) 1.76 0°=ߛ 
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(c) (d) 

Fig. 2-24. Dc side current waveforms at M=0.9 and PF=1. From top to bottom: output phase 

current i௔, input positive line current of inverter #1 ݅௣ଵ, input positive line current of inverter #2 ݅௣ଶ, and total input positive line current ݅௣, (a) 0° interleaving angle, (b) zoom in figures of (a) 

showing switching cycle waveforms, (c) 180° interleaving angle, (d) zoom in figures of (c) 

showing switching cycle waveforms. 
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(a) (b) 

Fig. 2-25. Spectrum of the positive line current ݅௣ at M=0.9 and PF=1, (a) 0° interleaving angle, 

(b) 180° interleaving angle. 

 

To verify the analysis with low power factor case, the RL load is changed to L load (R=0 Ω, 

L=320 uH for each phase), and the fundamental frequency is increased to 3 kHz and dc voltage 

reduced to 100 V to limit the output current level. In this case, the power factor is PF=0. Fig. 2-26 

shows the dc side input current waveforms with 0° and 90° interleaving angle, all at the condition 

M=0.9. Fig. 2-27 shows the spectrum of positive line current harmonics. With 90° interleaving 

angle, the dominant components – the 2nd carrier frequency and sideband harmonics - are 

significantly reduced. It can be observed that the 2nd carrier and sideband harmonics are not 

eliminated. This is because that ratio between the carrier frequency and fundamental frequency 

(60 kHz/3 kHz) is low in this case and the sidebands of 1st carrier frequency harmonic overlap with 

the sidebands of the 2nd carrier frequency harmonic. Table 2-8 summarizes the dc-link capacitor 

high frequency current RMS value at different modulation indexes and interleaving angles, all at 

power factor PF=0. In this case, the minimum dc-link capacitor ripple current rms value can be 

achieved when the interleaving angle is around 90°. The trend matches previous conclusion. 
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(c) (d) 

Fig. 2-26. Dc side current waveforms at M=0.9 and PF=0. From top to bottom: output phase 

current i௔, input positive line current of inverter #1 ݅௣ଵ, input positive line current of inverter #2 ݅௣ଶ, and total input positive line current ݅௣, (a) 0° interleaving angle, (b) zoom in figures of (a) 

showing switching cycle waveforms, (c) 90° interleaving angle, (d) zoom in figures of (c) showing 

switching cycle waveforms. 
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(a) (b) 

Fig. 2-27. Spectrum of the positive line current ݅௣ at M=0.9 and PF=0, (a) 0° interleaving angle, 

(b) 90° interleaving angle. 

Table 2-8. DC-link Capacitor High Frequency Current RMS Value with Different Modulation 

Index and Interleaving Angles (PF=0) 

Capacitor high frequency current RMS (A) M=0.9 M=0.4 (68%) 0.49 (81%) 1.65 180°=ߛ (51%)0.38 (46%) 0.93 90°=ߛ (100%)0.72 (100%) 2.04 0°=ߛ 

 

2.4.3 Impact of Interleaving on EMI Harmonics 

The EMI noise currents of the paralleled inverter system are measured with the EMI test 

receiver and RF probe following DO-160 standards. The operation condition is the same as 

previous. RL load is used. A 1nF capacitor and a 100 Ω damping resistor are added between the 

three phase RL load neutral point and ground to model the stray capacitance. 

The EMI noise currents are measured at different interleaving angles. Fig. 2-28 and Fig. 2-29 

show the measured ac side CM noise and DM noise at several typical interleaving angles and their 
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comparison with 0° interleaving angle, respectively. Different interleaving angles will reduce 

different carrier harmonics. For example, in Fig. 2-28 (a), the 60° interleaving angle eliminates the 

3rd carrier harmonics and reduces the 2nd and 4th carrier harmonics by half.  

150 kHz
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0° interleaving angle
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(a) 

150 kHz

1st 

2nd 
3rd 
4th 

5th 
0° interleaving angle

180° interleaving angle

 

(b) 

Fig. 2-28. Measured ac side CM noise at different interleaving angles and their comparison with 

0° interleaving angle, (a) 60° interleaving angle, (b) 180° interleaving angle. 
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(b) 

Fig. 2-29. Measured ac side DM noise at different interleaving angles and their comparison with 

0° interleaving angle, (a) 60° interleaving angle, (b) 180° interleaving angle. 
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(a) (b) 

Fig. 2-30. EMI filter corner frequency versus interleaving angles, (a) CM filter, (b) DM filter. 

 

With the measured EMI bare noises, EMI filter corner frequency can be determined. Fig. 2-30 

summarizes the CM filter corner frequency and DM filter corner frequency at different interleaving 

angles when one stage filter assumed. The trends match the conclusion in aforementioned analysis. 

With 60 kHz switching frequency, the CM filter corner frequency peak is achieved when 

interleaving angle is around 180°, and the second optimal interleaving angle range is 30°~90°. The 

DM filter corner frequency peak is obtained when interleaving angle range is around 30°~60°, and 

the second optimal interleaving angle range is around 120°~180°. 

2.5 Conclusion 

This chapter presents the modeling and reduction of harmonics in paralleled and interleaved 

three-level NPC inverters with SVM.  

First, the analytical models for harmonics calculation of three-level NPC inverter with SVM 

are developed, and the unique dc current harmonics characteristic of NPC inverter are identified. 

Accuracy of the models are experimentally verified.  
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Second, the impact of interleaving angle on ac voltage and dc current harmonics are 

comprehensively studied. The optimal interleaving angle to reduce dc-link capacitor high 

frequency current ripple is derived and experimentally verified, which is highly dependent on 

power factor and modulation index and different from the two-level inverter case. For example, at 

high modulation index, optimal interleaving angle range is around 180° and around 90° for high 

power factor and low power factor, respectively. However, in two-level inverter, the conclusion is 

opposite - the optimal interleaving angle range is around 90° and around 180° for high power factor 

and low power factor, respectively.  

Third, the impact of switching frequency and interleaving angle on EMI harmonics are 

analytically studied. The optimal interleaving angle ranges for CM and DM filter corner frequency 

are also derived and experimentally verified, which is highly dependent on switching frequency. 

For example, with 60 kHz switching frequency and impedance resonance well damped, around 

180° and 30°~90° interleaving angle ranges are preferred for CM filter, and 30°~60° and 120°~180° 

interleaving angle ranges are preferred for DM filter. 
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3. Space Vector Modulation to Reduce Circulating Current, CM 

Voltage, and Switching Loss for Paralleled Three-Level 

Inverters  

Circulating current exists when paralleled inverters have common dc and ac sides. Circulating 

current will distort the output currents, and degrade the paralleled inverter system performance. 

The low frequency circulating current can only be suppressed with control method. In addition to 

suppress the circulating current, reduce CMV and switching loss are also preferred to achieve high 

power density for the inverter system. The CMV generated by PWM switching actions may lead 

to problems such as the EMI noise, motor shaft voltage and bearing current in motor drive 

applications. Reducing CMV will reduce motor shaft voltage, reduce the required EMI filter, and 

increase system reliability and power density. Reducing converter switching loss leads to higher 

efficiency or smaller cooling system, and thus improves inverter system power density. However, 

conventional modulation and control method cannot achieve these control objectives in addition 

to suppress the low frequency circulating current. 

To overcome this limit and furthering previous study, this chapter proposes a space vector 

modulation which is capable to reduce the low frequency ZSCC, CMV, and inverter switching 

loss simultaneously for paralleled three-level inverters. 

3.1 Conventional Modulation Methods for Three-Level Inverter 

Fig. 3-1 shows the paralleled three-level active NPC inverters topology. Fig. 3-2 shows the 

space vectors of the three-level NPC converter, where P, O, and N represents voltage outputs of + ௗܸ௖/2, 0, and − ௗܸ௖/2, respectively. There are total 27 switching states which grouped to 19 
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vectors including six long vectors, six medium vectors, six small vectors, and one zero vectors. 

The small and zero vectors have redundant switching states. The vector hexagon is divided into 

six sectors. Each of them is further divided into four small subsectors. The CMV is defined as 

஼ܸெ = ௔ܸ௢ + ௕ܸ௢ + ௖ܸ௢3 (3 − 1) 
where ௔ܸ௢, ௕ܸ௢, and ௖ܸ௢ are inverter output voltages. The CMV levels of different switching state 

are summarized in Table 3-1. 
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Fig. 3-1. Paralleled three-level active NPC inverters. 
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Fig. 3-2. Space vectors of three-level inverter. 
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Table 3-1. CMV Levels of Different Switching States 

Vectors Switching State CMV Level 

Large PPN, NPP, PNP 

NPP, NNP, PNP 

+ ௗܸ௖/6 − ௗܸ௖/6 

Medium PON, OPN, NPO, 

NOP, ONP, PNO 

0 

Small POO, OPO, OOP 

OON, ONO, OON 

PPO, OPP, POP 

ONN, NON, NNO 

+ ௗܸ௖/6 − ௗܸ௖/6 + ௗܸ௖/3 − ௗܸ௖/3 

Zero OOO 

PPP 

NNN 

0 + ௗܸ௖/2 − ௗܸ௖/2 

 

 

3.1.1 NTSV and PDPWM 

The symmetric NTSV method uses the nearest three vectors in each subsector to synthesize the 

reference voltage, and both redundant switching states of the small vector are used. For example, 

in sector I subsector 2, the vectors POO/ONN, PON, and PNN are selected and the PWM 

sequences for three phases are shown as Fig. 3-3(a). The vectors for this modulation is equivalent 

to the carrier based phase deposition PWM (PDPWM), which use two carriers with phase 

deposition to synthesize the voltage reference as shown in Fig. 3-3(b). The modulation voltage 

reference are noted as ௔ܸ∗, ௕ܸ∗, and ௖ܸ∗.  
The key to achieve low frequency ZSCC control is that the modulation needs to have adjustable 
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AZSV in every switching cycle. For NTSV, the AZSV can be adjusted by adjusting the dwell time 

of the two redundant switching states of small vector (for example, POO/ONN). For PDPWM, 

adjusting the AZSV is realized by adjusting the injected zero-sequence voltage to the sinusoidal 

modulation reference.  

In conclusion, the NTSV and PDPWM methods have the ZSCC control capability. However, 

the NTSV and PDPWM methods have a CMV amplitude of ௗܸ௖/3, and six switching actions in 

one switching cycle. Therefore, these modulations cannot reduce the CMV and switching loss. 

ONN PPN POO PONPON PPN ONN

Va

Vb

Vc

 

(a) 

ONN PPN PON POO PON PPN ONN

Va*

Vb*

Vc*

Va

Vb

Vc

 

(b) 

Fig. 3-3. (a) PWM sequences of NTSV, (b) PWM sequences of carrier based PDPWM. 
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3.1.2 LMSZVM and PODPWM 

The LMSZVM method uses large, medium, small, and zero vector in each sector to synthesize 

the voltage. Fig. 3-4(a) shows the vectors in sector I. The vectors for this modulation is actually 

equivalent to the carrier based phase opposite deposition PWM (PODPWM), which use two 

carriers with opposite deposition to synthesize the voltage reference as shown in Fig. 3-4(c). The 

switching state of the small vector which has lower CMV amplitude is selected (POO or OON for 

sector I). Thus, the CMV amplitude of this method is reduced to ௗܸ௖/6. 

For LMSZVM, the AZSV can be adjusted by adjusting the dwell time of the small vector. Fig. 

3-4(b) shows the PWM sequences of three phases in sector I when small vector POO is selected. 

Similarly, for PODPWM, adjusting the AZSV is realized by adjusting the injected zero-sequence 

voltage to the sinusoidal modulation reference.  

The LMSZVM and PODPWM method does not further divide each sector into four subsectors 

like the regular three-level SVMs. Thus, it actually doesn’t use the nearest three vectors. Also, this 

modulation has six switching actions in one switching cycle even in the case that the circulating 

current is very small and the dwell time of the small vector is zero. 

In conclusion, the LMSZVM and PODPWM method have the ZSCC control capability and 

reduced CMV. However, this modulation method cannot reduce switching loss. 
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OOO POO PON PNN PON POO OOO

Va*

Vb*

Vc*

Va

Vb

Vc

 

(c) 

Fig. 3-4. (a) Vectors of LMSZVM in sector I, (b) PWM sequences of LMSZVM, (c) PWM 

sequences of carrier based PODPWM. 



80 
 

3.1.3 CMR Modulation 

The CMR modulation uses the nearest three vectors in each subsector to synthesize the 

reference voltage, and the redundant switching sate of the small vector with lower CMV amplitude 

are used. Thus, the CMV amplitude of this modulation is also reduced to ௗܸ௖/6. Fig. 3-5(a) shows 

the vectors in sector I, and Fig. 3-5(b) shows the PWM sequences for three phases of sector I 

subsector 2. As shown in Fig. 3-5(b), there is always one phase clamped to P or O or N and there 

are four switching actions in one switching cycle. 

PNNOOO POO

OON
PON

PPN

I

subsector 1 subsector 2

subsector3

subsector 4

Vsub1 Vsub2 Vsub4

Vsub3
Vsub5

Vsub6

 

(a) 

PNN POO PONPON PNN

Va

Vb

Vc

 

(b) 

Fig. 3-5. (a) Vectors of CMR modulation in sector I, (b) PWM sequences of CMR in sector I 

subsector 2. 
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The CMR modulation uses three vectors to synthesize the reference voltage and has no 

redundant switching state. When the reference voltage is determined, the dwell times of all the 

vectors used are fixed and the AZSV is fixed. Thus, CMR modulation loses the ZSCC control 

capability. 

In conclusion, the CMR method has reduced CMV and reduced switching loss, but cannot 

control ZSCC. 

3.2 Proposed Space Vector Modulation 

By reviewing the conventional modulation methods in last section, CMR modulation can 

reduce CMV and switching loss and is preferred for motor drive in aircraft applications. However, 

CMR modulation does not have ZSCC control capability and cannot be applied to the paralleled 

three-level inverters for suppressing low frequency ZSCC. This section proposes a space vector 

modulation which modifies the CMR modulation and thus ZSCC control can be achieved.  

3.2.1 Optimal Fourth Space Vector 

The basic idea to obtain ZSCC control capability is to introduce a fourth space vector to the 

three existing vectors of CMR modulation. Adding a fourth vector creates a dimension of freedom 

and thus adjustable AZSV in each switching cycle can be achieved. 

To better illustrate the selection of optimal fourth space vector, the dwell time calculation of 

the CMR modulation is briefly discussed. For the CMR modulation as shown in Fig. 5, take 

subsector 2 of sector I as an example, the dwell times of the three vectors can be calculated based 

on the volt-second balance principle as shown in (3-2). 

௥ܸ௘௙ሬሬሬሬሬሬሬԦ ௦ܶ = ௦ܸ௨௕ଶሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ଶ + ௦ܸ௨௕ସሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ସ + ௦ܸ௨௕ହሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ହ 
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௦ܶ = ௦ܶ௨௕ଶ + ௦ܶ௨௕ସ + ௦ܶ௨௕ହ (3 − 2)	
where ௦ܸ௨௕ଶሬሬሬሬሬሬሬሬሬሬԦ represents the vector POO, the labels for other vectors are shown in Fig. 5(a). The 

dwell times of the three vectors ௦ܸ௨௕ଶሬሬሬሬሬሬሬሬሬሬԦ, ௦ܸ௨௕ସሬሬሬሬሬሬሬሬሬሬԦ, and ௦ܸ௨௕ହሬሬሬሬሬሬሬሬሬሬԦ are denoted by ௦ܶ௨௕ଶ, ௦ܶ௨௕ସ, and ௦ܶ௨௕ହ, 

respectively. To simplify the calculation, three temporary constants ݐ௫, ݐ௬, ݐ௭ are defined as (3-3).   

௫ݐ =  ߠ݊݅ݏܯ3√2

௬ݐ = ߠݏ݋ܿܯ3 +  ߠ݊݅ݏܯ3√

௭ݐ = ߠݏ݋ܿܯ3 − ߠ݊݅ݏܯ3√ (3 − 3) 
where M is the modulation index, and ߠ represents the angle between the reference and d-axis. 

Then, the vectors dwell times in subsector 2 sector I are denoted as (3-4). As the dwell times 

are fixed, AZSV is fixed and CMR modulation loses the ZSCC control capability. 

௦ܶ௨௕ଶ = (2 − (௬ݐ ௦ܶ 
௦ܶ௨௕ସ = ௭ݐ) − 1) ௦ܶ 

௦ܶ௨௕ହ = ௫ݐ ௦ܶ (3 − 4) 
Based on the requirements, the optimal fourth vector needs to satisfy the following constraints: 

(a) the CMV amplitude of the fourth vector should be zero or ௗܸ௖/6; (b) the fourth vector should 

be not far away from the existing three vectors of CMR modulation in the vector plane; (c) after 

added, there should be no transition directly from P to N or N to P in each phase; (d) after added, 

the switching actions should be no more than six times in one switching cycle; (e) after added, the 

modulation should have adjustable AZSV in every switching cycle. 

The optimal fourth vector for each subsector in sector I is investigated. For subsector 2 as shown 

in Fig. 3-5(a), the three existing vectors are POO, PON, and PNN. To meet constraint (a) and (b), 
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the fourth vector candidates could be OOO, OON, PPN, OPN, PNO, ONO, and PNP. Then, to 

meet constraint (c), the remaining vectors are OOO, OON, PNO, and ONO. Then, to meet 

constraint (d), the remaining vectors are OOO and PNO. Now the constraint (e) is investigated. 

First, considering PNO is selected as the fourth vector. Based on the volt-second balance 

principle, (3-5) can be derived. The vector PNO and its dwell time are indicated as ௦ܸ௨௕଴ሬሬሬሬሬሬሬሬሬሬԦ and ௦ܶ௨௕଴, 

respectively. 

௥ܸ௘௙ሬሬሬሬሬሬሬԦ ௦ܶ = ௦ܸ௨௕ଶሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ଶ + ௦ܸ௨௕ସሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ସ + ௦ܸ௨௕ହሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ହ + ௦ܸ௨௕଴ሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕଴ 

௦ܶ = ௦ܶ௨௕ଶ + ௦ܶ௨௕ସ + ௦ܶ௨௕ହ + ௦ܶ௨௕଴ (3 − 5) 
There is non-unique solution for (3-5), and (3-6) can be derived. 

௦ܶ௨௕଴ + ௦ܶ௨௕ଶ = (2 − (௬ݐ ௦ܶ (3 − 6) 
Define a variable ݇ so that 

௦ܶ௨௕଴ = ݇൫2 − ௬൯ݐ ௦ܶ (3 − 7) 
Then, based on (3-5) and (3-7), the dwell time of other three vectors are calculated as (3-8). 

௦ܶ௨௕ଶ = (1 − ݇)൫2 − ௬൯ݐ ௦ܶ 
௦ܶ௨௕ସ = (t௭ − 1 − ݇(2 − ((௬ݐ ௦ܶ 
௦ܶ௨௕ହ = ቀt௫ + ݇൫2 − ௬൯ቁݐ ௦ܶ (3 − 8) 

The variable ݇ indicates the dwell time of the fourth vector ௦ܸ௨௕଴ሬሬሬሬሬሬሬሬሬሬԦ (PNO), from (3-8), when k 

changes, the dwell times of the other three vectors will also change. 

The CMV level of ௦ܸ௨௕ଶሬሬሬሬሬሬሬሬሬሬԦ, ௦ܸ௨௕ସሬሬሬሬሬሬሬሬሬሬԦ, ௦ܸ௨௕ହሬሬሬሬሬሬሬሬሬሬԦ, and  ௦ܸ௨௕଴ሬሬሬሬሬሬሬሬሬሬԦ are ௗܸ௖/6, − ௗܸ௖/6, 0, and 0, respectively. 

The AZSV in subsector 2 can be expressed as (3-9). 
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ܼܵܣ ௦ܸ௨௕௦௘௖௧௢௥ଶ = ௗܸ௖ ቀ16 ௦ܶ௨௕ଶ − 16 ௦ܶ௨௕ସ + 0 ∙ ௦ܶ௨௕ହ + 0 ∙ ௦ܶ௨௕଴ቁ௦ܶ (3 − 9) 
Substituting (3-8) to (3-9), it can be derived that 

ܼܵܣ ௦ܸ௨௕௦௘௖௧௢௥ଶ = ௗܸ௖൫3 − ௬ݐ − ௭൯6ݐ ௦ܶ (3 − 10) 
From (3-10), the variable ݇ is cancelled in the equation and AZSV is a constant, which means 

that adjustable AZSV and ZSCC control cannot be achieved. 

Second, considering OOO is selected as the fourth vector. Similarly, (3-11) can be derived. The 

vector OOO and its dwell time are indicated as ௦ܸ௨௕ଵሬሬሬሬሬሬሬሬሬሬԦ and ௦ܶ௨௕ଵ, respectively. 

௥ܸ௘௙ሬሬሬሬሬሬሬԦ ௦ܶ = ௦ܸ௨௕ଶሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ଶ + ௦ܸ௨௕ସሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ସ + ௦ܸ௨௕ହሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ହ + ௦ܸ௨௕ଵሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ଵ 

௦ܶ = ௦ܶ௨௕ଶ + ௦ܶ௨௕ସ + ௦ܶ௨௕ହ + ௦ܶ௨௕ଵ (3 − 11) 
There is non-unique solution for (3-11) and (3-12) can be derived.  2 ௦ܶ௨௕ଵ + ௦ܶ௨௕ଶ = (2 − (௬ݐ ௦ܶ (3 − 12) 

Define the variable ݇ so that 

௦ܶ௨௕ଵ = ݇൫1 − ௬/2൯ݐ ௦ܶ (3 − 13) 
Then, dwell times of other three vectors are calculated as (3-14). 

௦ܶ௨௕ଶ = (1 − ݇)൫2 − ௬൯ݐ ௦ܶ 
௦ܶ௨௕ସ = ቀt௭ − t௫ − (1 − ݇)൫2 − ௬൯ቁݐ ௦ܶ/2 

௦ܶ௨௕ହ = t௫ ௦ܶ (3 − 14) 
From (3-14), when ݇ changes, the dwell times of ௦ܸ௨௕ଶሬሬሬሬሬሬሬሬሬሬԦ and ௦ܸ௨௕ସሬሬሬሬሬሬሬሬሬሬԦ will also change while the 
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dwell time of ௦ܸ௨௕ହሬሬሬሬሬሬሬሬሬሬԦ is a constant. 

The AZSV in subsector 2 with the fourth vector OOO is calculated as (3-15).  

ܼܵܣ ௦ܸ௨௕௦௘௖௧௢௥ଶ = ௗܸ௖൫3(1 − ݇)൫2 − ௫ݐ+௬൯ݐ − ௭൯12ݐ ௦ܶ (3 − 15) 
The variable ݇ will impact the AZSV. When ݇ increases AZSV decreases, adjustable AZSV 

and ZSCC control can be achieved in every switching cycle. 

Therefore, the vector OOO is the only vector that can meet all the constraints and is the optimal 

fourth vector for subsector 2. The vector OOO is also the optimal vector for subsector 4 due to the 

symmetry.  

For subsector 3, the three existing vectors are OON, PON, and POO. To meet constraint (a), (b) 

and (c), the fourth vector candidates could be OOO, PNN, PPN, OPN, and PNO. Then, to meet 

constraint (d), the remaining vectors are OOO, OPN, and PNO. Now the constraint (e) is 

investigated. 

First, considering OPN is selected as the fourth vector. The relationship in (3-16) can be derived. 

The vector OPN and its dwell time are indicated as ௦ܸ௨௕଴ሬሬሬሬሬሬሬሬሬሬԦ and ௦ܶ௨௕଴, respectively. 

௥ܸ௘௙ሬሬሬሬሬሬሬԦ ௦ܶ = ௦ܸ௨௕ଶሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ଶ + ௦ܸ௨௕ଷሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ଷ + ௦ܸ௨௕ହሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ହ + ௦ܸ௨௕଴ሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕଴ 

௦ܶ = ௦ܶ௨௕ଶ + ௦ܶ௨௕ଷ + ௦ܶ௨௕ହ + ௦ܶ௨௕଴ (3 − 16) 
There is non-unique solution for (3-16) and (3-17) can be derived.  

2 ௦ܶ௨௕଴ + ௦ܶ௨௕ଷ = (1 − (௭ݐ ௦ܶ (3 − 17) 
Define a variable ݇ so that 

௦ܶ௨௕଴ = ݇(1 − (௭ݐ ௦ܶ/2 (3 − 18) 
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Then, dwell time of other three vectors are calculated as (4-19). 

௦ܶ௨௕ଷ = (1 − ݇)(1 − (௭ݐ ௦ܶ 
௦ܶ௨௕ଶ = ቀ3 − t௫ − t௬ − (1 − ݇)(1 − ௭)ቁݐ ௦ܶ/2 

௦ܶ௨௕ହ = ൫t௬ − 1൯ ௦ܶ (3 − 19) 
The AZSV in subsector 3 with the fourth vector OPN is calculated as (3-20).  

