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ABSTRACT 
Abstract 

 
With more renewable energy integrated into the existing power consumption, power 

electronics play an important part to convert and control the power. Power inverters employ power 

semiconductors to convert DC into AC, which is an essential part in the renewable energy 

utilization. The paralleled transformer-less inverters are well adopted in the industry for large 

capacity grid-connected application. Compared with the centralized inverter, inverters in parallel 

can offer more flexible power rating, higher reliability, and lower grid-side current harmonics. 

Transformers are commonly used in the grid-connected system to provide galvanic isolation and 

voltage ratio transformations. Eliminating transformers will be a great benefit to further improve 

the system efficiency, reduce the size and weight. However, removal of the transformer would result 

in ground leakage current between the DC input side and the grid ground. 

The emerging wide band gap (WBG) devices are bringing significant opportunities for 

inverters towards higher efficiency and higher power density, due to their substantial switching loss 

reduction over Si devices. Silicon carbide (SiC) adoption also brings new control challenges to the 

three-phase paralleled transformer-less inverters. The voltage slew rate can be as high as dozens or 

hundreds of volts per nanosecond and the harmonic frequency related with the turning-on and 

turning-off of the devices may be up to several hundreds of mega-hertz, these high dv/dt and di/dt 

can generate high frequency EMI noise that propagates to the whole system including the power 

stage and control circuits, and raise the issue of increased electromagnetic interference (EMI). 

Meanwhile, with high switching frequency, it is more difficult to control the circulating current 

among paralleled inverters. The conventional carrier synchronization method cannot be applied due 

to the impact of communication and sample delay. Limited controller resource also prevents 

sophisticated control algorithms.  

In this research, a five-level T-type (5LT2) PV inverter paralleled through Inter-Cell 

Transformer (ICT) is presented to elaborate the challenges and demonstrate the advantages in three-

phase SiC inverter. There are three key current in the 5LT2 PV inverter: circulating current, grid 

current, and ground leakage current. Circulating current is suppressed by the ICT and further 

controlled by a current controller. With increased switching frequency and multilevel topology, it 

is possible for a SiC device based grid connected converter to achieve filter-less function and utilize 

the grid impedance for its switching harmonic attenuation. Analysis shows that the conventional 



xiv 

control method with instantaneous grid voltage feedforward (IGVF) will significantly limit the 

bandwidth or stability margin of a filter-less grid-connected inverter, thus make the inverter 

sensitive to grid disturbance. Two proposed grid voltage feedforward control methods, which 

require little additional computation resources, are presented to suppress the grid voltage 

disturbance. The increased switching efficiency is beneficial to the high frequency (HF) ground 

leakage current suppression, since the common mode (CM) choke can be much smaller. The 5LT2 

inverter has a significant common mode voltage (CMV) reduction compared to that of a 3-level T-

type (3LT2) inverter. However, the low frequency (LF) ground leakage current caused by neutral 

point (NP) voltage oscillation becomes a new issue in larger power rating multi-level inverters. A 

LF CMV compensation method is proposed to suppress the LF CMV. 

In this research, a control system is developed for a 60 kW three-phase paralleled 

transformer-less filter-less SiC PV inverter, which achieves a power density of 27 W/in3 and 3 

kW/kg with nature convection, and measured peak efficiency of 99.2%.  
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CHAPTER 1 

INTRODUCTION 
 INTRODUCTION 

1.1 Research Background 

1.1.1 WBG Power Device Development 

For decades, power electronics made by silicon (Si) material have been used to convert and 

control electrical power across the grid in products we use every day. However, converting 

electrical power leads to a lot of wasted heat energy. Now a breakthrough material technology called 

wide band gap (WBG) semiconductors offer a new opportunity to achieve unprecedented 

performance while reducing the wasted heat. As a result, a new generation of power devices are 

being developed and can help reduce the amount of wasted heat, boost energy efficiency, improve 

reliability, reduce cost, and decrease system size (passive component and cooling) in existing and 

future power electronics [1][2][3][4]. 

Fig. 1.1 Summary of Si, SiC, and GaN relevant material properties. 

In solid-state physics, a band gap, also called an energy gap or bandgap, is the energy 

required to promote a valence electron bound to an atom to become a conduction electron, which 

is free to move within the crystal lattice and serve as a charge carrier to conduct electric current [5]. 

There are various WBG semiconductors - including Silicon Carbide (SiC, 3.3 eV), Gallium Nitride 

(GaN, 3.4 eV), Zinc Oxide (ZnO, 3.4 eV), Gallium Oxide (β-Ga2O3, 4.8-4.9 eV), diamond (C, 5.5 
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eV), and Aluminum Nitride (AlN, 6.0 eV) [6]. Among them, SiC and GaN show the best tradeoff 

between theoretical characteristics (high blocking voltage capability, high-temperature operation, 

and high switching frequencies), real commercial availability of the starting material (wafers and 

epitaxial layers), and maturity of their technological processes [7]. Fig. 1.1 highlights some key 

material properties of SiC and GaN compared with Si. Higher energy bandgap and critical electrical 

field represents higher blocking voltage. SiC is preferred for high temperature application; GaN 

requires bulk-GaN as the substrate to reach high voltage values; Si cannot be used at the high 

frequency range. Electric field profile can also be controlled by the doping concentration. The 

thermal conductivity for GaN given here is for typical GaN-on-Si, and the bulk GaN could reach 4 

W/cm.°C [6]. 

As shown in Fig. 1.2, with the potential of achieving more efficient, smaller, and cheaper 

power electronics, SiC and GaN power devices are rapidly developed. SiC power devices include 

high-temperature diodes, junction gate field-effect transistors (JFET), metal-oxide-semiconductor 

field-effect transistors (MOSFET), bipolar junction transistors (BJT), and power modules. For SiC, 

the price is a concern with high SiC material cost, but it has improved a lot. In 2012, SiC diodes 

cost 5-7 times of Si schottky diodes; SiC MOSFETs cost 10-15 times of Si MOSFETs; SiC JFETs 

cost 4-7 times of Si MOSFETs. In 2015, there was a dramatic price falls as compared to 2012: SiC 

Diode prices fell by 35%; SiC MOSFET prices fell by 50%; SiC JFET prices fell by 39%; and SiC 

BJT prices fell by 49%[6][8][9]. The main reliability for discrete SiC power devices problems have 

been solved by planar gate and enhancement trench gate [10]. Now high-temperature, high-

frequency packaging becomes a challenge for SiC power modules.  

GaN power devices include diodes, high electron mobility transistors (HEMT), and 

MOSFETs. The price of GaN is near to Si. There is no body diode in GaN devices. GaN diode 

development has stopped since it has no benefits over SiC schottky. There is still reliability issue 

in GaN devices with the GaN-on-Si material mismatch [6][9]. GaN devices have the normally on 

characteristics due to the two dimensional electron gas (2DEG) technology [11], which is the major 

challenge for GaN devices. There are two approaches has been proposed to have normally off: 

enhanced mode which modify the gate to shift the threshold voltage positively, and cascade which 

is co-packing with a low voltage normally off MOSFET [11]. Packaging is also a particular issue 

for GaN devices since the higher the device frequency, the more important the consequences of the 

parasitic. 
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(a) 

 

(b) 
Fig. 1.2 WBG power semiconductor development time line: (a) SiC; and (b) GaN. 

1st SiC Schottky diode
4'' SiC wafers

First SiC JFET sales in 
low volumes

First Hybrid SiC Power 
Module launches

SiC N-off FET

Full SiC Power Module 
introduced to the market

SiC MOSFET in 
production

6'' SiC wafer enters mass production

Devices mass production on 6'' wafers

1200V “CoolSiC” 
JFET

1200V SiC JFETs

900V SiC MOSFET

1200V SiC VMOSFET

committee established

6th generation of SiC diodes

SiC power module in 
FORMULA E race cars

SiC-equipped Mitrac 
TC1500 traction converter

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

SiC BJT

First GaN device

20-200V GaN 
transistors (eGAN) 

600V GaN HEMT

600V GaN-on-SiC 
transistor

1200V GaN-on-SiC 
transistor

6'' GaN-on-Si Epiwafers 
become available

600V GaN-on-Si 
transistor

600V GaN-on-Si 
transistor

N-off 600V GaN transistor 
(GIT)

First commercial 
devices

world’s lowest Rdson 
650V GaN transistor

2010 2011 2012 2013 2014 2015 2016 2017 2018

600V Power stage

GaN IC

GaN IC

650V/60A Bottom Side 
Cooled GaN FET 

120 A, 650 V GaN E-
HEMT

committee established



 

4 

As shown in Fig. 1.3, decreasing prices are triggering the WBG devices adoption now [8]. 

SiC Module revenue is anticipated to exceed SiC discrete. GaN must demonstrate reliability before 

industrial sectors will adopt. Overall, SiC turned the corner in 2016 and GaN is sure to follow. The 

global standard for the microelectronics society JEDEC has established new committee JC-70 for 

WBG power semiconductors, which focuses on reliability and qualification procedures; datasheet 

elements and parameters; and test and characterization methods [12]. With the standard procedures, 

WBG devices will be more reliable and more promising.  

 
Fig. 1.3 The overall WBG power device market. 

 
Both the SiC and GaN technologies are critical to Power Electronics - in different voltage 

range, as shown in Fig. 1.4 [13]. SiC based power electronics is suitable from 600 to 33,000 V. The 

ideal applications are: string solar inverters >10 kW, central solar and fuel cell inverters up to 

several MW, automotive inverters and quick chargers, traction, medium voltage motor control, and 

distribution grid based power flow controllers [13][14]. GaN based power electronics is suitable 

from 200 to 9600 V. The ideal applications are: 0.1 to 10 kW Power Supplies, laptop power 

adapters, micro and string solar inverters up to 10 kW [13][14]. 

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
0

4,000.0

3,000.0

2,000.0

1,000.0

GaN Power Modules

Discrete GaN Power Devices

Discrete GaN Power Devices

SiC Power Modules

R
ev

en
ue

 ($
m

)



 

5 

 

Fig. 1.4 WBG power device market segment. 
 

1.1.2 Three-phase SiC Inverters 
 

The properties of SiC has improved SiC devices with significant advantages [15]. SiC 

MOSFETs exhibit 6-10 times lower switching losses than Si IGBTs, enabling them to operate at 

much higher switching frequencies with minimal cooling demands. The recovery charge of SiC 

diodes is negligible, which eliminates the diode switching losses. SiC converters can be operated 

under higher switching frequencies, so the size and weight of critical inverter components can be 

significantly reduced, especially for inductors and filtering capacitors. This reduction enables a 

substantial compounding effect, providing reductions in size, weight, and cost for other inverter 

system components, such as wiring, enclosures, and mounting hardware. 

Three-phase SiC inverter has been adopted in the industry with better performances than 

traditional Si inverters. In 2011, SMA presents the first SiC transistor design in the Sunny Tripower 

20000TLHE series product [16]. The enhancement–mode SiC JFET SJEP120R100 from 

SemiSouth is adopted in the 20 kW three-phase transformerless inverter, which achieves 98.6% 

European (EU) efficiency with the DC voltage up to 1000 V. GE Power Conversion launched its 

SiC technology in its latest-generation 1500V PV inverter product, the LV5+ Solar Inverter. The 

LV5+ inverter is a multi-MW, utility scale inverter with an EU efficiency rating of 99% [17]. In the 

automotive application, SiC inverters could increase the mileages and reduce the storage due to the 

higher efficiency. The volume and the weight of the inverter and cooler will also be reduced. In 

GaN-on-Si Transistors
SiC Transistors

SiC Diodes
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2015, Toyota started the driving test of the SiC Camry prototype car, which reduces the power 

control unit volume by 80%, and the weight by 78% [18]. The target is to be on the market in 2020 

with 10% fuel savings. Toshiba releases the first SiC uninterruptible power supply (UPS) product 

500-750 kVA G2020 series in 2017 [19]. In this UPS product, SiC power modules reduce 

conversion losses by nearly 50%, deliver an unprecedented 98% efficiency over a load range of 30-

75%, while maintaining the same performance specifications as the renowned G9000 Series UPS. 

In June 2015, Mitsubishi Electric Corporation announced its main circuits featuring traction inverter 

made by SiC power modules, which were installed in a 1000 series urban train operated by Odakyu 

Electric Railway Co., Ltd. in Japan, have been verified to achieve an approximate 40% savings in 

power consumption compared to a train using conventional Si device [20]. 

The SiC inverter development has drawn attention from every power electronics research 

center around the world: European Center for Power Electronics (ECPE) [4], Center for power 

electronics systems (CPES) [21] in the US, Cross-ministerial Strategic Innovation Promotion 

Program (SIP) in Japan [22], etc. In 2014, a next generation power electronics manufacturing 

innovation institute PowerAmerica is established in the US, developing advanced manufacturing 

processes to enable cost-competitive, large-scale production of wide bandgap semiconductor-based 

power electronics, which allow electronic systems to be smaller, faster and more efficient than 

power electronics made from silicon [23]. PowerAmerica brings the world’s leading wide bandgap 

semiconductor manufacturers, end-users together with experts from research universities and 

government agencies to accomplish its objectives. Some leading-edge three-phase SiC inverter 

research examples are listed in Table 1.1 [24][25]. 

 
Table 1.1 Three-phase SiC inverter research examples. 

Application Power 
rating 

Switching 
Frequency DC voltage Power 

density Efficiency 

PV inverter 
(Toshiba) 50 kW -- -- 770 W/kg 98.2% EU 

Heavy-duty vehicles 
(John Deere) 200 kW > 15 kHz 1050 V > 25 kW/L > 95% 

Electric traction drive 
(NCSU) 55 kW 35 kHz 700 V 12.1 kW/L 99.0% peak 

More Electric 
Aircraft (VA Tech) 50 kW 100 kHz 750 V 26 kW/kg 97.9% 
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1.1.3 Paralleled Transformer-less Inverters 
 

A power conversion system with large capacity, high reliability, and standard structure, 

which is realized by multiple power modules operating in parallel mode, is one of the development 

trends in modern power electronics technology [26]. Compared with the centralized inverter, 

inverters in parallel can offer higher power rating, higher reliability, and lower grid-side current 

harmonics [27]. The parallel inverters also allow modular design, thus the production time can be 

reduced, the implementation is easier and more flexible, which also reduce the cost for repair and 

replacement [28]. One of the main problems for a parallel system is the circulating-current among 

the inverters. The circulating current can be caused by the difference between the output voltages 

and the parameters of the parallel inverters, where the high frequency circulating current is 

generated by the pulsating voltage difference between inverters. 

Transformers are commonly used in the grid-connected system to provide galvanic isolation 

and voltage ratio transformations. These conventional iron-and-copper based transformers possess 

many undesirable properties, including bulky size and environmental concerns [29]. Furthermore, 

the inclusion of transformers represents significant efficiency loss and a larger and heavier footprint 

in solar inverter system. In a typical commercial scale PV inverter system in the U.S., the isolation 

transformers typically account for 49% of total system loss and 58% of total component weight 

[29]. Eliminating transformers will be a great benefit to further improve the system efficiency and 

reduce the size and weight [30]. However, removal of the transformer would result in ground 

leakage current between the DC input side and the grid ground [31].  

The paralleled transformer-less inverters are well adopted in the industry for high power 

rating application, as shown in Fig. 1.5. In Fig. 1.5(a) [32], the 1GW Ground-mounted Smart PV 

Plant (Ningxia, China) is the largest single PV plant in the world. It is formed with only 40 kW and 

50 kW inverters in parallel [32]. In 2016, Huawei, for the first time, demonstrated the super-capacity 

system of eight paralleled 800 kVA UPSs, which is composed of 16 50-kVA UPS modules, as 

shown in Fig. 1.5 (b) [33]. The module reliability and performance, fault isolation in extreme 

conditions, and loop current of the super-capacity system are verified robust from the test. Alcatraz 

Island is home to one of the US's largest microgrids, which is located in the middle of the San 

Francisco Bay and installed in 2012 (Fig. 1.5 (c)). The main components of the Alctraz microgrid 

include: 959 PV solar panels (305 kW); 8 paralleled power inverters (100 kW each); 480 batteries 

(1,920 kWh); 2 diesel generators; 1 controller device to coordinate generator operation [34]. Fig. 
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1.5 (d) shows a 1.56 MW PV inverter with 4 power stacks in parallel from ABB. This ULTRA 

series inverter is a flexible and efficient platform with 98.4% peak efficiency, and it can be 

configured with up to four independent, high-speed maximum power point tracking (MPPT) [35]. 

           
(a)                                                                                              (b) 

   

(c)                                                                                              (d) 
Fig. 1.5 Paralleled transformer-less inverter examples: (a) 1 GW PV farm formed by 40 and 50 
kW string inverters in parallel; (b) 800 kVA UPS formed with 16 of 50 kVA/3U converters in 
parallel; (c) Alcatraz island microgrid with paralleled inverters; and (d)1.56 MW PV inverter with 
4 power stacks in parallel. 

 
1.2 Challenges for Paralleled Transformer-less SiC Inverters 

 
The SiC based PV string inverters have been researched and developed recently because of 

the technology maturity of 1200 V SiC devices. The typical power ratings of three-phase PV string 

inverters are from 10 kW to 100 kW. Although it is well accepted that SiC devices have significant 

advantages over Si devices in terms of switching loss, switching speed, and temperature stability 

[36]-[39],  a number of technical challenges have remained to transfer the device level advantages 

to system level benefits.  

A typical circuit of paralleled transformer-less PV inverter is shown in Fig. 1.6. Two three-

phase inverters are connected in both DC side and AC side. There is a parasitic capacitance between 

the PV panel and the ground, which forms the ground leakage current loop [40]. With the SiC 
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devices operated in higher frequency, the voltage slew rate can be as high as dozens or hundreds of 

volts per nanosecond and the harmonic frequency related with the turning-on and turning-off of the 

devices may be up to several hundreds of mega-hertz. These high dv/dt and di/dt can generate high 

frequency EMI noise that propagates to the whole system including the power stage and control 

circuits, and raise the issue of increased electromagnetic interference (EMI). 

 

Fig. 1.6 Control challenges for the paralleled transformer-less SiC inverters. 
 

There are three key current in the 5LT2 PV inverter: 

• Circulating current. With high switching frequency, it is more difficult to control the 

circulating current among paralleled inverters. The conventional carrier synchronization 

method cannot be applied due to the impact of communication and sample delay. 

Limited controller resource also prevents sophisticated control algorithms. 

• Grid current. With increased switching frequency and multilevel topology, it is possible 

for a WBG device based grid connected converter to achieve filter-less function and 

utilize the grid impedance for its switching harmonic attenuation. The fundamental 

challenge of controlling a filter-less grid-connected inverter is the lack of grid voltage 

information. As the voltage is measured at the Point of Common Coupling (PCC) in a 

filter-less inverter, the impedance between the inverter output to the voltage measuring 
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point is negligible compared with grid impedance. Therefore, the sensed voltage is more 

related to the output voltage of the inverter instead of the grid voltage. 

• Ground leakage current. The increased switching efficiency is beneficial to the high 

frequency (HF) ground leakage current suppression, since the common mode (CM) 

choke can be much smaller. However, the low frequency (LF) ground leakage current 

caused by neutral point (NP) voltage oscillation becomes a new issue in larger power 

rating multi-level inverters. 

It is also challenging to solve the above issues with higher switching frequency, since the 

control period time is reduced. In practical, with the limited controller time source, it is necessary 

to find out time efficient control algorithms dealing with the control challenges.  

 
1.3 Research Objectives and Dissertation Outline 

 
The research objective is to develop a control system for a 60 kW three-phase paralleled 

transformer-less filter-less SiC inverter, including: 

• Design a control configuration with limited computation resources at high switching 

frequency, which is immune to the internal EMI noise without extra hardware; 

• Suppress the circulating current for the inverter paralleled through an Inter Cell 

Transformer (ICT); 

• Investigate the grid current control in the filter-less inverter, including effects of grid 

voltage feedforward; extra control delay introduced by anti-EMI-noise filter and its 

influence on voltage feedforward; as well as effect of grid impedance variation on 

system stability and performance. 

• Analyze the high frequency and low frequency ground leakage current respectively, 

finding out their generation algorithms and suppression methods. 

This dissertation consists of four chapters. Chapter 1 discusses the research background, 

presents existing control issues for paralleled transformer-less SiC inverter, and shows the research 

objectives. Chapter 2 reviews the state-of-the-art control technologies for EMI noise suppression in 

SiC converters, high frequency circulating current suppression in paralleled inverters, output filters 

design and ground-leakage current suppression for transformer-less inverter. The advantages and 

disadvantages of the technologies are discussed. In Chapter 3, a hierarchical control system is 

proposed for the 60 kW PV inverter prototype. Anti-EMI digital filters for AD sampling signals are 
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proposed to remove the EMI impact on the control. Control methods for the three key current 

(circulating current, grid current, and ground leakage current) are proposed in Chapter 4. All the 

methodologies are verified by experiment. Finally, conclusions are given and the scope of future 

work is discussed.  
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CHAPTER 2 

STATE-OF-THE-ART CONTROL IN THREE-PHASE SIC INVERTERS 
 STATE-OF-THE-ART CONTROL IN THREE-PHASE SIC INVERTERS 

2.1 Internal EMI Noise Isolation in SiC Converters 

Fig. 2.1 From Si to SiC: EMI noise spectrum. 