ܼܵܣ ௦ܸ௨௕௦௘௖௧௢௥ଷ = ௗܸ௖൫3 − ௫ݐ − ௬ݐ − 3(1 − ݇)(1 − ௭൯12ݐ ௦ܶ (3 − 20) 
From (3-20), the variable ݇ will impact the AZSV, and adjustable AZSV and ZSCC control can 

be achieved in every switching cycle. 

When vector PNO is selected as the fourth vector, the situation is similar as OPN due to the 

symmetry, ZSCC control can also be achieved. 

Second, considering OOO is selected as the fourth vector. (3-21) can be derived. 

௥ܸ௘௙ሬሬሬሬሬሬሬԦ ௦ܶ = ௦ܸ௨௕ଶሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ଶ + ௦ܸ௨௕ଷሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ଷ + ௦ܸ௨௕ହሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ହ + ௦ܸ௨௕ଵሬሬሬሬሬሬሬሬሬሬԦ ௦ܶ௨௕ଵ 

௦ܶ = ௦ܶ௨௕ଶ + ௦ܶ௨௕ଷ + ௦ܶ௨௕ହ + ௦ܶ௨௕ଵ (3 − 21) 
Based on (3-21), (3-22) can be derived. 

௦ܶ௨௕ଵ + ௦ܶ௨௕ଶ = (1 − (௫ݐ ௦ܶ (3 − 22) 
Define a variable ݇ so that 

௦ܶ௨௕ଵ = k(1 − (௫ݐ ௦ܶ (3 − 23) 
Then, dwell times of other three vectors are calculated as (3-24). 

௦ܶ௨௕ଶ = (1 − ݇)(1 − (௫ݐ ௦ܶ 
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௦ܶ௨௕ଷ = ൫t௫ − t௭ + (1 − ݇)(1 − ௫)൯ݐ ௦ܶ 
௦ܶ௨௕ହ = ൫t௭ − (1 − ݇)(1 − ௫)൯ݐ ௦ܶ (3 − 24) 

The AZSV in subsector 3 with the fourth vector OOO is calculated as (3-25)  

ܼܵܣ ௦ܸ௨௕௦௘௖௧௢௥ଷ = ௗܸ௖(ݐ௭ − ௫)6ݐ ௦ܶ (3 − 25) 
Although variable ݇ will impact dwell times of all the vectors, from (3-25), the variable ݇ is 

cancelled and AZSV is a constant. Thus, adjustable AZSV and ZSCC control cannot be achieved. 

Therefore, the vector OPN and PNO are the only two vectors that can meet all the constraints 

and are the optimal fourth vectors for subsector 3. OPN and PNO are also the optimal vectors for 

subsector 1 due to the symmetry.  

In conclusion, the optimal fourth vector for subsector 1 and subsector 3 is OPN or PNO, and 

the optimal fourth vector for subsector 2 and subsector 4 is OOO. Due to the symmetric, the 

optimal fourth vector for other sectors can be analyzed with the same procedure. It can be conclude 

that for subsector 2 and subsector 4 of all the six sectors, the optimal fourth vector is OOO. If OPN 

is selected as the optimal fourth vector for subsector 3 and subsector 1 of sector I, the optimal 

fourth vector will be NPO, NOP, ONP, PNO, and PON for subsector 3 and subsector 1 from sector 

II to sector VI.   

Table 3-2 lists the PWM sequences of the proposed modulation in sector I. The three phase 

voltages PWM pattern of the proposed modulation and its comparison to CMR modulation are 

shown in Fig. 3-6.  
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Table 3-2. PWM Sequences of Proposed Modulation (Sector I) 

Subsector PWM Sequences 

2 PNN, PON, POO, OOO, POO, PON, PNN  

3 OPN, OON, PON, POO, PON, OON, OPN 

4 OOO, OON, PON, PPN, PON, OON, OOO 

1 OPN, OON, OOO, POO, OOO, OON, OPN 

 

PNN POO PONPON PNN

Va

Vb

Vc

PNN POO PONPON PNN

Va

Vb

Vc

OOOPOO  

(a) 

OON POO PONPON OON

Va

Vb

Vc

OON POO PONPON OPN

Va

Vb

Vc

OPN OON  

(b) 

Fig. 3-6. Comparison of CMR modulation (left) and the proposed modulation (right) in sector I, 

(a) subsector 2, (b) subsector 3, (c) subsector 4, and (d) subsector 1. 
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Fig. 3-6. Continued. 

 

The dwell time of the added fourth vector is a variable and can be regulated by the ZSCC control 

loop. From Fig. 3-6, the proposed modulation modifies the PWM pattern of the phase which is 

clamped to P or O or N in the CMR modulation, and does not change the PWM pattern of other 

two phases. The added fourth vector increase the switching actions from four to six times in one 

switching cycle. However, when the circulating current is small and within the limit value, the 

ZSCC control will not regulate and the dwell time of the fourth vector will be zero. The switching 
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action will still be four times in one switching cycle. When the circulating current is not small and 

the ZSCC control regulates, one inverter will have four switching actions and the other inverter 

will have six switching actions. Thus, switching loss will still be reduced. Controller 

Implementation 

The dwell time of the fourth vector is indicated by the variable ݇, which has a linear relationship 

with AZSV. From (3-15), (3-20), (3-32), and (3-37), it can be conclude that the AZSV will 

decrease when k increases in subsector 2 while the AZSV will increase when k increases in 

subsector 1, subsector 3, and subsector 4 of sector I. The relationship between ݇ and the AZSV in 

other sectors can be calculated with the same procedure. Table 3-3 summarizes how ݇ impact the 

AZSV in all sectors. 

The zero-axis current loop for paralleled inverters is a first-order system as discussed in 

previous literature. The ZSCC control block diagram is shown in Fig. 3-7. The ZSCC controller 

can be a PI controller or deadbeat controller. Assume the ZSCC controller output is variable ܿ as 

shown in Fig. 3-7. To combine the proposed modulation and ZSCC closed loop control, the 

relationship between controller output ܿ and variable ݇ need to be established. 

 

Table 3-3. Impact of k on AZSV at Different Sectors  

sector subsector k AZSV 

I, III, V 2 ↑ ↓ 

1, 3, 4 ↑ ↑ 

II, IV, VI 2 ↑ ↑ 

1, 3, 4 ↑ ↓ 
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Fig. 3-7. ZSCC control block diagram. 

 

As discussed, when the measured ZSCC ݅௭  is small and within the limit ݅௭_௟௜௠௜௧ , the ZSCC 

control is not required. Then, ݇ = 0, the proposed modulation is the same as the CMR modulation. 

The total switching actions in one switching cycle for two converters reduce to eight times.  

When the measured ZSCC ݅௭  exceeds the limit ݅௭_௟௜௠௜௧ , the ZSCC control works. When the 

ZSCC of one inverter is smaller than 0, which means that the AZSV of this inverter is smaller than 

another inverter. Then, the ZSCC controller output ܿ of this inverter will increase to increase the 

AZSV, and the ZSCC will be regulated to approach zero. According to relationship between ݇ and 

AZSV in table III, let ݇ = ܿ if the reference is located in subsector 1, subsector 3, and subsector 4 

of sector I, sector III, and sector V or in subsector 2 of sector II, sector IV, and sector VI. Then, ݇	increases and AZSV increases, the control goal is achieved. Let ݇ = −ܿ if the reference is 

located in subsector 2 of sector I, sector III, and sector V or in subsector 1, subsector 3, and 

subsector 4 of sector II, sector IV, and sector VI. Then, ݇	decreases and AZSV increases, the 

control goal is achieved. When the ZSCC of one inverter is larger than 0, the analysis is similar. 

In summary, let ݇ = ܿ  when the reference is located in subsectors that AZSV and ݇  has a 

positive coefficient, and let ݇ = −ܿ when the reference is located in subsectors that AZSV and ݇ 

has a negative coefficient.  
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As ܿ could be either larger than 0 or smaller than 0, but 0 ≤ ݇ ≤ 1 need to be satisfied based 

on its definition. Assuming at some time constant the ZSCC of inverter 1 is larger than 0 and thus 

controller output ܿ is smaller than 0, the reference is located in the subsector that ݇ = ܿ. Then, ݇ 

will be smaller than 0. In this case, let ݇ = 0 for inverter 1, which means the PWM pattern of 

inverter 1 is the same of CMR modulation. However, the ZSCC is still controllable because at the 

same time the ZSCC of inverter 2 is smaller than 0 and thus controller output ܿ is larger than 0. 

Then, ݇ of inverter 2 will be larger than 0. The AZSV of inverter 2 will increase to regulate the 

ZSCC approaching 0. 

izi=(iai+ibi+ici)/3

izi<Ilimit

ZSCC controller

ci

ki=ci or ki=-ci based on 
different sector and subsector

ki<0

Implement with proposed 
modulation

ki=0

Yes

No

Yes
No

 

Fig. 3-8. Flow chart to combine proposed modulation and control. 
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Based on this analysis, Fig. 3-8 illustrates the flowchart to determine variable ݇ of the proposed 

modulation. The index i as shown in Fig. 3-8 indicates the ith inverter. For two paralleled inverters, 

there is at least one inverter that keeps ݇ = 0  when ZSCC control works. With proposed 

modulation and control, the switching actions of two inverters reduce to eight times or ten times 

from twelve times of the conventional modulation. For each inverter, it only needs the current 

information of its own and the current information of other inverters are not required. Therefore, 

the control strategy can be applied to multiple paralleled inverters. 

3.2.2 Discuss on Neutral Point Voltage Balance 

For motor drive in aircraft applications, the input dc source is three wire plus/minus 

configuration as shown in Fig. 3-1. Hence, the two capacitor voltages of three-level NPC inverter 

are forced to be balanced. No extra NP balancing control is needed. To not lose generality for other 

applications where the dc-link neutral point is floating, the NP voltage balance is briefly discussed 

in this section. 

There is similarity between the ZSCC control and NP voltage balancing control of three-level 

NPC inverters. The NP voltage balance problem is thoroughly studied in previous literature. The 

essence of NP voltage balancing methods is the same as the ZSCC control methods – zero sequence 

adjusting. The control goal can be achieved by adjusting the injected zero-sequence voltage for 

carrier based PWM or adjusting the dwell time of redundant vectors for space vector based PWM. 

The difference between the ZSCC control and NP voltage balancing control is just that ZSCC is 

dependent on zero sequence voltage while NP voltage is dependent on zero sequence current. 

Previous literature has shown that modulation with ZSCC control capability can actually control 

the NP voltage. 



94 
 

How the proposed modulation impacts and controls the NP voltage balance is discussed in this 

section. For simplification, only the case that the output voltage and current has the same polarity 

is analyzed. When the load power factor is not unity there is a chance that the output voltage and 

current have different polarity. However, the analysis method is the same. 

The NP voltage will be influenced when output current is connected to the NP point. As shown 

in Fig. 3-9, point O is the neutral point. If the averaged NP current ݅௡ in a switching cycle is larger 

than zero, the lower capacitor is discharged and ௖ܸଶ decreases. If ݅௡ is smaller than zero, the lower 

capacitor is charged and ௖ܸଶ increases. The impact of variable k on NP voltage ௖ܸଶ is investigated 

using sector I as an example. 

For subsector 2, vectors OOO and PNN will not impact the NP voltage, and vector PON dwell 

time is not impacted by variable ݇ based on (3-14). Hence, variable ݇ actually impacts the NP 

voltage by adjusting the dwell time of vector POO. Vector POO charges the lower capacitor and 

௖ܸଶ increases. Therefore, when variable k	increases, ௦ܶ௨௕ଶ (dwell time of POO) decreases based 

on (3-14), then ௖ܸଶ decreases. 

+
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+
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Fig. 3-9. NP in the three-level inverter. 
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For subsector 4, the analysis is similar to subsector 2. Variable ݇  actually impacts the NP 

voltage by adjusting the dwell time of vector OON. When variable k	increases, ௦ܶ௨௕ଷ (dwell time 

of OON) decreases, then ௖ܸଶ increases. 

For subsector 3, when variable ݇ changes, the dwell times of vectors OPN, POO and OON will 

change while the dwell time of vector PON is not impacted based on (3-19). Thus, variable ݇ 

impacts the NP voltage by adjusting the dwell times of OPN, POO and OON. The averaged NP 

current ݅௡ is formed by (3-26). 

݅௡ = ௦ܶ௨௕଴݅௔ + ௦ܶ௨௕ଶ(−݅௔) + ௦ܶ௨௕ଷ(−݅௖) + ௦ܶ௨௕ହ݅௕ (3 − 26) 
where ௦ܶ௨௕଴, ௦ܶ௨௕ଶ, ௦ܶ௨௕ଷ, and ௦ܶ௨௕ହ represents the dwell times of vectors OPN, POO, OON, and 

PON, respectively. The three phase output currents are indicated by ݅௔, ݅௕, and ݅௖. 
Based on (3-19), (3-27) is derived. 

௦ܶ௨௕଴ − ௦ܶ௨௕ଶ = ௫ݐ + ௬ݐ − ௭ݐ − 22 (3 − 27) 
The variable ݇ is actually cancelled in (3-27). From (3-26) and (3-27), although variable ݇ 

impacts the dwell times of OPN and POO, their influence on the NP voltage cancelled with each 

other. Hence, variable ݇ actually impacts the NP voltage by adjusting the dwell time of vector 

OON. Vector OON discharges the lower capacitor and ௖ܸଶ decreases. Therefore, when variable ݇	increases, ௦ܶ௨௕ଷ decreases based on (3-19), then ௖ܸଶ increases. 

For subsector 1, the analysis is similar to subsector 3. Variable ݇  actually impacts the NP 

voltage by adjusting the dwell time of vector OON. When variable ݇	increases, ௦ܶ௨௕ଷ decreases, 

then ௖ܸଶ increases. 
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Table 3-4. Impact of ݇ on NP Voltage at Different Sectors  

sector subsector k NP Voltage ௖ܸଶ 

I, III, V 2 ↑ ↓ 

1, 3, 4 ↑ ↑ 

II, IV, VI 2 ↑ ↑ 

1, 3, 4 ↑ ↓ 

 

The variable ݇ has a linear relationship with NP voltage. Table 4-4 summarizes how ݇ impact 

the NP voltage in all sectors. The trend is the same as how ݇ impact the AZSV. Both ZSCC control 

and NP voltage balance control can be settled with proposed modulation. When ݅௭ < 0 and ௖ܸଶ −
ௗܸ௖/2 < 0 or When ݅௭ > 0 and ௖ܸଶ − ௗܸ௖/2 > 0, the ZSCC regulation is also helpful to balance 

the NP voltage. When ݅௭ < 0  and ௖ܸଶ − ௗܸ௖/2 > 0  or When ݅௭ > 0  and ௖ܸଶ − ௗܸ௖/2 < 0 , the 

variable ݇ can be selected by the relatively higher value comparing the ZSCC controller output 

and NP voltage balance controller output.  

3.3 Simulation and Experimental Results 

Simulation and experiments are conducted on two paralleled active NPC inverters to verify the 

theoretical analysis on the proposed modulation. The RL load is used for this study. Main 

parameters for the simulation and experiment are listed in Table 3-5. 

3.3.1 Simulation Results 

Fig. 3-10 shows the CMV comparison with NTSV modulation and the proposed modulation. 

CMV magnitude of the proposed modulation has been reduced to half of the NTSV modulation. 
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Table 3-5. Parameters for Simulation and Experiment 

DC input voltage 300 V 

Carrier frequency 60 kHz 

Fundamental frequency 100 Hz 

MOSFETs Wolfspeed C3M0065100K 

RL load L=320 uH, R=10 Ω, each phase 

Output  inductor Lc 250 uH / 450 uH 
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Fig. 3-10. CMV level comparison, (a) with conventional NTSV modulation, (b) with the proposed 

modulation. 
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PWM mismatch is usually one of the factors causing asymmetry in paralleled inverters. In the 

simulation, the two inverters have different dead-time delay. Different modulation schemes 

including NTSV, CMR and proposed modulation are applied. The ZSCC can be suppressed with 

NTSV and proposed modulation.  

Fig. 3-11 shows the phase output voltage comparison. The phase output voltage with proposed 

modulation has been clamped to P or O or N at some time, which indicates that the phase is 

clamped and has only four switching actions in one switching cycle at these time instants. Thus, 

the proposed modulation reduces switching loss compared to conventional NTSV method. The 

device loss with all the modulation are summarized in Table 3-6. From the results, the proposed 

modulation has smaller switching loss than NTSV and a little larger switching loss than CMR. The 

proposed modulation has smaller conduction loss than CMR due to smaller circulating current. 

Hence, the total loss of proposed modulation is almost equal to CMR modulation in this case. The 

output THD comparison with all the modulation schemes is summarized in Table 3-7. The THD 

of proposed modulation is higher than NTSV and almost the same as CMR.   
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Fig. 3-11. Phase output voltage comparison - conventional NTSV modulation, CMR modulation 

and the proposed modulation. 

Table 3-6. Devices Loss Comparison 

 conduction loss switching loss total loss 

NTSV 12.5 W 7.6 W 20.1 W 

CMR 13.3 W 4.6 W 17.9 W 

Proposed mod. 12.7 W 5 W 17.7 W 

 

Table 3-7. Current THD Comparison 

 THD of inverter 1 or inverter 2 current THD of total output current 

NTSV 2.5% 1.5% 

CMR 5.2% 2% 

Proposed mod. 3.5% 2.1% 
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To further verify the ZSCC control capability of proposed modulation, comparison is conducted 

with CMR modulation and with proposed modulation assuming unequal current reference. From 

Fig. 3-12, it can be observed that the ZSCC can be effectively controlled with proposed modulation. 

To verify the analysis on neutral point voltage balancing capability of the proposed method, the 

simulation is conducted which the neutral point is floating. The initial voltages of the two capacitor 

are set to be different values. Fig .3-13 shows the results with the proposed modulation and control 

strategy. The voltages of the two capacitors can be well regulated and balanced.  
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Fig. 3-12. Phase output currents and ZSCC with unequal current reference, ܫଵ_௥௘௙ = ଶ_௥௘௙ܫ ,ܣ	4  .with CMR modulation, (b) with the proposed modulation (a) ,ܣ	8=
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Fig. 3-13. Voltages of the two dc-link capacitors. 

 

3.3.2 Experimental Results 

Two paralleled three-level NPC inverters are constructed for experiment. Fig. 3-14 shows three 

phases output voltages and CMV when the conventional NTSV modulation is applied. Fig. 3-15 

shows three phases output voltages and CMV when the proposed modulation is applied with ݇=0.  

Comparing Fig. 3-14 and Fig. 3-15, the CMV amplitude with proposed modulation reduces to 

half of the CMV amplitude with conventional NTSV method. The output phase voltage of 

proposed modulation will be clamped to P or O or N in certain subsectors, which is a characteristic 

of discontinuous PWM. Hence, switching loss is also reduced. 

Similar to simulation, the experiment is conducted at the case that the two inverters has different 

dead-time delay (167 ns difference). Dead-time difference among paralleled inverters generates 

low frequency harmonics, distorts the current and increases ZSCC. Fig. 3-16 (a) and Fig. 3-16(b) 

shows the phase output currents and ZSCC without control and with proposed modulation and 

control, respectively. From Fig. 3-16 (b), current distortion and ZSCC are well suppressed with 

the proposed method. 
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Fig. 3-14. Three phases output voltage and CMV. 

Vao (250V/div)
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Fig. 3-15. Three phases output voltage and CMV. 

 

 



103 
 

ia1 (5A/div) 

ia2 (5A/div) 

3iz1=ia1+ib1+ic1 (2A/div) 
 

(a) 

ia1 (5A/div) 

ia2 (5A/div) 

3iz1=ia1+ib1+ic1 (2A/div) 
 

(b) 

Fig. 3-16. Experiment waveforms when PWM mismatch exists among two paralleled inverters, 

(a) without control, (b) with proposed modulation and control strategy.  

 

As discussed, when ZSCC is very small and within the limit, variable k will be zero to reduce 

switching loss. When ZSCC may exceed the limit value, ZSCC controller output is set to variable 

k to suppress ZSCC. Fig. 3-17 shows the phase output voltage comparison in the two cases. There 

is extra pulses in Fig. 3-17(b) at the position which is clamped to P or O or N in Fig. 3-17(a), which 
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indicating that the ZSCC controller is working to reduce the ZSCC. From Fig. 3-17(b), there is 

only one inverter have extra pulses at one time constant while another inverter is still clamped. 

These matches previous analysis. In the worst case, there is ten switching actions in one switching 

cycle for two paralleled inverters. Switching loss is still reduced compared to conventional NTSV 

method which have twelve switching actions in one switching cycle for two inverters. 

To further demonstrate the ZSCC control ability of proposed modulation, comparison 

experiments are conducted with the proposed modulation and with CMR modulation. Fig. 3-18 

shows the phase output currents and ZSCC when the two paralleled inverters have unequal current 

reference (ܫଵ_௥௘௙ = ଶ_௥௘௙ܫ and ܣ	4 =  Fig. 3-19 shows the phase output currents and ZSCC .(ܣ	8

when the two paralleled inverters have unequal output inductances (ܮ௖ଵ = ܪݑ	450  and ܮ௖ଶ  For both cases, large ZSCC occurs and distorts the current when CMR modulation is .(ܪݑ	250=

applied as CMR modulation does not have ZSCC control ability. When the proposed modulation 

applied, the ZSCC are well suppressed and current distortion are significantly reduced. 
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Vao1, Vao2 (50V/div)

 

(a) 

Vao1, Vao2 (50V/div)

 

(b) 

Fig. 3-17. Experiment waveforms of the phase output voltage, (a) ZSCC is small and within the 

limit, (b) ZSCC may exceed the limit.  
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(b) 

Fig. 3-18. Experiment waveforms when two paralleled inverters have unequal current reference, ܫଵ_௥௘௙ = ଶ_௥௘௙ܫ ,ܣ	4 = ௖ଵܮ ,ܣ	8 = ௖ଶܮ =  with CMR modulation, (b) with the proposed (a) ,ܪݑ	250

modulation. 
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Fig. 3-19. Experiment waveforms when two paralleled inverters have unequal output inductance, ܫଵ_௥௘௙ = ଶ_௥௘௙ܫ = ܣ	6 ௖ଵܮ, = ܪݑ	450 , ௖ଶܮ	 = ܪݑ	250  (a) with CMR modulation, (b) with the 

proposed modulation. 
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3.4 Conclusion 

This chapter proposes a space vector modulation for paralleled three-level inverters which 

reduces the ZSCC, the CMV and switching loss simultaneously. The proposed modulation has 

adjustable AZSV in every switching cycle and thus ZSCC control can be achieved. The proposed 

modulation only uses vectors with a CMV magnitude equal to or smaller than ௗܸ௖/6. Hence, the 

CMV is reduced to half of conventional modulations. When ZSCC is small and within defined 

limit, the proposed modulation is the same as CMR modulation, and switching action is eight times 

for two paralleled inverters. When ZSCC exceeds the limit, even for the worst case that the fourth 

vector regulates in every switching cycle, the switching action is ten times for two inverters. 

Therefore, switching loss is reduced compared to the conventional modulations which have twelve 

switching actions for two inverters. Simulations and experiment results are demonstrated and 

verify the feasibility and validity of the proposed modulation method.    
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4. Coupled Inductor Flux Minimization for Parallel Interleaved 

Three-Level Inverters 

Coupled inductor (which is also termed intercell transformer in some literature) is usually used 

as circulating current filter to suppress high frequency circulating current in parallel interleaved 

inverters. Due to strong magnetic coupling effect, the low frequency flux linkage components 

generated by the line currents of two parallel interleaved inverters in the coupled inductor are 

cancelled. Hence, only high frequency flux linkage components exist. The size and weight of 

coupled inductor can be reduced by reducing either the maximum flux linkage or the core loss. In 

high power applications, because the switching frequency is relatively low, the coupled inductor 

design is usually limited by the saturation of magnetic cores, which is determined by the maximum 

flux linkage in the coupled inductor. The PWM method for coupled inductor flux linkage reduction 

in parallel interleaved three-level inverters as shown in Fig. 4-1 is investigated in this chapter. A 

modulation method is proposed which could achieve lowest maximum flux linkage for the coupled 

inductor in parallel interleaved three-level inverters for all modulation indexes. 
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Fig. 4-1. Parallel interleaved three-level active NPC inverters. 
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4.1 Modulation for Coupled Inductor Flux Linkage Reduction  

4.1.1 Flux Linkage of Coupled Inductor 

The circulating current between two inverters is defined as 

௑,௖ܫ = ௑ଵܫ − ௑ଶ2ܫ (4 − 1) 
where X = {A, B, C}, ܫ௑ଵ  and ܫ௑ଶ  are the resultant phase currents of two parallel interleaved 

inverters, and ܫ௑,௖ denotes the circulating current. 

The flux linkage is expressed as 

(ݐ)௑ߣ = ௑,௖ܫ஼ܮ = න( ௑ܸଵ௢ − ௑ܸଶ௢)݀ݐ (4 − 2) 
where ௑ܸଵ௢  and ௑ܸଶ௢  are the phase-neutral voltages of the two inverters, ܮ௖  is the inductance 

offered to the circulating current, and ߣ௑ is the flux linkage in the coupled inductor. 

From (4-2), the differential voltage across coupled inductor ( ௑ܸଵ௢ − ௑ܸଶ௢) generates the flux 

linkage. To reduce the flux linkage maximum value, the time integral of this differential voltage 

should be reduced. It is evident that the PWM sequence determine the flux linkage pattern. The 

coupled inductor flux linkage maximum value is strongly impacted by the PWM method applied. 

The space vector based PWM is functionally equivalent to the carrier based PWM. And for all 

the carrier based PWM methods, the modulation reference can be considered as a pure sinusoidal 

plus a zero sequence offset. Therefore, the optimal modulation can be found by finding the zero 

sequence offset which resulting in the lowest maximum flux linkage for the coupled inductor. 

First, consider a general case, the phase-neutral voltages of two parallel interleaved inverters 

and the circulating current patterns are shown in Fig. 4-2. The duty cycle of the inverter phase-
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neutral voltage is represented by ܦ. 

For the case that ܦ < 1/2, the maximum flux linkage ߣ௠௔௫ in the coupled inductor is 

௠௔௫ߣ = ௖௠௔௫ܫ௖ܮ = 2ܧ ܦ ௦ܶ (4 − 3) 
For the case that ܦ ≥ 1/2, the maximum flux linkage ߣ௠௔௫  in the coupled inductor is 

௠௔௫ߣ = ௖௠௔௫ܫ௖ܮ = 2ܧ (1 − (ܦ ௦ܶ (4 − 4) 
where E is the dc voltage, and ௦ܶ is the switching period. 
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Fig. 4-2. Phase-neutral voltage and circulating current patterns, (a) ܦ < 1/2, (b) ܦ ≥ 1/2. 
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Then, consider a three-level inverter, the carrier based implementation of the popular phase 

disposition pulse width modulation (PDPWM) is shown in Fig. 4-3. The modulation reference is 

depicted as ௑ܸ∗ and compared with two triangle carriers. The reference can be considered as a 

constant in one switching cycle, and is made up by a pure sinusoidal plus a zero sequence offset 

as follow 

௑ܸ∗ = ௑ܸ + ଴ܸ (4 − 5) 
where ௑ܸ represents the pure sinusoidal and ௢ܸ represents the zero sequence offset. 

As shown in Fig. 4-3, the distance between ௑ܸ∗ and the line ݔ = 1/2 (when ௑ܸ∗ ≥ 0) or the 

distance between ௑ܸ∗ and the line ݔ = −1/2 (when ௑ܸ∗ < 0) is denoted as ܪ.  

When ܦ < 1/2,  

ܦ = 12 − ܪ (4 − 6) 
When ܦ ≥ 1/2,  

ܦ = 12 + ܪ (4 − 7) 
Combine (4-3) and (4-6), and (4-4) and (4-7), the maximum value of flux linkage ߣ௠௔௫ in the 

coupled inductor is derived as 

௠௔௫ߣ = ௖௠௔௫ܫ௖ܮ = 2ܧ12 ௦ܶ ൬12 − ൰ܪ (4 − 8)	
From (4-8), ߣ௠௔௫ has the minimum value when ܪ is maximum. 
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Fig. 4-3. Carrier based PDPWM implementation for a three-level inverter, (a) reference ௑ܸ∗ > 0, 

(b) reference ௑ܸ∗ < 0. 
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4.1.2 Optimal Zero Sequence Offset 

As discussed, to achieve minimum value for the maximum flux linkage ߣ௠௔௫, the zero sequence 

offset ଴ܸ should make ܪ to be maximum. As ଴ܸ is added to all three phases, the objective is to find 

଴ܸ that makes the minimum ܪ in three phases to have maximum value. The minimum ܪ in three 

phases is represented as ܪഥ and calculated as 

ഥܪ = min	(ቤ| ஺ܸ + ଴ܸ| − 12ቤ , ቤ| ஻ܸ + ଴ܸ| − 12ቤ , ቤ| ஼ܸ + ଴ܸ| − 12ቤ (4 − 9) 
Here ௑ܸ (X = {A, B, C}) is defined as 

஺ܸ = 	ߠݏ݋ܿܯ ஻ܸ = ݏ݋ܿܯ ൬ߠ + 	൰ߨ23 ஼ܸ = ݏ݋ܿܯ ൬ߠ + ൰ߨ43 (4 − 10) 
where ܯ represents the modulation index and ߠ indicates the phase angle. 

Then, the optimal zero sequence offset ௢ܸ௣௧ should let ܪഥ to be maximum. ௢ܸ௣௧ can be found by 

sweeping ଴ܸ from its minimum value (-1) to its maximum value (+1) for all possible references. 

However, this requires too much calculation time and is not practical for online implementation. 

The analytical solution is developed as follows. 

For better illustration, define the pure sinusoidal voltages as 

௠ܸ௔௫ = max	( ஺ܸ, ஻ܸ, ஼ܸ)	 ௠ܸ௜ௗ = mid	( ஺ܸ, ஻ܸ, ஼ܸ)	 ௠ܸ௜௡ = ݉݅݊( ஺ܸ, ஻ܸ, ஼ܸ) (4 − 11) 
Then, the references are represented as 
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௠ܸ௔௫∗ = ௠ܸ௔௫ + ଴ܸ		 ௠ܸ௜ௗ∗ = ௠ܸ௜ௗ + ଴ܸ	 ௠ܸ௜௡∗ = ௠ܸ௜௡ + ଴ܸ (4 − 12) 
First, when the zero sequence offset ଴ܸ > 0, the three phase references will shift up. ܪഥ will be 

impacted when ଴ܸ varies. However, ܪഥ will achieve maximum value only at several extreme points 

of the references. Considering the modulation index range, there are five possible cases. 

Case 1: the distance between ௠ܸ௔௫∗  and the line ݔ = 1/2 is equal to the distance between ௠ܸ௜௡∗  

and the line ݔ = −1/2, which means, 

ฬ12 − ( ௠ܸ௔௫ + ଴ܸ)ฬ = ฬ( ௠ܸ௜௡ + ଴ܸ) − ൬−12൰ฬ (4 − 13) 
In this case the zero sequence offset is derived as 

଴ܸ(ଵା) = ௠ܸ௜ௗ2 (4 − 14) 
Note that ଴ܸ(ଵା) > 0 should be met. The maximum ܪഥ is 

ഥ(ଵା)ܪ = min ൬ฬ ௠ܸ௔௫ + 12 ௠ܸ௜ௗ − 12ฬ , ฬ32 ௠ܸ௜ௗ − 12ฬ൰ (4 − 15) 
Case 2: ௠ܸ௔௫∗  and ௠ܸ௜ௗ∗  are at two sides of the line ݔ = 1/2 and their distances to the line ݔ =1/2 are equal, which means,  

( ௠ܸ௔௫ + ଴ܸ) − 12 = 12 − ( ௠ܸ௜ௗ + ଴ܸ) (4 − 16) 
In this case the zero sequence offset is derived as 

଴ܸ(ଶା) = 1 + ௠ܸ௜௡2 (4 − 17) 
The maximum ܪഥ is 
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ഥ(ଶା)ܪ = min ൬ฬ ௠ܸ௔௫ + 12 ௠ܸ௜௡ฬ , ฬ32 ௠ܸ௜ௗ + 1ฬ൰ (4 − 18) 
Case 3: the distance between ௠ܸ௜ௗ∗  and the line ݔ = 1/2 is equal to the distance between ௠ܸ௜௡∗  

and the line ݔ = −1/2, which means,  

ฬ12 − ( ௠ܸ௜ௗ + ଴ܸ)ฬ = ฬ( ௠ܸ௜௡ + ଴ܸ) − (−12)ฬ (4 − 19) 
In this case the zero sequence offset is derived as 

଴ܸ(ଷା) = ௠ܸ௔௫2 (4 − 20) 
The maximum ܪഥ is 

ഥ(ଷା)ܪ = min ൬ฬ12 ௠ܸ௔௫ + ௠ܸ௜ௗ − 12ฬ , ฬ32 ௠ܸ௔௫ − 12ฬ൰ (4 − 21) 
Case 4: ௠ܸ௜ௗ∗  and ௠ܸ௜௡∗  are at the two sides of the line ݔ = 1/2 and their distances to the line ݔ = 1/2 are equal, which means,  

( ௠ܸ௜ௗ + ଴ܸ) − 12 = 12 − ( ௠ܸ௜௡ + ଴ܸ) (4 − 22) 
In this case the zero sequence offset is derived as 

଴ܸ(ସା) = (1 + ௠ܸ௔௫)2 (4 − 23) 
The maximum ܪഥ is 

ഥ(ସା)ܪ = 12 ௠ܸ௔௫ + ௠ܸ௜ௗ (4 − 24) 
Case 5: ௠ܸ௔௫∗  is equal to the line ݔ = 1, which means,  

଴ܸ(ହା) = 1 − ௠ܸ௔௫ (4 − 25) 
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The maximum ܪഥ is 

ഥ(ହା)ܪ = min ቆቤ| ௠ܸ௜ௗ + 1 − ௠ܸ௔௫| − 12ቤ , ቤ| ௠ܸ௜௡ + 1 − ௠ܸ௔௫| − 12ቤቇ (4 − 26) 
Second, when the zero sequence offset ଴ܸ < 0, the three phase references will shift down. 

Similarly, ܪഥ will achieve maximum value only at several extreme points of the references. There 

are also five possible cases which are similar as the previous discussion and which not be repeated 

here. In addition, the case ଴ܸ = 0 could also be an extreme point. 

In summary, all the possible optimal zero sequence offset candidates and the corresponding ܪഥ 

are analytically derived and summarized in Table 4-1. Then, the optimal zero sequence offset ௢ܸ௣௧ 
can be obtained by calculating the maximum ܪഥ among all the candidates identified in Table 4-1. 

Fig. 4-4 illustrates the flowchart to determine ௢ܸ௣௧. 
 

Table 4-1. The Optimal Zero Sequence Offset Candidates ଴ܸ and the Corresponding ܪഥ 

when ଴ܸ > 0 

଴ܸ(ଵା) = ௏೘೔೏ଶ , ଴ܸ(ଵା) > ഥ(ଵା)ܪ 0 = min ൬ฬ ௠ܸ௔௫ + 12 ௠ܸ௜ௗ − 12ฬ , ฬ32 ௠ܸ௜ௗ − 12ฬ൰ 

଴ܸ(ଶା) = 1 + ௠ܸ௜௡2  

ഥ(ଶା)ܪ = min ൬ฬ ௠ܸ௔௫ + 12 ௠ܸ௜௡ฬ , ฬ32 ௠ܸ௜ௗ + 1ฬ൰ 

଴ܸ(ଷା) = ௠ܸ௔௫2  

ഥ(ଷା)ܪ = min ൬ฬ12 ௠ܸ௔௫ + ௠ܸ௜ௗ − 12ฬ , ฬ32 ௠ܸ௔௫ − 12ฬ൰ 
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Table 4-1 Continued 

଴ܸ(ସା) = 1 + ௠ܸ௔௫2  

ഥ(ସା)ܪ = 12 ௠ܸ௔௫ + ௠ܸ௜ௗ 

଴ܸ(ହା) = 1 − ௠ܸ௔௫ ܪഥ(ହା) = min	(ቤ| ௠ܸ௜ௗ + 1 − ௠ܸ௔௫| − 12ቤ , ቤ| ௠ܸ௜௡ + 1 − ௠ܸ௔௫| − 12ቤ) 
when ଴ܸ < 0 

଴ܸ(ଵି) = ௏೘೔೏ଶ , ଴ܸ(ଵି) > ഥ(ଵି)ܪ 0 = min ൬ฬ ௠ܸ௔௫ + 12 ௠ܸ௜ௗ − 12ฬ , ฬ− 32 ௠ܸ௜ௗ − 12ฬ൰ 

଴ܸ(ଶି) = −1 + ௠ܸ௔௫2  

ഥ(ଶି)ܪ = min ൬ฬ− ௠ܸ௜௡ − 12 ௠ܸ௔௫ฬ , ฬ− 32 ௠ܸ௔௫ + 1ฬ൰ 

଴ܸ(ଷି) = ௠ܸ௜௡2  

ഥ(ଷି)ܪ = min ൬ฬ ௠ܸ௔௫ + 12 ௠ܸ௜௡ − 12ฬ , ฬ− 32 ௠ܸ௜௡ − 12ฬ൰ 

଴ܸ(ସି) = −1 + ௠ܸ௜௡2  

ഥ(ସି)ܪ = ௠ܸ௔௫ + 12 ௠ܸ௜௡ 

଴ܸ(ହି) = −1 − ௠ܸ௜௡ ܪഥ(ହି) = min	(ቤ| ௠ܸ௜ௗ − 1 − ௠ܸ௜௡| − 12ቤ , ቤ| ௠ܸ௔௫ − 1 − ௠ܸ௜௡| − 12ቤ) 
when ଴ܸ = 0 

଴ܸ(଴) = ഥ(଴)ܪ 0 = min	(ฬ ௠ܸ௔௫ − 12ฬ , ฬ ௠ܸ௜ௗ − 12ฬ , ฬ ௠ܸ௜௡ − 12ฬ) 
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Determine Vmax, Vmid, Vmin for given M and ߠ
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H(i-)>Hmax(-)?
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Yes
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Yes

No

No

Yes
Yes No

No

Yes

 

Fig. 4-4. Flow chart to determine the optimal zero sequence offset ௢ܸ௣௧. 
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The optimal zero sequence offset ௢ܸ௣௧ is actually made up by several segments of the candidates 

calculated in Table I and is a function of the modulation index. For example, Fig. 4-5 shows the 

optimal zero sequence offset ௢ܸ௣௧ when modulation index M=0.4. Due to symmetry, only one sixth 

of the fundamental cycle needs to be calculated. From Fig. 4-5(c), ௢ܸ௣௧ is made up by candidates 

଴ܸ(ଶା) and ଴ܸ(ଶି). Fig. 4-6 shows the optimal zero sequence offset at typical modulation indexes. 

θ=2π/3 θ=4π/3 θ=2π

V0(2+)

V0(4+)

M=0.4

Angle θ  

(a) 

V0(4-)

V0(2-)

θ=2π/3 θ=4π/3 θ=2π
M=0.4

 

(b) 

Fig. 4-5. The optimal zero sequence offset ௢ܸ௣௧ when modulation index M=0.4, (a) ଴ܸ > 0, (b) 

଴ܸ < 0, (c) ଴ܸ has no limit. 
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θ=2πθ=4π/3θ=2π/3
M=0.4

V0(2+)

V0(2-)

Angle θ  

(c) 

Fig. 4-5. Continued. 

 

Fig. 4-6. The optimal zero sequence offset ௢ܸ௣௧ at different modulation indexes. 
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4.1.3 Discuss on Neutral Point Voltage Balance 

For a three-level NPC inverter, the two dc-link capacitors are connected in series and the two 

capacitor voltages need to be balanced. The neutral point (NP) voltage balance strategy with the 

proposed modulation method is discussed. 

The NP voltage will be influenced when the output current is connected to the NP point. As 

shown in Fig. 4-7, point O is the neutral point. If the averaged NP current ݅௡௣ in a switching cycle 

is larger than zero, the lower capacitor is discharged and ஼ܸଶ decreases. If ݅௡௣ is smaller than zero, 

the lower capacitor is charged and ஼ܸଶ increases. 

Define ܫ௠௔௫ ௠௜ௗܫ , , and ௠௜௡ܫ	  as the phase output currents of the corresponding maximum, 

medium, and minimum reference voltages, respectively. To simplify the analysis, the case that the 

output voltage and current has the same polarity is analyzed. When the load power factor is not 

unity there is a chance that the output voltage and current have different polarity. However, the 

analysis method is the same. 

 

+
-

Vc1

Vc2
+

-

O
Vdc

inp

 

Fig. 4-7. NP in the three-level NPC inverter. 
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For unity power factor case, ܫ௠௔௫ > 0 and ܫ௠௜௡ < 0 is always met while ܫ௠௜ௗ  can be either 

larger or smaller than zero. 

When ܫ௠௜ௗ ≥ 0, the average NP current is formed as 

݅௡௣ = (1 − ∗௠௔௫ܦ ௠௔௫ܫ( + (1 − ∗௠௜ௗܦ ௠௜ௗܫ( + ∗௠௜௡ܦ ௠௜௡ܫ (4 − 27) 
When ܫ௠௜ௗ < 0, the average NP current is formed as 

݅௡௣ = (1 − ∗௠௔௫ܦ ௠௔௫ܫ( + ∗௠௜ௗܦ ௠௜ௗܫ + ∗௠௜௡ܦ ௠௜௡ܫ (4 − 28) 
where ܦ௠௔௫∗ = ௠ܸ௔௫ + ଴ܸ , ∗௠௜௡ܦ = 1 + ௠ܸ௜௡ + ଴ܸ ∗௠௜ௗܦ , = ௠ܸ௜ௗ + ଴ܸ  when ௠ܸ௜ௗ ≥ 0  and ܦ௠௜ௗ∗ = 1 + ௠ܸ௜ௗ + ଴ܸ when ௠ܸ௜ௗ < 0. 

From (4-27) and (4-28), compared to no zero sequence offset case, the average NP current ݅௡௣ 

will decrease when ଴ܸ > 0  and will increase when ଴ܸ < 0. Therefore, the NP voltage can be 

regulated by the polarity of the zero sequence offset. When ∆ܸ = ௖ܸଵ − ௖ܸଶ > 0, to balance NP 

voltage, the zero sequence offset should be confined to ଴ܸ ≥ 0 when calculating the optimal zero 

sequence offset ௢ܸ௣௧. When ∆ܸ < 0, to balance NP voltage, the zero sequence offset should be 

confined to ଴ܸ ≤ 0 when calculating ௢ܸ௣௧ . A PI controller can be applied to regulate the low 

frequency NP voltage ripples slowly. Fig. 4-8 shows the flowchart for NP voltage balance control 

with the proposed modulation. This strategy can also be used to suppress the low frequency 

circulating current especially the dc offset in the parallel inverters. 
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Start

Calculate ΔV=Vc1-Vc2

NP voltage PI controller, output is c

End

c>0?

Calculate V0(0),V0(1+) to V0(5+) and 
corresponding H(1+) to H(5+), then 
determine the Hmax(+) and V0max(+)

Calculate V0(0),V0(1-) to V0(5-) and 
corresponding H(1-) to H(5-), then 
determine the Hmax(-) and V0max(-)

Vopt=V0max(+), Hmax= Hmax(+) Vopt=V0max(-), Hmax= Hmax(-)

Yes No

 

Fig. 4-8. Flowchart for NP voltage balance control with the proposed modulation.  

 

4.2 Modulation Methods Comparison 

4.2.1 General Method for Circulating Current Prediction 

To calculate the circulating currents of different modulation methods, a general method for 

circulating current prediction is developed. Although various PWM methods can be applied, the 

general circulating current pattern for parallel interleaved inverter is the same as shown in Fig. 4-

2. The circulating current is composed of five segments. For each segment, the slope and duration 

time are calculated. Thus, the circulating current can be predicted. 
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Table 4-2. Duration Time and Slope of Each Segment of the Circulating Current 

 

Segment 

ܦ < ܦ 12 ≥ 12 

duration slope duration slope 

2ܦ ① ௦ܶ −ܧ ௦ܶ2ܮ௖ 
(1 − 2(ܦ ௦ܶ −ܧ ௦ܶ2ܮ௖ 

② (12 − (ܦ ௦ܶ 0 (ܦ − 12) ௦ܶ 0 

ܦ ③ ௦ܶ ܧ ௦ܶ2ܮ௖ 
(1 − (ܦ ௦ܶ ܧ ௦ܶ2ܮ௖ 

④ (12 − (ܦ ௦ܶ 0 (ܦ − 12) ௦ܶ 0 

2ܦ ⑤ ௦ܶ −ܧ ௦ܶ2ܮ௖ 
(1 − 2(ܦ ௦ܶ −ܧ ௦ܶ2ܮ௖ 

 

 

Table 4-2 summarizes the duration time and slope of each segment of the circulating current of 

two parallel interleaved three-level inverters. For different modulation method, the equivalent zero 

sequence offset is different, and the duty cycle ܦ will be different. When D is determined, the 

circulating current and the flux linkage of the coupled inductor can be predicted. 

4.2.2 Modulation Comparison 

Five modulation methods including the carrier based SPWM, the carrier based discontinuous 

PWM, the nearest three space vector (NTSV) modulation, the common-mode reduction (CMR) 

modulation, and the proposed modulation are compared.  
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(a) (b) 

 

(c) (d) 

 

(e) 

Fig. 4-9. The reference (black solid line) and zero sequence offset (red dash line) of different PWM 

methods at modulation index M=0.8, (a) SPWM, (b) DPWM, (c) NTSV, (d) CMR, (e) the 

proposed modulation. 
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(a) (b) 

 

(c) (d) 

 

(e) 

Fig. 4-10. Calculated circulating currents with different PWM methods at modulation index 

M=0.8, (a) SPWM, (b) DPWM, (c) NTSV, (d) CMR, (e) the proposed modulation. 
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The modulation references and zero sequence offsets of the carrier based SPWM and DPWM 

methods in one switching cycle are shown in Fig. 4-9(a) and Fig. 4-9(b), respectively. For space 

vector based PWM, the equivalent reference and zero sequence offset can be calculated. Fig. 4-

9(c) and Fig. 4-9(d) shows the equivalent reference and zero sequence of the NTSV and CMR 

modulation methods, respectively. The reference and zero sequence offset of the proposed 

modulation method is shown in Fig. 4-9(e). Then, the duty cycle of each modulation method is 

calculated and the circulating current pattern in one fundamental cycle are predicted as shown in 

Fig. 4-10. 

With (4-8), the normalized flux linkage for the five modulation methods are calculated and 

summarized as Fig. 11. Note that the curve of NTSV is almost overlapped with the curve of CMR. 

From Fig. 4-11, the proposed optimal modulation has the lowest maximum coupled inductor flux 

linkage in all modulation indexes. When modulation index is low, the flux linkage of proposed 

modulation is reduced to around 50% of that of DPWM, NTSV and CMR methods, and to around 

80% of that of SPWM. When modulation index is high, the maximum flux linkage of the proposed 

modulation is reduced to around 60% of the flux linkage of SPWM, NTSV and CMR methods.  

Then, to further evaluate the performance of the proposed modulation method, power device 

loss and coupled inductor loss and output current THD with different modulation methods are 

compared using MATLAB/Simulink simulation. A case study is conducted. The parameters for 

simulation are the same as Table 4-3 in next section. The power devices loss are calculated using 

simulation results and datasheet from device manufacture. Nanocrystalline cut core is selected for 

coupled inductor. The MSE method is used for magnetic loss calculation and Steinmetz equations 

coefficients obtained is used. Fig. 4-12 summarizes the power devices loss and coupled inductors 

loss and current THD of different modulation methods at different modulation indexes.  
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From Fig. 4-12, the loss and THD characteristics of the proposed modulation are similar to 

other continuous PWM methods (SPWM and NTSV) as the proposed modulation has continuous 

PWM patterns at most modulation indexes. An exception occurs when modulation index M is 

around 0.8. As illustrated, the optimal zero sequence offset is made up of several candidates in 

Table I. When M is around 0.8, the candidates ଴ܸହ(ା) and ଴ܸହ(ି) will be parts of the optimal zero 

sequence offset ௢ܸ௣௧. The reference will be clamped to (+1) or (-1) in several segments of one 

fundamental cycle and shows discontinuous PWM pattern. As can be observed in Fig. 4-12(b), the 

switching loss of the proposed modulation is smaller than nearby when M is around 0.8. 

 

Fig. 4-11. Maximum flux linkage comparison with different modulation methods. 
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(a) (b) 

(c) (d) 

 

(e) 

Fig. 4-12. Loss and THD comparison of different modulation methods at different modulation 

indexes, (a) devices conduction loss, (b) devices switching loss, (c) inductor winding loss, (d) 

inductor core loss, (e) current THD. 
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4.3 Simulation and Experimental Results 

Table 4-3. Parameters for Simulation and Experiments 

DC input voltage 300 V 

Carrier frequency 60 kHz 

Fundamental frequency 400 Hz 

MOSFETs Wolfspeed C3M0065100K 

Coupled inductor VAC nanocrystalline cut core T60102-L2083-
W156, turns N=16, inductance Lc=860 uH 

RL load L=320 uH, R=10 Ω each phase 

 

Simulation and experiments are conducted on two parallel interleaved three-level active NPC 

inverters as shown in Fig. 4-1. The main parameters for the simulation and experiment are listed 

in Table 4-3. 