The WBG devices are switched much faster than the Si devices. The typical rise and fall 

time of 1200 V SiC devices are 10–20 ns while those of 1200 V IGBT are 50–200 ns [1], which 

makes make electromagnetic interference (EMI) issues more challenging [2]. The magnitude 

spectra of two trapezoidal waveforms generated by different carrier frequencies 𝑓𝑓𝑐𝑐, and rise/fall 

times, 𝑡𝑡𝑟𝑟 and 𝑡𝑡𝑓𝑓 , are presented in Fig. 2.1, which can be used as an example to demonstrate that the 

EMI noise resulted from SiC devices at higher frequency will be much larger than that from Si 

count parts. 

2.1.1 EMI Noise Impact in Control Circuit 

SiC device switches fast to reduce switching loss. However, the voltage slew rate can be as 

high as dozens or hundreds of volts per nanosecond and the harmonic frequency related with the 

turning-on and turning-off of the devices may be up to several hundreds of mega-hertz, these high 

dv/dt can generate high frequency EMI noise that propagates to the whole system including the 
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power stage and control circuits and raise the issue of increased EMI [3-6]. When the digital logic 

input of the gate drive is interfered, false operation may be operated in the inverter, such as poor 

output waveforms or short circuit condition. When the voltage/current sampling signals are mixed 

with the EMI noises, the control of the SiC converter will be disturbed or even corrupted. Large 

noise spike can trigger over current and over voltage protection.  

 

 

Fig. 2.2 EMI noise paths between the control hardware and the power converter. 
 

As shown in Fig. 2.2, there are three noise paths between the control hardware and the power 

converter: the power supply path (I), logic input path (II), and the A/D sampling path (III). Both 

common mode (CM) and differential mode (DM) noise exist and transmit among these three path 

[3]. The existing methods are solving the noise issue by either bypassing the noise or isolate the 

control circuit from the power converter, based on the three paths.  

 
2.1.2 Bypass the Noise from the Controller  

 
In the gate driver design, isolation is necessary for both power supply input and the logic 

input path. However, the isolation in the chip is not ideal, the high frequency EMI noise can 

propagate through the isolation parasitic capacitance, especially the CM EMI noise current [7]. A 

gate drive circuit design is presented [6-9] considering the CM noise current propagation control 

by differentiating the propagation path impedance of digital control circuits and their power supply 

circuits to use the power supply path (I) to bypass more conductive CM noise and protect the digital 

control circuits from path (II). 
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(Gate driver logic path: blue; Gate drive power path: green; Power Line: red) 

(a)                                                            (b) 
Fig. 2.3 Bypass the noise from the controller: (a) gate driver circuit design with CM noise 
propagate control; and (b) CM noise comparison by current. 

 
As shown in Fig.2.3 (a), the logic input loop (II) is designed with lower impedance, and the 

power supply input (I) is designed with higher impedance. The digital isolators are selected with 

ultra-low isolation capacitance, and the gate driver power supply is selected with relatively high 

isolation impedance. In addition, CM chokes are added to both signal and power supply path to 

maintain higher impedance at high frequency, with the same impedance difference ensured [6]. The 

experimental result is shown in Fig. 2.3 (b). As designed, the power supply path has bypassed the 

CM noise and protect the logic path with the digital control circuits. However, the isolation parasitic 

capacitance is not the only capacitance in the CM loop. There is also PCB parasitic capacitance 

existing, which requires dedicated PCB design. 

 
2.1.3 Isolate Controller Power Supply with Optical Fiber 

 
Optical fibers provide a reliable isolation solution to block the EMI noises transmission 

[10]. In [11], the industrial gate drive for 1.7 kV SiC MOSFET uses optical fibers for the gate 

signals. Further, to enhance the gate-drive board power reliability, [12] proposes a gate drive with 

power over fiber (PoF) based isolated power supply for 15 kV SiC MOSFET, as shown in Fig. 2.4. 

Both the power supply input path (I) and the logic input path (II) are isolated by optical fibers. 
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Fig. 2.4 Isolate the controller power supply with optical fiber. 

 
In the traditional isolation transformer based gate drive design, there is inevitable parasitic 

capacitance coupling between the windings, which makes the gate drive sensitive to the EMI noise 

[13][14].The PoF based isolated power supply realizes higher CM transient rejection (>200 kV/µs) 

with the elimination of parasitic CM capacitance [12]. In addition, it has higher insulation voltage 

(>20 kV). The PoF based isolated power supply removes the bulky transformer and reduce the gate 

drive volume. However, the PoF requires additional laser transmitter, and the transmitting power 

rating is limited (1 W at 24 Vdc) [15]. The cost and the extra transmitter requirement may weaken 

the PoF merits in the industry application. 

 
2.1.4 Isolate Controller Sampling with Optical Fiber 

 
Besides the logic input path, there is another path affecting the digital controller operation: 

A/D sampling. The EMI noise in the A/D sampling path may cause the malfunction in the control, 

and not many researchers are investigating this issue now. In the 100 kW 100 kHz SiC converter 

from [16], besides the gate drive signals (path II), the voltage and current sampling signals (path 

III) also use the optical fiber isolation, as shown in Fig. 2.5. In this configuration, the control circuit 

is fully isolated from the power circuit and the digital controller will not be affected by the EMI 

noises. However, the optical fiber utilization needs extra space, adds additional cost, and consumes 

extra power from the auxiliary power supply, especially when the system has multiple gate drives 

and sampling channels such as multilevel converters. In order to transmit high frequency signals in 

optical fibers, multiple high speeding sampling and communication is also required. 
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Fig. 2.5 Isolate the controller sampling with optical fiber. 

 
2.2 Circulating Current Suppression in Paralleled Inverters 

 

 
Fig. 2.6 From Si to SiC: circulating current suppression. 

 

When the inverters are paralleled with common DC and AC bus, there is CM and DM 

circulating current existing [17]. The existing circulating-current may cause output current 

distortion, increase of the voltage total harmonic distortion (THD), power losses, decrease of the 

power density and system efficiency, and result in different current stress of the switching devices 

[18]. Furthermore, the high-frequency content of the circulating-current may lead to a serious 
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problem of EMI [18]. Circulating current can be classified into low- and high-frequency 

components [19]. The low-frequency (LF) circulating current can be caused by different CM 

voltages generated in parallel inverters, or system asymmetries, such as the difference in sampling 

delay, device turn-on and turn-off times, and passive components [17]. The LF circulating current 

can be controlled by the current balancing loop [17][20][21]. For the High-frequency (HF) 

circulating current, carrier synchronization is the method to solve the issue. In the Si paralleled 

inverters, when the switching frequency is below the control/communication/sample delay, the 

conventional methods are able to synchronize the carrier, such as communication based 

synchronization [22-25], logical based synchronization [26], and feedback based synchronization 

[27]. However, all the methods cannot be applied in the SiC paralleled inverters when the switching 

frequency is beyond the control, as shown in Fig. 2.6. 

 
2.2.1 HF Circulating Current Generation 

 
The most widely utilized strategies for controlling the converter output is the technique 

known as pulse width modulation (PWM), which varies the duty cycle (or mark-space ratio) of the 

converter switches at a high switching frequency to achieve a target average low-frequency output 

voltage or current [28]. As shown in Fig. 2.7, the PWM is generated by a comparison between a 

modulation signal and a high frequency carrier waveform. Among the paralleled inverters, there is 

no circulating current only when the inverters’ output voltages have the same frequency, phase, 

amplitude, and are also uniformly modulated [29][22].  

 

 
Fig. 2.7 Pulse width modulation method. 

 

The model of circulating current in three-phase paralleled inverters is shown in Fig. 2.8, 

where 𝐿𝐿𝑓𝑓  and 𝐶𝐶𝑓𝑓  are filtering inductor and filtering capacitor respectively, 𝑅𝑅𝐿𝐿  and 𝑅𝑅𝐶𝐶  are their 
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ESRs, 𝐿𝐿𝑋𝑋 and 𝑅𝑅𝑋𝑋 are the line impedance, 𝑣𝑣1 and 𝑣𝑣2 are the paralleled half bridge voltage sources, 

𝑖𝑖𝑐𝑐𝑐𝑐𝑟𝑟_𝑠𝑠𝑠𝑠 is the switching frequency circulating current.  

 

Fig. 2.8 Equivalent circuit of switching frequency circulating current. 
 

  
(a)                                                                          (b) 

 
(c) 

Fig. 2.9 Maximum of peak-to-peak values of switching frequency circulating current changes with: 
(a) line inductance; (b) phase difference; and (c) filtering inductance. 
 

The relationships between circuit parameters and switching frequency circulating current are 

investigated in [30]. The maximum switching frequency circulating current RMS value is listed in 

(2.1), where 𝜔𝜔𝑐𝑐 is the carrier frequency and the 𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠 is the DC bus voltage. With the enhancement 

of line inductance, switching frequency circulating current increases first and then decreases, as 

shown in Fig. 2.9 (a). The increase of carrier phase difference 𝜃𝜃𝑐𝑐 will lead to the enhancement of 
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switching frequency circulating current accordingly, as shown in Fig. 2.9 (b). switching frequency 

circulating current will decrease with the enhancement of filtering inductance (Fig. 2.9 (c)). 
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2.2.2 Multiwinding Transformer 
 

A traditional method to eliminate the circulating-current problem is to add isolation 

transformers at the output of the inverters, thus obtaining an open circuit for the circulating current, 

as shown in Fig. 2.10 [31]. However, transformers usually work in low frequency thus having large 

volume, being bulky and expensive. They may also suffer from both core and copper losses, which 

will decrease the efficiency and power density of the system [32]. 

 

 
Fig. 2.10 Inverters paralleled through multi-winding transformer. 

 
2.2.3 Communication based Carrier Synchronization 

 

When the carrier frequency is synchronized, the HF circulating current will be suppressed. 

The communication channel can be RS485, RS232 [25], CAN [24], or optical fiber depending on 

the communication distance and accuracy. Typically there is a central controller which sends out 

the carrier information to the distributed inverters and ensure the synchronization, such as the global 

synchronization unit in Fig. 2.11 [25]. 

Filter

Filter
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Fig. 2.11 Carrier synchronization by communication. 
 

Long distance communication cables are not reliable, and the faults are difficult to locate 

after long-term operation. So power line communication (PLC) method is adopted in the industry 

to replace the communication cables [23]. However, in the SiC inverters application, the traditional 

communication based carrier synchronization is not applicable since the communication delay is 

too large. There is a new communication technology called White Rabbit Synchronous Ethernet 

[33], which can realize sub-nanosecond accuracy. It is developed by CERN (European organization 

for nuclear research) and able to synchronization of more than 1000 nodes via fiber or copper 

connections of up to 10 km of length. However, the cost is relatively high. 

 
2.2.4 Feedback based Carrier Synchronization 

 
The feedback based carrier synchronization utilizes the virtual oscillator control (VOC) 

technique, which can synchronize nonlinear electrical circuit without communication [34]. Such 

control has been used to synchronize reference modulation wave of parallel connected inverter to 

share the load in proportion to their ratings and eliminated the fundamental circulating currents 

[35]. Further, it is used to synchronize carrier waveforms, as shown in Fig. 2.12 [27]. The carrier 

information is abstracted from the output zero sequence current. In the VOC, 𝑖𝑖𝑜𝑜𝑠𝑠𝑐𝑐 is the energy 

source of the oscillator, the passive RLC circuit determines the oscillator frequency accordingly. 

Then the synchronization of carrier wave is guaranteed when the VOC is synchronized. 
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Fig. 2.12 Carrier synchronization by virtual oscillator. 

 

The VOC is implemented in the digital controller, and the sampling frequency is much 

higher (200X) than carrier frequency [27]. When the VOC method is used in SiC inverters operating 

at high switching frequency, the existing digital controllers are not fast enough. 

 
2.2.5 Passive Filter Solution 

 
Massive parallelization of commutation cells using regular inductors to connect them is not 

recommended due to the bulky weight and power loss [17][18]. To solve this problem, coupled 

inductors are used instead [36][37]. As shown in Fig. 2.13, interleaving techniques offers multilevel 

current on the DC bus, multilevel voltage on the AC side, and all resulting advantages [36]. In the 

coupled inductors, there is only switching frequency component in the magnetic core, which greatly 

reduce the core loss and the inductor volume. 
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Fig. 2.13 Inverters paralleled by coupled inductors. 

 

In the coupled inductor, the design is based on the HF circulating current. When there is 

unsymmetrical in the paralleled inverters, there will be LF circulating current generated, which 

could easily saturate the coupled inductor [38]. With the coupled inductors, the output filter is still 

required if the inverters are connected to the grid directly, so the overall volume advantage 

compared to the conventional inductors parallel is weakened. 

 
2.3 Output Filters for the Grid-connected Inverter 

 
Grid-connected inverter designers are making continuous efforts to reduce the size, weight, 

cost, power loss, and failure rate of the grid interface filters [39]-[42]. A grid interface filter, or line 

filter, is the filter connected at the AC side of a voltage-source converter (VSC) to suppress the 

current ripple. The steady state output current ripples should meet the grid connection standards, 

where the individual and total harmonic currents are provided. Some commonly used grid standards 

are: low-voltage distribution networks [43], medium-voltage network [44], and the interconnecting 

distributed resources with electric power systems [45]. It is often costly and consumes a large 

portion of power loss, weight, and size in a grid connected inverter, especially in medium to high 

power applications. 

Conventionally, there are two basic control parts in a grid-connected inverter. The first one 

is the controller design below the half of the switching frequency, which is to regulate the output 
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current to meet the utility standards (typically DC – 300 Hz) [45], and realize the low frequency 

stability of the inverter. The second part is around the switching frequency, including filter 

resonance control and modulation control. The control and sample delay will affect the transient 

and stability of the system. With higher switching frequency entering into the EMI range (≥ 150 

kHz) in SiC inverters, the second part control will be coupled with the EMI frequency, as shown in 

Fig. 2.1. The modulation control is able to directly affect the EMI noises. The power filter and the 

EMI filter will be in the same frequency range, so the design needs to consider both functions 

together. The filter resonant will include more components at higher frequency. In addition, the 

control and sample delay would become more critical for faster control. 

 
Fig. 2.14 From Si to SiC: output filters for the grid-connected inverter. 

 
2.3.1 High Order Grid Interface Filter 

 

Due to the bulky and the large voltage drop, the single L filter is limited to the multilevel 

application [46]. A commonly recognized method to reduce the size and weight of a grid interface 

filter is to increase the order of a filter, so that more attenuation is achieved and less inductance is 

required. In a classic LCL type filter, the total inductance is much smaller than that of a single L 

type filter [39][47]. The basic design guideline for the LCL filter design is provided by 

[40][46][48][49]. The converter side inductance 𝐿𝐿1 is designed based on the desired maximum 
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switching frequency current ripple on the inductor ∆𝐼𝐼𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 , as shown in (2.2). The capacitance 𝐶𝐶𝑓𝑓 is 

limited by the converter output reactive power, and the percentage is usually within 5%, as shown 

in (2.3). The grid side inductance 𝐿𝐿2  is calculated based on the total voltage drop (2.4), the 

resonance frequency 𝜔𝜔𝑟𝑟  (2.5), and other optimization factors. In (2.2) to (2.5), 𝑀𝑀  is the PWM 

modulation index, 𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠 is the DC bus voltage, 𝑓𝑓𝑐𝑐 is the carrier frequency, 𝑉𝑉𝑙𝑙𝑙𝑙 is the grid line to line 

RMS voltage, 𝑓𝑓0 is the grid fundamental frequency, and 𝑃𝑃𝑜𝑜 is the total system power rating. 

𝐿𝐿1 =
2𝑉𝑉𝑑𝑑𝑐𝑐(1 −𝑀𝑀)𝑀𝑀

3∆𝐼𝐼𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚𝑓𝑓𝑐𝑐
 (2.2) 

𝐶𝐶𝑓𝑓 ≤ 5% ∙
𝑃𝑃𝑜𝑜

2𝜋𝜋𝑓𝑓0𝑉𝑉𝑙𝑙𝑙𝑙2
 (2.3) 

𝐿𝐿1 + 𝐿𝐿2 ≤ 10% ∙
𝑉𝑉𝑙𝑙𝑙𝑙2

2𝜋𝜋𝑓𝑓0𝑃𝑃𝑜𝑜
 (2.4) 

𝜔𝜔𝑟𝑟 = �
𝐿𝐿1 + 𝐿𝐿2
𝐿𝐿1𝐿𝐿2𝐶𝐶𝑓𝑓

 (2.5) 

Higher-order power filters have also been proposed to achieve better attenuation for 

harmonics [46][50]-[52]. Some of them are shown in Fig. 2.15: (a) LCL, (b) LLCL, (c) LCL-LC, 

(d) inductor-multituned-traps-inductor (LMTL), and (e) inductor–trap–capacitor–inductor (LTCL) 

filter. The higher order filter design constrains are similar to the LCL filter, the inserted LC series 

resonant branches performs as trap filters at the selected frequencies. The characteristic resonance 

frequency 𝜔𝜔𝑟𝑟  should be in a range between ten times the line frequency and one half of the 

switching frequency 𝑓𝑓𝑠𝑠𝑠𝑠, to avoid resonance problems in the lower and higher parts of the harmonic 

spectrum [51]. Bode diagrams of the transfer functions of the LCL, LLCL, and LCL-LC grid 

interface filter is shown in Fig. 2.16. LLCL and LCL-LC filter provide similar attenuation, which 

adds a trap at the switching frequency and reduces the magnitude decade from -60 dB to -20 dB 

after the trap frequency. 

However, these higher-order power filters, including LCL filters, contain one or multiple 

resonant peaks which require passive or active damping. Passive damping leads to extra power loss 

and reduces filter attenuation [46][53], [54], some examples are shown in Fig. 2.17. Active damping 

requires extra sensors and/or extra computation power, and their effects are often limited by digital 

control delay and parameter uncertainty [55]-[57]. 



 

25 

 
(a)                                   (b)                               (c) 

 
(d)                                              (e) 

Fig. 2.15 High-order power filters: (a) LCL; (b) LLCL; (c) LCL-LC; (d) LMTL; and (e) LTCL.  
 

 
Fig. 2.16 Bode diagrams of the transfer functions of the LCL, LLCL, and LCL-LC filter. 
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(a)                                   (b)                               (c) 

 
(d)                                   (e)                               (f) 

Fig. 2.17 Passive-damped high order grid interface filters: (a) LCL filter + series damper; (b) LCL 
filter + shunt RC damper; (c) LCL filter + shunt RLC damper; (d) LCL filter + series RLC damper; 
(e) Trap + shunt RC damper; and (f) Trap + series damper. 

 
2.3.2 Improvement in Output Filters with SiC Devices 

 

 
Fig. 2.18 Output filters parameters comparison for the Si and SiC grid-connected inverters. 

 

The emerging wide-bandgap (WBG) technology can help reduce the output filter size by 

increasing switching frequency. It can be found in recent publications that WBG-based inverters 

can achieve much smaller output filters than their Si based counterparts [48][59]-[64], as shown in 
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Fig. 2.18. In [59], a design comparison was made between a 50 kW PV inverter using Si IGBTs 

switched at 16 kHz and the one using SiC MOSFETs switched at 50 kHz. It shows that the filter 

inductance of SiC based inverter can be reduced from 400 μH to 130 μH. Another 50 kW SiC 

inverter with a LCL filter has been designed in [48] for 400 Hz aerospace application. The total 

inductance is 88 μH with 60 kHz switching frequency. A 20 kW SiC based inverter for vehicle-to-

grid application is presented in [60] where the total inductance in the LCL filter can be reduced 

from 1.25 mH to 160 μH when switching frequency increases from 10 kHz to 100 kHz. 