4.3.1 Simulation Results 

The simulation is conducted using MATLAB/Simulink. Fig. 4-13 shows the voltage and current 

waveforms with the proposed modulation at modulation index M=0.8. To verify the NP balancing 

control capability of the proposed modulation, the initial voltages of the two dc-link capacitors are 

set to different values. Fig. 4-14 shows the results with the proposed modulation and control 

strategy illustrated in Fig. 4-8. The voltages of the two dc-link capacitors can be well regulated 

and balanced. Fig. 4-15 shows the simulation results of circulating currents with different 

modulation methods at modulation index M=0.8. The pattern of the circulating currents match 

with the theoretical calculation results in Fig. 4-10. Simulations are also conducted with the five 

modulation methods at different modulation indexes to get the loss and THD.  
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Fig. 4-13. Waveforms with the proposed modulation. From top to bottom: line voltage and phase 

voltage of one inverter, total output current.  

 

 

Fig. 4-14. Voltages of the two dc-link capacitors. 
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(a) (b) 

 

(c) (d) 

 

(e) 

Fig. 4-15. Simulation results of circulating currents with different PWM methods at modulation 

index M=0.8, (a) SPWM, (b) DPWM, (c) NTSV, (d) CMR, (e) the proposed modulation. 
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4.3.2 Experimental Results 

Fig. 4-16 shows the tested line voltage and phase voltage of one inverter, and total output 

current waveforms with the proposed modulation at modulation index M=0.8. Fig. 4-17 shows the 

voltages of two dc-link capacitors when the NP point is floating.  

The output currents of the two parallel interleaved inverters and the circulating current are 

measured at different modulation index. Fig. 4-18 and Fig. 4-19 shows the waveforms at M=0.8 

and M=0.4, respectively. The circulating current pattern and value match with theoretical analysis. 

Other four modulation methods mentioned above are also implemented in experiments. Fig. 20 

shows the circulating current comparison with these different modulation methods, all at the 

condition modulation index M=0.8. Comparing Fig. 4-20 with Fig. 4-10 and Fig. 4-13, the 

circulating currents match well with theoretical calculation and simulation results. 

Vab 250V/div

Va1 250V/div

Ia 10A/div

 

Fig. 4-16. Waveforms with the proposed modulation. From top to bottom: line voltage, phase 

voltage of inverter 1, total output current.  
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Vdc1,Vdc2 50V/div

 

Fig. 4-17. Voltages of the two dc-link capacitors.  

Ia1 5A/div

Ia2 5A/div

Ia1-Ia2=2Icir 0.5A/div

 

(a) 

Ia1 5A/div

Ia2 5A/div

Ia1-Ia2=2Icir 0.5A/div

 

(b) 

Fig. 4-18. (a) Output currents (Ia1 and Ia2) of two interleaved inverters and circulating current 

(Icir) at M=0.8, (b) Zoom in waveforms. 
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Ia1 5A/div

Ia2 5A/div

Ia1-Ia2=2Icir 0.5A/div

 

(a) 

Ia1 5A/div

Ia2 5A/div

Ia1-Ia2=2Icir 0.5A/div
 

(b) 

Fig. 4-19. (a) Output currents (Ia1 and Ia2) of two interleaved inverters and circulating current 

(Icir) at M=0.4, (b) Zoom in waveforms. 

 

From (4-8), the maximum flux linkage is proportional to the maximum circulating current. The 

maximum circulating current value with the five modulation methods at different modulation 

indexes are measured and summarized as shown in Fig. 4-21. The results match the trends 

illustrated in Fig. 4-11. The proposed modulation method has the lowest maximum flux linkage in 

all the modulation methods. The maximum flux linkage reduced to around 60% of that of other 
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modulation methods in high modulation index range. The output current THD with the five 

modulation methods are also measured and summarized in Fig, 4-22. The proposed modulation 

method has similar THD behavior as other continuous PWM methods.  

Ia1 5A/div

Ia2 5A/div

Ia1-Ia2=2Icir 0.5A/div
 

(a) 

Ia1 5A/div

Ia2 5A/div

Ia1-Ia2=2Icir 0.5A/div

 

(b) 

Fig. 4-20. Circulating currents with different PWM methods at M=0.8, (a) SPWM, (b) DPWM, 

(c) NTSV, (d) CMR, (e) the proposed modulation. 
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Ia1 5A/div

Ia2 5A/div

Ia1-Ia2=2Icir 0.5A/div
 

(c) 

Ia1 5A/div

Ia2 5A/div

Ia1-Ia2=2Icir 0.5A/div
 

(d) 

Ia1 5A/div

Ia2 5A/div

Ia1-Ia2=2Icir 0.5A/div
 

(e) 

Fig. 4-20. Continued. 
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Fig. 4-21. Maximum circulating currents with different modulation methods. 

 

 

Fig. 4-22. Output current THD with different modulation methods. 
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4.4 Conclusion 

This chapter aims to minimize the flux linkage in the coupled inductor for parallel interleaved 

three-level inverters. A carrier based PWM method is proposed which could achieve the lowest 

maximum flux linkage in the coupled inductor. This modulation method is realized by injecting 

an optimal zero sequence offset to the sinusoidal modulation. The optimal zero sequence offset is 

made up by several zero sequence candidates and is a function of modulation index. The proposed 

modulation method has the capability to balance the neutral point voltage for three-level NPC 

inverter.  

The proposed modulation method is compared with other popular carrier based and space vector 

based PWM methods for three-level inverter. When modulation index is low, the flux linkage of 

proposed modulation is reduced to around 50% of that of DPWM, NTSV and CMR methods, and 

to around 80% of that of SPWM. When modulation index is high, the maximum flux linkage of 

the proposed modulation is reduced to around 60% of the flux linkage of other modulation methods. 

The proposed modulation method has similar loss and THD characteristics as other continuous 

PWM methods.  

The effectiveness of the proposed modulation method is verified by simulation and 

experimental results on two parallel interleaved three-level active NPC inverters. The proposed 

modulation method is suitable for coupled inductor in the applications where the switching 

frequency is relatively low and the coupled inductor design is governed by saturation of the 

magnetic core. 
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5. Inverter and Filter Topology to Reduce CM Noise for Three-

Level Inverter  

EMI filter is required in inverter system to suppress EMI noise and pass EMI standards. Bulk 

EMI filter is one of the main barrier for achieving high power density. One effective approach to 

reduce the required EMI filters is to reduce EMI noise. This chapter investigates inverter and filter 

topology to reduce CM noise for three-level inverter. The three-level fourth-leg inverter topology 

is developed for CM noise reduction. An impedance balance filter topology is proposed to reduce 

CM noise for aircraft motor drive application where both dc and ac sides need to pass EMI 

standards.  

5.1 Three-Level Fourth-leg Topology 

The fourth-leg topology was first used by Julian et al. to reduce CMV and CM noise. A fourth-

leg and a fourth phase LC filter are inserted into the two-level inverter. The zero vector is not used 

in the modulation to achieve zero CMV. This section investigates the fourth-leg for CM noise 

reduction in three-level inverters. Unlike the case in two-level inverters, the nearest three vectors 

can be maintained to synthesize the reference while achieving zero CMV in three-level inverters 

with the fourth-leg.  

5.1.1 Topology and Modulation 

The three-level active NPC inverter with the fourth-leg topology is shown in Fig. 5-1 [219]. 

Similar to the two-level inverter, the fourth-leg is connected to the three main phases through a 

fourth phase LC filter. To achieve zero CMV, the summation of the four phase-legs voltages 
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should be zero as (5-1), and the fourth phase LC filter parameters should be identical to the three 

phase LC filter as (5-2). 

௔ܸ + ௕ܸ + ௖ܸ + ௙ܸ = 0 (5 − ௙ܮ	(1 = ,ܮ ௙ܥ = ܥ (5 − 2) 
In a two-level inverter, when the zero vector - PPP and NNN as shown in Fig. 5-2 - are applied, 

a two-level fourth-leg output voltage, which only has two states P or N, cannot compensate the 

voltage summation of three phases and meet (5-1). 
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Fig. 5-1. Three-level active NPC inverter with the fourth-leg. 
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Fig. 5-2. Space vectors for a two-level inverter. 
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However, the situation in the three-level inverter is different. Fig. 5-3(a) shows the space 

vectors for three-level SVM. The small and zero vectors have redundant switching states. By 

appropriately selecting the redundant switching states, (5-1) can be met in all the sectors. Fig. 5-

3(b) shows the vector details of sector I. The space vector arrangement of large sector 1 for the 

three main phases and the fourth-leg are illustrated as shown in Fig. 5-4. The space vector 

arrangement of sector II to sector VI are similar and will not be repeated here. In order to meet (5-

5), the redundant switching state with lower CMV will always be selected (for example, POO is 

selected instead of ONN). Therefore, the modulation scheme of the three main phases is actually 

the same as the CMR scheme. Three nearest space vectors are used to synthesis the reference, and 

the max modulation index is the same as conventional SVM. One phase has no switching action 

in every switching circle, so the switching loss will be reduced compared to the conventional SVM. 

For the fourth-leg, it has four switching actions in every switching circle. The dwell time of vectors 

for the fourth-leg follows the three main phases. No extra calculation is need in the digital 

controller for the gating control of the fourth-leg. 
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Fig. 5-3. (a) Space vectors a for three-level inverter, (b) vectors of sector I. 
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Fig. 5-4. Space vector arrangement for three main phase legs and the fourth-leg in sector I, (a) 

subsector 1, (b) subsector 2, (c) subsector 3, (d) subsector 4. 
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150 kHz

 

Fig. 5-5. Insertion gain amplitude versus frequency. 

 

The CM noise attenuation performance of the four-leg topology is investigated. With the fourth-

leg added, based on the basic circuit theory, the transfer function from the motor neutral point 

voltage ௚ܸ to the fourth-leg output voltage ௙ܸ can be derived as (5-3). 

1ܩ = ௚ܸܸ௙ = ௚ܥ4− 1ܾସݏସ + ܾଷݏଷ + ܾଶݏଶ + ܾଵݏ + 1 

ܾସ = ௠ܮܥܮ4 + ,ଶܮܥ3 ܾଷ = 4ܴ௠ܥܮ + ௠ܮܥ4ܴ +  ,ܮܥ6ܴ
ܾଶ = ௚ܥܥܮ12 + ௠ܴܥ4ܴ + ܮ)4 + (௠ܮ + ,ଶܴܥ3 ܾଵ = ௚ܥܥ12ܴ + 4(ܴ + ,(௠ܮ ܾ଴ = ௚ܥ12 (5 − 3) 

Without the fourth-leg,  

௚ܸ = ௔ܸ + ௕ܸ + ௖ܸ3 = − ௙ܸ3  

2ܩ = ௚ܸܸ௙ = −13 (5 − 4) 
Hence, the insertion gain IG can be defined as 
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ܩܫ = ฬ2ܩ1ܩฬ = ௚ܥ12 1ܾସݏସ + ܾଷݏଷ + ܾଶݏଶ + ܾଵݏ + 1 (5 − 5) 
The insertion gain amplitude is plotted as shown in Fig. 5-15. In the EMI frequency range (150 

kHz to 30 MHz), the amplitude of the insertion gain is significantly reduced, which means ௚ܸ and 

CM noise current will be significantly reduced when the fourth-leg is applied. 

5.1.2 Experimental Results 

A SiC-based three-level ANPC inverter is constructed for experimental verification as shown 

in Fig. 5-6. The main parameters of the inverter are summarized in Table 5-1. 

Power Stage

Phase A Phase B Phase C

Fourth-leg

LC Filters

La

Lb

Lc

Lf

 

Fig. 5-6. The three-level active NPC inverter. 

Table 5-1. Main Parameters of the Inverter 

DC input voltage 200V 

Fundamental frequency 400 Hz 

Carrier frequency 60 kHz 

SiC MOSFETs C3M0065100K 

LC filters L=390 uH, C=0.47 uF 
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Line to line output voltage 125V/div

Three phase output currents 5A/div

 

Fig. 5-7. Inverter output line to line voltage and three phase currents. 
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(b) 

Fig. 5-8. (a) Three phase output voltage, their summation, and the fourth-leg output voltage, (b) 

zoom in waveforms. 
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Fig. 5-7 shows the three-level ANPC inverter output line voltage and three phase currents, 

which is the operating point for EMI noise test. Fig. 5-8(a) shows the three phase output voltages 

௔ܸ, ௕ܸ, ௖ܸ, their summation ௔ܸ + ௕ܸ + ௖ܸ, and the fourth-leg output voltage ௙ܸ. Fig. 5-8 (b) is the 

zoom in waveforms. From Fig. 5-8(b), the voltage of the fourth-leg cancels out with the three 

phase voltages summation, so (5-1) is met. 

The comparison between the measured CM EMI noise without the fourth-leg and with the 

fourth-leg are shown in Fig. 5-9. It can be observed that the CM noise is significantly reduced with 

the fourth-leg applied. Specifically, at the first noise peak (3rd carrier harmonic, 180 kHz) in the 

EMI frequency range, the CM noise has been reduced by ~25 dB. In the ideal case, the CM noise 

current will be eliminated. However, as can be observed in Fig. 5-8(b), the rising/falling edge of 

the fourth-leg does not exactly overlap with the falling/rising edge of the three phase voltage 

summation. More accurate gate signal tuning method can be considered to improve the CM noise 

attenuation performance.  

150 kHz

 

Fig. 5-9. Tested CM noise comparison w/ and w/o the fourth-leg. 
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5.1.3 Discuss on Alternative Fourth-leg Filter Structure 

As discussed above, the fourth-leg of three-level NPC inverter can compensate the CMV 

generated by the three main phase legs. The voltage generated by the fourth-leg needs to be 

injected to the main circuit through a certain filter network.  

The first fourth-leg filter structure considered is LC type DM filter. As shown in Fig. 5-1, both 

the three main phase legs and the fourth-leg need a single stage LC filter to be connected together. 

The benefit of this filter structure is that it can make use of the DM filters existing in the main 

circuit when DM filters are necessary. For example, for motor drive in aircraft application, the 

inverter ac output is connected to the motor through long cables and needs to meet DO-160 EMI 

standards. DM LC filters are required to suppress the DM EMI noise. Hence, the main circuit LC 

filters are not dedicated filters for the implementation of the fourth-leg circuitry.  

However, two limitations exist with the DM filter structure. The first limitation is the limited 

DM filter type can be employed. For example, an LCL filter may be optimal for the three phase 

inverter DM noise reduction. But the fourth-leg is not able to be connected to the three main phase 

through a LCL filter. If the three main phases still use the LCL filters and the fourth-leg uses a LC 

filter, the CM noise reduction performance will be significantly reduced. The second limitation is 

that the fourth-leg is coupled with the main circuit power level. The fourth-leg filter parameters 

are exactly the same as the three main phase legs DM filters, which means that the current ripple 

of the fourth-leg is at the same level as the current ripple of the three main phases. For high power 

applications, the losses in the fourth-leg devices are high, and the size of the fourth-leg LC filter 

is large. 

The second fourth-leg filter structure considered is a common-mode transformer (CMT). As 

shown in Fig. 5-10(a), the fourth-leg is connected to the main circuit through a CMT. Fig. 5-10(b) 
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shows the simplified CM equivalent circuit. Compared to the first filter structure, this filter 

structure is independent of the main circuit DM filter structure. However, as the CMT is cascade 

in the main circuit, the fourth-leg is still coupled with the main circuit power level. Also, the CMT 

is complicated. For high power applications, the losses in the fourth-leg devices are high, and the 

size of the CMT is large. 
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Fig. 5-10. (a) Fourth-leg connected to three main phases through a CMT, (b) simplified CM 

equivalent circuit.  
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To decouple the fourth-leg from the main circuit power level, a filter structure is proposed as 

shown in Fig. 5-11. In Fig. 5-11(a), the voltage generated by the fourth-leg is connected to an 

impedance (R or RC, indicated by Z in Fig. 5-21) network. Point B is connected to the motor frame, 

which is usually grounded. Fig. 5-11(b) shows the CM equivalent circuit. When ݅ଵ is much large 

than ݅ଶ, which can usually be satisfied as the CM current flowing through the motor is very small,  

voltage ஻ܸை is almost one third of the voltage ௙ܸ generated by the fourth-leg. Then, the potential 

of point A and B is the same, no CM voltage is applied to the motor.  

The fourth-leg with the impedance network is not directly connected to the main circuit, and 

the current of the fourth-leg is determined only by the impedance network. Hence, the proposed 

filter structure is independent of main circuit DM filter, and it decouples the fourth-leg from the 

main circuit power level. As the potential of point A and B is same as the ground and considered 

as zero, point O becomes a pulsating point, and a CM filter is needed in the dc side. 

In conclusion, the first fourth-leg filter structure is suitable for a main circuit that DM filter 

exists and DM filter type can be implemented on the fourth-leg. The second fourth-leg filter 

structure can be employed to the main circuit where DM filter is not needed or DM filter type 

cannot be implemented on the fourth-leg. The proposed fourth-leg filter structure is independent 

of the main circuit DM filter and decouples the fourth-leg from the main circuit power level. Hence, 

it is suitable for high power applications. However, a CM filter in the dc side is required.    
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Fig. 5-11. (a) Proposed fourth-leg connected filter, (b) simplified CM equivalent circuit. 

5.2 Impedance Balancing Filter Topology 

5.2.1 Existing Impedance Balancing Circuit for DC side CM Noise Reduction 

The impedance balancing circuit for dc side CM noise attenuation is suitable for motor drive 

applications where only the dc side needs to pass EMI standards. Fig. 5-12 shows such a motor 

drive system with the dc side impedance balancing circuit. ܮଵ and ܥଵ  are the dc side conventional 
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CM filters. An additional inductor ܮଶ  is connected between the dc and ac side to establish the 

impedance balancing bridge. The simplified CM equivalent circuit is shown in Fig. 5-13. The 

inverter CM noise source is modeled as ௖ܸ௠, the motor and cable CM impedance is modeled as a 

capacitor ܥ௠௚, and ܥ௕௚ denotes the dc side CM capacitance including CM capacitor and power 

stage parasitic capacitance. These components form an impedance bridge, and the dc side line 

impedance stabilization networks (LISNs) CM impedance is in the middle of the bridge. 

The CM current flowing through the LISNs will theoretically be zero if the bridge impedance 

meets ܮଶܮଵ = ௠௚ܥ௕௚ܥ (5 − 6) 
Since the motor and cable CM impedance is one of the branches which establish the dc side 

impedance balancing bridge, its impedance characteristic will influence the CM noise reduction 

performance of the impedance balancing circuit. The impedance bridge can be well balanced only 

when the motor and cable CM impedance can be modeled as a constant value capacitor. An 

improvement can be made as shown in Fig. 5-14. A three phase CM capacitor ܥ஼ெ  is paralleled 

with the motor and cable. 
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Fig. 5-12. Dc side impedance balancing circuit. 
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Fig. 5-13. Simplified equivalent CM circuit. 
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Fig. 5-14. Improvement of the dc side impedance balancing circuit. 



155 
 

If the impedance meets the relationship ܼ஼௖௠ ≪ ܼ௠௢௧௢௥಴ಾ (5 − 7) 

Then, the impedance behavior of this branch largely depends on capacitor ܥ஼ெ instead of the 

motor and cable impedance. Hence, (5-6) can be met in a wider EMI frequency range, and the 

effectiveness and noise reduction performance of the dc side impedance balancing circuit will be 

better. A small auxiliary inductor ܮ௔௨௫ can be inserted into the ac side to eliminate the influence 

of the additional ac side CM capacitor on switching speed. A small air core auxiliary inductor can 

effectively help to achieve faster switching and reduce switching loss without much loss penalty. 

Also, the auxiliary inductor is capable of mitigating motor side terminal overvoltage, leakage 

current, and so on. 

5.2.2 Analysis of Motor Drive with Input and Output CM Filters 

Fig. 5-15 shows the dc-fed three phase motor drive system with both input and output EMI 

filters. CM noise conducts in the same direction of each phase and flows to the ground through 

motor parasitic capacitance and the ac side EMI filter, and then flows back to the noise source 

through the line impedance stabilization networks (LISNs) and the dc side EMI filter. As shown 

in Fig. 5-15, CM noise current is measured at both the input and output of the inverter system. The 

dc side CM noise current is defined as ݅௖௠_ௗ௖ = (݅௣ + ݅௡)/2 and the ac output motor side CM 

noise current is defined as ݅௖௠_௔௖ = (݅௔ + ݅௕ + ݅௖)/3. Both the dc and ac sides EMI noise current 

need to meet EMI standards. 
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Fig. 5-15. Dc-fed motor drive system with input and output EMI filters. 
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Fig. 5-16. CM equivalent circuit with one stage LC filter at both the dc and ac sides. 

 

The dc and ac side CM noise current share the same propagation path and are coupled with each 

other, which makes the CM noise reduction more complex. Fig. 5-16 shows the CM equivalent 

circuit for a single stage LC filter applied to both the dc and ac sides. The CM impedance of the 

LISNs is represented as ܼ௅ூௌே_௖௠. Motor and cable CM impedance is represented as ܼ௠௢௧௢௥_௖௠. 

CM noise current flowing through the ac side motor and dc side LISNs can be reduced by 

increasing the conventional CM filter inductance or capacitance. However, increasing CM 

capacitance on one side will decrease CM noise current on this side but increase CM noise current 

on the other side. For example, when the ac side CM capacitance increases, CM noise flowing to 

the motor decreases. But the entire loop CM impedance decreases, and CM current flowing to the 

dc side LISNs increases. Also, the total capacitance that can be applied to the system is limited by 

system leakage current requirement. On the other hand, increasing CM inductance increases the 
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entire loop CM impedance and thus reduces both the dc and ac sides CM noise. However, unlike 

capacitors which only conduct high frequency harmonics, the inductors are in the main current 

conduction path and are usually bulky since a large core and winding should be used to deal with 

the main current produced leakage flux density and power loss. Increasing the inductance may 

significantly degrade system efficiency and power density, especially in high power converter 

systems. Therefore, it is desired to develop new EMI techniques which can reduce both the dc and 

ac sides CM noise in a power converter system where both sides need to pass EMI standards, and 

in the meantime, reduce the required inductance of the conventional CM inductors. 

5.2.3 Proposed Impedance Balancing Circuit 

The proposed impedance balancing circuit for CM noise reduction is shown in Fig. 5-17 [220]. 

Unlike the impedance balancing circuit for the dc side CM noise reduction, two auxiliary branches 

are added: one branch consists of an inductor ܮ௥ connecting ac side and the ground (ܥ௥ is used to 

block the fundamental and low frequency components and ܴ௥ is used to damp the resonance); 

another branch is a capacitor ܥ௥௘௧௨௥௡  connecting the ac and dc sides through the ac side DM 

capacitors Y connection point and dc-link cap midpoint. The components ܮ௖௠ௗ௖ ௖௠ௗ௖ܥ ,   .ௗ௠௔௖ are conventional filters of the dc and ac sidesܥ ௖௠௔௖andܮ  ,
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Fig. 5-17. Proposed impedance balancing circuit. 

 

 

(a) 
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Fig. 5-18. (a) CM equivalent circuit. (b) Simplified CM equivalent circuit. 
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First, the influence of the proposed impedance balancing circuit on the ac motor side CM noise 

current is investigated. Fig. 5-18(a) shows the CM equivalent circuit of the inverter system. In the 

EMI frequency range (150 kHz ~ 30 MHz), the impedance relationship satisfies 

ܼ௅௥ ≫ ܼ஼௥ + ܴ௥ ܼଶ஼௖௠ௗ௖ ≪ ܼ௅௖௠ௗ௖ + ܼ௅ூௌே_௖௠ ܼ஼௥௘௧௨௥௡ ≫ ܼଷ஼ௗ௠௔௖ (5 − 8) 
Hence, the CM equivalent circuit can be simplified to the circuit shown in Fig. 5-18(b). The 

four components ܮ௥ , ܮ௖௠௔௖, 2ܥ௖௠ௗ௖, and ܥ௥௘௧௨௥௡ establish an impedance bridge. If the impedance 

bridge meets the relationship  ܼ௅௥ܼ௅௖௠௔௖ = ܼଶ஼௖௠ௗ௖ܼ஼௥௘௧௨௥௡ (5 − 9) 
The potentials of points A and B are the same (i.e., ஺ܸ஻ = 0). Thus, CM current flowing through 

the ac side motor can theoretically be zero. (5-9) can be simplified, as, ܮ௥ܮ௖௠௔௖ = ௖௠ௗ௖ܥ௥௘௧௨௥௡2ܥ (5 − 10) 
Therefore, for ac side CM noise reduction, the impedance balancing circuit parameters should 

meet (5-10) to maximize the ac side CM noise reduction performance. Note that the motor CM 

impedance is not involved, as shown in (5-10). The noise reduction performance of the impedance 

balancing circuit is only determined by ܮ௥ ௖௠௔௖ܮ ,  ௖௠ௗ௖ܥ , , and ܥ௥௘௧௨௥௡ . Hence, the CM noise 

reduction performance is not dependent on motor and cable models. It is not necessary that the 

motor CM model must behave like a constant value capacitor in a wide EMI frequency range.  