 
2.3.3 Filter-less Inverter 

 
In medium power PV inverter applications, considering the fact that PV inverters are 

connected to low voltage power grids where the short circuit ratio (SCR) is restricted to be less than 

20, the grid already contains certain amount of parasitic inductances. It is possible to design a WBG 

inverter without the grid interface filter to suppress switching ripple, which is referred as a filter-

less inverter in this research. In [65], a 50 kW five-level-T-type (5LT2) SiC-based filter-less PV 

inverter is designed and demonstrated in the standard-alone mode, in which the measured total 

harmonic distortion (THD) is 1.42%. In [66], a nine-level active neutral-point clamped (9L ANPC) 

converter has been proposed for a grid-connected wind turbine application where the passive filter 

of the 9L ANPC converter can be removed because of reduced switching harmonics, as shown in 

Fig. 2.19(a). However, the control system design was not presented and experiments of this 

converter was conducted on a resistor load in series with a 2.5 mH inductor. A family of cross-

connected intermediate-level (CCIL) inverters has been presented in [67] and demonstrated by 

simulation that the current THD of a nine-level output can be reduced to 1.59% in a filter-less 

operation with 15% grid impedance, as shown in Fig. 2.19(b). Filter-less operation has been treated 

as a main benefit of the CCIL topology, but grid connection demonstration has not been provided. 

In [68], a harmonic reduction method has been proposed for a single-phase stand-alone inverter 

without an output filter. The authors have concluded that further research could lead to the creation 

of a filter-less grid-connected dc–ac inverter. There are also reports of other filter-less inverters 

including a Z source inverter [69], a two-level VSC [70], a seven-level active clamped inverter [71]. 

However, the control system designs for grid-connected filter-less converters have not been 

addressed in previous publications. In addition, the experimental demonstration of a filter-less 

inverter in grid-connection operation has not been reported yet. 
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(a)                                                                       (b) 

Fig. 2.19 Filter-less inverter examples: (a) 9L active neutral-point clamped (ANPC) inverter; and 
(b) 9L single capacitor cross-connected intermediate-level (CCIL) inverter. 
 

The fundamental challenge of controlling a filter-less grid-connected inverter is the lack of 

grid voltage information. As the voltage is measured at the Point of Common Coupling (PCC) in a 

filter-less inverter, the impedance between the inverter output to the voltage measuring point is 

negligible compared with grid impedance. Therefore, the sensed voltage is more related to the 

output voltage of the inverter instead of the grid voltage. 

 
2.4 Ground Leakage Current Suppression in Transformer-less Application 

 

 
Fig. 2.20 From Si to SiC: ground leakage current suppression. 

 

A common mode leakage current flows through the parasitic capacitor between the PV array 

and the ground once a variable common mode voltage (CMV) is generated in transformer-less grid-

connected inverters [72]. This ground leakage current will lead to safety issues, cause potential 
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induced degradation to solar panels, increase the system loss, and reduce the output current quality 

[73][74][75]. As shown in Fig. 2.20, when the switching frequency increases, the required CM 

choke to suppress the high frequency ground leakage current is much smaller. However, SiC 

inverter has larger power rating with increased power density. There is larger parasitic capacitance 

CPV from PV panels, and larger LF ground leakage current becomes a new issue. 

 
2.4.1 Ground Leakage Current Equivalent Circuit 

 
Fig. 2.21 (a) shows the ground leakage current path in the PV system. The leakage current 

is generated by the CMV, as depends on its magnitude and the frequency, also the filters on the 

equivalent loop [72]. Fig. 2.21 (b) shows an equivalent CM circuit for a three-phase PV inverter 

system, where 𝐿𝐿𝑓𝑓 is the filter inductance, and 𝐿𝐿𝑔𝑔 is the grid side line inductance. VDE-0126-1-1 

recommends disconnecting in 0.3 s when the leakage current is greater than 300 mA [76].   

 

(a)                                                                          (b) 

Fig. 2.21 Ground leakage current: (a) path in the PV system; and (b) CM equivalent circuit. 
 

2.4.2 Low Impedance Path to Bypass the Leakage Current 
 

In the three-phase T-type inverters, one conventional method of leakage current suppression 

is to connect the neutral point of the AC side capacitors to the neutral point (NP) of the DC bus split 

capacitors [72][77][78]. The main idea is to provide a low impedance bypass path for the CM 

current, so that less CM current will pass through the panel leakage capacitance, as shown in Fig. 

2.22 [72]. This method is easy to implement but only applicable to inverters with shunt capacitors 

in the output such as an LCL filter based inverter. With the bypass path, the voltage drop on the AC 

filter changes from half of the line voltage to the phase voltage. There will be additional current 

ripple and loss in the AC filter’s inductor, especially when the switching frequency is high. 
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Therefore, the design tradeoff is between the capability of bypass leakage current and the additional 

loss in the AC filter.  

 

  

(a)                                                                                         (b) 

Fig. 2.22 Ground leakage current bypass method: (a) circuit implementation; and (b) CM 
equivalent circuit. 

 
2.4.3 Common Mode Voltage Reduction 

 
Table 2.1 Common mode voltage (CMV) of different voltage vectors  

Type Voltage vector CMV 

Median P0N, 0PN, NP0, N0P, 0NP, PN0 0 

Large PNN, PPN, NPN, NPP, NNP, PNP 𝑉𝑉𝑑𝑑𝑐𝑐/6 

Small P00, 0P0, 00P, N00, 0N0, 00N 𝑉𝑉𝑑𝑑𝑐𝑐/6 

Small PP0, P0P, 0PP,  NN0, N0N, 0NN 𝑉𝑉𝑑𝑑𝑐𝑐/3 

Zero 000 0 

Zero PPP, NNN 𝑉𝑉𝑑𝑑𝑐𝑐/2 

 
Another approach to suppress the leakage current is to reduce the CMV by modulation 

[79][80][81][82]. As shown in Fig. 2.23, different switches combination generates 27 different 

output voltage vectors in three-phase inverters. Different voltage vectors generates different CMV, 

which is listed in Table 2.1. Selecting partial of the voltage vectors in the modulation is able to 

reduce or keep the CMV constant.  
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Fig. 2.23 Voltage vectors in the three-phase inverter. 
 

In [79][80][81], modulation strategies are proposed to reduce the variation of CMV by 

selecting voltage vector combinations, while equivalent switching frequency or output THD are 

increased. A modulation method applying 120° phase-shifted (PS) between three-phase carriers is 

proposed in [82]. This method is able to reduce the CMV by 50% compared to the conventional 

phase disposition (PD) PWM, but the THD of output line-to-line voltage will be increased since the 

harmonic peak at the switching frequency cannot be canceled like the conventional PD PWM. Also 

this carrier PS method is not applicable to the phase opposition disposition (POD) modulation. 
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CHAPTER 3 

CONTROL SYSTEM FOR A 60 KW THREE-PHASE FILTER-LESS SIC 
INVERTER 

 CONTROL SYSTEM FOR A 60 KW THREE-PHASE FILTER-LESS SIC 
INVERTER 

3.1 Five-level T-type Inverter Prototype 

3.1.1 Topology and Testbed 

Photovoltaic (PV) converters, especially the three-phase string inverters have been under 

rapid growth in the market share. A three-phase string inverter is a two-stage inverter connected to 

three-phase utility grid without a transformer [1], [2]. The typical power ratings of three-phase 

string inverters are from 10 kW to 100 kW. The SiC based PV string inverters have been researched 

and developed recently because of the technology maturity of 1200 V SiC devices. It is well 

accepted that SiC devices have significant advantages over Si devices in terms of switching loss, 

switching speed, and temperature stability [3][4][5][6]. The three-phase T-type inverter is a well-

accepted topology for transformerless PV inverter application in tens of kW range and above 

[7][8][9][10]. The T-type inverter combines the advantages of 2-level inverters and 3-level 

inverters, such as low conduction losses, low switching losses and superior output voltage quality 

[11]. SiC device shows improvement of efficiency and power density in T-type PV inverters 

[9][10][12].  

A major challenge existing in a SiC PV inverter design is that the advance in SiC devices 

exceeds the advance in high frequency magnetic materials. To solve this issue, this dissertation 

explores and demonstrates the benefits of applying 5LT2 topology [13] in a SiC based three-phase 

string PV inverter to increase its power density and efficiency. As shown in Fig. 3.1, each phase of 

the 5LT2 inverter consists of two three-level T-type (3LT2) inverter modules and a coupled inductor. 

The 3LT2 topology has the benefits of both two-level and three-level inverters such as low 

conduction loss, low switching loss, superior output voltage quality, small part count and simple 

operation principle [11][14][15]. It has become the most popular topology for three-phase PV string 

inverters since 2011. In addition, using a coupled inductor to reduce ripple current or to generate 

more voltage levels is well acknowledged in the community in the past century [13], [16]-[20] and 

the total device rating of 5LT2 topology equal to that of 3LT2 topology for the same application. In 

this research, it has been discovered that the coupling coefficient of a coupled inductor can be 
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designed to be one by utilizing the high frequency switching feature of SiC MOSFETs, so that the 

low frequency magnetic flux can be minimized. Also, there is no need to use additional line 

inductors as a filter in this 5LT2 inverter because of multilevel waveforms and higher switching 

frequency compared to those in 3LT2 inverters. In this way, magnetic core utilization of the coupled 

inductor is improved, and they are operating as an unloaded transformer and are referred as inter 

cell transformers (ICTs). The main benefits of using 5LT2 topology include significantly reduced 

magnetic component size and loss, a filter-less grid-connected operation without LCL resonant 

issue and a low cost solution to suppress ground leakage current. 

 

 
Fig. 3.1 The 5LT2 60 kW SiC PV inverter topology. 

 
System parameters of the 60 kW PV inverter in this paper are listed in Table 3.1. 𝐶𝐶𝑝𝑝𝑝𝑝 is the 

parasitic capacitance between the PV array and the ground, which varies with the panel frame 

structure and the weather condition. The capacitance is 60-110 nF/kW in the standard PV modules 

and 100-160 nF/kW in the thin-film PV modules [21]. The capacitance value 𝐶𝐶𝑝𝑝𝑝𝑝 used in this paper 

is 10 µF for 60 kW power. 𝐿𝐿𝑓𝑓 is the leakage inductance of the ICT, 𝐿𝐿𝑔𝑔 is the line inductance plus 

the leakage inductance of the distributed transformer, both of them act as the AC filter. 𝐿𝐿𝐶𝐶𝐶𝐶 is the 

common mode choke to suppress the ground leakage current. The carrier frequency is 50 kHz, so 

the output PWM is 100 kHz with the interleaved bridges. 
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Table 3.1 The 60 kW SiC inverter system parameters 

Items Value Items Value 
DC bus voltage 𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠 800-1000 V Leakage inductance of ICT 𝐿𝐿𝑓𝑓 10 µH 

Output power 𝑃𝑃𝑜𝑜 60 kW 
Line inductance + leakage 

inductance of the distributed 
transformer 𝐿𝐿𝑔𝑔 

~100 µH 

Carrier frequency 𝑓𝑓𝑐𝑐 50 kHz PV parasitic capacitance 𝐶𝐶𝑝𝑝𝑝𝑝 10 µF 
Distribution transformer 480 V l-l, 60 Hz Half DC bus capacitance C 1.2 mF 

 

 

A 60 kW PV converter including boost stage and inverter stage has been built in the 

laboratory, which achieves a power density of 27.2 W/in3 and 3 kW/kg with nature convection, as 

shown in Fig. 3.2. The first stage is a four-channel interleaved boost converter using two SiC boost 

modules. The second is the inverter stage using six SiC T-type modules, two of each are parallel 

coupled through an ICT. The boost stage is controlled by analog circuit. The inverter stage is 

controlled by DSP and FPGA, where DSP is the main controller and the FPGA is used to generate 

12 channels’ gate drive signals. If the traditional 3-level PD and POD modulation method are 

implemented, the output phase-to-neutral output voltage will be 3-level. When the PS modulation 

method is implemented, the output phase-to-neutral output voltage will be 5-level.  

 

 
Fig. 3.2 The experiment set up of a grid-connected 60 kW SiC inverter prototype. 

 
The testbed setup for grid connection experiments is shown in Fig. 3.2. The input of the 

prototype is a 150 kW DC power supply; the output of the PV inverter is connected to a 

480V/4.16kV 1.5 MW Dy-11 transformer, through about 35 meters of AWG 0 cable. The 
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impedance of the transformer is 5.86% p.u. The wireless communication between DSP and PC is 

able to show the real time voltage/current sampling signals in the computer. The operation of this 

SiC filter-less PV inverter has been demonstrated in both stand-alone and grid connection modes. 

The measured peak efficiency is 99.2%, and the California Energy Commission (CEC) efficiency 

at 720 V input is 99.0%. 

 
3.1.2 Modulation for the 5LT2 Inverter 

 
There are two conventional carrier based PWM methods for 3LT2 inverters: phase 

disposition (PD) and phase opposite disposition (POD). Fig. 3.3 (b) shows the basic principle of the 

PD PWM scheme using double triangle carrier signals. The upper carrier signal is used to generate 

the gate signals for the switch 𝑇𝑇1, 𝑇𝑇3. The lower carrier signal is used to generate the gate signals 

for the switch 𝑇𝑇2, 𝑇𝑇4. For POD schemes in Fig. 3.3 (c), the upper carrier signal and the lower carrier 

signal are in the opposite phase. 

 
Fig. 3.3 Modulation methods for 3LT2 inverters: (a) one T-type phase leg; (b) PD modulation; and 
(c) POD modulation. 

 
Fourier series of the 3-level output phase voltage was derived in [22] and the phase A’s 

switching function is listed here in (3.1)-(3.2). In PD modulation (3.1), there are odd central 

harmonics, odd sidebands around the even carrier multiples, and even sidebands around the odd 

carrier multiples. In POD modulation (3.2), there are only sidebands without central harmonics. 

POD has lower output phase voltage THD, and PD has lower output line-to-line voltage THD. 
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(3.1) 
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 (3.2) 

where M is the modulation index, 𝜔𝜔0 is the fundamental angular frequency, and 𝜔𝜔c is the carrier 

angular frequency. 𝐽𝐽2𝑛𝑛+1(𝑚𝑚𝜋𝜋M) is the Bessel function, which is used to represent the coefficient 

after double Fourier integral analysis of the PWM waveform, as shown in the reference [22]. 

 
Fig. 3.4 Modulation methods for the 5LT2 inverter: (a) two T-type phase legs; (b) interleaved 
modulation based on PD; and (b) interleaved modulation based on POD. 

 
In the 5LT2 inverter, carriers can be interleaved between two inverters in both PD and POD, 

as shown in Fig. 3.4. The Fourier series of the interleaved phase voltage’s switching function is 

derived in (3.3). Interleaved PD and interleaved POD are found to have the same phase voltage 

spectrum, and the voltage spectrum is the same as 5-level alternative phase opposition disposition 

(APOD) modulation’s [22]. After interleaved modulation, the 5LT2 inverter achieves 5-level output 
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phase voltage. The output voltage harmonics begin at the twice of switching frequency, which 

makes filter-less possible in this grid-connected PV inverter.  

𝑆𝑆𝐴𝐴_5𝐿𝐿(𝑡𝑡) = 𝑀𝑀 sin(𝜔𝜔0𝑡𝑡)

+
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𝜋𝜋
�

1
2𝑚𝑚

� 𝐽𝐽2𝑛𝑛+1(2𝑚𝑚𝜋𝜋𝑀𝑀) ∙ cos(𝑛𝑛𝜋𝜋) ∙ sin[2𝑚𝑚𝜔𝜔𝑐𝑐𝑡𝑡 + (2𝑛𝑛 + 1)𝜔𝜔0𝑡𝑡]
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(3.3) 

 
3.1.3 ICT Operation Principle 
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Fig. 3.5 Operation principle of ICT: (a) circuit schematic; and (b) equivalent CM and DM circuit. 
 
The operation principle of ICT is explained with Fig. 3.5. For the circuit in Fig. 3.5 (a), a 

state equation can be derived as: 

�𝑣𝑣1 − 𝑣𝑣𝑥𝑥
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where L is the self-inductance of each winding, M is the mutual-inductance between two windings, 

𝑖𝑖𝑥𝑥 ∈ {𝑖𝑖𝑎𝑎, 𝑖𝑖𝑏𝑏 , 𝑖𝑖𝑐𝑐} is the inverter phase current. And 𝑖𝑖𝑐𝑐𝑐𝑐𝑟𝑟 is the differential current of the two phase 

legs. The two legs and one ICT together can generate 5-level voltage line-to-neutral, as shown in 

Table 3.2. 

 
Table 3.2 Switching states of 5LT2 inverter. 

Level Switching states 𝑣𝑣𝑥𝑥 = 0.5(𝑣𝑣1𝑥𝑥 + 𝑣𝑣2𝑥𝑥) 𝑣𝑣𝐼𝐼𝐶𝐶𝐼𝐼 = 𝑣𝑣1𝑥𝑥 − 𝑣𝑣2𝑥𝑥 
L4 PP 𝑉𝑉𝑑𝑑𝑐𝑐 0 

L3 PO 0.5𝑉𝑉𝑑𝑑𝑐𝑐 
𝑉𝑉𝑑𝑑𝑐𝑐 

OP −𝑉𝑉𝑑𝑑𝑐𝑐 

L2 
PN 

0 
2𝑉𝑉𝑑𝑑𝑐𝑐 

OO 0 
NP −2𝑉𝑉𝑑𝑑𝑐𝑐 

L1 ON −0.5𝑉𝑉𝑑𝑑𝑐𝑐 
𝑉𝑉𝑑𝑑𝑐𝑐 

NO −𝑉𝑉𝑑𝑑𝑐𝑐 
L0 NN −𝑉𝑉𝑑𝑑𝑐𝑐 0 

 

In (3.5), the coefficient matrix is diagonal, which means the ICT can be treated as two 

separated parts, as shown in Fig. 3.5 (b). The CM part of ICT works as a line filter, in which flows 

the fundamental frequency current and 2𝜔𝜔c sideband current. The voltage applied on DM part can 

be derived as: 

𝑣𝑣𝐼𝐼𝐶𝐶𝐼𝐼(𝑡𝑡) = [𝑣𝑣1𝑥𝑥(𝑡𝑡) − 𝑣𝑣2𝑥𝑥(𝑡𝑡)]

=
4𝑉𝑉𝑑𝑑𝑐𝑐
𝜋𝜋

�
1

2𝑚𝑚 + 1
� 𝐽𝐽2𝑛𝑛+1[(2𝑚𝑚 + 1)𝜋𝜋𝑀𝑀𝑐𝑐]
∞

𝑛𝑛=−∞

∞

𝑚𝑚=0

⋅ cos(𝑛𝑛𝜋𝜋) cos([2𝑚𝑚 + 1]𝜔𝜔𝑐𝑐𝑡𝑡 + [2𝑛𝑛 + 1]𝜔𝜔𝑜𝑜𝑡𝑡) 

(3.6) 

The major part of (3.6) is switching frequency harmonics. Therefore, the ICT can be treated 

as a high-frequency (HF) transformer with leakage inductance of (𝐿𝐿 −𝑀𝑀)/2 and magnetizing 

inductance of 𝐿𝐿 + 𝑀𝑀. In conventional ICT based converters, it is usually desirable to design enough 

leakage inductance to suppress the HF harmonics. However, as shown in Fig. 3.1, in this research, 

because of the high switching frequency, the required line inductance is small enough so that the 

grid impedance can be used as filter. Therefore, the ICT can be designed with a very small leakage 

inductance, so there is only switching frequency magnetic flux in the magnetic core.  
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3.2 Software Design for the 5LT2 Inverter 
 

3.2.1 Hierarchical Digital Control Structure  
 

In a typical control system, there are system control, application control, converter control, 

switching control, and hardware control. The system control runs the state machine and determine 

the operation mode. The application control is related to the application area, such as ground leakage 

current control, maximum power point control, and phase lock loop (PLL) synchronizer for the PV 

inverters. The converter control is about the voltage/current loop control in the converter level. The 

switching control includes modulation and software protection. The hardware control is hardware 

related, such as gate drive, device protection and voltage/current sensors. 

 

Fig. 3.6 Proposed control structure for the 60 kW PV inverter. 
 

As shown in Fig. 3.6, the proposed control system configuration for 5LT2 inverter consists 

of TI DSP TMS320F28335 and Spartan-3AN FPGA XC3S200AN. DSP is the main controller with 

application control and converter control, and the FPGA is responsible for switching control 

generating 24 channels PWM signals. The wireless communication is realized between PC and DSP 

though ZigBee protocol. The DSP delivers 12 modulation voltages to FPGA though external 

System control

Application control

Converter control

Switching control

Hardware control 13-channel AD sampling

TI DSP 
F28335

Xilinx FPGA 
Spartan3AN
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24-channel PWM signals
Fault protection

External interface XINTF 
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interface. The 13 channels grid side voltage and current sampling signals are transmitted to the DSP 

AD ports through signal conditioning board. 

 
3.2.2 Control System Diagram  
 

 

Fig. 3.7 Proposed control system diagram. 
 

The developed control system diagram of the SiC 5LT2 filter-less inverter in grid-connected 

mode is shown in Fig. 3.7. 𝐿𝐿𝑔𝑔 is the grid inductance including distribution transformer leakage 

inductance and power cable inductance,  𝐿𝐿𝑙𝑙𝑘𝑘 is the parasitic inductance of the 5LT2 inverter and 𝐿𝐿𝑙𝑙𝑘𝑘 

= 10 μH in this research. The three key current are controlled by individual loops. 

(1) Grid current control. The 10 μH is a small value even for SiC inverters [14]-[18]. 

Without control, the 5LT2 inverter is very sensitive to grid voltage disturbance. And 

time delay in the control loop will enhance its sensitivity. The grid current controller is 
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a proportion-resonant (PR) controller in stationary frame. Due to limited computation 

resource, it is not feasible to avoid alias and noise by controlling the sample time. 

Therefore, there is an analog anti-alias low pass filter and a digital noise filter 

implemented in the grid current sampling loop. Due to the filter-less design, the output 

line-to-line voltage of this PV inverter is a seven-level staircase voltage instead of the 

sinusoidal voltage in conventional inverters, a low-pass filter is required after the 

voltage sensor to filter out the switching harmonic of output voltage. 

(2) Circulating current controller. ICT provides a good high frequency attenuation for the 

switching frequency circulating current. A circulating current controller is applied to 

protect the ICT from saturation, where the DC and fundamental frequency circulating 

current will be suppressed. As the inductor windings are tightly coupled, the circulating 

current is much smaller than the fundamental current. A two-channel differential current 

sensor is preferred to ensure accuracy on circulating current control. If the two winding 

inductance of the ICT is identical, the circulating current control loop will be decoupled 

from phase current control. 

(3) Ground leakage current suppression. The increased switching efficiency is beneficial to 

the high frequency (HF) ground leakage current suppression, since the common mode 

(CM) choke can be much smaller. However, the low frequency (LF) ground leakage 

current caused by neutral point (NP) voltage oscillation becomes a new issue in larger 

power rating multi-level inverters. A LF CMV compensation controller is implemented 

to suppress the ground leakage current. 

With switching frequency at least 10 times faster than IGBT, SiC MOSFETs can achieve 

much smaller switching loss at the cost of increased switching noise coupled to A/D sampling 

signals. The conventional methods to solve this issue is either by isolating the signal sample 

channels with fiber optical cables, or by applying symmetrical modulation and triggering the A/D 

sampling time in the middle of two switching events to avoid the ringing. However, fiber optical 

cables are not desirable in this multilevel filter-less inverter due to cost and power density concerns. 

In order to reduce switching frequency harmonic and fast magnetic balancing [19], the switching 

events are not symmetrical to either top or bottom of the carrier. To avoid sampling at switching 

events of any modulation ratio and leave enough time margin for the switch ringing to settle down, 

an extra adjustable software timer is required. A digital noise filter with an algorithm complexity 
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of O(N) is designed and adopted as the anti-EMI noise method in this research considering trade-

offs between software timer and anti-EMI noise filter based on computation time and reliability. 

 
3.2.3 Digital Controller Computation Time Limitation 

 
When switching frequency increases, the digital controller control frequency will increase 

accordingly. Digital sample, and I/O delay will consume a significant part of the digital controller’s 

interruption time. An example of basic control tasks execution time is shown in Fig. 3.8 (a), and the 

spare time resources for the main control algorithm is limited, as shown in Fig. 3.8 (b). The time to 

implement key control algorithms reduces from 91% at 20 kHz to 7% at 200 kHz. 

In the control implementation, there are following techniques implemented helping with the 

time limitation: 1) transfer some of the computation burden to FPGA; 2) run the interruption code 

in RAM; 3) use sinusoidal table instead of sinusoidal function; 4) optimize digital realization 

method of controller and digital filters; 5) increase I/O speed. 

 

(a)                                                                              (b) 
Fig. 3.8 Digital controller computation time limitation: (a) basic tasks time consumption; and (b) 
time resource for main control algorithm with different control frequency. 

 

The switching frequency of the 5LT2 inverter in this research is chosen as 50 kHz, and the 

equivalent switching frequency is 100 kHz due to the interleaved operation, so the desired 

interruption time is 10 μs. The execution time test result of the adopted TI TMS320F28335 DSP + 

Operation Computation Time (ns) 

I. In + Out interrupt time 860 

II. Communication 1000 

III. Two Triangular function 1200 

IV. Modulation 1120 

V. A/D sampling 480 

VI. Main control algorithms The rest 
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Xilinx XC3S200AN FPGA control board illustrated that the basic control tasks consumes about 

53.8% of total interruption time even with optimization. Since the carrier ratio is high at 50k 

witching frequency, a larger Sine table stored in the non-volatile memory of the DSP is needed to 

provide enough accuracy for the phase-lock loop (PLL). Therefore, it takes longer time for sin/cos 

calculation. Also, the data transfer between the DSP and FPGA through external interface (XINFT) 

takes 1.4 μs. There is only 1μs left for top layer control and out of interruption functions including 

software protection, system monitoring and communicate with human interface. Therefore, the 

interruption time is set to be 20 μs in this research. 

 
3.3 Anti-EMI Noise Digital Filter Design 

 

In this research, digital filters are applied to suppress the sampling noise for a 60 kW 5LT2 

SiC inverter without fiber isolation. There are two main kinds of digital filters in the time domain 

and frequency domain respectively based on the application requirements [23]. The frequency 

domain digital filter is not applicable in this research due to that the noises in the AD sampling 

results have random frequency ranges. The moving average filter is simple and typically used in 

the time domain, but the output results are skewed around the signal edges [24]. On the other hand, 

median filter (MF) has been widely used in the image and speech processing field as an effective 

non-linear impulse filter with the capability to preserve signals edges [25][26][27]. The traditional 

MF is time consuming with O(N2) time complexity. Therefore, an improved median filter (IMF) 

with O(N) time complexity is proposed to reduce the digital filter’s computation time. In addition, 

a magnitude band-pass filter (MBF) is also proposed. The MBF features O(1) time complexity and 

much less fixed computation time without introducing time delay in the control loop. The design 

trade-offs among noises filter capability, delay effect and the computation time have been discussed 

for proposed filters. Finally, both proposed digital filters are implemented in a 60 kW 5-level T-

type (5LT2) SiC inverter and experimental results demonstrated the noise can be suppressed or 

removed from the AD sampling signals. 

 
3.3.1 Sampling Noise Analysis in the 60 kW 5LT2 SiC Inverter 

 
The 5LT2 inverter uses Wolfspeed’s 1200 V 100 A full SiC MOSFET T-type modules. The 

switching characteristics of the module has been analyzed in [28], Fig. 3.9 shows T4’s turn-on and 

turn-off transient at 720 V DC bus voltage and 100 A load current with 6.8 Ω turn-on and 4.7 Ω 
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turn-off gate resistors. The dv/dt is 17 V/ns. As a result, the ringing in the voltage and current 

waveforms generates severe noises in the whole system. 

 

(a) 

                 
 (b)                                                        (c) 

Fig. 3.9 Switching waveforms at 𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠 = 720 V, 𝐼𝐼 = 100 A with 𝑅𝑅𝑔𝑔_𝑜𝑜𝑛𝑛 = 6.8 Ω and 𝑅𝑅𝑔𝑔_𝑜𝑜𝑓𝑓𝑓𝑓 = 4.7 Ω: 
(a) T-type power module; (b) T4 turn-on; and (c) T4 turn-off. 

 

Fig. 3.10 shows four typical phase current AD sampling results from the DSP. In (a), the 

noises start at 6 ms and last for nearly 1/5 of the fundamental period, which generates phase current 

pulses with magnitude between 0 and -110 A. The current fast Fourier transform (FFT) analysis 

shows that the noises are fairly even distributed in the frequency domain below 20 kHz. In (b), there 

are two sections affected by noises in one period. The first section produces large negative current 

impulse from 100 A to -100 A. The second section is concentrated with smaller magnitude. The 

FFT results have a peak magnitude around 1 kHz. In (c), when there are only two small current 

pulses during one period, the harmonics magnitude below 20 kHz is less than 1.5%. In (d), the 

noises last around 1/4 of the period generating both small and large pulses. It can be noticed that 

when large current pulse happened, the noises cause the malfunction of the current controller and 

produce low frequency oscillations. The corresponding FFT results show the most serious 

harmonics among these four cases, whereby the magnitude peak is around 2 kHz and 7 kHz. 
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Fig. 3.10 EMI noises affected AD sampled current results from DSP: waveforms and FFT results. 
 

From above sampling current waveforms and FFT results, the sampling noises show random 

characteristics as non-periodic pulses without any predictable frequency domain pattern. With these 

sampling noises, the current controller in the DSP will be disturbed and/or over-current protection 

will be triggered. The conventional low-pass, band-pass or high-pass filters cannot remove the 

random noises since they only affect specific frequency range. The sampling noises discussed in 

this letter requires that the desired filter should meet the following requirement: random pulses 

suppression with low computation time cost, small time delay, and no magnitude attenuation to 

original signals. 

 

3.3.2 Proposed Anti-EMI Noise Digital Filters 
 

3.3.2.1 Improved median filter. MF is a conventional non-linear filter used for removing 

noises without magnitude attenuation. N points MF algorithm is shown in (3.7), where 
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𝑥𝑥𝑛𝑛, … , 𝑥𝑥𝑛𝑛−𝑁𝑁−1 are the latest N points input signals and 𝑥𝑥𝑚𝑚𝑑𝑑𝑛𝑛 is the output signal of the MF. For 

convenience, N is considered as odd number in this letter. N points MF is able to remove (N-1)/2 

points noises among the continues N points signal with (N-1)/2 of control periods delay.  

𝑥𝑥𝑚𝑚𝑑𝑑𝑛𝑛 = 𝑀𝑀𝑀𝑀𝑑𝑑𝑖𝑖𝑀𝑀𝑛𝑛(𝑥𝑥𝑛𝑛 + 𝑥𝑥𝑛𝑛−1 + ⋯+ 𝑥𝑥𝑛𝑛−𝑁𝑁+1) (3.7) 

 
Fig. 3.11 The IMF algorithm: (a) storage arrays; and (b) implementation process. 

 

The algorithm complexity of the conventional MF is O(N2), which is too time-consuming 

to be used in the micro-controller. An improved median filter is proposed in this letter to reduce the 

computation time, which keeps the same filter performance of the conventional MF. As shown Fig. 

3.10 (a), there are two storage arrays for the IMF algorithm: moving data array stores the latest N 

points sampling results as the input of IMF, pointer array stores the pointers which keeps N points 

data sorted from small to large. The IMF implementation process is shown in Fig. 3.10 (b). When 

there is a new data sampled, firstly the pointer of the old data needs to be located in the sorted 

pointer array. Then the pointer’s location needs to be adjusted depending on the new data value 

through left side bubble or right side bubble. The output data is always the median data which 

𝑝𝑝(𝑁𝑁−1)/2 pointed. With the combined two arrays, the IMF achieves O(N) algorithm complexity. 
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3.3.2.2 Magnitude band-pass filter. A MBF filter is proposed in this letter as another 

method to suppress the sample noises. As shown in Fig. 3.12, the principle is to remove all the 

noises points beyond the magnitude bandwidth (BW) of the baseline signal. When the input signal’s 

magnitude is in the effective data band, the signal will be passed through the MBF without any 

attenuation and all the frequency domain information will be preserved. When the input signal’s 

magnitude is beyond the effective data band, the signal will be blocked from output. The signal 

baseline is generated by N points moving average 𝑥𝑥𝑎𝑎𝑝𝑝𝑔𝑔, as shown in (3.8). If the sampled new data 

is beyond the effective data band, it will be abandoned and replaced by the data from last sampling 

period, otherwise the sampled data will be outputted without any modification. 

𝑥𝑥𝑎𝑎𝑝𝑝𝑔𝑔 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛(𝑥𝑥𝑛𝑛 + 𝑥𝑥𝑛𝑛−1 + ⋯+ 𝑥𝑥𝑛𝑛−𝑁𝑁+1) (3.8) 

 

 
Fig. 3.12 MBF filter algorithm: (a) a unit sinusoidal example signal with 20% BW; and (b) 
implementation process. 

 

The MBF has O(1) algorithm complexity and is able to remove unlimited points of EMI 

noises in the signals without any magnitude attenuation nor phase delay. The noises points with 

magnitude inside the BW cannot be removed. 

 

3.3.2.3 Anti-EMI noise filters design. In order to test the proposed algorithms in a 

controlled environment, a M points signal with 0.1M random noise points is generated by Matlab 

as the input of the digital filters. Both the noise magnitude and noise location of the sampler is 

random. The original signal has the constant value of one, {𝑥𝑥1, 𝑥𝑥2, … , 𝑥𝑥𝐶𝐶} . The function 

randperm(M) generates a random permutation of the integers from 1 to M inclusive, whereby the 

first 0.1M points are used as the random location of the noises, {𝑙𝑙1, 𝑙𝑙2, … , 𝑙𝑙0.1𝐶𝐶} . The noise 

Effective data band

xavg+BW

xavg-BW
xavg

(a) (b)

dataold = xn-N+1;
xavg = sum/N;
if  ((xavg- BW) ≤ datanew) && (datanew ≤  (xavg+ BW))
{
    Output = datanew;
    sum = sum – dataold;
    sum = sum + datanew;
}
else
    Output = xn;
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magnitude is normally distributed random numbers generated by function randn(0.1M), 

{𝑛𝑛1,𝑛𝑛2, … ,𝑛𝑛0.1𝐶𝐶}. (3.9) shows how the signal with random noises is generated. 

𝑥𝑥𝑙𝑙𝑖𝑖 = 1 + 𝑛𝑛𝑐𝑐  (𝑖𝑖 = 1,2, … ,0.1𝑀𝑀) (3.9) 

Both the number and magnitude of the noises have the impact on the digital control, so the 

sum of the noises magnitude is used to represent the noise and evaluate the digital filter capability, 

which is named noise energy in this letter, as shown in (3.10). In the signal sampler, M is 106 and 

the total noise energy is 7.98e4. The ratio of the residue noise energy after the digital filter to the 

total input noise energy is defined as 𝜀𝜀𝑛𝑛𝑜𝑜𝑐𝑐𝑠𝑠𝑛𝑛 in (3.11) to show the capability of the digital filters. 

𝐸𝐸𝑛𝑛𝑜𝑜𝑐𝑐𝑠𝑠𝑛𝑛 = �|𝑥𝑥𝑐𝑐 − 1|
𝐶𝐶

𝑐𝑐=1

 (3.10) 

𝜀𝜀𝑛𝑛𝑜𝑜𝑐𝑐𝑠𝑠𝑛𝑛 =
𝐸𝐸𝑛𝑛𝑜𝑜𝑐𝑐𝑠𝑠𝑛𝑛_𝑟𝑟𝑛𝑛𝑠𝑠𝑐𝑐𝑑𝑑𝑢𝑢𝑛𝑛

𝐸𝐸𝑛𝑛𝑜𝑜𝑐𝑐𝑠𝑠𝑛𝑛_𝑡𝑡𝑜𝑜𝑡𝑡𝑎𝑎𝑙𝑙
 (3.11) 

 

 
Fig. 3.13 The delay periods, DSP implementation time, and residue noise energy percentage with 
different IMF points. 

 

Fig. 3.13 shows the IMF characteristic with different filter points. The delay time and DSP 

implementation time increases nearly linearly with the IMF points. The IMF does not change the 

system magnitude characteristics, while increased IMF points may decrease the phase margin and 

reduce the system’s control bandwidth. Considering the noises removing capability and the impact 

to the system control, the IMF points can be selected between 3, 5, and 7. 
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Fig. 3.14 The DSP implementation time, and residue noise energy percentage with different 
bandwidth in the MBF. 

 

In the MBF, the computation time is fixed as 0.55 μs with different moving average points 

and different data BWs in the DSP, which is much smaller than that of IMF. There is no time delay 

introduced into control loop by the MBF. From Fig. 3.14, MBF shows similar noise removing 

capability as IMF, smaller BW can remove more noises. However, if the BW is too small, the ripple 

in the original signals may be falsely removed. It can be observed from Fig. 3.14, if the BW in the 

MBF is selected between 10% to 40%, the same attenuation from MBF can be achieved as that 

from IMF. Considering there can be up to 30% high frequency ripple in the sampled data, a 30% 

BW is chosen in this research. With 30% BW, a transient 5 V/μs and 1 A/μs can pass the MBF 

without being distorted. 

 
3.3.3 Experimental Verifications 

 
In the test, the IMF is implemented with 5 points considering the trade-off between time 

delay and the noise suppression. The MBF has 30% BW with 8 points moving average baseline. 

Fig. 3.15 compares the noise suppression capability of two proposed filters and a conventional low 

pass filter (LPF). The LPF is designed as a 4th Butterworth LPF with the same time delay (2 control 

periods) as the IMF at 1 kHz, which has 9.2 kHz cut-off frequency. (a) is a 3000-points data 

extracted from the phase current AD sampling results, the fundamental component has been 

removed for better observation. (b)-(d) show the capability of IMF, MBF and LPF respectively. In 

zone I, IMF is more effective since MBF cannot remove the noises within its BW. In zone II, MBF 

is more effective since IMF have the points limitation while removing the continues noises. In zone 
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III, both IMF and MBF can remove all the noises effectively. Since LPF is not able to remove the 

noises under its cut-off frequency, the noise energy is still large after the LPF in zone I-III. 

 
Fig. 3.15 Anti-EMI noise capability: (a) phase A current noise; (b) W/ 5 points IMF; (c) W/ 30% 
BW MBF; and (d) W/ 4th Butterworth LPF. 

 

 
(a)                                                                                     (b) 

Fig. 3.16 The EMI noise impact on the 60 kW inverter grid-connected start-up operation: (a) W/O 
digital filters; and (b) W/ 5 points IMF. 
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In the 60 kW 5LT2 SiC inverter, the grid-connected start-up operation cannot be realized 

without digital filters due to the EMI noises, as shown in Fig. 3.16 (a). With 5 points IMF, the 

inverter is able to operate smoothly from start-up to 60 kW steady state, as shown in (b). In Fig. 

3.17, with the 30% BW MBF, the grid-connected test is operating normally. Once the MBF is 

disabled, there are multiple pulses appearing in the grid current and eventually trigged the over-

current protection. 

 

 
Fig. 3.17 The EMI noise impact on the grid-connected steady state operation: W/ 30% BW MBF 
to W/O digital filters. 

 

The experiment results verify that both IMF and MBF are able to remove the noises from 

the AD sampling results and ensure the system operation. Although in this research, the proposed 

methods are implemented in DSP, they can also be implemented in FPGA or SoC FPGA, which 

can save the DSP interruption time. 
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CHAPTER 4 

KEY CURRENT CONTROL FOR A 60 KW THREE-PHASE FILTER-
LESS SIC INVERTER 

 KEY CURRENT CONTROL FOR A 60 KW THREE-PHASE FILTER-
LESS SIC INVERTER 

4.1 Circulating Current Control for the Inverter Paralleled through ICT 

It is important to eliminate the circulating current because: 1) The size of ICT is directly 

related to its maximum magnetic flux, with better circulating current control technique, less design 

margin is needed to prevent saturation; and 2) To achieve best power density, the ICT is designed 

with high permeability material with little air gap. Unlike inductors, when ICT saturates, the 

saturation current will increase rapidly and may trigger the short circuit protection of the two T-

type modules from the same phase. 

As discussed in chapter 3, the sum of ICT’s self-inductance and mutual-inductance provides 

a good high frequency attenuation for the switching frequency circulating current. It is impractical 

to control the switching frequency circulating current, for both the controller and the sensor. A 

circulating current controller is applied to protect the ICT from saturation, where the DC and 

fundamental frequency circulating current will be suppressed. If the two winding inductance of the 

ICT is identical, the circulating current control loop will be decoupled from phase current control. 

A two-channel differential current sensor is preferred for the circulating current sensing, for its 

better accuracy and noise shielding capability. 

4.1.1 ICT Volt-seconds Balancing within Switching Cycle 

A modification based on modulation technique is proposed to balance the winding volt-

seconds within half switching cycle, so that peak-to-peak value of the circulating current can be 

further reduced. Fig. 4.1 (a)-(b) shows the conventional and proposed modulation method to 

balance ICT volt-seconds. The saber simulation results of each method are compared in (c) and (d). 

In the conventional method, when the comparator is updated at the beginning of each counter, the 

ICT is not balanced in the switching cycle. In the proposed method, the controller is updated in 

every half switching cycle. the ICT is able to be balanced within half switching cycle, which 

successfully suppress the circulating current peak. 
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Fig. 4.1 Influence of digital controller update methods on magnetic balancing: (a) conventional 
method: update comparator at the beginning of each counter; (b) modified method: update 
comparator at the beginning and peak of each counter; (c) simulated ICT circulating current under 
conventional method; and (d) simulated ICT circulating current under modified method. 