Next, the influence of the proposed impedance balancing circuit on the dc LISN side CM noise 

is analyzed. Without the impedance balancing circuit (the added two auxiliary branches), the CM 
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current path flowing through the LISN is shown in Fig. 5-19(a). With the impedance balancing 

circuit, in the ideal case, the impedance bridge is perfectly balanced and no current will flow 

through the motor CM impedance. The motor CM impedance branch can be considered as open 

circuit. The CM current path flowing through the LISN is shown in Fig. 5-19(b). To reduce CM 

current flowing to the LISNs, the propagation path impedance with impedance balancing circuit 

should be larger than that without the impedance balancing circuit, ܼ௅௥ > ܼ௅௖௠௔௖ + ܼெ௢௧௢௥೎೘ (5 − 11) 
Define the impedance balancing circuit ratio n as 

݊ = ௖௠௔௖ܮ௥ܮ = ௖௠ௗ௖ܥ௥௘௧௨௥௡2ܥ (5 − 12) 
To meet (5-15), the ratio n should at least satisfy 

݊ > 1 (5 − 13) 
With larger n, CM current flowing through the LISNs will be smaller. Considering that the 

impedance bridge may not be perfectly balanced over all the frequency range, there is CM current 

flowing through the LISNs. Then, the CM current path flowing through the LISNs is shown in Fig. 

5-19(c). The auxiliary capacitor ܥ௥௘௧௨௥௡  will help to bypass CM noise current. With larger n, ܥ௥௘௧௨௥௡ is larger, more CM current will be bypassed. Therefore, with larger impedance balancing 

circuit ratio n, ܮ௥ and ܥ௥௘௧௨௥௡, which both help to reduce CM noise current flowing through the 

LISNs, will be larger, and as a result, better dc side CM noise reduction performance is achieved. 
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Fig. 5-19. (a) LISN CM current conduction path w/o impedance balancing circuit; (b) LISN CM 

current conduction path w/ impedance balancing circuit; (c) LISN CM current conduction path 

considering the impedance bridge is not perfectly balanced.  
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Therefore, for dc side CM noise reduction, the impedance balancing circuit parameters should 

meet (5-13), and better dc side CM noise reduction performance can be obtained with larger 

impedance balancing circuit ratio n. 

In conclusion, the proposed impedance balancing circuit can reduce both the ac motor side and 

the dc LISN side CM noise if the design criteria are met. The ac side motor CM impedance is in 

the middle of the impedance bridge, and no CM current flows to the motor since the CM current 

of the impedance bridge branches cancel with each other if the bridge is well balanced. The 

impedance bridge also changes the propagation path impedance of the CM noise current flowing 

to the LISNs, and thus reduce the dc side CM noise. 

5.2.4 Noise Attenuation Performance Modeling and Analysis 

The CM noise attenuation performance of the proposed impedance balancing circuit is analyzed. 

The impedance bridge analysis above does not consider the power stage capacitive coupling to the 

ground. Considering this parasitic capacitance, the CM equivalent circuit is now modified as the 

circuit in Fig. 5-20.  
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Fig. 5-20. CM equivalent circuit considering power stage parasitic capacitance. 
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The ac side power stage parasitic capacitance and the dc side power stage parasitic capacitance 

are presented as ܥ௦௪_௔௖ and ܥ௦௪_ௗ௖, respectively. The ac side power stage parasitic capacitance is 

in parallel with the auxiliary inductor ܮ௥  and dc side power stage parasitic capacitance is in parallel 

with the dc side CM capacitor ܥ௖௠ௗ௖. 
The impedance relationship in (5-9) is modified to ܼ௅௥ᇱܼ௅௖௠௔௖ = ܼଶ஼௖௠ௗ௖ᇱܼ஼௥௘௧௨௥௡ (5 − 14) 

where the impedance ܼ௅௥ᇱ ≈ ܼ௅௥	||	ܼ஼௦௪_௔௖  and ܼଶ஼௖௠ௗ௖ᇱ ≈ ܼଶ஼௖௠ௗ௖	||	ܼ஼௦௪_ௗ௖. 

Usually the dc and ac sides power stage parasitic capacitance are in the tens or hundreds of 

pico-farad range, and the dc side CM capacitors are in several nanofarads range. The dc side CM 

capacitor is much larger than dc side power stage parasitic capacitance, so ܼଶ஼௖௠ௗ௖ᇱ  is nearly the 

same as ܼଶ஼௖௠ௗ௖. Hence, the dc side power stage parasitic capacitance will not influence the CM 

noise attenuation performance of the impedance balancing circuit. However, at the ac side, in the 

interested EMI frequency (150 kHz ~ 2 MHz) range, when rL  is not very large, ܼ௅௥ ≪ ܼ஼௦௪_௔௖, ܼ௅௥ᇱ  mainly depends on ܼ௅௥	. But if the impedance balancing ratio n is very large, ܼ௅௥ is very large 

and comparable to ܼ஼௦௪_௔௖, then ܼ௅௥ᇱ  is limited by ܼ஼௦௪_௔௖ and will not increase as much as ܼ௅௥	. 
The relationship in (5-14) cannot be met and the impedance bridge will not be well balanced.  

Theoretically, the ac side CM noise is zero if (5-14) is satisfied over all the EMI frequency 

range. In fact, due to the physical implementation of EMI filters and the parasitics of both power 

stage and CM filters, the left side and right side of (5-14) cannot be identical in the interested EMI 

frequency range, and some difference always exists.  

To quantify the impact of imperfectly balanced impedance bridge on the ac side CM noise 
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attenuation performance, an analytical model is provided. Defining the insertion gain IG as 

ܩܫ = ฬܫ௖௠ଶܫ௖௠ଵฬ (5 − 15) 
where ܫ௖௠ଵ and ܫ௖௠ଶ are the CM current flowing to the motor without and with the impedance 

balancing circuit, respectively. The CM equivalent circuit in Fig. 9 can be simplified to the circuit 

shown in Fig. 5-21. The impedances ܼଵ = (ܼ௅௥ + ܴ௥ + ܼ௖௥)	||ܼ஼௦௪_௔௖ , ܼଶ = ௖௠௔௖ܮ , ܼଷ =൫ܼ௅ூௌே೎೘ + ܼ௅௖௠ௗ௖൯||ܼଶ஼௖௠ௗ௖||ܼ஼௦௪_ௗ௖, ܼସ = ܼଷ஼ௗ௠௔௖ + ܼ஼௥௘௧௨௥௡, and ܼ௠ = ܼெ௢௧௢௥_௖௠. 

Without the impedance balancing circuit, the motor CM current ܫ௖௠ଵ is  

௖௠ଵܫ = 1ܼଶ + ܼ௠ + ܼଷ ௖ܸ௠ (5 − 16) 
With the impedance balancing circuit, the motor CM current ܫ௖௠ଶ can be expressed as 

௖௠ଶܫ = ܼଵܼସ − ܼଶܼଷܼଵܼଶܼଷ + ܼଵܼଶܼସ + ܼଵܼଷܼସ + ܼଶܼଷܼସ + ܼଵܼଶܼ௠ + ܼଵܼସܼ௠ + ܼଶܼଷܼ௠ + ܼଷܼସܼ௠ ௖ܸ௠																																																																																																																																																															(5 − 17)  

Hence, the insertion gain can be expressed as an equation of the five impedances 

IG = (ܼଵܼସ − ܼଶܼଷ)(ܼଶ + ܼଷ + ܼ௠)ܼଵܼଶܼଷ + ܼଵܼଶܼସ + ܼଵܼଷܼସ + ܼଶܼଷܼସ + ܼଵܼଶܼ௠ + ܼଵܼସܼ௠ + ܼଶܼଷܼ௠ + ܼଷܼସܼ௠																																																																																																																																																															(5 − 18)  
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Fig. 5-21. Simplified CM equivalent circuit. 
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All five impedances can be measured or calculated. With (5-18), the noise attenuation 

performance of the ac side CM impedance balancing circuit can be quantified. Also, the influence 

of the different components of the impedance bridge (such as the power stage parasitic capacitance) 

on the CM noise attenuation performance can be evaluated. The modeling use the same parameters 

in the experiment. For simplification, only the CM inductor ܮ௖௠௔௖ and the auxiliary inductor ܮ௥ 

use measured impedance curve data since these Nanocrystalline core inductors have frequency-

dependent and non-linear characteristics in the interested EMI frequency range. Impedance of 

other components shown in Fig. 5-21 are regarded to be ideal inductors or capacitors. The power 

stage capacitive coupling to ground are considered. The measured ac side parasitic capacitance is 

around 76 pF. Fig. 5-22 shows the calculated insertion gain curve. At the switching frequency 

point (280 kHz), the predicted ac CM noise attenuation with the impedance balancing circuit is 19 

dB. From the insertion gain curve, above 1 MHz, the CM noise attenuation performance is limited, 

which also matches previous experiment results.  

Then, to demonstrate the influence of power stage parasitic capacitance on CM noise 

attenuation, insertion gain curves with different ac side power stage parasitic capacitance and dc 

side power stage parasitic capacitance are calculated and plotted as shown in Fig. 5-23(a) and Fig. 

5-23(b), respectively. From Fig. 5-23(a), the ac side CM noise attenuation performance of the 

impedance balancing circuit decreases when the ac side power stage parasitic capacitance 

increases. Specifically, at the 280 kHz switching frequency point, the CM noise attenuation is 21.3 

dB, 18.5dB, and 16.2 dB when the ac side power stage parasitic capacitance is 50 pF, 100 pF and 

150 pF, respectively. From Fig. 5-23(b), the ac side CM noise attenuation nearly does not change 

when the dc side power stage parasitic capacitance changes. The three insertion gain curves 

overlap with each other. All the results match the analysis presented above. 
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Fig. 5-22. Insertion gain curve. 
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(b) 

Fig. 5-23. (a) Insertion gain curves at different ac side power stage parasitic capacitances. (b) 

Insertion gain curves at different dc side power stage parasitic capacitances.  
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5.3 Experimental Results and Analysis 

A silicon carbide MOSFET based active NPC inverter is constructed for experimental 

verification of proposed method. In this case study, 3 kHz fundamental frequency and 280 kHz 

switching frequency are selected.  The proposed impedance balancing circuit shown in Fig. 5-17 

is applied. The inverter system conventional CM filter parameters are ܮ௖௠௔௖=500 uH, ܮ௖௠ௗ௖=2.1 

mH and ܥ௖௠ௗ௖=2 nF. Fig. 5-24 shows the inverter hardware platform and the inverter output 

voltage and current waveform. 

Power Stage

Controller

EMI Filters

LISNs

 

Line to line output voltage 250 V/div

Phase output current 2.5A/div

 

Fig. 5-24. Inverter platform and voltage/current waveforms. 
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5.3.1 Impedance Balancing Circuit Design to Reduce Only AC side CM Noise 

According to the analysis, (5-10) should be met for the ac motor side CM noise reduction. The 

impedance balancing circuit ratio is first selected as n=1 for the sake of principle verification. Then, 

the impedance balancing circuit parameters are determined as ܮ௥=500 uH and ܥ௥௘௧௨௥௡=4 nF (with 

the damping network parameters ܴ௥=200 Ohm and ܥ௥=4 nF). In this case, the ac side CM noise 

attenuation can be expected, and the dc side CM noise will not be decreased. The comparison 

experiments are conducted without the impedance balancing circuit (having only the conventional 

CM filterܮ௖௠௔௖, ܮ௖௠ௗ௖and ܥ௖௠ௗ௖ as shown in Fig. 5-17) and with the impedance balancing circuit 

(having the conventional CM filter ܮ௖௠௔௖, ܮ௖௠ௗ௖, ܥ௖௠ௗ௖ and the added two impedance balancing 

circuit branches ܮ௥ and ܥ௥௘௧௨௥௡ as shown in Fig. 5-17).  

The CM noise current test results are shown in Fig. 5-25. From Fig. 5-25(a), when the 

impedance balancing circuit is applied, 10 ~ 20 dB ac side CM noise attenuation has been achieved 

in the 150 kHz to 1 MHz frequency range, and around 18 dB attenuation is obtained at the 

switching frequency noise peak. In the lower frequency range from 10 kHz to 150 kHz, the 

impedance balancing circuit also helps to reduce CM noise. From Fig. 5-25(b), no CM noise 

attenuation can be observed in the dc side. These results match the theoretical analysis. 
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18dB

 

(a) 

 

(b) 

Fig. 5-25. CM EMI noise with and without the impedance balancing circuit at n=1, (a) ac side, (b) 

dc side. 
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5.3.2 Impedance Balancing Circuit Design to Reduce both AC and DC Sides CM Noise 

Both (5-10) and (5-13) should be met to reduce both the ac and dc sides CM noise. Therefore, 

the impedance balancing circuit is selected with n=4. Then, the impedance balancing circuit 

parameters are determined as ܮ௥=2 mH and ܥ௥௘௧௨௥௡=16 nF. The comparison experiments are 

conducted. Fig. 5-26(a) shows the ac side CM noise current spectrum. Similarly, as previous case 

where n=1, 10~20 dB noise attenuation has been achieved in the 150 kHz to 1 MHz frequency 

range, and around 18 dB attenuation is obtained at the switching frequency noise peak when the 

impedance balancing circuit is applied. Fig. 5-26(b) shows the dc side CM noise current spectrum. 

With the impedance balancing circuit, 5~15 dB noise attenuation has been achieved in the 150 

kHz to 1 MHz frequency range, and around 10 dB attenuation is obtained at the switching 

frequency noise peak. These results match the theoretical analysis. 

The impedance balancing circuit ratio n is further increased to be n=8 to demonstrate the 

influence of an increased ratio. Then, the impedance balancing circuit parameters are determined 

as ܮ௥= 4 mH and ܥ௥௘௧௨௥௡=32 nF. Fig. 5-27(a) shows that, at the switching frequency noise peak 

(280 kHz), 15 dB noise attenuation is obtained for ac side CM noise when the impedance balancing 

circuit is applied. Compared to the case where n=1 and n=4 (the ac side CM noise attenuation at 

the switching frequency peak is 18 dB for the two cases), the CM noise attenuation decreases 

slightly. This is because the ac side power stage parasitics begin to influence the performance of 

the impedance bridge when the impedance balancing circuit ratio n=8. However, the degradation 

is still very small at n=8. More performance degradation can be expected if the ratio n is further 

increased. Fig. 5-27(b) shows the dc side CM noise current spectrum, at the switching frequency 

noise peak, 14 dB attenuation has been achieved when the impedance balancing circuit is applied, 

which is larger than the case when n=4 (10 dB in this case). These results also match the analysis.  
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Fig. 5-26. CM EMI noise with and without the impedance balancing circuit at n=4, (a) ac side, (b) 

dc side. 
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Fig. 5-27. CM EMI noise with and without the impedance balancing circuit at n=4, (a) ac side, (b) 

dc side. 
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From Fig. 5-25, Fig. 5-26 and Fig. 5-27, it can be found that the ac side impedance balancing 

circuit only slightly alters the EMI noise level above 1 MHz. This is because in the MHz frequency 

range, the adverse effect of the power stage parasitic capacitances begins to influence balancing 

performance of the impedance bridge. Also, the parasitics of EMI filters in the impedance bridge, 

such as the equivalent parallel parasitic capacitance (EPC) of the CM inductor, cannot be neglected 

in the high frequency range. The impedance bridge is not balanced well and (5-10) is not met in 

the high frequency range. To improve the high frequency performance of the impedance balancing 

circuit, from physical design point of view, the power stage parasitic capacitance and passive filter 

parasitics need to be well controlled and reduced.  

5.3.3 Comparison to the Conventional CM Filter 

Experiment results show that the proposed impedance balancing circuit can effectively reduce 

both the dc and ac sides CM noise. This indicates that the required inductance of the conventional 

CM inductor can be reduced to get the same CM noise level. Compared to the design case n=4, to 

get the same ac and dc sides CM noise at the switching frequency noise peak without the 

impedance balancing circuit, the ac side CM inductance need to be increased to ܮ௖௠௔௖=3.43 mH. 

Experiments are conducted to verify this.  
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(a) 

 

(b) 

Fig. 5-28. CM EMI noise comparison: with 500 uH inductor and impedance balancing circuit, and 

with the increased 3.43 mH CM inductor, (a) ac side. (b) dc side. 
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Fig. 5-28(a) shows the ac side CM noise comparison with the 500 uH inductor and the 

impedance balancing circuit, and with the increased 3.43 mH CM inductor. Specifically, at the 280 

kHz switching frequency point, the noise level with the 500 uH CM inductor and the impedance 

balancing circuit is 41 dB, and the noise level with the 3.43 mH CM inductor is around 45 dB.  Fig. 

5-28(b) shows the dc side CM noise comparison. At switching frequency point, the CM noise 

current of the case with 500 uH CM inductor and the impedance balancing circuit is almost the 

same as the CM noise current of the case with 3.43 mH CM inductor. In conclusion, to achieve 

the same CM noise level, the ac side CM inductance can be reduced by approximately a factor of 

7 with the proposed impedance balancing circuit. 

The inductor loss of the two cases are estimated and summarized in Fig. 5-29. As the impedance 

balancing circuits are not in the power current conduction path and conduct only the CM noise 

current, their losses are very small compared to the conventional CM filters. The power loss of the 

impedance balancing circuit auxiliary inductor is 7.8% of the 500 uH ac side CM inductor. Also, 

the power loss of the 500 uH inductor plus the auxiliary inductor is 62.5% of the loss of the 3.43 

mH inductor. Note that in this case study, the power current is relatively small, and the core loss 

takes a large portion of the total CM inductor loss. If the converter power current increases, the 

copper loss and total loss of the ac side CM inductor increases, but the loss of the auxiliary inductor 

will not change much as it only conducts CM noise current. Then, the loss ratio between the 

auxiliary inductor and the conventional CM inductor will be even smaller. Hence, the impedance 

balancing circuit is more effective and promising for high power applications. 
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Fig. 5-29. Loss of the 500 uH CM inductor, auxiliary inductor and the 3.43 mH inductor. 

 

5.4 Conclusion 

This chapter investigates inverter and filter topology to reduce CM noise for three-level inverter.  

First, the fourth-leg strategy is applied to the three-level inverter fed motor drive for CM noise 

reduction. Unlike the case in two-level inverters, the nearest three vectors can be maintained to 

synthesize the reference while zero CMV can be achieved at the same time. Alternative fourth-leg 

filter structures are investigated. Experiments conducted on a three-level NPC inverter show that 

with the fourth-leg and presented modulation scheme applied, the CM noise has been significantly 

reduced, and ~25 dB attenuation can be observed at the first noise peak in the EMI frequency range.  

Second, an impedance balancing circuit is proposed for dc-fed motor drive where both the dc 

source side and ac motor side need to meet EMI standards and require EMI filters. The CM noise 

reduction performance of the proposed method does not depend on motor and cable models. The 

topology, design criteria, and performance evaluation model are developed and illustrated. 

Experiment results shows that both the ac and dc side can achieve 10~20 dB CM noise attenuation 

in the 150 kHz to 1 MHz frequency range. Specifically, at the switching frequency noise peak 
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point, 18 dB ac side attenuation and 10 dB dc side attenuation have been achieved when impedance 

balancing circuit ratio is selected as n=4, and 16 dB ac side attenuation and 14 dB dc side 

attenuation have been achieved when n=8 is selected. The required CM inductance of the 

conventional ac side CM inductor significantly reduced from 3.43 mH to 500 uH in the experiment. 
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6. CM Inductor Modeling, Analysis, and Design Optimization for 

Three-Level Inverter  

To reduce the required EMI filter, one approach is to reduce the EMI noise in the power inverter 

system as discussed in last chapter, another approach is EMI filter design optimization. CM 

inductor is one of the dominant weight contributors of EMI filter. Core saturation is usually the 

main limitation for inductor size and weight reduction in high power low switching frequency 

applications. Overdesign of the inductor core is a safe way to prevent saturation, but it also 

decrease the inverter system power density. This chapter will focus on the CM flux density 

modeling, analysis and CM inductor design optimization. 

6.1 Spectrum Concept for CM Inductor Design Optimization 

6.1.1 Spectrum Concept Analysis 

For a CM inductor, when the inductance is fixed, the CM volt-second or CM current determines 

CM flux density. Instead of time domain CM current, frequency domain spectrum concept is 

introduced to CM current analysis to provide an insightful view. A typical CM inductor CM current 

spectrum is shown in Fig. 6-1 [226]. The components in the current spectrum can be classified into 

three categories: 1) switching frequency related components; 2) impedance resonance frequency 

related components; and 3) modulation frequency related components. To reduce the CM flux 

density and optimize CM inductor design, each component in the inductor CM current spectrum 

needs to be reduced. 
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Fig. 6-1. CM inductor CM current spectrum. 

 

The switching frequency related current components refer to switching frequency component 

and its sideband harmonics. The magnitudes of these components are determined by switching 

frequency related CM voltage and CM noise propagation path impedance. The CM noise 

propagation path impedance will be discussed later. To reduce switching frequency related CM 

voltage, PWM schemes which reduce CM voltage amplitude can be applied such as the active zero 

state PWM (AZSPWM) and near state PWM (NSPWM) for two-level inverter, and common-mode 

reduction (CMR) scheme for three-level inverter. Another method is to use variable switching 

frequency, which spreads the centralized noise peak around the switching frequency and its 

multiples to a wider frequency range and thus reduces the CM voltage peak. 

The impedance resonance frequency related current components are introduced by LC filter 

resonance, LC filter parasitic resonance, and load resonance. If the impedance resonance 

frequencies are close to the peak points of the CM voltage spectrum, the CM current will be 
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amplified due to the relatively low impedance at these frequency points. LC filter corner frequency 

is determined by the required EMI noise attenuation obtained from the comparison of bare noise 

and EMI standards. If the designed LC filter corner frequency ௖݂  is higher than switching 

frequency ௦݂௪, which usually occurs when ௦݂௪ multiples is below the EMI frequency range and 

the switching frequency determines the LC filter corner frequency, then it is possible that the 

current will be amplified at certain multiples of ௦݂௪. For example, as shown in Fig. 6-2, the LC 

filter corner frequency ௖݂ is determined by the noise peak at switching frequency multiple ݊2 ∙ ௦݂௪, 

but another switching frequency multiple ݊1 ∙ ௦݂௪  is very close to the resonance point. Then CM 

current can be amplified and even cause core saturation. Hence, LC filter damping is necessary to 

avoid overdesign of the inductor. Load resonance can also cause large CM current and flux density. 

This excess CM current can be reflected in the EMI current bare noise spectrum. In this case, the 

LC filter corner frequency may be determined by the noise peak at resonance frequency instead of 

switching frequency or its multiples. This is not desired for an optimal design. It is better to first 

damp this load resonance and then measure EMI bare noise and then determine the LC filter corner 

frequency. LC filter parasitic resonance involves filter parasitic or the coupling effect between 

multi-stage filters. In this case, it is suggested to check the EMI noise spectrum peak points after 

the EMI filter is added. If certain noise peaks are identified to be caused by impedance resonance, 

then damping networks can be considered. A Rd-Cd damping network can be employed for 

impedance resonance. 
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Fig. 6-2. LC filter corner frequency position and damping. 

 

The modulation frequency related components refer to the third or higher order harmonics of 

the fundamental component. SVM method introduces low frequency modulation frequency related 

CM voltage and can generate large CM flux density and even cause core saturation. As shown in 

Fig. 6-1, the 3rd and higher order of fundamental frequency harmonics exist in the CM current 

spectrum when the central aligned continuous space vector modulation is used.  

The connecting ac and dc side midpoint EMI filter topology is popular in three phase converters 

such as rectifiers and inverters. Fig. 6-3(a) shows a connecting ac and dc midpoint with a capacitor 

structure in dc-fed motor drives. The capacitor ܥி஻ provides a low impedance for high frequency 

CM noise and limits the CM noise within the converter, thus suppressing both ac and dc side CM 

noise. However, ܥி஻ also provides a path for modulation frequency related components. A large 

capacitor ܥி஻ will lead to large modulation frequency related CM current, which may cause CM 

inductor core saturation. To keep the EMI noise reduction performance of capacitor ܥி஻  and 

suppress the modulation frequency related third harmonic, a notch filter structure is proposed as 
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shown in Fig. 6-3(b). The resonance frequency of the notch filter is designed at the third harmonic 

of the modulation frequency. Since the notch filter only provides a high impedance around its 

resonance point, high frequency EMI noise bypassed by ܥ௡௢௧௖௛ will not be influenced. Also, the 

notch inductor ܮ௡௢௧௖௛	is not in the main current conduction path and mainly conducts the third 

harmonic components. It is significantly lighter than conventional EMI inductors, especially in 

high power conversion systems.  
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Fig. 6-3. (a) Connecting ac and dc midpoint CM filter structure in dc-fed motor drives. (b) 

Proposed notch filter structure. 
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Considering this analysis, for CM filter design, first the EMI bare noise should be investigated. 