 
4.1.2 Circulating Current Controller 

 
The magnetic flux flowing through ICT is shown in (4.1). When the two paralleled phase 

leg is not symmetrical, low frequency AC and DC circulating current will appear, which may also 

cause the ICT saturation. The ICT AC and DC equivalent circuit is shown in Fig. 4.2. 

𝐵𝐵 =
(𝑖𝑖1 − 𝑖𝑖2) ∙ 𝑁𝑁 ∙ 𝛬𝛬𝑚𝑚

𝐴𝐴
 (4.1) 
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(a)                                                             (b) 
Fig. 4.2 Equivalent circulating current circuit with ICT: (a) AC; and (b) DC. 

 

When the two self-inductors of the ICT are not the same, the voltage and current relationship 

is shown in (4.2). There will be AC component in the circulating current, as shown in (4.3). When 

the output voltages of the paralleled phase legs are the same, the AC component in circulating 

current is found to be proportional to the AC component in phase current. 

�
𝑣𝑣1 = 𝑣𝑣𝑥𝑥 + 𝐿𝐿1

𝑑𝑑𝑖𝑖1
𝑑𝑑𝑡𝑡

− 𝑀𝑀
𝑑𝑑𝑖𝑖2
𝑑𝑑𝑡𝑡

𝑣𝑣2 = 𝑣𝑣𝑥𝑥 − 𝑀𝑀
𝑑𝑑𝑖𝑖1
𝑑𝑑𝑡𝑡

+ 𝐿𝐿2
𝑑𝑑𝑖𝑖2
𝑑𝑑𝑡𝑡

 (4.2) 

𝑖𝑖1 − 𝑖𝑖2 =
∫(𝑣𝑣1 − 𝑣𝑣2)𝑑𝑑𝑡𝑡 − (𝐿𝐿1 − 𝐿𝐿2) ∙ 𝑖𝑖2

𝐿𝐿1 + 𝑀𝑀
 (4.3) 

When the two resistance of the ICT are not the same, the voltage and current relationship is 

shown in (4.4). There will be DC component in the circulating current, as shown in (4.5). When the 

output voltages of the paralleled phase legs are the same, the DC component in circulating current 

is found to be proportional to the DC component in phase current. 

�
𝑉𝑉1 = 𝑉𝑉𝑥𝑥 + 𝐼𝐼1 ∙ 𝑅𝑅1
𝑉𝑉2 = 𝑉𝑉𝑥𝑥 + 𝐼𝐼2 ∙ 𝑅𝑅2
𝐼𝐼 = 𝐼𝐼1 + 𝐼𝐼2

 (4.4) 

𝐼𝐼1 − 𝐼𝐼2 =
2(𝑉𝑉1 − 𝑉𝑉2) + 𝐼𝐼𝑑𝑑𝑐𝑐 ∙ (𝑅𝑅1 − 𝑅𝑅2)

𝑅𝑅1 + 𝑅𝑅2
 (4.5) 

Although the AC and DC circulating current caused by unsymmetrical ICT is not large, a 

small amount is able to make the ICT saturate. Based on (4.3) and (4.5), LF AC and DC component 

can be eliminated in circulating current by the control of the voltage difference. The magnetic 

balancing controller is shown in Fig. 4.3. The relationship between the voltage difference and the 

circulating current is listed in (4.6). 

+- + -V1 L1
i1

+- + -V2 L2
i2

-M Vx

Rload

+- V1 R1

+- V2 R2
I2

Vx

Rload

I1

I
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Fig. 4.3 Magnetic balancing controller. 

 
 

𝑖𝑖1 − 𝑖𝑖2
∆𝑣𝑣

=
1

(𝐿𝐿 +𝑀𝑀) ∙ 𝑠𝑠 + 𝑅𝑅
   (4.6) 

With the magnetic balancing controller, the additional voltage difference will suppress the 

LF AC and DC component in the circulating current. In the steady state, the compensated voltage 

difference is in (4.7). 

∆𝑣𝑣 = 𝑣𝑣1 − 𝑣𝑣2 = (𝐿𝐿1 − 𝐿𝐿2) ∙ 𝑠𝑠 ∙ 0.5𝑖𝑖𝑎𝑎𝑐𝑐 −
𝐼𝐼𝑑𝑑𝑐𝑐 ∙ (𝑅𝑅1 − 𝑅𝑅2)

2
   (4.7) 

 
4.1.3 Standalone Experiment Results   

 
Fig. 4.4 is experimental waveforms from stand-alone tests. Results from two sets of 

experiments are presented. The first one is from the experiment with 50 kW resistive load, to 

emulate the strong grid case, as shown in (a). The second one, as presented in (b), is the result of 

experiments with a R+L load to emulate a weaker grid, where an extra three-phase 180 μH inductor 

was connected in serial with the 50 kW resistive load. It can be seen that the positive and negative 

half of dc-link voltage are balanced, with about 10% ripple peak to average. A typical five-level 

phase-to-neutral output voltage can be observed in (b), this is because the leakage inductance of 

ICT is much smaller than the 180 μH load inductance, so the switching frequency harmonic voltage 

drop on the leakage inductance was not large enough to give a sinusoidal output. Compared with 

that in (b), the output current in (a) has noticeable high frequency ripple. However, it should be 

noted that grid-connected PV converters are connected to low voltage power grids where the short 

circuit ratio (SCR) are limited to be smaller than 20. If the grid where the 60 kW PV inverter being 

connected to is 10 times larger than the converter rating, then SCR=20 gives 51 μH, without any 

cable inductance. Additional 50 meter 60 A cable will add about 100 μH to the grid inductance. So 

in the grid connection case, the waveform will be closer to what is in (b).  
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Fig. 4.4 (c) and (d) show the FFT analysis results of output current for the two stand-alone 

experiment. In both cases, the harmonics are smaller than 1.5%. In grid connection mode where 

there are low frequency voltage harmonics disturbances from the grid, more control efforts are 

needed for current harmonics suppression. And the total harmonic distortion (THD) will be worse 

than what are shown in (c) and (d). 

 

Half dc-link 
voltage, 100V/div

Output voltage, 
500V/div

Output current, 
100A/div

Half dc-link 
voltage, 100V/div

Output voltage, 
500V/div

Output current, 
100A/div

 
(a)                                                                      (b) 

 
(c)                                                   (d) 

Fig. 4.4. Inverter stage stand-alone experiment waveforms and FFT analysis result: (a) experiment 
waveforms under resistive load; (b) experiment waveforms under resistive + inductive load; (c) 
FFT analysis result of output current under resistive load; and (d) FFT analysis result of output 
current under resistive + inductive load. 
 

The waveforms presented in Fig. 4.5 are used to demonstrate the circulating control 

function. The experiment was carried out at half load to prevent overheating the ICT or trigger 

power device de-sat protection. At first, the circulating current control was disabled. It can be 

observed that there is about 2 A dc bias in the circulating current, and at the peak of the circulating 

current, ICT became saturated. Then the circulating current control was enabled at 𝑡𝑡1, after 10 ms 
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transient, it reached the steady state where the dc error is about 0.5 A. Also from Fig. 4.5 it can be 

observed that the ICT saturation current is at 3 A, so there is 2 A safe margin. 

    
(a)                                                                                     (b) 

Fig. 4.5 Circulating current control experiment waveforms: (a) steady states; and (b) transient. 
 

4.2 Grid Current Control for Filter-less Inverter 
 

Several important aspects of the proposed filter-less grid-connected control are investigated 

including effects of grid voltage feedforward (GVF); extra control delay introduced by anti-EMI-

noise filter and its influence on voltage feedforward; limited computation resources due to high 

switching frequency; as well as effect of grid impedance variation on system stability and 

performance. Two grid voltage feedforward (GVF) control methods, referred as fundamental 

frequency grid voltage feedforward (FFGVF) and frequency limited grid voltage feedforward 

(FLGVF), which require little additional computation resources, are proposed to suppress the grid 

voltage disturbance. The effects of the two proposed GVF methods are also compared with that of 

conventional instantaneous grid voltage feedforward (IGVF). Grid connected experiments were 

performed on the inverter stage under three GVF methods where the traditional IGVF control has 

been found not suitable for filter-less grid-connected inverters. The two proposed GVF methods 

can achieve the same bandwidth, while the FLGVF control outperformed FFGVF control in terms 

of grid disturbance rejection and current THD improvement.  

 
4.2.1 Control Loop Modeling and Stability Analysis 

 
The developed control system discussed in chapter 3 is shown in Fig. 4.6. 𝐿𝐿𝑔𝑔 is the grid 

inductance including distribution transformer leakage inductance and power cable inductance,  𝐿𝐿𝑙𝑙𝑘𝑘 

is the parasitic inductance of the 5LT2 inverter and 𝐿𝐿𝑙𝑙𝑘𝑘 =10 μH. 
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Fig. 4.6 The control system configuration and grid current control loop of the 5LT2 inverter. 

 
The dominant switching harmonics of this research are at 100 kHz and its sideband. The 

two low-pass filters after a current sensor and a voltage sensor are designed to be second-order 

analog filters with cut-off frequency higher than the 25 kHz Nyquist frequency, the dynamics of 

these low-pass filters are therefore not considered in the control loop modeling. On the other hand, 

the time delay of the noise filter is not negligible. 

The noise filter is important because the high dv/dt of the SiC devices can introduce 

significant EMI noise on the sampling circuits, which cannot be completely reduced by the second-

order analog low-pass filters. Without a noise filter, random spikes will appear in A/D sampling 

signals, which will cause abrupt change at the current controller output and trip the inverter. Median 

filter is chosen as the noise filter for its effectiveness to eliminate random noises and having no 

attenuation to the normal signal.  N points of median filter is able to remove (N-1)/2 points continues 

noises point among the N points signal with (N-1)/2 of control periods delay. A larger N provides 

better noise immunity, but at the cost of longer computation time and longer control loop delay. 
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The conventional median filter has the algorithm complexity of O(N2). A modified median filter 

algorithm is designed in chapter 3 to simplify the complexity to O(N). This modified algorithm 

allows five-point median filters to be used, which can eliminate two continuous noise spikes, at a 

cost of two sample delays. The transfer function of the five-point noise filter is: 

𝐻𝐻𝑛𝑛𝑓𝑓(𝑧𝑧) = 𝑧𝑧−2   (4.8) 

The transfer function of digital control delay is: 

𝐺𝐺𝑑𝑑𝑐𝑐𝑔𝑔𝑐𝑐(𝑠𝑠) = 𝐺𝐺𝑐𝑐𝑎𝑎𝑙𝑙𝐺𝐺𝑍𝑍𝑃𝑃𝑍𝑍 = 𝑀𝑀−𝑠𝑠⋅𝐼𝐼𝑠𝑠 ⋅
1 − 𝑀𝑀−𝑠𝑠⋅𝐼𝐼𝑍𝑍𝑍𝑍𝑍𝑍

𝑠𝑠𝑇𝑇𝑍𝑍𝑃𝑃𝑍𝑍
≈ 𝑀𝑀−𝑠𝑠⋅𝐼𝐼𝑑𝑑𝑖𝑖𝑑𝑑𝑖𝑖 (4.9) 

where 𝐺𝐺𝑐𝑐𝑎𝑎𝑙𝑙(𝑠𝑠) is the combination of A/D sample delay, calculation delay and PWM update delay. 

𝐺𝐺𝑍𝑍𝑃𝑃𝑍𝑍 is the delay caused by zero-order-hold (ZOH) effect of PWM. 𝑇𝑇𝑑𝑑𝑐𝑐𝑔𝑔𝑐𝑐 is the combined digital 

control delay and 𝑇𝑇𝑠𝑠 is the switching period. In this research project, the PWM is updated every 

switching cycle, therefore 𝑇𝑇𝑑𝑑𝑐𝑐𝑔𝑔𝑐𝑐 = 1.5𝑇𝑇𝑠𝑠. If the computation resource allows, it is better to update 

PWM in every half switching cycle. Then 𝑇𝑇𝑑𝑑𝑐𝑐𝑔𝑔𝑐𝑐 will be 0.75𝑇𝑇𝑠𝑠. Since the total delay time is not an 

integer number of switching period, the current control loop will be analyzed in s-domain. In s-

domain, the transfer function of the median filter is rewritten as: 𝐻𝐻𝑛𝑛𝑓𝑓(𝑠𝑠) = 𝑀𝑀−𝑠𝑠⋅2𝐼𝐼𝑠𝑠  . And the total 

delay in the loop is 𝐺𝐺𝑑𝑑(𝑠𝑠) = 𝐺𝐺𝑑𝑑𝑐𝑐𝑔𝑔𝑐𝑐(𝑠𝑠)𝐻𝐻𝑛𝑛𝑓𝑓(𝑠𝑠) = 𝑀𝑀−𝑠𝑠(2𝐼𝐼𝑠𝑠+𝐼𝐼𝑑𝑑𝑖𝑖𝑑𝑑𝑖𝑖). 

Fig. 4.7 (a) shows the current loop control block diagram, in which 𝑖𝑖𝑔𝑔 is the grid current, 

and 𝐺𝐺𝑐𝑐 is the transfer function of the current loop PR controller. Ideally the grid voltage 𝑣𝑣𝑔𝑔 should 

be used in the feedforward control since it reveals the true disturbance from the grid. However, only 

inverter output voltage 𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐  can be sensed in a real application. In a filter-less inverter, 𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐  is 

strongly influenced by the inverter output current. In this case, the grid voltage feedforward control 

can affect stability. This can be explained with Fig. 4.6 (b). Fig. 4.7 (b) is an equivalent form of Fig. 

4.7 (a), with 𝐺𝐺𝐿𝐿 = 1/𝑠𝑠𝐿𝐿 where 𝐿𝐿 = 𝐿𝐿𝑙𝑙𝑘𝑘 + 𝐿𝐿𝑔𝑔 is the total inductance. It can be observed in Fig. 4.7 

(b) that the existence of 𝐿𝐿𝑔𝑔 creates a positive feedback loop which can decrease the stability margin. 

The loop gain of this positive feedback is: 

𝑘𝑘 = �𝑠𝑠𝐿𝐿𝑔𝑔𝐺𝐺𝑑𝑑𝑐𝑐𝑔𝑔𝑐𝑐𝐺𝐺𝐿𝐿𝐻𝐻𝑛𝑛𝑓𝑓� = �
𝐿𝐿𝑔𝑔
𝐿𝐿
𝑀𝑀−3.5𝐼𝐼𝑠𝑠⋅𝑠𝑠� =

𝐿𝐿𝑔𝑔
𝐿𝐿𝑙𝑙𝑘𝑘 + 𝐿𝐿𝑔𝑔

=
𝐿𝐿𝑔𝑔
𝐿𝐿

 (4.10) 
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Fig. 4.7 Control block diagram of current loop with grid voltage feedforward: (a) original form; 
and (b) equivalent form. 

 

The value of loop gain 𝑘𝑘  is between zero (ideal grid) and one (zero inverter parasitic 

inductance). In this research, 𝐿𝐿𝑙𝑙𝑘𝑘 =10 μH and 𝐿𝐿𝑔𝑔 ≥ 100 μH, so 𝑘𝑘 ∈ [0.9,1). Therefore, this positive 

feedback loop will not necessarily make the system unstable since the loop gain is still smaller than 

one. But in a filter-less inverter where the grid inductance is at least 10 times larger than inverter 

inductance, the possibility of controlling the inverter without grid voltage feedforward is worth 

consideration. In the following paragraphs, the grid current control with and without grid voltage 

feedforward will be compared in terms of stability and grid voltage disturbance rejection. The 

maximum loop gain will be calculated and the maximum bandwidth at certain stability margin will 

be compared. 

The open-loop transfer function of grid current control without grid voltage feedforward 

can be written as: 
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𝐺𝐺𝐿𝐿𝑃𝑃 = 𝐺𝐺𝑐𝑐𝐺𝐺𝑑𝑑𝑐𝑐𝑔𝑔𝑐𝑐𝐺𝐺𝐿𝐿𝐻𝐻𝑛𝑛𝑓𝑓 = 𝐺𝐺𝑐𝑐𝐺𝐺𝑑𝑑𝐺𝐺𝐿𝐿 =
1
𝑠𝑠𝐿𝐿
�𝐾𝐾𝑝𝑝 +

𝐾𝐾𝐼𝐼𝜔𝜔𝑠𝑠𝑓𝑓𝑠𝑠
𝑠𝑠2 + 2𝜔𝜔𝑠𝑠𝑓𝑓𝑠𝑠 + 𝜔𝜔𝑜𝑜2

� 𝑀𝑀−𝑠𝑠𝐼𝐼𝑑𝑑  (4.11) 

where 𝑇𝑇𝑑𝑑 = 3.5𝑇𝑇𝑠𝑠 is the total delay in the loop. 𝐾𝐾𝑝𝑝 is the proportional gain and 𝐾𝐾𝐼𝐼 is the gain of 

resonant controller for fundamental frequency. 𝜔𝜔0  is fundamental frequency and 𝜔𝜔𝑠𝑠𝑓𝑓  is the 

window frequency of the resonant controller. The maximum controller gain 𝐾𝐾𝑝𝑝 for a given phase 

margin (PM) can be derived by solving (4.11): 

�
∠𝐺𝐺𝐿𝐿𝑃𝑃(𝜔𝜔𝑥𝑥) + 𝜋𝜋 = 𝑃𝑃𝑀𝑀

|𝐺𝐺𝐿𝐿𝑃𝑃(𝜔𝜔𝑥𝑥)| = 1
 

 

(4.12) 

which yields: 

⎩
⎪
⎨

⎪
⎧𝜔𝜔𝑥𝑥 =

𝜋𝜋
2 − 𝑃𝑃𝑀𝑀
𝑇𝑇𝑑𝑑

𝐾𝐾𝑝𝑝𝑥𝑥 =
𝜋𝜋
2 − 𝑃𝑃𝑀𝑀
𝑇𝑇𝑑𝑑

𝐿𝐿

 (4.13) 

where 𝐾𝐾𝑝𝑝𝑥𝑥 is the maximum controller gain and 𝜔𝜔𝑥𝑥 is the maximum crossover frequency. For 60 

degrees of PM, the maximum gain and crossover frequency is: 

⎩
⎪
⎨

⎪
⎧𝜔𝜔𝑥𝑥60 =

𝜋𝜋
6𝑇𝑇𝑑𝑑

𝐾𝐾𝑝𝑝𝑥𝑥60 =
𝜋𝜋

6𝑇𝑇𝑑𝑑
𝐿𝐿

 (4.14) 

The open-loop transfer function of grid current control with grid voltage feedforward can 

be derived as: 

𝐺𝐺𝐿𝐿𝑃𝑃_𝑉𝑉𝑉𝑉 =
𝐺𝐺𝑐𝑐𝐺𝐺𝑑𝑑𝐺𝐺𝐿𝐿
1 − 𝑘𝑘𝐺𝐺𝑑𝑑

= 𝐺𝐺𝐿𝐿𝑃𝑃 ⋅
1

1 − 𝑘𝑘𝐺𝐺𝑑𝑑
= 𝐺𝐺𝐿𝐿𝑃𝑃 ⋅ 𝐺𝐺𝑉𝑉𝑉𝑉 (4.15) 

where 𝐺𝐺𝐿𝐿𝑃𝑃_𝑉𝑉𝑉𝑉  can be seen as 𝐺𝐺𝐿𝐿𝑃𝑃 cascaded with a low-pass filter 𝐺𝐺𝑉𝑉𝑉𝑉 = 1/(1 − 𝑘𝑘𝐺𝐺𝑑𝑑). 𝐺𝐺𝑉𝑉𝑉𝑉 gives 

the control loop an extra dc gain of 1/(1 − 𝑘𝑘). It also introduced a significant phase lag around 1 

kHz, as shown in Fig. 4.8. Fig. 4.8 and (4.15) also show that, although the digital control delay is 

relatively small in the SiC-base inverter, however, the effect of the delay in a filter-less inverter is 

shifted to a much lower frequency at the kHz range. 
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Fig. 4.8 Bode plot of 𝐺𝐺𝑉𝑉𝑉𝑉 when 𝐿𝐿𝑔𝑔 = 10𝐿𝐿𝑙𝑙𝑘𝑘 . 

 
The maximum phase lag of 𝐺𝐺𝐿𝐿𝑃𝑃_𝑉𝑉𝑉𝑉  can be calculated in degree as: 

𝜃𝜃𝑉𝑉𝑉𝑉𝑚𝑚𝑎𝑎𝑥𝑥 = sin−1(𝑘𝑘)
𝜋𝜋

180
 (4.16) 

For a system with 𝐿𝐿𝑔𝑔 = 10𝐿𝐿𝑙𝑙𝑘𝑘, 𝜃𝜃𝑉𝑉𝑉𝑉𝑚𝑚𝑎𝑎𝑥𝑥 = 65˚. It should be noted that, for a 60 kW system 

with 10 μH output inductance, 10 times of grid impedance means the inverter is connected to a 300 

kW grid without any cable inductance (assuming 0.05 p.u. grid side transformer impedance). In this 

case, 𝐿𝐿𝑔𝑔 = 10𝐿𝐿𝑙𝑙𝑘𝑘 is not an exaggerated estimation. The frequency where 𝐺𝐺𝑉𝑉𝑉𝑉 has the maximum 

phase lag is: 

𝑓𝑓𝑉𝑉𝑉𝑉𝑚𝑚𝑎𝑎𝑥𝑥 =
0.5𝜋𝜋 − sin−1(𝑘𝑘)

2𝜋𝜋𝑇𝑇𝑑𝑑
 (4.17) 

It can be concluded From Fig. 4.8 and (4.17) that the maximum phase lag caused by a 

voltage feedforward is only influenced by 𝑘𝑘 = 𝐿𝐿𝑔𝑔/𝐿𝐿 or how weak the grid is. In addition, (4.18) 

shows that the time delay in the control loop will affect the frequency where this maximum phase 

lag will happen.  

The maximum gain and crossover frequency of 𝐺𝐺𝐿𝐿𝑃𝑃_𝑉𝑉𝑉𝑉 can be calculated using (4.18): 

⎩
⎨

⎧∠𝐺𝐺𝐿𝐿𝑃𝑃_𝑉𝑉𝑉𝑉�𝜔𝜔𝑥𝑥_𝑉𝑉𝑉𝑉� + 𝜋𝜋 = 𝑃𝑃𝑀𝑀

�𝐺𝐺𝐿𝐿𝑃𝑃_𝑉𝑉𝑉𝑉�𝜔𝜔𝑥𝑥_𝑉𝑉𝑉𝑉�� = 1

 (4.18) 

Solving (4.18) yields (4.19): 
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⎩
⎪
⎨

⎪
⎧𝜔𝜔𝑥𝑥_𝑉𝑉𝑉𝑉 =

𝜋𝜋
2 − 𝑃𝑃𝑀𝑀 − sin−1[𝑘𝑘𝑘𝑘𝑘𝑘𝑠𝑠(𝑃𝑃𝑀𝑀)]

𝑇𝑇𝑑𝑑

𝐾𝐾𝑝𝑝𝑥𝑥_𝑉𝑉𝑉𝑉 =
𝜋𝜋
2 − 𝑃𝑃𝑀𝑀 − sin−1[𝑘𝑘𝑘𝑘𝑘𝑘𝑠𝑠(𝑃𝑃𝑀𝑀)]

𝑇𝑇𝑑𝑑
⋅ �𝑘𝑘2 sin2�𝜔𝜔𝑥𝑥_𝑉𝑉𝑉𝑉𝑇𝑇𝑑𝑑� + �1 − 𝑘𝑘𝑘𝑘𝑘𝑘𝑠𝑠�𝜔𝜔𝑥𝑥_𝑉𝑉𝑉𝑉𝑇𝑇𝑑𝑑��

2
⋅ 𝐿𝐿

 (4.19) 

In (4.19) 𝐾𝐾𝑝𝑝𝑥𝑥_𝑉𝑉𝑉𝑉 is the maximum gain and 𝜔𝜔𝑥𝑥_𝑉𝑉𝑉𝑉  is the maximum crossover frequency with 

a grid voltage feedforward. In particular, if 𝑃𝑃𝑀𝑀 = 60˚, then: 

⎩
⎪
⎨

⎪
⎧𝜔𝜔𝑥𝑥_𝑉𝑉𝑉𝑉 =

𝜋𝜋
6 − sin−1(0.5𝑘𝑘)

𝑇𝑇𝑑𝑑

𝐾𝐾𝑝𝑝𝑥𝑥_𝑉𝑉𝑉𝑉 =
𝜋𝜋
6 − sin−1(0.5𝑘𝑘)

𝑇𝑇𝑑𝑑
⋅
√4 − 𝑘𝑘2 − √3𝑘𝑘

2
⋅ 𝐿𝐿

 (4.20) 

By comparing (4.14) with (4.20), it can be seen that, the deployment of GVF in a filter-less 

inverter will decrease the crossover frequency and increase allowable gain. In an ideal grid where 

𝑘𝑘 = 0, 𝜔𝜔𝑥𝑥 = 𝜔𝜔𝑥𝑥_𝑉𝑉𝑉𝑉  and 𝐾𝐾𝑝𝑝𝑥𝑥 = 𝐾𝐾𝑝𝑝𝑥𝑥_𝑉𝑉𝑉𝑉 . On the other hand, in a completely filter-less inverter where 

𝑘𝑘 = 1, 𝐾𝐾𝑝𝑝𝑥𝑥_𝑉𝑉𝑉𝑉 = 0, meaning a system with voltage feedforward cannot be stable under any control 

parameter. Fig. 4.8 shows the open-loop bode plot of a current control loop with and without a grid 

voltage feedforward under 𝐿𝐿𝑔𝑔 = 10, 𝐿𝐿𝑙𝑙𝑘𝑘= 100 μH, and 𝑇𝑇𝑑𝑑 = 3.5𝑇𝑇𝑠𝑠. Fig. 4.9 shows that when 𝑃𝑃𝑀𝑀 is 

designed to be 60˚, the maximum crossover frequency of 𝐺𝐺𝐿𝐿𝑃𝑃_𝑉𝑉𝑉𝑉  can only reach 118 Hz, which is 

about 1/10 of the crossover frequency of 𝐺𝐺𝐿𝐿𝑃𝑃. 

 
Fig. 4.9 Open-loop bode plot of system W/ and W/O a grid voltage feedforward. 

 



 

64 

Above results show that the system has better stability or current reference tracking ability 

without GVF. Yet another important function of GVF is to increase the ability of grid voltage 

disturbance rejection, which is defined as the grid voltage to grid current transfer function in (4.21): 

𝑌𝑌 =
−𝚤𝚤�̃�𝑔
𝑣𝑣�𝑔𝑔

�
𝑐𝑐𝑑𝑑∗=0

 (4.21) 

In (4.21), the current is negative because current generated by grid voltage disturbance is 

opposite with the current generated by the inverter. A smaller 𝑌𝑌 means better rejection of grid 

disturbance. Y without GVF is derived in (4.22): 

𝑌𝑌 =
−𝚤𝚤�̃�𝑔
𝑣𝑣�𝑔𝑔

�
𝑐𝑐𝑑𝑑∗=0

=
𝐺𝐺𝐿𝐿

1 + 𝐺𝐺𝑐𝑐𝐺𝐺𝑑𝑑𝐺𝐺𝐿𝐿
 (4.22) 

Y with GVF is calculated in (4.23): 

𝑌𝑌𝑉𝑉𝑉𝑉 =
𝐺𝐺𝐿𝐿(1 − 𝐺𝐺𝑑𝑑)

1 + 𝐺𝐺𝑐𝑐𝐺𝐺𝑑𝑑𝐺𝐺𝐿𝐿 − 𝑘𝑘𝐺𝐺𝑑𝑑
 (4.23) 

𝑌𝑌 and 𝑌𝑌𝑉𝑉𝑉𝑉 can be plotted in Fig. 4.9 with (4.22), (4.23) and parameters given by (4.14) and 

(4.20). The other conditions for Fig. 4.9 are: 𝐿𝐿𝑔𝑔 = 10, 𝐿𝐿𝑙𝑙𝑘𝑘= 100 μH, 𝑇𝑇𝑑𝑑 = 3.5𝑇𝑇𝑠𝑠, and 𝑃𝑃𝑀𝑀 = 60˚. In 

Fig. 4.10, it shows that GVF can provide better disturbance rejection at low frequency (𝑓𝑓 < 𝑓𝑓𝐿𝐿), 

while worse rejection at medium frequency (𝑓𝑓𝐿𝐿 < 𝑓𝑓 < 𝑓𝑓𝑍𝑍). However, in the case of Fig. 4.9, most 

of the grid voltage harmonics will be at frequencies between 𝑓𝑓𝐿𝐿 and 𝑓𝑓𝑍𝑍 , therefore 𝑌𝑌𝑉𝑉𝑉𝑉 has overall 

worse rejection than 𝑌𝑌. More importantly, neither case provides good rejection towards grid voltage 

disturbance. 

 
Fig. 4.10 Bode plot of 𝑌𝑌 and 𝑌𝑌𝑉𝑉𝑉𝑉, designed with same phase margin. 
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If 𝑌𝑌  and 𝑌𝑌𝑉𝑉𝑉𝑉  have the same controller gain, then GVF can provide better disturbance 

rejection below 1.2 kHz, as shown in Fig. 4.11. This is the frequency range where most of the grid 

voltage harmonics exist. However, in the case of Fig.4.11, the phase margin of the control-to-output 

loop with grid voltage feedforward is -14.5˚, indicating that the system is unstable. 

 
Fig. 4.11 Bode plot of 𝑌𝑌 and 𝑌𝑌𝑉𝑉𝑉𝑉, designed with same controller margin. 

 

The effect of voltage feedforward in a grid-connected filter-less inverter can be summarized 

as following: 

-With the same stability margin, the closed-loop bandwidth of a filter-less inverter with 

GVF is much smaller than that without GVF.  

-With a reasonable stability margin, neither case (W/ or W/O GVF) will provide enough 

disturbance rejection. The ability to reject disturbance become worse with GVF. 

-With the same controller gain, the GVF will increase the inverter’s ability to reject grid 

voltage disturbance. However, this is at the cost of decreased stability margin. 

 
4.2.2 Proposed GVF Control Methods 

 
4.2.2.1 Fundamental frequency grid voltage feedforward (FFGVF). Previous analysis 

has shown that GVF has negative influence in a filter-less grid-connected inverters on system 

stability, bandwidth, and grid disturbance rejection. But it is impractical to completely remove 

GVF. Because GVF can prevent the inverter from over current during start-up or dynamic grid 

voltage change. A simple solution to solve this issue is only feedforward the fundamental frequency 

component of grid voltage, as shown in Fig. 4.12, where the d-axis voltage 𝑣𝑣𝑑𝑑 generated from PLL 
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is feeding into a moving average filter (MAF), and then is put into a reverse 𝑑𝑑𝑑𝑑 transformation to 

generate the three-phase voltage that only contains the fundamental frequency of the grid voltage. 

Since this algorithm uses the output of PLL algorithm, its time penalty is the update time of MAF, 

which is five extra CPU cycles in this research. 
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Fig. 4.12 Control schematic of proposed FFGVF. 
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(b) 

Fig. 4.13 Current loop control block diagram with FFGVF control: (a) original form; and (b) 
equivalent form. 

 

The control block diagrams of the current control loop under the fundamental frequency 

grid voltage feedforward (FFGVF) control is shown in Fig. 4.13. Comparing Fig. 4.7 and Fig. 4.13, 
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FFGVF control doesn’t introduce the positive feedback loop, thereby it will not influence the 

stability of the inverter, meanwhile it can still prevent over current during the start-up, or over 

modulation when the grid voltage changes; and make the control loop less sensitive to noise. At 

frequency above fundamental frequency, FFGVF is equivalent to no grid feedforward. Therefore, 

this control method has good control-to-output bandwidth, but limited disturbance rejection 

capability. The performance of FFGVF is compared with that of conventional instantaneous grid 

voltage feedforward (IGVF) based on the design equations (4.13), (4.14), (4.19), and (4.20), results 

are shown in Fig. 4.14 – 4.16. 

 
Fig. 4.14 Closed-loop bandwidth of conventional instantaneous grid voltage feedforward (IGVF) 
and fundamental frequency grid voltage feedforward (FFGVF) at different time delay and grid 
inductance.  
 

 
Fig. 4.15 Closed-loop bandwidth with IGVF control at different time delay and grid inductance.  
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Fig. 4.16 Closed-loop bandwidth with FFGVF control at different time delay and grid inductance. 

 

Based on control parameters given by (4.14) and (4.20), system closed-loop bandwidth can 

be calculated for IGVF and FFGVF methods under different time delay 𝑇𝑇𝑑𝑑 and 𝐿𝐿𝑔𝑔/𝐿𝐿𝑙𝑙𝑘𝑘 ratio. Fig. 

4.14 is a 3D plot of closed-loop bandwidth at different time delay and 𝐿𝐿𝑔𝑔/𝐿𝐿𝑙𝑙𝑘𝑘 ratio for IGVF and 

FFGVF. It can be seen that IGVF has significantly decreased closed-loop bandwidth, especially at 

weaker grid. With grid voltage feedforward, maximum closed-loop bandwidth is influenced by both 

𝑇𝑇𝑑𝑑 and 𝐿𝐿𝑔𝑔/𝐿𝐿𝑙𝑙𝑘𝑘 ratio. And when the grid is weak enough, the difference among different 𝑇𝑇𝑑𝑑 is less 

important, as shown in Fig. 4.15. While Fig. 4.16 shows that maximum closed-loop bandwidth is 

not influenced by grid impedance under FFGVF control.  

 

4.2.2.2 Frequency limited grid voltage feedforward (FLGVF). To improve disturbance 

rejection capability while maintaining the control bandwidth achieved by FFGVF, another control 

method, referred as frequency limited grid voltage feedforward (FLGVF), is proposed. The control 

block diagram of FLGVF is the same as the one in Fig. 4.7. The difference lies in the design of the 

low-pass filter after the grid voltage sampling. In the original design of Fig. 4.7, the low-pass filter 

is used to suppress the carrier frequency harmonics, which is at 100 kHz. In the FLGVF control, 

the cutoff frequency of the low-pass filter is designed to be much lower, so that only low frequency 

part of the grid voltage is sampled. The transfer function and cutoff frequency of the low-pass filter 

is given by (4.24): 
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⎩
⎪
⎨

⎪
⎧𝐻𝐻𝑓𝑓 =

𝜔𝜔𝑓𝑓
𝑠𝑠 + 𝜔𝜔𝑓𝑓

𝜔𝜔𝑓𝑓 =
𝜋𝜋
2 − 𝑃𝑃𝑀𝑀 − sin−1[𝑘𝑘𝑘𝑘𝑘𝑘𝑠𝑠(𝑃𝑃𝑀𝑀)]

𝑇𝑇𝑑𝑑

 (4.24) 

This low pass filter can be realized by modifying the parameters of the analog filter in the 

voltage sampling circuit. Therefore, it doesn’t have computation time penalty. The control block 

diagram of grid current loop with FLGVF control is shown in Fig. 4.17. 
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Fig. 4.17 Current loop control block diagram with FLGVF control: (a) original form; and (b) 
equivalent form. 

 

The control-to-output transfer function of grid current loop with FLGVF control can be 

calculated as: 

𝐺𝐺𝑉𝑉𝐿𝐿𝐹𝐹𝑉𝑉𝑉𝑉 =
𝐺𝐺𝑐𝑐𝐺𝐺𝑑𝑑𝐺𝐺𝐿𝐿

1 − 𝑘𝑘𝐻𝐻𝑓𝑓𝐺𝐺𝑑𝑑
= 𝐺𝐺𝐿𝐿𝑃𝑃 ⋅

1
1 − 𝑘𝑘𝐻𝐻𝑓𝑓𝐺𝐺𝑑𝑑

= 𝐺𝐺𝐿𝐿𝑃𝑃 ⋅ 𝐺𝐺𝑉𝑉𝑉𝑉  (4.25) 

where 𝐺𝐺𝑉𝑉𝑉𝑉 = 1/(1 − 𝑘𝑘𝐻𝐻𝑓𝑓𝐺𝐺𝑑𝑑) , which is the additional transfer function introduced by grid 

impedance. It can be seen from Fig. 4.17 (b) and (4.25), the low pass filter 𝐻𝐻𝑓𝑓 can create phase lag 
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in the positive feedback loop 𝑠𝑠𝐿𝐿𝑔𝑔𝐻𝐻𝑛𝑛𝑜𝑜𝑐𝑐𝑠𝑠𝑛𝑛. The effect of this phase lag can be demonstrated with a 

comparison of 𝐺𝐺𝑉𝑉𝑉𝑉 under IGVF and FLGVF control. Fig. 4.18 is the bode plot of 𝐺𝐺𝑉𝑉𝑉𝑉 under IGVF 

and FLGVF control. The function of 𝐻𝐻𝑓𝑓 is to shift the phase lag of 𝐺𝐺𝑉𝑉𝑉𝑉 to lower frequency, so that 

the phase lag around the crossover frequency is smaller. 

 
Fig. 4.18 Bode plot of 𝐺𝐺𝑉𝑉𝑉𝑉 under IGVF control and FLGVF control. 

 

 
Fig. 4.19 Open-loop bode plot of the reference-to-output transfer functions under IGVF, FFGVF 
and FLGVF control. 
 

Fig. 4.19 is the open-loop bode plots of the reference-to-output transfer function under 

IGVF, FFGVF, and FLGVF control when 𝐿𝐿𝑔𝑔 = 10𝐿𝐿𝑙𝑙𝑘𝑘= 100 μH, and 𝑃𝑃𝑀𝑀 = 45˚. The parameters 

are designed based on (4.14), (4.20), and (4.24). Fig. 4.19 shows that FLGVF control can increase 

the phase angle near the crossover frequency, thereby it provides same control bandwidth as FFGVF 
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control. The advantage of FLGVF over FFGVF can be demonstrated in Fig. 4.20. Fig. 4.20 is the 

bode plot of disturbance-to-output transfer function. It shows that FLGVF has better disturbance 

rejection than FFGVF at frequency below 1 kHz. 

 

 
Fig. 4.20 Bode plot of the disturbance-to-output transfer functions under IGVF, FFGVF and 
FLGVF control. 
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Fig. 4.21 Equivalent circuits of the inverter-grid system under three different GVF: (a) IGVF; (b) 
FFGVF; and (c) FLGVF. 

 

The effects of three GVF on grid disturbance rejection can be explained in Fig. 4.21 where 

the inverter is model as a Norton equivalent circuit and the grid is model as a Thevenin equivalent 

circuit. In this way the capability of the inverter to reject grid voltage disturbance is represented by 

an R-L-C branch or an R-L branch or L-C branch. All three GVF methods have equivalent resistor 

𝑅𝑅𝑛𝑛𝑒𝑒 = 𝐾𝐾𝑝𝑝  to reject grid voltage disturbance. FFGVF and FLGVF have same 𝐾𝐾𝑝𝑝, and the 𝐾𝐾𝑝𝑝 in 

IGVF is much smaller than the other two, thereby in Fig. 4.21 (a) 𝑅𝑅𝑛𝑛𝑒𝑒 is neglected. Compared with 

FFGVF, FLGVF provides an extra capacitor 𝐶𝐶𝑛𝑛𝑒𝑒 = 𝑇𝑇𝑑𝑑/𝐾𝐾𝑝𝑝 in series with 𝑅𝑅𝑛𝑛𝑒𝑒 to further attenuate 
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grid disturbance at low frequency. Also seen from Fig. 4.21, it is important to increase 𝐾𝐾𝑝𝑝 and to 

decrease time delay 𝑇𝑇𝑑𝑑  to have a better disturbance rejection. In term of reference tracking 

capability, FLGVF has the same closed-loop control bandwidth as FFGVF, both are much larger 

than that of IGVF. In term of disturbance rejection, FLGVF can achieve better attenuation at low 

frequency than FFGVG with the same circuit parameters. 

 
4.2.3 Grid-connected Experiment Results and Prototype Efficiency 

 
The efficiency of the PV inverter is measured at grid connection mode with YOKOGAWA 

WT3000 power analyzer, at 500V, 600V, 720V and 820 V input voltage, respectively and CEC 

efficiency was derived accordingly. The measured efficiencies are shown in Fig. 4.22. At 500V and 

600V input voltage, the PV inverter was operating at two-stage mode. At 720V and 820V input 

voltage, the PV inverter was operating at single inverter stage. The highest efficiency was measured 

at 720V input voltage with peak efficiency being 99.2% and CEC efficiency being 99.0%. 

The voltage measured at the PCC point is a five-level line to neutral voltage waveform, as 

shown in Fig. 4.23. This waveform shows that, at the grid connection mode, the inverter inductance 

is much smaller than grid inductance, therefore the output voltage of the filter-less inverter is no 

longer sinusoidal. 

 
Fig. 4.22 Measured system efficiency. 
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Fig. 4.23 Inverter line-to-neutral voltage measured at grid connection point. 