The noise peaks which can probably determine CM filter corner frequency need to be analyzed 

and categorized. If the switching frequency related noise peak is very large, then a modulation 

method which reduces CM voltage magnitude can be considered. If system impedance resonance 

frequency related noise peak is dominant, then a damping network can be employed. Then, the 

CM filter is designed based on the updated noise attenuation requirement. After the CM filter is 

employed, system EMI noise and CM inductor current spectrum should be checked again to see if 

the CM filter introduces new resonances and if impedance resonance components and modulation 

frequency related components cause large CM flux density in the inductor core. If these 

components are large, then further damping and the proposed notch filter structure can be 

considered. 

6.1.2 Experimental Verification 

A SiC device based three-phase three-level active neutral point clamped inverter is developed 

to verify the proposed concept and method. The switching frequency is 280 kHz and inverter ac 

output fundamental frequency is 3 kHz. 

To reduce the switching frequency related CM voltage, CMR modulation scheme is employed. 

Fig. 6-4 shows the CM voltage spectrum comparison. Compared to conventional SVPWM, the 

CM voltage peak at switching frequency point reduced by a factor of 2 using CMR scheme, thus 

switching frequency related CM flux density will be reduced. 

To reduce impedance resonance frequency related CM flux density components, the filter 

design concept and Rd-Cd damping networks discussed above are employed.  Fig. 6-5 shows the 

CM noise current spectrum versus DO-160 EMI standard limit in aircraft application. All LC filters 
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and load impedance resonance points are identified and well damped as shown in Fig. 6-5. The 

detailed filter and damping network parameters are not presented here for simplification. With this 

design, CM noise current and impedance resonance related CM flux density are not amplified and 

are quite small. The main LC filter parameters are designed based on the switching frequency noise 

peak attenuation requirement instead of the resonance peak to optimize inductor design.  

To reduce modulation frequency related components, the proposed notch filter structure in Fig. 

6-3(b) is employed. SVM scheme is used to improve dc voltage utilization, the main modulation 

frequency related component is the third harmonic, which is 9 kHz in the experiment. 

Conventional SVPWMConventional SVPWM

CMRCMR

 

Fig. 6-4. CM voltage spectrum comparison: conventional SVPWM scheme versus CMR scheme. 
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Fig. 6-5. EMI CM noise spectrum with impedance resonances well damped. 

 

Fig. 6-6 shows the comparison experiment results with only capacitor ܥி஻ and with a notch 

filter (ܮ௡௢௧௖௛ and ܥ௡௢௧௖௛). The capacitor values of the two cases are set to be 100 nF. To suppress 

the third harmonic, a notch inductor is determined as ܮ௡௢௧௖௛=3.3 mH. Fig. 6-6 shows the time 

domain waveform and related CM current spectrum using only ܥி஻ . Large CM current distortion 

can be observed and the current spike exceeds 2.6 A when only ܥி஻ is used. This is because CM 

inductor is locally saturated due to large CM current while the third harmonic is the dominant 

component causing core saturation according to the current spectrum in Fig. 6-6. The time domain 

waveform and related CM current spectrum using a notch filter is shown in Fig. 6-7. CM current 

is significantly reduced and no current spike is observed. CM inductor will not be saturated. From 

the CM current spectrum, the 9 kHz third harmonic current is reduced by 3.75 times compared to 

the case using a capacitor. 
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Fig. 6-6. Time domain waveform and related CM inductor CM current spectrum with ܥி஻. 
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Fig. 6-7. Time domain waveform and related CM inductor CM current spectrum with notch filter. 
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6.2 CM Inductor Flux Density Modeling and Analysis 

A typical three-level inverter with dc side one stage LC CM filter system is shown in Fig. 6-8. 

The comprehensive CM inductor flux density modeling and analysis is conducted in this section.   
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Fig. 6-8. Three-level inverter with dc side EMI filter system. 

 

6.2.1 Basic Model 

DM current generates magnetic flux in the CM inductor core. Most of this DM current 

generated flux of different phases cancel with each other in a balanced system. However, part of 

the DM flux of different phases which are not coupled will not be cancelled which is known as the 

leakage flux. The CM voltage of a converter generates CM current through the impedance loop 

formed by CM filter and system parasitic capacitance to ground. This CM current also generates 

flux in the CM inductor magnetic core. Hence, the flux density in a CM inductor core can be 

considered as two parts as shown in Fig. 6-9. 
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Fig. 6-9. Flux density in a CM inductor. 

The total flux density is ܤ = ஽ெܤ + ஼ெܤ (6 − 1)	
where ܤ஽ெ is the DM current generated flux density and termed as DM flux density, ܤ஼ெ is the 

CM current generated flux density and termed as CM flux density. The DM flux density can be 

calculated as 

஽ெܤ = ௘௙௙ܮ஽ெܫ஽ெܰߤ଴ߤ (6 − 2)	
where ߤ௢ is the free space permeability, ܰ is the number of turns, ߤ஽ெ is the equivalent leakage 

flux path relative permeability and ܮ௘௙௙  is the equivalent leakage flux mean path length, 

respectively. Both ߤ஽ெ and ܮ௘௙௙ are the function of the core geometry. When the core is selected, ߤ஽ெ and ܮ௘௙௙ can be determined. DM current is represented as ܫ஽ெ. 

For dc side CM inductor, the DM current mainly contains dc component which is the power 

current delivered to load. Although switching frequency ripple current may exists, the contribution 

of ripple current to the DM flux density is very small and can be neglected if THD is small. The 

DM current can be denoted as 
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஽ெܫ = ߟܲ ௗܸ௖ (6 − 3)	
where ܲ represents load power and ߟ denotes inverter system efficiency. Therefore, all parameters 

in (6-2) can be determined, and the DM flux density is modeled analytically. 

The CM flux density can be calculated as 

஼ெܤ = ௘ܮ௖௠ܫ௥ܰߤ଴ߤ (6 − 4)	
where ߤ௥ is the relative permeability, ܰ is the number of turns, and ܮ௘ is the mean path length. 

CM current is represented as ܫ஼ெ. 

For dc side CM inductor, the CM current mainly contains switching frequency related 

harmonics. To calculate CM current, both the CM voltage and CM noise propagation path 

impedance need to be modeled. The CM voltage is a variable duty cycle PWM voltage and its 

harmonics can be analyzed in frequency domain using double Fourier integral analysis. The CM 

noise propagation path impedance including CM inductor has frequency-dependent characteristic 

and need to be modeled in frequency domain.  The frequency domain CM voltage and CM 

impedance are expressed as ஼ܸெ(݂)  and ܼ஼ெ(݂) , and the frequency domain CM current is 

calculated as 

(݂)஼ெܫ = ஼ܸெ(݂)ܼ஼ெ(݂) (6 − 5) 
Then, the time domain CM current can be derived using inverse FFT as 

(ݐ)஼ெܫ = ஼ெ(݂)൯ܫ൫ܶܨܨ݅ (6 − 6) 
For the three-level inverter system shown in Fig. 6-8, the CM equivalent circuit is illustrated as 

Fig. 6-10.  
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Fig. 6-10. Simplified CM equivalent circuit. 

 

The CM voltage is  

஼ܸெ = ஺ܸை + ஻ܸை + ஼ܸை3 (6 − 7)	
where ஺ܸை, ஻ܸை,	 ஼ܸை are three phase voltages.  

The spectrum of pulse width modulated phase leg voltage can be expressed as (6-8), and the 

harmonic coefficient is calculated as (6-9). 

(ݐ)݂ = ଴଴2ܣ +෍[ܣ଴௡ cos(݊ݕ) + ଴௡ܤ sin(݊ݕ)]ஶ
௡ୀଵ
+ ෍ ෍ ௠௡ܣ] cos(݉ݔ + (ݕ݊ + ௠௡ܤ sin(݉ݔ + ஶ[(ݕ݊

௡ୀିஶ
ஶ

௠ୀଵ 																															(6 − 8) 
௠௡ܥ = ௠௡ܣ + ௠௡ܤ݆ = ଶߨ12 න න ,ݔ)݂ ௫೑௫ೝݕ݀ݔ݀௝(௠௫ା௡௬)݁(ݕ ,௬೐௬ೞ ݔ = ߱௖ݐ, ݕ = ߱଴ݐ (6 − 9)	

where ݂(ݔ,  .is the output voltage. m and n are carrier and baseband integer indices, respectively (ݕ

Carrier and fundamental angular frequency are represented by ߱௖ and ߱଴, respectively.  

The phase voltage is impacted by the modulation method. In this study, the basic three-level 

phase disposition PWM (PDPWM) method is used as example to conduct the modeling and 
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analysis.  

Fig. 6-11(a) shows the three-level PDPWM carrier waveform, and the unit cell contour plot is 

shown in Fig. 6-11(b) when the sinusoidal reference is ݂(ݕ) =  Then the double Fourier .ݕݏ݋ܿܯ

integral limits for calculating the harmonic coefficient of (6-8) is summarized in Table 6-1. 

As the phase voltage harmonic is calculated, the CM voltage can be derived as 

஼ܸெ = ஺ܸை + ஻ܸை + ஼ܸை3 = 13 ෍ ෍ ௠௡ܥ cos(݉ݔ + (ݕ݊ ൬1 + 2 cos ൬݊ 3ߨ2 ൰൰	ஶ
௡ୀିஶ

ஶ
௠ୀଵ (6 − 10) 

 

 

(a) (b) 

Fig. 6-11. (a) Three-level PDPWM carrier waveform, (b) the unit cell contour plot. 

Table 6-1. Double Fourier Integral Limits of Basic PDPWM ݕ௦ ݕ௘ ݔ௥ ݔ௙ ݂(ݔ,  2ߨ− (ݕ
ௗܸ௖2 ݕݏ݋ܿܯߨ ݕݏ݋ܿܯߨ− 2ߨ ߨ− 2ߨ− ߨ−  1)ߨ− + (ݕݏ݋ܿܯ − ௗܸ௖2 1)ߨ  + (ݕݏ݋ܿܯ ߨ− ߨ 2ߨߨ 1)ߨ− + (ݕݏ݋ܿܯ − ௗܸ௖2 ߨ  1)ߨ +  (ݕݏ݋ܿܯ
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In Fig. 6-10, ܼ௅ூௌே represents the LISN CM impedance defined in EMI standards. 	ܼ௅ and ܼ஼௒ 

are the CM inductor and CM capacitor impedance, respectively. ܼ௟௢௔ௗ  denotes the load CM 

impedance. RL load is used. A capacitor connecting three phase load neutral point and ground is 

added which represents the parasitic capacitance in motor drive system. The power device stray 

capacitance is ignored here as the stray capacitance is usually in the picofarad range and only 

impact the very high frequency EMI noise.    

Thus, the CM loop impedance is calculated as 

ܼ௟௢௢௣ = ܼ௟௢௔ௗ + ܼ஼௒||(ܼ௅ூௌே + ܼ௅) (6 − 11) 
The CM impedance seen by the CM inductor is the transfer function from CM voltage to CM 

current flowing through the CM inductor, which can be calculated as 

ܼ஼ெ = ܼ௟௢௢௣(1 + ܼ௅ூௌே + ܼ௅ܼ஼௒ ) (6 − 12) 
As CM voltage ஼ܸெ and CM impedance ܼ஼ெ are derived in frequency domain, with (6-5) and 

(6-6), CM current can be calculated. Thus, all parameters in (6-4) can be determined, and the CM 

flux density is modeled analytically. The total flux density can then be modeled. 

With the developed flux density calculation model, the impact of modulation index, dead time, 

NP voltage variation and loop impedance on the CM inductor maximum flux density are 

comprehensively investigated in next sections. The modulation index, dead time, and NP voltage 

variation impact the CM voltage and thus impact CM flux density. The CM inductor inductance 

impact the loop impedance and thus impact CM flux density. Case studies are conducted with the 

inverter system main parameters listed in Table 6-2. 
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Table 6-2. Inverter System Main Parameters 

DC voltage 600 V 

Fundamental frequency 400 Hz 

Carrier frequency 60 kHz 

Load L=320 uH and R=10 Ohm for each phase, parasitic 

capacitance Cg=10 nF 

CM inductor nanocrystalline core (T60006-L2040-W424) and number 

of turns N= 9 for each phase 

CM capacitor 4.7 nF for each phase 

   

6.2.2 Impact of Modulation Index 

With developed model, the maximum CM flux density, DM flux density and total flux density 

of the CM inductor at different modulation indexes are calculated and summarized in Fig. 6-12. 

From Fig. 6-12, for three-level inverter, the maximum flux density shows a non-monotonous 

relationship with modulation index. This is because the maximum CM flux density has a non-

monotonous relationship with modulation index and CM flux density dominates the total flux 

density characteristic. The maximum flux density does not occur at full load (modulation index is 

1) but at a certain operation point where the modulation index is around 0.7.  

The calculation is based on PDPWM but the conclusion is also true if other modulations are 

used. Fig. 6-13 shows the results when continuous nearest three space vector (NTSV) modulation 

– for which the reference can be considered as a sinusoidal plus third order harmonics -  is applied. 

Similar trend can be observed. The maximum CM flux density occurs at a certain operation point 

where modulation index is around 0.6 and the value is nearly twice the value of full load point.  
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Fig. 6-12. CM inductor flux density versus modulation index. 

 

 

Fig. 6-13. CM inductor flux density with NTSV modulation. 
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For three-level inverter in motor drive application, the fundamental frequency is variable. 

Consider the motor with fun load, the torque varies with speed squared and the power varies with 

speed cubed. Assuming v/f control is applied, and the fundamental frequency varies from 100 Hz 

to 1 kHz when the modulation index varies from 0.1 to 1. Let the output current to be the same as 

the RL load case for full load operation point. The flux density at different modulation index is 

calculated and summarized as Fig. 6-14. Compared to the RL load case with fixed fundamental 

frequency case, the fundamental frequency variation in motor drive application impacts the 

switching frequency sideband harmonics of CM voltage and thus impacts the CM inductor flux 

density. However, similar trend can be observed in Fig. 6-15. The maximum occurs at a certain 

operation point instead of full load.    

 

Fig. 6-14. CM inductor flux density versus modulation index for motor with fun load. 
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6.2.3 Impact of Dead Time 

Dead time is implemented in a phase leg to avoid shoot-through failure in real applications. 

During dead time period, the output voltage is determined by the output current direction of the 

corresponding phase leg. Thus, the output voltage, the CM voltage, and the CM flux density of the 

CM inductor will all be impacted by dead time. 

For a classical edge delay based dead time generation, the rising edge of each PWM signal is 

delayed for a certain time ݐௗ . For a three-level inverter, considering the possible voltage and 

current polarities, the phase output voltage with dead time are illustrated as Fig. 6-15. Thus, a term 2ߨ ௧೏்ೞ needs to be added to the inner integral limits of rising or falling edge based on voltage and 

current polarities when calculating phase voltage harmonics.  

For unit power factor case, the double Fourier integral limits for calculating phase voltage 

harmonic coefficient is listed in Table 6-3. Then, the CM voltage and CM flux density can be 

calculated. The maximum CM flux density for several typical dead time (2%, 5%, and 10% of the 

switching period) are calculated and summarized in Fig. 6-16. 

From Fig. 6-16, the impact of dead time on maximum CM flux density highly depends on 

modulation index. When modulation index is high, larger dead time results in higher maximum 

flux density. When modulation index is low, larger dead time leads to lower maximum flux density. 

This can be understood by investigating the dead time impact on CM voltage.  
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Fig. 6-15. Phase output voltage of a three-level inverter considering dead time. 

Table 6-3. Double Fourier Integral Limits of Basic PDPWM Considering Dead Time ݕ௦ ݕ௘ ݔ௥ ݔ௙ ݂(ݔ,  2ߨ− (ݕ
ݕݏ݋ܿܯߨ− 2ߨ + ߨ2 ௗܸ௖2 ݕݏ݋ܿܯߨ ௗܶ௦ݐ ߨ− 2ߨ− ߨ−  1)ߨ− + − (ݕݏ݋ܿܯ ௗܸ௖2 1)ߨ  + (ݕݏ݋ܿܯ + ߨ2 ௗܶ௦ݐ ߨ− ߨ 2ߨ ߨ  1)ߨ− + − (ݕݏ݋ܿܯ ௗܸ௖2 1)ߨ  + (ݕݏ݋ܿܯ + ߨ2 ௗܶ௦ݐ  ߨ 

 

 

Fig. 6-16. Impact of dead time on CM inductor maximum flux density. 
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Table 6-4. Phase Voltage and CM Voltage Main Components at M=1 

 ଴݂ 3 ଴݂ ௖݂ 2 ௖݂ ± ଴݂ ௔ܸ 
without DT 

300 0 99 20.3 

௔ܸ 
with DT 

281 6.4 107.8 25.9 

 ଴݂ 3 ଴݂ ௖݂ 2 ௖݂ ± 3 ଴݂ ௖ܸ௠ 
without DT 

0 0 99 2.9 

௖ܸ௠ 
with DT 

0 6.4 107.8 14.2 

 

Table 6-5. Phase Voltage and CM Voltage Main Components at M=0.4 

 ଴݂ 3 ଴݂ ௖݂ 2 ௖݂ ± ଴݂ ௔ܸ 
without DT 

120 0 127.6 47.2 

௔ܸ 
with DT 

101 6.4 106 51.7 

 ଴݂ 3 ଴݂ ௖݂ 2 ௖݂ ± 3 ଴݂ ௖ܸ௠ 
without DT 

0 0 127.6 20.9 

௖ܸ௠ 
with DT 

0 6.4 106 11.4 

 

 

Table 6-4 and Table 6-5 show the calculated phase voltage and CM voltage main components 

at modulation index M=1 and M=0.4, respectively. Dead time impacts both fundamental frequency 

and switching frequency related components. The dead time impact on fundamental frequency 

related components does not change with modulation index. Dead time will decrease the 

fundamental frequency component and increase the third harmonic by a fixed value if dead time 

is fixed. The dead time impact on switching frequency harmonic and sidebands is high dependent 

on modulation index and shows complicated trend. When modulation index is high, if dead time 
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increases, both the third harmonic and the dominant switching frequency harmonic of the CM 

voltage will increase. As a result, the maximum CM flux density and total flux density will increase 

if dead time increases. When modulation index is low, if dead time increases, the dominant 

switching frequency harmonic will decrease although the third harmonic will increase. As a result, 

the maximum CM flux density and total flux density will decrease if dead time increases. 

6.2.4 Impact of Neutral Point Voltage Variation 

As discussed in literature, the dc-link capacitor NP voltage variation exists in a three-level 

inverter. With PDPWM, how the NP voltage variation impacts CM voltage and CM flux density 

is analyzed as follows. 

Considering NP voltage variation, the CM equivalent circuit shown in Fig. 6-10 is modified as 

Fig. 6-17. The CM voltage is divided to two parts represented by ஼ܸெ_௔௖ and ஼ܸெ_ௗ௖.  
The dc side CM voltage 

஼ܸெ೏೎(ݐ) = ைܸ௉(ݐ) + ைܸே(ݐ)2 = ( ௗܸ௖2 − ((ݐ)ܸ∆ − ( ௗܸ௖2 + 2(ݐ)ܸ∆ = (ݐ)ܸ∆− (6 − 13) 
 indicates NP voltage variation, which is determined by the current flowing through the (ݐ)ܸ∆

dc-link capacitors. The low frequency current flowing through NP is denoted as ݅௡௘௨ = ݀௔݅௔ + ݀௕݅௕ + ݀௖݅௖ (6 − 14) 
where ݅௔, ݅௕, ݅௖ are three phase ac currents, and ݀௔, ݀௕, ݀௖ are duty cycles of three phases.  
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Fig. 6-17. Simplified CM equivalent circuit considering NP voltage variation. 

 

The three phase ac currents are expressed as 

݅௔ = ௢ܫ cos(߱଴ݐ − ߮) , ݅௕ = ௢ܫ cos ൬߱଴ݐ − ߨ23 − ߮൰ , ݅௖ = ௢ܫ cos ൬߱଴ݐ − ߨ43 − ߮൰ (6 − 15) 
where ܫ௢ represents ac current amplitude, ߱଴ is the angular fundamental frequency, ߮ is the phase 

angle.  

A fundamental cycle can be divided to six regions based on the voltage polarities. In region I 

(−గ଺ < ߱଴ݐ < గ଺), the three phase duty cycles with PDPWM are expressed as 

݀௔ = ݉ cos(߱଴ݐ) , ݀௕ = −݉cos ൬߱଴ݐ − ൰ߨ23 , ݀௖ = −݉cos ൬߱଴ݐ − ൰ߨ43 (6 − 16) 
Thus, the switching cycle averaged neutral point current is calculated as 

݅௡௘௨ = ݀௔݅௔ + ݀௕݅௕ + ݀௖݅௖ = ௢2ܫ݉ (2 cos(2߱଴ݐ − ߮) − (߮ݏ݋ܿ (6 − 17) 
In other regions, the expression for ݅௡௘௨  can be calculated similarly. Table 6-6 summarized the 

averaged neutral point current in a fundamental cycle. 

 

 

 



201 
 

Table 6-6. Averaged Neutral Point Current in a Fundamental Cycle 

region ݅௡௘௨ 

I (−గ଺ < ߱଴ݐ < గ଺) ݉ܫ௢2 (2 cos(2߱଴ݐ − ߮) −  (߮ݏ݋ܿ
II (

గ଺ < ߱଴ݐ < గଶ) ݉ܫ௢2 (2 cos ቀ2߱଴ݐ − ߮ + 3ቁߨ +  (߮ݏ݋ܿ
III (

గଶ < ߱଴ݐ < ହగ଺ ௢2ܫ݉ ( (2 cos ൬2߱଴ݐ − ߮ + 3ߨ2 ൰ −  (߮ݏ݋ܿ
IV (

ହగ଺ < ߱଴ݐ < ଻గ଺ ௢2ܫ݉ ( (−2 cos(2߱଴ݐ − ߮) +  (߮ݏ݋ܿ
V (

଻గ଺ < ߱଴ݐ < ଷగଶ ௢2ܫ݉ ( (2 cos ൬2߱଴ݐ − ߮ − 3ߨ2 ൰ −  (߮ݏ݋ܿ
VI (

ଷగଶ < ߱଴ݐ < ଵଵగ଺ ௢2ܫ݉ ( (2 cos ቀ2߱଴ݐ − ߮ − 3ቁߨ +  (߮ݏ݋ܿ
   

 

The averaged neutral point current ݅௡௘௨ mainly contains the third order harmonic and it has six 

current zero-crossing point for a fundamental cycle. The phase angle of zero-crossing point in 

region I is calculated as 

ூߠ = 12 ൬− arccos ൬12 ൰߮ݏ݋ܿ + ߮൰ (6 − 18) 
The NP voltage variation 

(ݐ)ܸ∆ = 12 ൫ ௉ܸை(ݐ) − ைܸே(ݐ)൯ = ܥ12 න൫݅௖ଵ(ݐ) − ݅௖ଶ(ݐ)൯݀ݐ = ܥ12 න ݅௡௘௨(ݐ)݀ݐ (6 − 19) 
The high frequency current components contributed NP voltage variation can be neglected due 

to the large dc-link capacitance, thus the NP voltage variation is 

(ݐ)ܸ∆ ≈ ܥ12 න ݅௡௘௨(ݐ)݀ݐ (6 − 20) 
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The NP voltage variation ∆ܸ(ݐ) is a piecewise function of ߱଴ݐ. As the NP voltage variation is 

mainly third order harmonic, it can be further simplified as 

(ݐ)ܸ∆ ≈ ௘ܸ cos൫3(߱଴ݐ + ߮௘)൯ (6 − 21)	
where ௘ܸ  and ߮௘  are the equivalent voltage amplitude and initial phase angle, respectively. By 

investigating the relationship between ∆ܸ(ݐ) and ݅௡௘௨(ݐ), ௘ܸ and ߮௘ are calculated as 

߮௘ = 3ߨ − ூߠ (6 − 22) 
௘ܸ = ܥ௢4߱଴ܫ݉ ቀ−2 sin(2ߠூ − ߮) + ߮ݏ݋ܿ(ூߠ2) + sin ቀ3ߨ − ߮ቁ − sin ቀ3ߨ + ߮ቁቁ (6 − 23) 

Therefore, the NP voltage variation impact on dc side CM voltage can be quantified. NP voltage 

variation will also impact the ac side CM voltage.  

In ideal case, the phase output voltage can be expressed as 

஺ܸை(ݐ) = ௗܸ௖2 ∙ (ݐ)ݏ (6 − 24) 
where (ݐ)ݏ is the phase switching function.  

Considering NP voltage variation, the phase voltage is expressed as 

஺ܸை(ݐ) = ቆ ௗܸ௖2 + ቇ(ݐ)ܸ∆ ∙ (ݐ)ଵݏ + ቆ ௗܸ௖2 − ቇ(ݐ)ܸ∆ ∙ (ݐ)ଶݏ = ௗܸ௖2 ∙ (ݐ)ݏ + (ݐ)ܸ∆ ∙ 6)(ݐ)ଵଶݏ − 25) 
where ݏଵ(ݐ) and ݏଶ(ݐ) represents the switching function of upper most and bottom most devices, 

respectively, and ݏଵଶ(ݐ) is defined as ݏଵଶ(ݐ) = (ݐ)ଵݏ −  .(ݐ)ଶݏ
The Fourier transform 

஺ܸை(߱) = ௗܸ௖2 (߱)ݏ + ⊗(߱)ଵଶݏ ∆ܸ(߱) (6 − 26) 
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Define the NP voltage variation’s contribution to the phase voltage spectrum ∆ ஺ܸை(߱) ∆ ஺ܸை(߱) = ⊗(߱)ଵଶݏ ∆ܸ(߱) (6 − 27) 
It can be derived that 

∆ ஺ܸை(߱) = ௘ܸ2 ቀ݁௝(ଷఝ೐)ݏଵଶ(߱ − 3߱଴) + ݁௝(ିଷఝ೐)ݏଵଶ(߱ + 3߱଴)ቁ (6 − 28) 
It shows that the spectral content of the NP voltage variation’s contribution to the ac voltage is 

the superposition of switching function spectrum ݏଵଶ(߱) with frequency shifts of ±3߱଴ . The 

harmonic coefficients of Fourier series of ݏଵଶ(ݐ) can be calculated with double Fourier integral. 

Assuming the harmonic coefficients of ݏଵଶ(ݐ) is ܥ௠௡ = ௠௡ܣ + ∆ ௠௡, the harmonic coefficients ofܤ݆ ஺ܸை(ݐ) is ܥ௠௡෢ = +௠௡෣ܣ ௠௡෢ܤ݆ , which can be calculated as 

଴଴෢ܣ = ௘ܸ2 ൫ܣ଴ଷܿ߮ݏ݋௘ +  	௘൯߮ݏ݋଴ଷܿܤ
௠௡෣ܣ = ௘ܸ2 ൫ܣ௠,௡ିଷ + ௘߮ݏ݋ܿ(௠,௡ାଷܣ + ௠,௡ିଷܤ) −  ௘൯߮݊݅ݏ(௠,௡ାଷܤ

௠௡෢ܤ = ௘ܸ2 ൫ܤ௠,௡ିଷ + ௘߮ݏ݋ܿ(௠,௡ାଷܤ − ௠,௡ିଷܣ) − ௘൯߮݊݅ݏ(௠,௡ାଷܣ (6 − 29) 
Thus, the phase voltage spectrum considering NP voltage variation can be calculated. The CM 

voltage source and CM inductor flux density can be calculated accordingly. Table 6-7 lists the 

main components of phase voltage and CM voltage without NP voltage variation. Table 6-8 

calculates the main components of phase voltage and CM voltage with NP voltage variation at 

different power factors. The dc-link voltage variation is in the 2%~5% range of half dc voltage 

which is typical. 

Comparing Table 6-7 and Table 6-8, the NP voltage variation introduces extra third order 

fundamental frequency harmonics and slightly changes the switching frequency component and 
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sidebands. In a motor drive system with tens of kilowatts power rating, the parasitic capacitance 

is typically a couple of nanofarads. In the studied system, a 10 nF parasitic capacitance is assumed, 

and the CM loop shows a large impedance at the third harmonic of fundamental frequency point. 

As a result, the third harmonic of CM current is very small and can be neglect. The impact of NP 

voltage variation on switching frequency components of CM current can also be neglected.  

 

Table 6-7. Main Components of Phase Voltage and CM Voltage without NP Voltage Variation 

(M=1, Vdc=300 V, Io=20 A) 

 ଴݂ 3 ଴݂ ௖݂ 2 ௖݂ ± ଴݂ 

௔ܸ 300 0 98.9 20.3 

 ଴݂ 3 ଴݂ ௖݂ 2 ௖݂ ± 3 ଴݂ 

௖ܸ௠ 0 0 98.9 2.8 

 

Table 6-8. Main Components of Phase Voltage and CM Voltage with NP Voltage Variation 

(M=1, Vdc=300 V, Io=20 A) 

 PF=1 PF=0 

 ଴݂ 3 ଴݂ ௖݂ 2 ௖݂ ± ଴݂ ଴݂ 3 ଴݂ ௖݂ 2 ௖݂ ± ଴݂ 

௔ܸ 300 8.4 98.9 20.3 300 12.5 96.8 20.2 

 ଴݂ 3 ଴݂ ௖݂ 2 ௖݂ ± 3 ଴݂ ଴݂ 3 ଴݂ ௖݂ 2 ௖݂ ± 3 ଴݂
௖ܸ௠_௔௖ 0 8.4 98.9 2.8 0 12.5 96.8 2.9 

௖ܸ௠_ௗ௖ 0 13.6 0 0 0 9.9 0 0 

௖ܸ௠ 0 5.2 98.9 2.8 0 11.2 96.8 2.9 
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Fig. 6-18. Impact of NP voltage variation on CM inductor maximum flux density. 

 

Fig. 6-18 shows the calculated maximum CM flux density without and with NP voltage 

variation at different modulation indexes. The two curves almost overlap with each other. In 

conclusion, the impact of NP voltage variation on CM current and CM flux density of the CM 

inductor can be neglected due to the low parasitic capacitance in motor drive system and the little 

impact of NP voltage variation on switching frequency related components of CM voltage. 

6.2.5 Impact of CM Inductance 

Selecting the CM inductor value is critical for CM filter design. Following the classical EMI 

filter design procedure, the LC filter corner frequency can be determined by the required CM noise 

attenuation. Usually the CM capacitor value is limited by system safety and leakage current 

requirements and is set to maximum. Thus, CM inductor value can be determined. However, this 

value may not be optimal considering inductor physical design. In some cases increasing the CM 

inductor value can actually help to reduce CM inductor size and weight in addition to further 

enhance the filter attenuation. The CM inductor inductance selection impacts the CM impedance 
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and thus impacts the CM flux density. With the developed model, the impact of CM inductor value 

on the CM flux density is studied. 

The relative position of switching frequency ௦݂௪ and CM impedance resonant frequency ௥݂௘௦ 
determines the trend how CM inductor value impact the CM flux density of CM inductor. Note 

that here the CM impedance resonant frequency refers to the frequency that CM impedance 

achieves minimum value instead of resonant frequency of LC filter.  

Fig. 6-19 shows the typical CM impedance of the studied system based on calculation of (6-

12). When resonance frequency is lower than switching frequency as shown in Fig. 6-20(a), 

increasing the CM inductor value decreases resonant frequency and increases CM impedance at 

switching frequency point. Thus, the dominated switching frequency component of CM current 

decreases. When resonance frequency is higher than switching frequency as shown in Fig. 6-20(b), 

increasing the CM inductor value decreases resonant frequency and decreases CM impedance. 

Thus, the dominated switching frequency component of CM current increases. Only when the CM 

inductance increased to a certain value that the new resonance frequency is lower than switching 

frequency, the trend will be reversed.   

 

Fig. 6-19. A typical CM impedance of the studied three-level inverter system. 
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(a) 

fsw fres

fres>fsw

 

(b) 

Fig. 6-20. Relative position of the CM impedance resonance frequency and switching frequency, 

(a) ௥݂௘௦ > ௦݂௪, (b) ௥݂௘௦ < ௦݂௪. 

 

With the developed model, when the CM inductance varies from 320 uH to 4.1 mH 

(corresponding number of turns varies from 5 to 18), the calculated maximum DM flux density, 

maximum CM flux density, and maximum flux density of the CM inductor at modulation index 

M=1 is summarized as Fig. 6-21. From Fig. 6-21, when CM inductor value increases, the 

maximum DM flux density increases and the maximum CM flux density decreases. The minimum 

total flux density is achieved when the CM inductor value is 2.5 mH (corresponding number of 
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turns is 14) in the studied case. If the needed CM inductor value from the CM noise attenuation 

requirement is smaller than 2.5 mH, by further increasing the CM inductor value, the maximum 

flux density will be decreased. In another word, a smaller core can be used. 

As discussed above, the relative position of resonance frequency and switching frequency 

determines the trend how CM inductor value impact the maximum CM flux density. If the 

switching frequency is 20 kHz, the calculated maximum DM flux density, maximum CM flux 

density, and maximum flux density of the CM inductor when the CM inductance varies from 320 

uH to 4.1 mH is summarized as Fig. 6-22. The trend is different from previous case. When the CM 

inductor value increases, the maximum flux density will also increases. Only when the CM 

inductor value increased to 3.2 mH (corresponding number of turns is 16), the maxim flux density 

began to decrease. 

 

 

Fig. 6-21. Impact of CM inductance on CM inductor maximum flux density. 
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Fig. 6-22. Impact of CM inductance on CM inductor maximum flux density when switching 

frequency is 20 kHz. 

 

6.3 Improved CM Filter Design Procedure 

Based on the analysis presented in last section, the modulation index and CM inductance have 

large impact on CM inductor maximum flux density and need to be addressed for CM filter design.  

Two conclusions can be made. First, the maximum CM flux density has a non-monotonous 

relationship with modulation index. Thus, the worst operation condition for CM inductor flux 

density need to be identified and used as the saturation constraint in CM inductor design to avoid 

under design. Only consider the full load or minimum load operation when design the CM inductor 

may result in core saturation. Second, the minimum CM inductor value obtained from the CM 

noise attenuation requirement is not necessary the best value for CM inductor size reduction. 

Increasing the CM inductor value may lead to reduced maximum flux density and thus reduced 

CM inductor size. The CM inductor value optimization need to be conducted to avoid overdesign. 
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An improved CM filter design procedure is proposed with these considerations. First, following 

the conventional EMI filter design procedure, the CM inductor value ܮ௠௜௡ is determined based on 

CM noise attenuation requirement. Based on ܮ௠௜௡, the CM inductor physical design is conducted 

following conventional method. Inductor geometrical parameters are determined and the number 

of turns is determined as ଴ܰ. The CM inductor maximum flux density is calculated as ܤ଴ and the 

CM impedance resonance frequency is calculated as ௥݂௘௦଴. The wire diameter d is determined by 

full load current assuming a certain current density. Usually the CM inductor adopts single layer 

structure to reduce the parasitic capacitance. For a given core, the maximum number of turns ܰ௠௔௫ 

is determined by the single layer constraint.  

Then, CM inductor value can be increased by increasing the number of turns. If the resonance 

frequency ௥݂௘௦଴ is lower than switching frequency, increases the number of turns by one turn, the 

new CM inductor value is ܮଵ and maximum flux density is ܤଵ. If ܤଵ <  ଴, increases the numberܤ

of turns by one more turn. Repeat this process until that the number of turns have been increased 

by (x+1) turns and the calculated flux density satisfy ܤ௫ାଵ > ௫ܤ  or the number of turns have 

reached ܰ௠௔௫. If the resonance frequency ௥݂௘௦଴ is higher than switching frequency, first increases 

the number of turns by y turns which makes ௥݂௘௦଴ > ௦݂௪ . Then follow the same procedure of 

previous case. With this procedure, the CM inductor value is determined as ܮ௫.  

Second, the maximum CM inductor flux density is calculated for the given modulation index 

range, and the operation point which leads to maxim flux density is identified. Then, the CM 

inductor physical design is re-conducted with ܮ௫ at the worst operation point. Fig. 6-23 illustrates 

the improved CM filter design procedure.  
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No
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flux density

CM inductor physical design 

End  

Fig. 6-23. Improved CM filter design procedure. 
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6.4 Verification 

To verify the impact of modulation index, dead time, NP voltage variation, and CM inductance 

on the CM inductor maximum flux density, comparison verification are conducted. 

Fig. 6-24(a) and Fig. 6-24(b) show the measure CM current of the CM inductor when 

modulation index is 0.7 and 1, respectively. The maximum CM current in the two cases are 0.43 

A and 0.31 A. The trend matches theoretical analysis that maximum CM flux density has a non-

monotonous relationship with modulation index and maximum flux density does not occur at full 

load. 

Fig. 6-25(a) and Fig. 6-25(b) show the measure CM current of the CM inductor when the dead 

time is 2% of switching period and 10% of switching period, respectively. Both at the modulation 

index M=1. The maximum CM current in the two cases are 0.31 A and 0.37 A. The trend matches 

theoretical analysis that larger dead time result in higher maximum CM flux density when 

modulation index is high. 

Fig. 6-26(a) and Fig. 6-26(b) show the measure CM current of the CM inductor when the dead 

time is 2% of switching period and 10% of switching period, respectively. Both at the modulation 

index M=0.4. The maximum CM current in the two cases are 0.3 A and 0.22 A. The trend matches 

theoretical analysis that larger dead time result in lower maximum CM flux density when 

modulation index is low. 
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Icmax=0.43A

 

(a) (b) 

Fig. 6-24. CM current of the CM inductor at different modulation index, (a) M=0.7, (b) M=1. 

Icmax=0.31A

 

Icmax=0.37A

 

(a) (b) 

Fig. 6-25. CM current of the CM inductor with different dead time at M=1, (a) dead time is 2% of 

switching period, (b) dead time is 10% of switching period. 

Icmax=0.3A

 

Icmax=0.22A

 

(a) (b) 

Fig. 6-26. CM current of the CM inductor with different dead time at M=0.4, (a) dead time is 2% 

of switching period, (b) dead time is 10% of switching period. 
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Fig. 6-27 shows the voltages of the two dc-link capacitors when M=1. The NP voltage variation 

mainly contains the third harmonic. The CM current is measure at this condition and shown as Fig. 

6-28. Comparing Fig. 6-28 and Fig. 6-24(b), the CM current is almost the same. It verifies the 

analysis that the impact of NP voltage variation on the CM inductor flux density can be neglected. 

Fig. 6-29(a) and Fig. 6-29(b) show the measure CM current of the CM inductor when the CM 

inductor value is selected as 600 uH and 2.5 mH, respectively. Both at the condition that switching 

frequency is 60 kHz and M=1. The maximum CM current in the two cases are 0.68 A and 0.1 A. 

Fig. 6-30(a) and Fig. 6-30(b) show the measure CM current of the CM inductor when the CM 

inductor value is selected as 600 uH and 2.5 mH, respectively. Both at the condition that switching 

frequency is 20 kHz and M=1. The maximum CM current in the two cases are 0.46 A and 0.82 A.  

Vc1Vc2

 

Fig. 6-27. Voltages of the two dc-link capacitors. 

Icmax=0.31A

 

Fig. 6-28. CM current of the CM inductor with NP voltage variation. 
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Icmax=0.68A

 

Icmax=0.1A

 

(a) (b) 

Fig. 6-29. CM current of the CM inductor with different CM inductor value when switching 

frequency is 60 kHz. (a) CM inductor value is 600 uH, (b) CM inductor value is 2.5 mH. 

Icmax=0.46A

 

Icmax=0.82A

 

(a) (b) 

Fig. 6-30. CM current of the CM inductor with different CM inductor value when switching 

frequency is 20 kHz. (a) CM inductor value is 600 uH, (b) CM inductor value is 2.5 mH. 

With the improved CM filter design procedure, the CM inductor design results are summarized 

in Table 6-9. Table 6-10 summarizes the CM inductor design results following conventional CM 

filter design procedure. Fig, 6-31 shows the simulation results of dc side CM noises with the two 

designs. With the improved CM filter design procedure, the CM inductor size and weight are 

significantly reduced in addition to further reduced EMI noise level. 
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Table 6-9. CM Inductor Design Results with Improved CM Filter Design Procedure 

Design description Volume Weight 

Core: nanocrystalline Vitroperm 500F T60006-L2040-

W424 (OD=40 mm, ID=25 mm, H=15 mm) 

Winding:  wire AWG 15, number of turns N=13 

Inductance: 2.07 mH 

1150 cm3 90 g 

 

Table 6-10. CM Inductor Design Results with Conventional CM Filter Design Procedure 

Design description Volume Weight 

Core: nanocrystalline Vitroperm 500F T60006-L2063-

W517 (OD=63 mm, ID=50 mm, H=25 mm) 

Winding:  wire AWG 15, number of turns N=8 

Inductance: 660 uH 

2890 cm3 183 g 

 

 

Fig. 6-31. Simulation results of the dc side CM noises of the two design cases. 

db
uA
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6.5 Conclusion 

This chapter presents the CM inductor flux density modeling, analysis and design optimization 

for three-level inverter. 

First, the spectrum concept is introduced for CM inductor core saturation analysis and design 

optimization. Three components in the CM inductor which may cause large CM flux density and 

core saturation are summarized: (1) switching frequency related components, (2) impedance 

resonance frequency related components, and (3) modulation frequency related components. Each 

component is investigated for CM flux density reduction and filter design optimization. A 

connecting ac and dc side midpoint with notch filter structure is proposed to reduce modulation 

frequency related components. Experiment results shows that, with the optimized design, 

switching frequency related CM voltage components and impedance resonance components are 

significantly reduced, and the notch filter structure reduced the modulation frequency related 

components by 3.75 times and avoided the CM inductor core saturation. 

Second, the CM inductor in a three-level inverter system with dc side CM filter is studied. The 

CM flux density calculation model has been developed. The impact of modulation index, dead 

time, NP voltage variation, and CM inductor value on the maximum CM inductor flux density are 

comprehensively analyzed. The conclusion are made as follows. (1) The maximum CM flux 

density has a non-monotonous relationship with modulation index and the worst case does not 

occur at full load or minimum load condition.  (2) The impact of dead time on maximum CM flux 

density is highly dependent on modulation index. When modulation index is high, larger dead time 

results in higher maximum flux density. When modulation index is low, larger dead time leads to 

lower maximum flux density. (3) The impact of NP voltage variation on CM current and CM flux 

density of the CM inductor can be neglected due to the low parasitic capacitance in motor drive 
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system and the little impact of NP voltage variation on switching frequency related components of 

CM voltage. (4) The CM inductor value largely impact the maximum flux density. In some cases 

increasing the CM inductor value could reduce the dominated switching harmonic of the CM 

current. The CM inductor size and weight can be reduced in addition to further enhance the filter 

attenuation. Based on the CM inductor flux density analysis, an improved CM filter design 

procedure is proposed to avoid over-design or under-design of the CM inductor. 
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7. Design and Demonstration of a MW Three-Level Inverter with 

Cryogenic Cooling  

The components for power generation, distribution, and transformation are not currently 

available in the high power range with necessary efficiency and power density required for 

transport-class aircraft. Accordingly, the development of high efficiency, high specific power high 

power electronics intended for eventual use in aircraft electric propulsion drives are critical.  

The cryogenic power electronics can be beneficial thanks to the following features: (1) it is 

reported that several power devices, such as silicon and gallium nitride based, offers decreased 

specific on-state resistance and increased switching speed at low temperature. Thus, power stage 

efficiency can be improved. Furthering more, with the given loss budget, switching frequency can 

be increased, enabling less requirement of filters in the system. (2) Resistivity of conductors, such 

as copper and aluminum, significantly reduced as temperature decreases. Hence, less usage of the 

bus bars, and inductor windings is required considering the same thermal management. (3) At the 

system level in aircraft applications, superconducting technologies such as motors/generators 

along with their supportive power systems will grow in importance. Integrating the associated 

power electronics into the superconductive motor/generator system can avoid extra thermal 

insulation and temperature regulation system, and thus reduce system complexity and power 

density. 

This chapter presents the design and demonstration of a MW three-level inverter with cryogenic 

cooling for aircraft applications. 
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7.1 Power Devices and Magnetics Characterization at Cryogenic Temperature  

7.1.1 Power Devices Characterization 

The methodology for static and dynamic characterization of power devices at cryogenic 

temperature has been illustrated in previous literature and will not be repeated here [221]. The 

state-of-the-art Si, SiC, and GaN MOSFETS in the 600 V~1.2 kV and tens of Amps range are 

selected as candidates and are comprehensively characterized.   

Si MOSFETs in general show improved characteristics at cryogenic temperature. Performance 

of two Si MOSFETs from Infineon are characterized including 600 V/ 50 A IPZ60R040 C7 

CoolMos and 900 V/ 35 A IPW90R120 C3 CoolMos.   

Fig. 7-1 summarizes their performance with respect to the on-resistance, body diode forward 

voltage, breakdown voltage, threshold voltage, transconductance, and switching losses. From Fig. 

7-1, both the on-state resistance and switching loss decreases at cryogenic temperature while the 

breakdown voltage also decreases. 

SiC devices, however, show increased on-state resistance as indicated in the literature. Three 

state-of–the-art 1.2 kV SiC MOSFETs from different manufacturers are characterized including 

Wolfspeed 1200 V /30 A C3M0075120K, Rohm 1200 V /72 A SCT3030KL, and ST 1200 V /65 

A SCT50N120 [221].  

Fig. 7-2 summarizes their performance with respect to the on-resistance, body diode forward 

voltage, breakdown voltage, threshold voltage, transconductance, and switching losses. From Fig. 

7-2, as temperature decreases, the on-state resistance increases while the breakdown voltage keeps 

constant. For devices from different manufacturers, the switching loss show various trends. 
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(a) On-resistance vs. temperature (b) Diode forward voltage vs. temperature 

(c) Breakdown voltage vs. temperature (d) Threshold voltage vs. temperature 

 

(e) Transconductance vs. temperature (f) Switching loss vs. temperature 

Fig. 7-1. Performance of two Si MOSFET candidates at cryogenic temperature. 
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(a) On-resistance vs. temperature (b) Diode forward voltage vs. temperature 

  

(c) Breakdown voltage vs. temperature (d) Threshold voltage vs. temperature 

  

(e) Transconductance vs. temperature 
(f) Switching loss vs. load (Wolfspeed 

device, 500V, 1 Ω gate resistance) 
 

Fig. 7-2. Performance of three SiC MOSFET candidates at cryogenic temperature. 
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(g) Switching loss vs. load (Rohm device, 500V, 1 Ω gate resistance) 

Fig. 7-2. Continued. 

 

GaN MOSFETs in general also show improved characteristics at cryogenic temperature. 

Performance of a 650 V GaN HEMT GS66516T from GaN System is characterized [222].   

Fig. 7-3 summarizes their performance with respect to the on-resistance, reverse conduction 

characteristics, breakdown voltage, threshold voltage, transconductance, and switching losses. 

From Fig. 7-3, both the on-state resistance and switching loss can be reduced by around 30% at 

cryogenic temperature while the breakdown voltage keeps constant. Thus, the 650V enhancement 

GaN HEMT is a promising candidate for cryogenic power electronics system. Due to the extreme 

fast switching speed at cryogenic temperature, the high dv/dt induced self-turn-on and high di/dt 

induced gate voltage over-shoot of the device should be took care of.  
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Tj

Tj

Tj

Vgs=-3V

Vgs=0V

Vgs=6V

 

(a) On-resistance vs. temperature (b) Reverse conduction characteristics vs. 
temperature 

  

(c) Breakdown voltage vs. temperature (d) Threshold voltage vs. temperature 

 
 

(e) Transconductance vs. temperature (f) Switching loss vs. load (400 V, gate 
resistance turn on 20Ω, turn off 2Ω  ) 

Fig. 7-3. Performance of 65V GaN HEMT at cryogenic temperature. 
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7.1.2 Magnetics Characterization 

Two commonly used magnetic materials, ferrite N87 and nanocrystalline core Vitroperm 500F, 

are selected for the following case study to demonstrate the performance of magnetic core at 

cryogenic temperature. Since B-H curve is a function of temperature, frequency and flux density, 

two materials are tested in the range from room temperature to cryogenic temperature. Under each 

temperature point, the B-H curve test is conducted with varying sinusoidal exciting frequencies 

from 3 kHz to 500 kHz, and different levels of flux density until the core is saturated. In the end, 

the influence of low temperature on magnetic core characteristics is summarized [224]. 

 Fig. 7-4(a) shows the Ferrite N87 B-H curves dependence on temperatures under the operating 

point of 0.1 T and 100 kHz. The corresponding core loss as a function of temperature is presented 

in Fig. 7-4(b). It can be found that the core loss increases by a factor of 13 as temperature decreases 

from 298 K to 93 K. The core loss dependence on temperature under more operating frequencies 

and flux density levels are tested and summarized in Fig. 7-5. A similar trend can be found that 

the core loss increases more than 10 times when temperature decreases from room temperature to 

cryogenic temperature.  