  

To further demonstrate that the grid inductance is much larger than the inverter inductance 

in a filter-less inverter, the total output inductance is measured in the experiment. The total output 

inductance can be derived by solving (4.26): 

⎩
⎨

⎧𝑣𝑣1 − 𝑣𝑣𝑔𝑔 = 𝐿𝐿 ⋅
∆𝑖𝑖
∆𝑡𝑡1

𝑣𝑣2 − 𝑣𝑣𝑔𝑔 = 𝐿𝐿 ⋅
∆𝑖𝑖
∆𝑡𝑡2

       (4.26) 

Δi=12.8A Δt1=3.6µs
Δt2=6.4µs

v1-v2=206V

v1

v2

 
 

Fig. 4.24 The experiment results to obtain output inductance.  
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The parameters of (4.26) can be derived from Fig. 4.24 to calculate 𝐿𝐿 = 𝑝𝑝1−𝑝𝑝2
∆𝑐𝑐� 1

∆𝑡𝑡1
− 1
∆𝑡𝑡2

�
 = 132 

µH. The ICT leakage inductance 𝐿𝐿𝑙𝑙𝑘𝑘 is measured as 10 µH, therefore the grid inductance 𝐿𝐿𝑔𝑔 ≈ 120 

µH. This shows that even the inverter is connected to a strong grid (~25 times of the inverter rating), 

the grid inductance is still 12 times of the inverter inductance. For generality, the control parameters 

applied in the following experiments were designed based on previous assumption of 100 µH grid 

inductance. 

Three grid connected experiments were performed applying FFGVF, FLGVF, and IGVF, 

respectively. In all three experiments, the grid current reference was set to be 72 A RMS. The total 

control delay is measured as 70 μs, which consists of two cycles delay of medium filter, one cycle 

of computation and half cycle of ZOH, within 20 µs control interruption cycle. The control 

parameters are designed according to (4.13), (4.19), (4.24), assuming 100 µH grid inductance. In 

the first experiment, the control performance of conventional IGVF was tested. As shown in Fig. 

4.25, the PV inverter can maintain grid connected operation for several seconds, but with large 

harmonic current components and fundamental current error. This phenomenon can be explained 

with Fig. 4.9 – 4.10. The system bandwidth becomes lower than 120 Hz with IGVF, and the control 

loop has poor rejection for grid voltage harmonics and disturbance. After several seconds of 

running, the inverter became unstable and protections were tripped. 

 
Fig. 4.25 PV inverter output current and grid voltage under IGVF control. 
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In the second experiment, the control performance of FFGVF was tested. The results are 

shown in Fig. 4.26, where (a) presents the three phase output current and line-to-line voltage at PCC 

point. Because this PV inverter has very little output inductance, the voltage of grid connection 

point is distorted with switching harmonics. The voltage displayed in Fig. 4.26 (a), referred as 𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐 

of Fig. 4.6, is also the input voltage for PLL and voltage feedforward. When FFGVF is applied, the 

fundamental frequency component of 𝑣𝑣𝑝𝑝𝑐𝑐𝑐𝑐 is extracted with control method presented in Fig. 4.12, 

and used as feedforward for current control loop. Under FFGVF control, the grid voltage 

feedforward has no effect on grid voltage harmonic rejection, but it allows the control bandwidth 

to be extended to above 1 kHz, according to Fig. 4.14 and Fig. 4.16. Also according to Fig. 4.20 

and Fig. 4.21 (b), the grid voltage harmonic rejection ability of FFGVF is provided by the grid 

impedance and the controller gain. Therefore, FFGVF has poor attenuation for low frequency 

harmonics. Fig. 4.26 (b) displays the fast Fourier transformation (FFT) of phase A current under 

FFGVF control as 3.54%, and there are observable low frequency harmonics containing third 

harmonic portion. This is because the neutral point of the grid is grounded and there is large 

capacitance at the input of the DC power supply. 

 
(a)                                                                                                (b) 

Fig. 4.26 PV inverter grid-connected experiment results under FFGVF control: (a) three-phase 
output current and line-to-line voltage at PCC; and (b) FFT result of phase A output current. 
 

A third experiment was conducted to evaluate the control performance of FLGVF. The 

results are presented in Fig. 4.27, where (a) presents the three-phase output current and line-to-line 

grid voltage, and (b) displays the FFT result of phase A current. It can be observed that the current 
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distortion of Fig. 4.27 is reduced with THD of 2.31% comparing with the waveforms in Fig. 4.26. 

When comparing Fig. 4.27 (b) with Fig. 4.26 (b), one significant difference is that the low frequency 

harmonics are reduced. This can be explained with Fig. 4.20 – 4.21. Although FLGVF has the same 

control bandwidth compared with FFGVF, it provides additional capacitive attenuation towards 

grid voltage disturbance at low frequency. At higher frequency, both FLGVF and FFGVF have 

same control performance, which can also be observed from Fig. 4.26 and Fig. 4.27. Finally, start-

up waveforms of the PV inverter under FLGVF control is presented in Fig. 4.28 (a) and step 

response of d-axis current is presented in Fig. 4.28 (b). 

 
(a)                                                                                       (b) 

Fig. 4.27 PV inverter grid connected experiment results under FLGVF control: (a) three-phase 
output current and line-to-line voltage at PCC; and (b) FFT result of phase A output current. 
 

   
(a)                                                                                (b) 

Fig. 4.28 Dynamic performance under FLGVF control: (a) Start-up waveforms of the filter-less 
PV inverter; and (b) Step response of d-axis current. 
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4.3 Ground Leakage Current Control for Transformer-less Inverter 
 

4.3.1 CM Equivalent Circuit 
 

The overall leakage current loop of the 5LT2 topology is shown in Fig. 4.29 (a). The CMV 

consists of 𝑣𝑣𝐶𝐶𝐶𝐶1 and 𝑣𝑣𝐶𝐶𝐶𝐶2, which is denoted in (4.27). 𝑣𝑣𝐶𝐶𝐶𝐶1 is the CMV between the PV panel and 

the DC bus NP, which is defined in (4.28). 𝑣𝑣𝐶𝐶𝐶𝐶2 , denoted in (4.29), is the CMV between the DC 

bus NP and the grid connection point. CMV can be analyzed in HF range and LF range respectively 

since the HF CMV is related to the switching frequency modulation method and the LF CMV is 

related to the fundamental frequency power. Fig. 4.29 (b)-(c) shows the HF and LF equivalent 

circuit respectively. 𝑣𝑣𝐶𝐶𝐶𝐶1  only includes LF oscillation because the HF oscillation in the NP is 

filtered by the DC bus HF capacitors. In Fig. 4.29 (b), the capacitor is considered as short-circuit in 

the HF range. Also in Fig. 4.29 (c), the inductor is considered short-circuit in the LF range. 

 
Fig. 4.29 CM equivalent circuit of 5LT2 inverter: (a) overall CM equivalent circuit; (b) HF CM 
equivalent circuit; and (c) LF CM equivalent circuit. 

 

𝑣𝑣𝐶𝐶𝐶𝐶 = 𝑣𝑣𝐶𝐶𝐶𝐶1 + 𝑣𝑣𝐶𝐶𝐶𝐶2 (4.27) 

𝑣𝑣𝐶𝐶𝐶𝐶1(𝑡𝑡) =
𝑣𝑣0𝑃𝑃(𝑡𝑡) + 𝑣𝑣0𝑁𝑁(𝑡𝑡)

2
=
𝑣𝑣0𝑁𝑁(𝑡𝑡) − 𝑣𝑣𝑃𝑃0(𝑡𝑡)

2
 (4.28) 

𝑣𝑣𝐶𝐶𝐶𝐶2(𝑡𝑡) =
𝑣𝑣𝐴𝐴0(𝑡𝑡) + 𝑣𝑣𝐵𝐵0(𝑡𝑡) + 𝑣𝑣𝐶𝐶0(𝑡𝑡)

3
 (4.29) 
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where 𝑣𝑣𝑥𝑥0(𝑥𝑥 ∈ {𝐴𝐴,𝐵𝐵,𝐶𝐶}) is the output phase voltage. The phase voltage can be calculated by the 

PWM gain multiplying the switching function [1], as shown in (4.30). 

𝑣𝑣𝑥𝑥0(𝑡𝑡) = 𝐾𝐾𝑃𝑃𝑃𝑃𝐶𝐶_𝑥𝑥(𝑡𝑡) × 𝑆𝑆𝑥𝑥(𝑡𝑡),𝑥𝑥 ∈ {𝐴𝐴,𝐵𝐵,𝐶𝐶} (4.30) 

𝐾𝐾𝑃𝑃𝑃𝑃𝐶𝐶_𝑥𝑥(𝑡𝑡) =  
1
2
𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠 + 𝐾𝐾𝑃𝑃𝑃𝑃𝐶𝐶_𝐿𝐿𝑉𝑉_𝑥𝑥(𝑡𝑡) (4.31) 

𝑆𝑆𝑥𝑥(𝑡𝑡) = 𝑆𝑆𝑥𝑥_𝐿𝐿𝑉𝑉(𝑡𝑡) + 𝑆𝑆𝑥𝑥_𝑍𝑍𝑉𝑉(𝑡𝑡) (4.32) 

where 𝐾𝐾𝑃𝑃𝑃𝑃𝐶𝐶(𝑡𝑡) is the magnitude gain of the inverter. With the NP voltage oscillation, there 

is a LF PWM gain  𝐾𝐾𝑃𝑃𝑃𝑃𝐶𝐶_𝐿𝐿𝑉𝑉(𝑡𝑡) existing besides the constant half DC bus voltage, as shown in 

(4.31). 𝑆𝑆𝑥𝑥(𝑡𝑡)  in (4.32) is the phase voltage’s switching function including the fundamental 

sinusoidal part 𝑆𝑆𝑥𝑥_𝐿𝐿𝑉𝑉(𝑡𝑡) and the switching harmonics part 𝑆𝑆𝑥𝑥_𝑍𝑍𝑉𝑉(𝑡𝑡). 

Based on (4.31)-(4.32), the 𝑣𝑣𝐶𝐶𝐶𝐶2(𝑡𝑡) can be derived in (4.33), which consists of 4 parts: the 

first one is zero when the 3-phase current is symmetrically controlled without zero-sequence 

component; the second one is the LF component; the third one is the HF component; and the last 

one can be neglected in the HF range because the LF PWM gain magnitude is much smaller than 

the DC PWM gain. 

 

(4.33) 

Combing (4.28) and (4.33), the HF CMV 𝑣𝑣𝐶𝐶𝐶𝐶_𝑍𝑍𝑉𝑉(𝑡𝑡) and LF CMV 𝑣𝑣𝐶𝐶𝐶𝐶_𝐿𝐿𝑉𝑉 can be derived 

in (4.34) and (4.35) respectively. 

                  𝑣𝑣𝐶𝐶𝐶𝐶_𝑍𝑍𝑉𝑉(𝑡𝑡) =
1
2
𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠 ×

1
3
� S𝑥𝑥_𝑍𝑍𝑉𝑉(t) (4.34) 

𝑣𝑣𝐶𝐶𝐶𝐶_𝐿𝐿𝑉𝑉 =
𝑣𝑣0𝑁𝑁(𝑡𝑡) − 𝑣𝑣𝑃𝑃0(𝑡𝑡)

2
+

1
3
�K𝑃𝑃𝑃𝑃𝐶𝐶_𝐿𝐿𝑉𝑉_𝑥𝑥(𝑡𝑡) × S𝑥𝑥_𝐿𝐿𝑉𝑉(t) (4.35) 

From (4.34)-(4.35), it can be noticed that HF CMV is related to the modulation method and 

LF CMV is related to the NP voltage oscillation. In order to suppress the leakage current, both the 

HF and LF CMV need to be investigated and suppressed. Section 4.3.2 and 4.3.3 will analyze the 

HF CMV and LF CMV respectively. 
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4.3.2 HF CMV Suppression in the 5LT2 Inverter 
 

In a symmetrical 3-phase system, generalized Fourier series of HF CMV is derived in (4.36) 

based on (4.34). There are only carrier harmonics and its triple-fundamental sideband in the CMV 

spectrum. 𝐶𝐶𝑚𝑚𝑛𝑛 is the magnitude at the nth fundamental sideband around the mth carrier frequency 

in the switching function’s spectrum. 

          𝑣𝑣𝐶𝐶𝐶𝐶_𝑍𝑍𝑉𝑉(𝑡𝑡) =
1
3
�𝑣𝑣𝐴𝐴0(𝑡𝑡) + 𝑣𝑣𝐵𝐵0(𝑡𝑡) + 𝑣𝑣𝐶𝐶0(𝑡𝑡)�

=
𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠

2
� � 𝐶𝐶𝑚𝑚𝑛𝑛 ∙ cos [𝑚𝑚𝜔𝜔𝑐𝑐𝑡𝑡 + 3𝑛𝑛𝜔𝜔0𝑡𝑡]

∞

𝑛𝑛=−∞

∞

𝑚𝑚=1

 
(4.36) 

In the conventional 3LT2 PV inverters, the Fourier series of HF CMV based on PD and POD 

can be derived from (3.1), (3.2), and (4.34). HF CMV harmonics in PD (4.37) is concentrated at 

carrier frequency with large magnitude. HF CMV harmonics in POD (4.38) is distributed at the 

triple sideband of the carrier frequency, and the magnitude peak is less than half of PD’s. 

          𝑣𝑣𝐶𝐶𝐶𝐶_𝑍𝑍𝑉𝑉_𝑃𝑃𝑃𝑃(𝑡𝑡)

=
4𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠
𝜋𝜋2

�
1

2𝑚𝑚 − 1
�

𝐽𝐽2𝑘𝑘−1[(2𝑚𝑚− 1)𝜋𝜋𝑀𝑀]
(2𝑘𝑘 − 1)

∞

𝑘𝑘=1

∞

𝑚𝑚=1

∙ sin[(2𝑚𝑚−1)𝜔𝜔𝑐𝑐𝑡𝑡]

+
𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠
𝜋𝜋

�
1

2𝑚𝑚
� 𝐽𝐽3∙(2𝑛𝑛+1)(2𝑚𝑚𝜋𝜋𝑀𝑀) ∙ cos(3𝑛𝑛 + 1)𝜋𝜋
∞

𝑛𝑛=−∞

∞

𝑚𝑚=1

 

(4.37) 

𝑣𝑣𝐶𝐶𝐶𝐶_𝑍𝑍𝑉𝑉_𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡) =
𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠
𝜋𝜋

�
1
𝑚𝑚

� 𝐽𝐽3∙(2𝑛𝑛+1)(𝑚𝑚𝜋𝜋𝑀𝑀) ∙ cos(3𝑛𝑛 + 1)𝜋𝜋
∞

𝑛𝑛=−∞

∞

𝑚𝑚=1

∙ sin[𝑚𝑚𝜔𝜔𝑐𝑐𝑡𝑡 + 3 ∙ (2𝑛𝑛 + 1)𝜔𝜔0𝑡𝑡] 

(4.38) 

Combining (4.34) and (3.3), the HF CMV in a 5LT2 inverter is derived in (4.39), harmonics 

are distributed at the triple sideband of even carrier harmonics which follows the general HF CMV 

spectrum in (4.36).  

          𝑣𝑣𝐶𝐶𝐶𝐶_𝑍𝑍𝑉𝑉_5𝐿𝐿(𝑡𝑡)

=
𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠
𝜋𝜋

�
1

2𝑚𝑚
� 𝐽𝐽3∙(2𝑛𝑛+1)(2𝑚𝑚𝜋𝜋𝑀𝑀) ∙ cos(3𝑛𝑛 + 1)𝜋𝜋
∞

𝑛𝑛=−∞

∞

𝑚𝑚=1

∙ sin[2𝑚𝑚𝜔𝜔𝑐𝑐𝑡𝑡 + 3 ∙ (2𝑛𝑛 + 1)𝜔𝜔0𝑡𝑡] 

(4.39) 
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With derived HF CMV in three modulation methods (4.37)-(4.39), the FFT results of HF 

CMV (𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠= 1000 V) is calculated and shown in Fig. 4.30. Among them 3-level PD modulation 

generates the maximum HF CMV. Three modulation methods generate the same HF CMV at even 

carrier frequency, which is the only spectrum existed in 5-level modulation. 

 

Fig. 4.30 Calculated HF CMV harmonics distribution with three modulation methods at 𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠= 
1000 V. 
 

In the simulation, three modulation methods are applied in the 5LT2 inverter. The 𝑣𝑣𝐶𝐶𝐶𝐶_𝑍𝑍𝑉𝑉 

waveforms and FFT results are shown in Fig. 4.31 and they are consistent with the calculation in 

Fig. 4.30. 5-level modulation has reduced the HF CMV and pushed it to higher frequency domain, 

which brings the advantage for HF leakage current suppression. 

The HF leakage current is related to the CMV spectrum voltage at all the switching 

frequency harmonics. In order to quantify the required CM choke inductance, the HF CMV from 

(4.36) is weighted over the switching frequency, as shown in (4.40). With fixed switching 

frequency, the HF leakage current RMS value is decided by the weighted HF CMV RMS value and 

the inductance in the CM loop, as shown in (4.41). So the required CM choke inductance 𝐿𝐿𝐶𝐶𝐶𝐶 is 

decided by the harmonics’ magnitude and the corresponding frequency in CMV. The weighted HF 

CMV RMS value (4.40) is used in this paper to compare the CM choke value between three 

different modulations. 

𝑉𝑉𝐶𝐶𝐶𝐶_HF_𝜔𝜔𝑐𝑐 =
1
√2

∙ �� �
∑ 𝐶𝐶𝑚𝑚𝑛𝑛𝑛𝑛∈(−∞,∞)

𝑚𝑚
�
2∞

𝑚𝑚=1

 (4.40) 
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𝐼𝐼𝑙𝑙𝑘𝑘_𝑍𝑍𝑉𝑉_𝑅𝑅𝐶𝐶𝑅𝑅 =
𝑉𝑉𝐶𝐶𝐶𝐶_HF_𝜔𝜔𝑐𝑐

𝜔𝜔𝑐𝑐 ∙ �𝐿𝐿𝐶𝐶𝐶𝐶 +
𝐿𝐿𝑓𝑓 + 𝐿𝐿𝑔𝑔

3 �
 (4.41) 

 

 
Fig. 4.31 Simulation of HF CMV waveforms and harmonics distribution at 𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠= 1000 V in the 
T-type inverter: (a) 3-level PD; (b) 3-level POD; and (c) 5-level. 

 

In the HF CMV spectrums, the voltage magnitude decreases rapidly with the frequency. So 

only 𝑓𝑓𝑐𝑐~6𝑓𝑓𝑐𝑐  voltage spectrum is considered in the weighted HF CMV calculation, the higher 

frequency component is neglected. Based on (4.37)-(4.40), the weighted HF CMV in different 

modulations is calculated and compared in Fig. 4.32. 5-level modulation has much lower weighted 

HF CMV than the conventional 3-level modulations. HF CMV magnitude increases obviously 

when the DC bus voltage increases in both 3-level PD and 5-level modulation. In 3-level POD, the 

weighted HF CMV RMS value is nearly constant with the bus voltage varying. 

For the 60 kW PV inverter presented in this paper, the nominal dc bus voltage is selected as 

825 V. At 825 V, the weighted HF CMV RMS at switching frequency is 107.5 V, 57.6 V and 8.0 

V with 3-level PD, 3-level POD and 5-Level modulation respectively. Therefore, with the same 

leakage current requirement, the required CM choke inductance in the 5LT2 inverter can be reduced 
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by 86% compared with the conventional 3LT2 inverters. With different leakage current 

requirements, the required CM choke inductance in different modulation methods is drawn in Fig. 

4.33. Higher switching frequency and larger CM choke helps suppressing the leakage current. The 

German national standard DINV V DEV 0126-1-1 [2] limits the leakage current below 300 mA 

RMS. For the 300 mA requirement, the CM choke required for 3-level PD, 3-level POD, 5-level 

modulation is 1.1 mH, 611.1 µH and 84.9 µH, respectively. 

 

 
Fig. 4.32 Calculated 50 kHz weighted HF CMV RMS value under different DC bus voltages. 

 

 
Fig. 4.33 The required CM choke value in different modulation methods with different leakage 
current requirements at 𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠= 825 V. 

 
4.3.3 LF CMV Analysis and Compensation in the 5LT2 Inverter 

 
As shown in Fig. 4.34, three phases are absorbing and injecting energy to the NP 

simultaneously in the 5LT2 inverter. The NP voltage oscillation is caused by the NP current (𝑖𝑖0) 

variation. Generally, the NP voltage oscillation only includes LF part and the switching frequency 
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part is filtered by the HF DC bus capacitors. As shown in Fig. 4.34, the DC side LF CMV 𝑣𝑣𝐶𝐶𝐶𝐶1(𝑡𝑡) 

is directly generated by the NP voltage oscillation. The AC side LF CMV 𝑣𝑣𝐶𝐶𝐶𝐶2_LF(𝑡𝑡) is caused by 

LF PWM gain which is also related to the NP voltage oscillation. In order to find out the equation 

for the LF CMV, NP voltage oscillation needs to be analyzed first. 

 
Fig. 4.34 3-phase 5LT2 inverter circuit diagram. 