Similarly, for the nanocrystalline Vitroperm 500F material, B-H curves at different 

temperatures at the operating point 0.5 T and 20 kHz are given in Fig. 7-6(a). The corresponding 

core loss as a function of temperature is summarized in Fig. 7-6(b). The core loss doubles as 

temperature decreases from 298 K to 93 K. The core loss as a function of temperature and flux 

density at frequencies of 20 kHz, 70 kHz, 100 kHz and 200 kHz are presented in Fig. 7-7. A similar 

trend can be observed that core loss increases 1.5~2.5 times at the cryogenic temperature as 

compared to that at the room temperature.   
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(a) B-H curves vs. temperature (b) Core loss vs. temperature 

Fig. 7-4. Ferrite N87 characteristics under operating point 0.1 T and 100 kHz. 

  

(a)  (b)  

  

(c)  (d)  

Fig. 7-5. Ferrite N87 temperature dependent characteristics under different frequencies, (a) 20 

kHz, (b) 70 kHz, (c) 100 KHz, (d) 200 kHz. 
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(a) B-H curves vs. temperature (b) Core loss vs. temperature 

Fig. 7-6. Vitroperm 500F characteristics under operating point 0.5 T and 20 kHz. 

 

(a)  (b)  

 

(c)  (d)  

Fig. 7-7. Vitroperm 500F temperature dependent characteristics under different frequencies, (a) 20 

kHz, (b) 70 kHz, (c) 100 KHz, (d) 200 kHz. 
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The saturation flux density ܤ௦ is identified based on B-H curve where the flux density does not 

increase when the exciting H field increases to a certain value. Fig. 7-8 shows the B-H curve of 

ferrite N87 at 20 kHz with a large exciting source applied at different low temperatures. Although 

the core is not fully saturated in the tested curve due to the limitation of the testing equipment, it 

can be predicted that the saturation flux density will slight increase when the temperature decreases 

from 298 K to 93 K, with a value around 0.4 T. Fig. 7-9 shows the B-H curves of the 

nanocrystalline Vitroperm 500F at 20 kHz under different temperatures. It is observed that the 

saturation flux density slightly increases in the range of 1.2 T~1.3 T when the temperature 

decreases from 298 K to 93 K.  

 

Fig. 7-8. Ferrite N87 saturation flux density dependence on temperature. 
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Fig. 7-9. Vitroperm 500F saturation flux density dependence on temperature. 

 

Permeability can be assessed based on the B-H curve. As shown in Fig. 7-10, (Ferrite N87 B-

H curve at 20 kHz), the dashed red curve (normal magnetization curve) consisting of all tips of the 

B-H curves clearly shows the magnetization scopes: first initial magnetization associated with low 

flux density below 0.025 T, then magnetization with a higher incremental permeability, and finally 

rotation magnetization before saturation. The initial permeability and incremental permeability can 

be calculated based on this curve. Fig. 7-11 summarizes the permeability of Ferrite N87 (both 

initial permeability and incremental permeability) dependence on temperatures. At room 

temperature (298K), the initial relative permeability is 2510, which matches the datasheet value 

2200±25%. At cryogenic temperature (93 K), the initial permeability is 350, decreased by a factor 

of 7.2. Similarly, the incremental permeability also decreases as temperature decreases. 
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Normal 
Magnetization Curve

298K

 

Normal 
Magnetization Curve

93K

 

(a) Room temperature (b) 93 K 

Fig. 7-10. Ferrite N87 B-H curve dependence on temp. with magnetization curve highlighted. 

  

(a) Initial permeability (b) Incremental permeability curve 

Fig. 7-11. Ferrite N87 permeability dependence on temperature at 20 kHz. 

Normal 
Magnetization Curve

298K

 

Normal 
Magnetization Curve

93K

 

(a) Room temperature (b) 93 K 

Fig. 7-12. Vitroperm 500F B-H curve dependence on temp. with magnetization curve highlighted. 
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(a) Initial permeability (b) Incremental permeability curve 

Fig. 7-13. Vitroperm 500F permeability dependence on temperature at 20 kHz. 

 

Similarly, for the nanocrystalline Vitroperm 500F material, the B-H curves with the 

magnetization curve under different temperatures are summarized in Fig. 7-12. Fig. 7-13 displays 

the permeability dependence on temperature for Vitroperm 500F. The initial permeability at 93 K 

decreases by 42% as compared to the value at room temperature. Also, the incremental 

permeability as a function of magnetic field strength H shows a similar trend to initial permeability 

when temperature decreases. 

7.2 MW Three-Level Inverter System Design 

7.2.1 Power Module Selection and Paralleling Strategy 

Based on power device characterization results at cryogenic temperature, Si and GaN 

MOSFETs are the preferred candidates. However, no commercial available high current Si or GaN 

MOSFET modules exist in the market. Considering a MW-level inverter with 1 kV voltage and 1 

kA current rating, tens of devices or converters need to be paralleled to deliver 1 MW power if 

using the discrete Si or GaN MOSFETs with tens of amps current capability, which makes this 



232 
 

approach not practical in real applications. Hence, high current SiC power module is selected for 

the 1 MW three-level inverter. 

The latest Wolfspeed 900 V/ 800 A SiC power module is selected. Fig. 7-14 shows the module 

sample picture. The module static and dynamic characterization is conducted. Fig. 7-15 shows the 

on-state resistance versus temperature. The lowest on-state resistance is achieved at around 0°C. 

Fig. 7-16 shows the breakdown voltage trend versus the temperature. The breakdown voltage 

slightly increases as temperature decreases and keeps above 1 kV. Fig. 7-17 illustrates the 

switching transient waveforms at 500 V bus voltage and 760 A load condition with 1.3 Ω gate 

resistance. The maximum voltage of the upper MOSFET during turn on is 938 V while the 

maximum voltage of the lower MOSFET during turn off is 862 V. Fig. 7-18 summarizes the 

switching loss at different load conditions and comparison with datasheet.  

To achieve 1 MW power, two converters need to be paralleled based on the selected module. 

Interleaving angle optimization discussed in the previous chapter is utilized for the two paralleled 

500 kW inverters to reduce EMI noise. 

 

Fig. 7-14. Wolfspeed 900 V/ 800 A high current power module. 
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Fig. 7-15. On-state resistance versus temperature. 

 

Fig. 7-16. Breakdown voltage versus temperature. 

 

Fig. 7-17. Switching transient waveforms. 
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Fig. 7-18. Switching loss versus load. 

 

7.2.2 Switching Loop Analysis and Busbar Design 

The equivalent circuit of a single phase of the three-level ANPC inverter is illustrated as Fig. 

7-19. Different busbars, parasitic inductances, and commutation loops are highlighted. Fig. 7-20 

shows the operation scheme. There are two commutation loops for a three-level ANPC inverter. 

One commutation loop involves ܵଵ௅ and ܵଷ௅, which is similar to a conventional loop in the two-

level phase legs. The parasitic inductance resonates with the output capacitance of ܵଵ௅  or ܵଷ௅ 

depending on which one is the synchronous switch. The other commutation loop involves ܵଷு, ܵଶு, ܵଶ௅, and ܵଵ௅. Since ܵଶ௅ and ܵଷு are in on state, ܵଶு is equivalently paralleled with ܵଷ௅. Hence, 

when ܵଷ௅  is commutating with ܵଵ௅ , the drain-source voltage of ܵଶு  follows the drain-source 

voltage of ܵଷ௅  although ܵଶு  is a non-active switch during the half line cycle. The parasitic 

inductance resonates with the output capacitance of ܵଶு. 
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Fig. 7-19. A single phase of the three-level ANPC inverter with parasitic inductance. 
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Fig. 7-20. Operation principle of the three-level ANPC inverter. 
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Busbar is the main source of the inductance in a commutation loop. To reduce the loop parasitic 

inductance, the magnetic cancelling principle must be followed and laminated busbar structure is 

used. The small commutation loop only involves the neutral busbar and the negative or positive 

busbar. The two parts should be laminated and put in two layers. The larger commutation loop 

consist of four busbar parts including the neutral busbar, negative busbar and two middle busbars. 

Considering the overall layout including the placement of power modules and capacitors, Fig. 7-

21 shows the finalized busbar design for a single phase. The neutral busbar is a whole plate and 

serve as the return path of the commutation loop, and other busbars are in another layer. The busbar 

parts are coupled and the magnetic field can be canceled with the opposite current flowing 

direction, resulting in lower loop inductance. Fig. 7-22 shows the measured small and large loop 

impedance with the fabricated busbar prototype. The small and large loop inductance without the 

power module are 2.5 nH and 10 nH, respectively. 

Neutral Busbar
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Middle Busbar

Middle Busbar

AC Busbar

 

Fig. 7-21. Laminated busbar design for a single phase of three-level ANPC inverter. 
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Fig. 7-22. Measure impedance of the busbar. 

 

7.2.3 Controller Design 

Controller which can support four paralleled inverter is designed. 1 DSP (TMS320C6748) +1 

FPGA (Spartan-6) based control structure is selected. The control algorithm splits into calculation 

and modulation. DSP handles most of the computation while FPGA performs as a PWM generator. 

The function diagrams are shown in Fig. 7-23 and Fig. 7-24. 

7.2.4 Filter Design 

Filters in the MW inverter system consists of coupled inductors, CM filters and DM filters. To 

improve the inverter system power density, the switching frequency and interleaving angle are 

optimized, modulation strategy to reduce circulating current and CM voltage and switching loss is 

implemented, coupled inductor and CM inductor modeling and design optimization are also 

conducted. The details are illustrated in previous chapters and are not repeated here. 
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Fig. 7-23. Function diagram of DSP. 

 

 

Fig. 7-24. Function diagram of FPGA. 
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Although magnetic cores show degraded performance in very low temperature, cryogenic 

cooling benefits the inductors windings due to a significant reduction in copper resistivity, 

allowing a decrease in weight and increase in efficiency. Based on their magnetic characterization 

results in low temperature, nanocrystalline material is selected for the coupled inductors and CM 

chokes in the system. The DM inductors use air core structure due to the relatively low inductance 

required and to maximize the benefit of cryogenic cooling. A unique feature of the inductors is the 

use of 3-D printed thermoplastic housing that accommodates liquid nitrogen cooling for the large 

inductors and reduce housing weight. The cooling of the inductor is tailored so that the windings 

are kept cold, while the core is at highest possible temperature of the inductor. Fig. 7-25 and Fig. 

7-26 shows the housing structure of the coupled inductor and CM inductor, respectively. 

core

wire

housing

 

Fig. 7-25. Housing design of the coupled inductor. 
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Fig. 7-26. Housing design of the CM inductor. 

 

7.2.5 Cooling System Integration 

As the SiC power module does not perform well at very low temperature, the power stage is 

cooled with cold gas nitrogen. The coldplate is especially design to fit the gas cooling and a 

temperature around 0°C is expected for half power operation point. The filters are cooled with 

liquid nitrogen. 3D printing based housing are designed for all the inductors. The housing is 

specially designed to accommodate liquid nitrogen and inductor heat dissipation requirement. 

Thermal insulation are also implemented. Fig. 7-27 shows the cooling for the inverter system. Fig. 

7-28 shows the inverter system integration including the power stage, EMI filters, controller, 

cooling, connection bars, and enclosure [225]. 
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Fig. 7-27. Cooling of the inverter system.  
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Fig. 7-28. Inverter system integration. 
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7.3 MW Three-Level Inverter System Testing 

7.3.1 Hardware 

The 1 MW inverter system was fabricated. Fig. 7-29 shows one single phase of the inverter 

prototype including the power modules, busbars, dc-link capacitors, gate drive circuits, and 

isolated power supply. Fig. 7-30 shows the controller hardware including a DSP-FPGA core board, 

communication units, voltage/current sampling circuits and ADC, and fiber optic boards. Fig. 7-

31 and Fig. 7-32 shows the coupled inductor and CM inductor prototypes with 3D printing housing, 

respectively. Fig. 7-33 shows the fabricated inverter prototype inside the enclosure. 

Laminated busbar

Gate drive

DC-link capacitors

Power module

Isolated power supply

 

Fig. 7-29. A single phase of the three-level ANPC inverter prototype.  
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Fig. 7-30. Controller hardware. 

Litz wire

core

bottom 
housing

top 
housing

LN input/output

 

Fig. 7-31. Coupled inductor with 3D printing housing. 
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Fig. 7-32. CM inductor with 3D printing housing. 
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Fig. 7-33. The inverter system. 

 

7.3.2 Function Verification 

Fig. 7-34 and Fig. 7-35 shows the pulse test results of one inverter at rated voltage and current 

level. Fig. 7-36 shows the continuous power test waveforms at room temperature. 

iA: 400 A/div iC: 400 A/diviB: 400 A/div

vAB: 1 kV/div

200 μs/div

 

Fig. 7-34. Pulse test – output voltage and current waveforms. 
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vds_1L: 100 V/divvds_2H: 100 V/div vds_3L: 100 V/div

40 ns/div

592 V560 V

 

Fig. 7-35. Pulse test – switching transient waveforms. 

ia , ib, ic, 200A/div

Vab 500V/div

 

Fig. 7-36. Continuous power test – output voltage and current waveforms. 

 

Fig. 7-37 show the phase voltages of the two parallel interleaved inverters with 60° interleaving 

angles.  Fig. 7-38 shows the CM EMI noise current comparison with 0° and 60° interleaving angle. 

The 60° interleaving angle results in significantly reduced 3rd and 4th order switching harmonics 

when compared to a 0° interleaving angle. Fig. 7-39 shows the three phase currents of one inverter 

and one phase current of the second inverter. From Fig. 7-39, the Ia1 and Ia2 current waveforms 

overlap with each other, which indicate a good load sharing between the two inverters. 



246 
 

Vb1 500V/div Vb2 500V/div

Va1 500V/div Va2 500V/div

 

Fig. 7-37. Phase voltages of two 60° interleaved inverters. 

 

Fig. 7-38. CM EMI noise comparison with 0° and 60° interleaving angles. 

Ia1 Ib1 Ic1Ia2 Three phase currents 200A/div

Drain-source voltage 500V/div

 

Fig. 7-39. Output currents of two paralleled inverters. 
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7.3.3 Cryogenic Temperature Testing 

As discussed, the EMI filter is cooled with liquid nitrogen, and the cooling channels are 

presented in Fig. 7-27. The implementation is straightforward. The power stage is cooled with cold 

gas nitrogen. Fig. 7-40 shows the cooling concept. The room temperature gas nitrogen will go 

through coils which are submerged into a liquid nitrogen bucket. By adjusting the height of the 

jack, the number of turns of the coils that are submerged into liquid nitrogen can be adjusted. The 

cooling performance of the gas nitrogen system can be controlled by adjusting the flow rate of the 

gas through a regulator combined with adjusting the number of coils turns submerged into the 

liquid nitrogen. Fig. 7-41 shows the cooling system setup. 

The inverter system is tested with cryogenic cooling. Fig. 7-42 shows the voltage and current 

waveforms of one inverter. The three phase currents are measured with Rogowski coils and the 

peak current is 520 A. The measured temperature of power modules in three phases and the cold 

plate are 52°C, 49°C, 45°C, and 34°C, respectively. By increasing the gas nitrogen flow rate, the 

power module temperature can be further reduced for efficiency optimization.  
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Rack
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Fig. 7-40. Power stage cooling concept. 
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Fig. 7-41. Cooling system setup. 

Three phase output currents 200A/div

Line frequency device drain-source voltage 500V/div

 

Fig. 7-42. Voltage and current waveforms. 
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7.4 Conclusion 

This chapter presents the design and demonstration of a 1 MW three-level inverter with 

cryogenic cooling. First, the state-of-the-art power devices and magnetics are comprehensively 

characterized at cryogenic temperature. In general, the silicon and GaN MOSFETs have improved 

performance (lower on-stage resistance and faster switching speed) at low temperature and are the 

promising candidates for cryogenic applications while SiC MOSFETs have degraded performance 

(increased on-state resistance and switching loss) at very low temperature. Both ferrite and 

nanocrystalline magnetic materials have degraded performance (increased core loss and decreased 

permeability) at very low temperature while the conductors (for winding and busbar) have 

significantly reduced resistivity at low temperature. Second, due to the lack of silicon or GaN 

based high current modules in the market, SiC power module is selected for the 1 MW inverter 

design. Two 500 kW three-level ANPC inverters are paralleled to achieve 1 MW power delivery. 

The inverter design including the power stage, controller, filters and cooling integration to fit 

cryogenic cooling and achieve high power density are illustrated. Third, a MW three-level inverter 

prototype with the cryogenic cooling system has been built. Experimental results are demonstrated 

and verify the functionality of the inverter. 
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8. Conclusion and Future Work  

8.1 Conclusion  

This dissertation studies the three-level inverter for aircraft application. The research focuses 

on design of high power density three-level inverter emphasizing on passive reduction through 

novel modulation and control, paralleling and interleaving strategy, filter modeling and design 

optimization. The conclusions can be drawn as follows. 

• Analytical models for harmonic calculation of three-level NPC inverter with SVM are 

developed, and the unique dc current harmonics characteristic of the NPC inverter are 

identified. Accuracy of the models are experimentally verified. The optimal interleaving angle 

to reduce dc-link capacitor high frequency current ripple is derived and experimentally 

verified, which is highly dependent on power factor and modulation index and different from 

the two-level inverter case. For example, at high modulation index, optimal interleaving angle 

range is around 180° and around 90° for high power factor and low power factor, respectively. 

The optimal interleaving angle ranges for CM and DM filter corner frequency are also derived 

and experimentally verified, which is highly dependent on switching frequency. For example, 

with 60 kHz switching frequency and impedance resonance well damped, around 180° and 

30°~90° interleaving angle ranges are preferred for CM filter, and 30°~60° and 120°~180° 

interleaving angle ranges are preferred for DM filter.  

• To improve inverter system power density, a space vector modulation is proposed for 

paralleled three-level inverters to reduce common-mode voltage and switching loss in addition 

to suppress the low frequency circulating current. The proposed modulation has adjustable 

AZSV in every switching cycle, and thus ZSCC control can be achieved. The proposed 
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modulation only uses vectors with a CMV magnitude equal to or smaller than ௗܸ௖/6. Hence, 

the CMV is reduced to half of conventional modulations. When ZSCC is small and within the 

defined limit, the proposed modulation is the same as CMR modulation, and switching action 

is eight times for two paralleled inverters. When ZSCC exceeds the limit, even for the worst 

case that the fourth vector regulates in every switching cycle, the switching action is ten times 

for two inverters. Therefore, switching loss is reduced compared to conventional modulations 

which have twelve switching actions for two inverters.  

• To reduce the coupled inductor size and weight, a carrier based PWM method to achieve 

minimum flux linkage for the coupled inverter in interleaved three-level inverters is proposed. 

This modulation method is realized by injecting an optimal zero sequence offset to the 

sinusoidal modulation. The optimal zero sequence offset is made up by several zero sequence 

candidates and is a function of modulation index. The proposed modulation method has the 

capability to balance the neutral point voltage for a three-level NPC inverter. The proposed 

modulation method is compared with other popular carrier based and space vector based 

PWM methods for three-level inverters. When the modulation index is low, the flux linkage 

of the proposed modulation is reduced to around 50% of that of DPWM, NTSV and CMR 

methods, and to around 80% of that of SPWM. When modulation index is high, the maximum 

flux linkage of the proposed modulation is reduced to around 60% of the flux linkage of other 

modulation methods. The proposed modulation method has similar loss and THD 

characteristics as other continuous PWM methods. 

• To reduce EMI noise and thus reduce the required EMI filter, the inverter and filter topology 

for common-mode noise reduction in a three-level inverter is investigated. First, the fourth-

leg strategy is applied to the three-level inverter fed motor drive for CM noise reduction. 
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Unlike the case in two-level inverters, the nearest three vectors can be maintained to 

synthesize the reference while zero CMV can be achieved at the same time. Experiments 

conducted on a three-level NPC inverter show that with the fourth-leg and presented 

modulation scheme applied, the CM noise has been significantly reduced, and ~25 dB 

attenuation can be observed at the first noise peak in the EMI frequency range. Second, an 

impedance balancing circuit is proposed for motor drive where both the dc source side and ac 

motor side need to meet EMI standards and require EMI filters. The CM noise reduction 

performance of the proposed method does not depend on motor and cable models. Experiment 

results shows that both the ac and dc side can achieve 10~20 dB CM noise attenuation in the 

150 kHz to 1 MHz frequency range. The required CM inductance of the conventional ac side 

CM inductor is significantly reduced from 3.43 mH to 500 uH in the experiment. 

• To reduce the required filters, CM inductor flux density modeling, analysis, and filter design 

optimization is conducted for three-level inverter. First, the spectrum concept is introduced 

for CM inductor core saturation analysis and design optimization. Three components in the 

CM inductor which may cause large CM flux density and core saturation are summarized: 

switching frequency related components, impedance resonance frequency related components, 

and modulation frequency related components. Each component is investigated for CM flux 

density reduction and filter design optimization. Second, the CM flux density calculation 

model has been developed. The impact of modulation index, dead time, NP voltage variation, 

and CM inductor value on the maximum CM inductor flux density are comprehensively 

analyzed. The maximum CM flux density has a non-monotonous relationship with modulation 

index, and the worst case does not occur at full load or minimum load condition. The impact 

of dead time on maximum CM flux density is highly dependent on modulation index. When 
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modulation index is high, larger dead time results in higher maximum flux density. When 

modulation index is low, larger dead time leads to lower maximum flux density. The impact 

of NP voltage variation on CM current and CM flux density of the CM inductor can be 

neglected due to the low parasitic capacitance in motor drive systems and the negligible 

impact of NP voltage variation on switching frequency related components of CM voltage. 

The CM inductor value largely impacts the maximum flux density. In some cases, increasing 

the CM inductor value could reduce the dominant switching harmonic of the CM current. 

Based on the CM inductor flux density analysis, an improved CM filter design procedure is 

proposed to avoid over-design or under-design of the CM inductor. 

• The design and demonstration of a MW three-level inverter with cryogenic cooling is 

presented, which provides guidance for high power three-level inverter design and cryogenic 

power converter. In general, the Si and GaN MOSFETs have improved performance (lower 

on-stage resistance and faster switching speed) at low temperature and are promising 

candidates for cryogenic applications while SiC MOSFETs have degraded performance 

(increased on-state resistance and switching loss) at very low temperature. Both ferrite and 

nanocrystalline magnetic materials have degraded performance (increased core loss and 

decreased permeability) at very low temperature while the conductors (for winding and busbar) 

have significantly reduced resistivity at low temperature. The inverter design including the 

power stage, controller, filters, and cooling integration to fit cryogenic cooling and achieve 

high power density is illustrated and experimentally verified. 
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8.3 Future Work 

The recommended future work is drawn as follows. 

• Comprehensive filter modeling and design optimization 

Although EMI filters have been well adopted in most power electronic system, the design is 

usually based on ideal filter components and the design result is usually inaccurate or not optimized. 

The non-ideality in filter components such as frequency dependent permeability of nanocrystalline 

magnetic for CM inductors, current dependent permeability of powder core for DM inductors, 

coupling and parasitic effect between filter components, core saturation impact on inductance and 

noise attenuation performance needs to be further modeled and should be integrated to the filter 

design procedure.       

• Multi-interleaved multilevel inverter topology 

Increasing switching frequency is an effective way to reduce passives in an inverter system. 

Although the emerging of wide bandgap semiconductor devices significantly increases the 

switching frequency of power electronic converters, the switching frequency of inverter which has 

a power rating of hundreds of kilowatts or megawatts can only operate at tens of kilohertz with 

state of the art technologies.  

To further increase the equivalent switching frequency at the input and output terminals of an 

inverter, Multi-interleaved multilevel inverter topology is a promising candidate. Both multilevel 

topology and interleaving topology result in increased equivalent switching frequency. Moreover, 

with multilevel topology, the required voltage rating of individual device is reduced, which enables 

more freedom in device selection. With the same current rating, usually the device with lower 

breakdown voltage has lower on-state resistance and faster switching speed, which helps to further 

increase switching frequency. With multi-paralleling topology, the current rating of the individual 
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inverter is also reduced, due to reduced di/dt, the switching frequency of individual inverter can 

also be further increased. 

• Power inverter design to maximize the benefit of cryogenic cooling 

Based on power semiconductor device characterization results presented in this dissertation, 

GaN MOSFETs have significantly reduced on-state resistance and switching loss at cryogenic 

temperatures. Thus, GaN based inverter with cryogenic cooling is a promising candidate to enable 

high switching frequency and achieve high power density. 

Current source inverter has the inherent advantage of easier to be paralleled. With cryogenic 

cooling, superconducting coils can be applied and significantly reduce the size and weight of the 

bulky dc side inductors that required for current source inverter. Thus, multi-interleaving current 

source inverters with cryogenic cooling is also a promising candidate to achieve high power 

density. 
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