 

4.3.3.1 DC side LF CMV analysis in the 5LT2 inverter. The NP voltage 𝑣𝑣𝑁𝑁𝑃𝑃 is defined 

in (4.42) as the difference between two half voltages in the DC bus: 

𝑣𝑣𝑁𝑁𝑃𝑃 = 𝑣𝑣𝑃𝑃0 − 𝑣𝑣0𝑁𝑁 =
1
𝐶𝐶
� (𝑖𝑖𝐶𝐶1 − 𝑖𝑖𝐶𝐶2)
𝑡𝑡

0
𝑑𝑑𝑡𝑡 =

1
𝐶𝐶
� 𝑖𝑖0
𝑡𝑡

0
𝑑𝑑𝑡𝑡 (4.42) 

When the DC bus is balanced and the 3-phase current is symmetrical without zero sequence 

component, the 3-phase current is shown in (4.43) and LF phase voltage switching function from 

(4.32) is listed in (4.44).  

⎩
⎪
⎨

⎪
⎧

𝑖𝑖𝐴𝐴 = 𝐼𝐼𝑔𝑔 ∙ sin(𝜔𝜔0𝑡𝑡 + 𝜃𝜃)

𝑖𝑖𝐵𝐵 = 𝐼𝐼𝑔𝑔 ∙ sin(𝜔𝜔0𝑡𝑡 −
2
3
𝜋𝜋 + 𝜃𝜃)

𝑖𝑖𝐶𝐶 = 𝐼𝐼𝑔𝑔 ∙ sin(𝜔𝜔0𝑡𝑡 +
2
3
𝜋𝜋 + 𝜃𝜃)

 (4.43) 

⎩
⎪
⎨

⎪
⎧

𝑆𝑆A_𝐿𝐿𝑉𝑉(t) = 𝑀𝑀 ∙ sin(𝜔𝜔0𝑡𝑡)

𝑆𝑆𝐵𝐵_𝐿𝐿𝑉𝑉(t) = 𝑀𝑀 ∙ sin(𝜔𝜔0𝑡𝑡 −
2
3
𝜋𝜋)

𝑆𝑆C_L𝑉𝑉(t) = 𝑀𝑀 ∙ sin(𝜔𝜔0𝑡𝑡 +
2
3
𝜋𝜋)

 (4.44) 
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where 𝐼𝐼𝑔𝑔 is the magnitude of the grid-connected inverter’s output current, cos 𝜃𝜃 is the power factor 

(PF) of the inverter. Because there is no external filter in this PV system, fundamental voltage 

switching function S𝑥𝑥_𝐿𝐿𝑉𝑉(t) is in the same phase as the grid voltage. 

The device switching function 𝑠𝑠(𝑡𝑡) = {1,0} is defined in [3] to calculate the NP current. 

(4.45) shows that the phase voltage switching function 𝑆𝑆𝑥𝑥(t) is the difference of 𝑇𝑇1 and 𝑇𝑇4’s device 

switching function, where 𝑠𝑠𝑥𝑥1(𝑡𝑡) generates the positive half period voltage and  𝑠𝑠𝑥𝑥4(𝑡𝑡) generates 

the negative half period voltage. The NP phase current 𝑖𝑖0𝑥𝑥(𝑡𝑡) can also be calculated by devices’ 

switching function, as shown in (4.46), where 𝑖𝑖𝑥𝑥(𝑡𝑡) is the phase current defined in (4.43), 𝑥𝑥 ∈

{𝐴𝐴,𝐵𝐵,𝐶𝐶}. 

𝑆𝑆𝑥𝑥(t) = 𝑠𝑠𝑥𝑥1(𝑡𝑡) − 𝑠𝑠𝑥𝑥4(𝑡𝑡) (4.45) 

𝑖𝑖0𝑥𝑥(𝑡𝑡) = 𝑖𝑖𝑥𝑥(𝑡𝑡) − 𝑖𝑖𝑥𝑥(𝑡𝑡) × [𝑠𝑠𝑥𝑥1(𝑡𝑡) + 𝑠𝑠𝑥𝑥4(𝑡𝑡)] (4.46) 

Only LF component is considered in the NP current, so S𝑥𝑥(t) is represented by Sx_𝐿𝐿𝑉𝑉(t) for 

NP current calculation. The NP phase current can be derived from (4.45) and (4.46), as shown in 

(4.47). Whereby the sign function of 3-phase LF phase voltage switching function is listed in (4.48). 

𝑖𝑖0𝑥𝑥(𝑡𝑡) = 𝑖𝑖𝑥𝑥(𝑡𝑡) − 𝑖𝑖𝑥𝑥(𝑡𝑡) × 𝑆𝑆𝑥𝑥_𝐿𝐿𝑉𝑉(t) × 𝑠𝑠𝑠𝑠𝑛𝑛 �𝑆𝑆x_𝐿𝐿𝑉𝑉(t)� (4.47) 

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧ 𝑠𝑠𝑠𝑠𝑛𝑛 �𝑆𝑆A_𝐿𝐿𝑉𝑉(t)� =

4
𝜋𝜋
�

sin[(2𝑘𝑘 − 1) ∙ 𝜔𝜔0𝑡𝑡]
2𝑘𝑘 − 1

∞

𝑘𝑘=1

𝑠𝑠𝑠𝑠𝑛𝑛 �𝑆𝑆B_𝐿𝐿𝑉𝑉(t)� =
4
𝜋𝜋
�

sin[(2𝑘𝑘 − 1) ∙ �𝜔𝜔0𝑡𝑡 −
2
3𝜋𝜋�]

2𝑘𝑘 − 1

∞

𝑘𝑘=1

 𝑠𝑠𝑠𝑠𝑛𝑛 �𝑆𝑆C_𝐿𝐿𝑉𝑉(t)� =
4
𝜋𝜋
�

sin[(2𝑘𝑘 − 1) ∙ �𝜔𝜔0𝑡𝑡 + 2
3𝜋𝜋�]

2𝑘𝑘 − 1

∞

𝑘𝑘=1

 (4.48) 

Therefore, NP current is derived in (4.49). It is shown that NP current is composed by odd 

triple harmonics. 

          𝑖𝑖0(𝑡𝑡) = 𝑖𝑖0𝐴𝐴(𝑡𝑡) + 𝑖𝑖0𝐵𝐵(𝑡𝑡) + 𝑖𝑖0𝐶𝐶(𝑡𝑡)

=
3𝐼𝐼𝑔𝑔 ∙ 𝑀𝑀
𝜋𝜋

� ��
1

3𝑘𝑘 − 2
−

1
3𝑘𝑘
� ∙ sin(3𝑘𝑘𝜔𝜔0𝑡𝑡 + 𝜃𝜃)

∞

𝑘𝑘=1
𝑘𝑘 𝑐𝑐𝑠𝑠 𝑜𝑜𝑑𝑑𝑑𝑑

+ �
1

3𝑘𝑘 + 2
−

1
3𝑘𝑘
� ∙ sin(3𝑘𝑘𝜔𝜔0𝑡𝑡 − 𝜃𝜃)� 

(4.49) 
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Substitute (4.49) into (4.42), NP voltage can be derived in (4.50).  

          𝑣𝑣𝑁𝑁𝑃𝑃 =
3𝐼𝐼𝑔𝑔 ∙ 𝑀𝑀
𝜋𝜋 ∙ 𝐶𝐶

� �
2

9𝑘𝑘2 ∙ (3𝑘𝑘 + 2) ∙ cos(3𝑘𝑘𝜔𝜔0𝑡𝑡 − 𝜃𝜃)
∞

𝑘𝑘=1
𝑘𝑘 𝑐𝑐𝑠𝑠 𝑜𝑜𝑑𝑑𝑑𝑑

−
2

9𝑘𝑘2 ∙ (3𝑘𝑘 − 2) ∙ cos(3𝑘𝑘𝜔𝜔0𝑡𝑡 + 𝜃𝜃)�

≈
2𝐼𝐼𝑔𝑔 ∙ 𝑀𝑀

15𝜋𝜋 ∙ 𝐶𝐶 ∙ 𝜔𝜔0
[cos(3𝜔𝜔0𝑡𝑡 − 𝜃𝜃) − 5 cos(3𝜔𝜔0𝑡𝑡 + 𝜃𝜃)] 

(4.50) 

Only 3rd harmonics is considered in the NP voltage since the higher harmonics’ magnitude 

is small enough to be neglected. In the 5LT2 inverter’s design, NP voltage oscillation is limited by 

the device’s voltage rating and decided by the DC capacitance, grid current, modulation index, and 

power factor. In this paper DC capacitance C is selected as 1.2 mF for the 1200 V voltage rating 

devices. 

Based on (4.28), (4.42), and (4.50) the DC side LF CMV is proportional to the NP voltage 

and shown in (4.51). 

          𝑣𝑣𝐶𝐶𝐶𝐶1 = −
1
2
𝑣𝑣𝑁𝑁𝑃𝑃 =

𝐼𝐼𝑔𝑔 ∙ 𝑀𝑀
15𝜋𝜋 ∙ 𝐶𝐶 ∙ 𝜔𝜔0

[5 cos(3𝜔𝜔0𝑡𝑡 + 𝜃𝜃) − cos(3𝜔𝜔0𝑡𝑡 − 𝜃𝜃)] (4.51) 

 

4.3.3.2 AC side LF CMV analysis in the 5LT2 inverter. NP voltage oscillation is 

propagated to the AC side through the oscillation in the PWM gain. Fig. 4.35 (a) shows the NP 

voltage 3rd oscillation pattern when the PF = 1. Accordingly, the PWM gain for 3-phase is shown 

in Fig. 4.35 (b)-(d). The PWM gains are in the same pattern and have 2π/3 phase difference within 

3-phase, which is the same as their phase voltage. 

The LF PWM gain of phase A is derived in (4.52) based on (4.50) and (4.48), and there are 

only even harmonics observed in the PWM gain. 

          𝐾𝐾𝑃𝑃𝑃𝑃𝐶𝐶_𝐿𝐿𝑉𝑉_𝐴𝐴(𝑡𝑡)

=
2𝐼𝐼𝑔𝑔 ∙ 𝑀𝑀

15𝜋𝜋2 ∙ 𝐶𝐶 ∙ 𝜔𝜔0
� ��

1
2𝑘𝑘 + 3

−
5

2𝑘𝑘 − 3
� ∙ sin(2𝑘𝑘𝜔𝜔0𝑡𝑡 + 𝜃𝜃)

∞

𝑘𝑘=1

+ �
1

2𝑘𝑘 − 3
−

5
2𝑘𝑘 + 3

� ∙ sin(2𝑘𝑘𝜔𝜔0𝑡𝑡 − 𝜃𝜃)� 

(4.52) 
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Fig. 4.35 Oscillation pattern when PF =1: (a) NP voltage oscillation; (b) PWM gain variation in 
phase A; (c) PWM gain variation in phase B; and (d) PWM gain variation in phase C. 
 

With LF PWM gains and phase voltage switching functions, the AC side LF CMV can be 

derived from (4.35), (4.44), and (4.52). Similar to the DC side LF CMV, the AC side LF CMV 

includes only odd triple harmonics and the harmonics above 3rd is small enough to be neglected, as 

shown in (4.53).  

          𝑣𝑣𝐶𝐶𝐶𝐶2_𝐿𝐿𝑉𝑉 =
𝐼𝐼𝑔𝑔 ∙ 𝑀𝑀2

15𝜋𝜋2 ∙ 𝐶𝐶 ∙ 𝜔𝜔0
� �

8(3𝑘𝑘 + 1)(3𝑘𝑘 + 8)
(9𝑘𝑘2 − 16)(9𝑘𝑘2 − 4) ∙ cos(3𝑘𝑘𝜔𝜔0𝑡𝑡 + 𝜃𝜃)

∞

𝑘𝑘=1
𝑘𝑘 𝑐𝑐𝑠𝑠 𝑜𝑜𝑑𝑑𝑑𝑑

+
8(3𝑘𝑘 − 1)(3𝑘𝑘 − 8)

(9𝑘𝑘2 − 16)(9𝑘𝑘2 − 4) ∙ cos(3𝑘𝑘𝜔𝜔0𝑡𝑡 − 𝜃𝜃)�

≈
𝐼𝐼𝑔𝑔 ∙ 𝑀𝑀2

15𝜋𝜋2 ∙ 𝐶𝐶 ∙ 𝜔𝜔0
∙

16
7
∙ �cos(3𝜔𝜔0𝑡𝑡 − 𝜃𝜃) −

22
5
∙ cos(3𝜔𝜔0𝑡𝑡 + 𝜃𝜃)� 

(4.53) 

 

4.3.3.3 LF CMV analysis and simulation. In order to combine the DC side LF CMV and 

the AC side CMV, phase angles  𝛼𝛼1 and 𝛼𝛼2 are defined as the leading angle of the DC side LF 

CMV and the AC side LF CMV from the phase A voltage. Based on (4.51) and (4.53), the 

relationship between 𝛼𝛼1, 𝛼𝛼2 and the PF angle θ can be derived in (4.54). 
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tan𝛼𝛼1 =
3
2
∙ tan𝜃𝜃 , tan𝛼𝛼2 = −

27
17

∙ tan𝜃𝜃 (4.54) 

The LF CMV vectors are drawn in Fig. 4.36, where phase angle 𝛼𝛼 is the total LF CMV’s 

leading angle from the phase A voltage. Both  𝑣𝑣𝐶𝐶𝐶𝐶1 and 𝑣𝑣𝐶𝐶𝐶𝐶2_𝐿𝐿𝑉𝑉 are composed of two vectors, each 

of them are in the opposite direction between these two LF CMVs. The magnitude of  𝑣𝑣𝐶𝐶𝐶𝐶1 is larger 

than 𝑣𝑣𝐶𝐶𝐶𝐶2. The absolute value of  tan𝛼𝛼2 is larger than tan𝛼𝛼1, so 𝛼𝛼 is smaller than 𝛼𝛼1. The total LF 

CMV is derived in (4.55) with only 3rd harmonics. 

 
Fig. 4.36 Voltage vectors of LF CMVs. 

 

          𝑣𝑣𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿 =
𝐼𝐼𝑔𝑔 ∙ 𝑀𝑀

15𝜋𝜋 ∙ 𝐶𝐶 ∙ 𝜔𝜔0
�(𝐴𝐴 − 𝐵𝐵)2 + 4𝐴𝐴𝐵𝐵 ∙ (sin 2𝜃𝜃)2 ∙ cos(3𝜔𝜔0𝑡𝑡 + 𝛼𝛼) (4.55) 

Where  𝐴𝐴 = 5 − 16∙22𝐶𝐶
35𝜋𝜋

,𝐵𝐵 = 1 − 16𝐶𝐶
7𝜋𝜋

, tan𝛼𝛼 = 𝐴𝐴+𝐵𝐵
𝐴𝐴−𝐵𝐵

∙ tan𝜃𝜃. 

Based on LF CM equivalent circuit in Fig. 4.48 (c), the LF leakage current is shown in 

(4.56). 

𝑖𝑖𝑙𝑙𝑘𝑘_𝐿𝐿𝑉𝑉 = 3𝜔𝜔0 ∙ 𝐶𝐶𝑝𝑝𝑝𝑝 ∙ 𝑣𝑣𝐶𝐶𝐶𝐶_𝐿𝐿𝑉𝑉 (4.56) 

Fig. 4.37 shows the calculated RMS value of the LF CMV and the LF leakage current at 

𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠= 825 V. In Fig. 4.37 (a), although the NP voltage oscillation decreases with the increased DC 

bus voltage at 60 kW, the LF CMV value does not change much. In Fig. 4.37 (b), the LF CMV and 

the LF leakage current increases with the quadratic dependence of power rating since the PV 

capacitance is also proportional to the power. When PF = 1, the NP oscillation causes 5.3 V RMS 

LF CMV and 59.8 mA leakage current. When PF = 0, the NP oscillation causes 7.9 V RMS LF 
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CMV and 89.1 mA leakage current. The LF CMV magnitude increases with the PF decreasing. 

When PF is 0, 𝑣𝑣𝐶𝐶𝐶𝐶_𝐿𝐿𝑉𝑉 and 𝑖𝑖𝑙𝑙𝑘𝑘_𝐿𝐿𝑉𝑉 is 1.5 times of the value in unit PF. 

 
Fig. 4.37 Calculated LF CMV RMS and LF leakage current RMS: (a) 𝑃𝑃𝑜𝑜= 60 kW, LF CMV RMS 
value with different bus voltage; and (b) 𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠= 825 V, LF leakage current RMS with different 𝑃𝑃𝑜𝑜. 
 

In order to verify the calculation, Fig. 4.38 shows the simulation LF CMV and LF leakage 

current results of the 60 kW 5LT2 PV inverter. The RMS value of the NP oscillation, LF CMV, LF 

leakage current, and the PF impact are all consistent with the calculation in Fig. 4.37. 

 
Fig. 4.38 Circuit simulation LF CMV and leakage current at 𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠= 825 V, C = 1.2 mH, 𝑃𝑃𝑜𝑜 = 60 
kW: (a) PF =1; and (b) PF =0. 

 

4.3.3.4 LF CMV compensation. When the DC bus capacitance reduces or the inverter’s 

power rating increases, LF leakage current will increase with the LF CMV. Also, suppressing the 

LF leakage current is able to reduce the CM choke size for the HF leakage current suppression. 

However, it is hard to increase the LF impedance in the CM loop through passive components. CM 

choke has little effect on the LF impedance and reducing the PV capacitance 𝐶𝐶𝑝𝑝𝑝𝑝 is not practical. A 

VNP, PF=1, 26.1 V rms

Vbus = 825 V
VNP, PF=0, 39.2 V rms

VCM_LF, PF=1, 5.3 V rms

VCM_LF, PF=0, 7.9 V rms

(a) (b)

PF=0, 89.1 mA rms

Po = 60 kW

PF=1, 59.8 mA rms
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LF CMV compensation method is proposed in this paper, as shown in Fig. 4.39. With the 

compensated LF CMV (𝑣𝑣𝐶𝐶𝐶𝐶_𝐶𝐶𝑃𝑃𝐶𝐶𝑃𝑃) added to the 3-phase modulation voltage, the total LF CMV is 

able to be suppressed so as the LF leakage current. 

 
Fig. 4.39 LF CM equivalent circuit with CMV compensation. 

 
One way to generate 𝑣𝑣𝐶𝐶𝐶𝐶_𝐶𝐶𝑃𝑃𝐶𝐶𝑃𝑃 is to add a LF leakage current control loop. Theoretically 

this method is able to control the LF leakage current to zero. But it needs extra grounding leakage 

current sensor and digital PR controller, which requires more hardware components and brings 

more computation burden to the intensive interruption time in the DSP.  

Observed from the LF CMV in (4.55), the coefficient (A+B)/(A-B) between tan𝛼𝛼  and 

tan𝜃𝜃 is between 1.36 to 1.42 when the modulation index varies with 800-1000 Vdc. Since the 

coefficient is close to 1.5 (tan𝛼𝛼1 / tan𝜃𝜃), the total CMV can be estimated to be in the same 

direction as the DC side LF CMV. Therefore, DC side and AC side LF CMV can be considered in 

the opposite direction. Therefore, another approach for the LF CMV compensation is the DC side 

CMV feedforward control. The compensation voltage 𝑣𝑣𝐶𝐶𝐶𝐶_𝐶𝐶𝑃𝑃𝐶𝐶𝑃𝑃 is proportional to 𝑣𝑣𝐶𝐶𝐶𝐶1, as shown 

in (4.57).  

𝑣𝑣𝐶𝐶𝐶𝐶_𝐶𝐶𝑃𝑃𝐶𝐶𝑃𝑃 = 𝐾𝐾𝑐𝑐 ∙ 𝑣𝑣𝐶𝐶𝐶𝐶1 (4.57) 

  
Where the compensation coefficient 𝐾𝐾𝑐𝑐 = �𝑝𝑝𝐶𝐶𝐶𝐶2_𝐿𝐿𝐿𝐿�

|𝑝𝑝𝐶𝐶𝐶𝐶1| − 1 = 16𝐶𝐶
35𝜋𝜋

∙ �22 − 63
16+20sin𝜃𝜃2

− 1 , derived 

from (4.51) and (4.53). Fig. 4.40 presents variations of 𝐾𝐾𝑐𝑐 with power factor angle θ. It can be 

observed that 𝐾𝐾𝑐𝑐 is not sensitive to θ. Therefore, a constant 𝐾𝐾𝑐𝑐 of -0.41 is used for compensation in 

this paper. 

Fig. 4.41 shows the compensation voltage vector and the control diagram for LF CMV 

compensation. After compensation, there will be a small amount of residual LF CMV, which is 

shown in (4.58) and Fig. 4.41 (a). After compensation, the residual LF CMV’s magnitude is small. 

vCM1

Cpv

ilk_LF

vCM2_LF
++- -

vCM_LF +-
vCM_COMP

+-

0
P/N A/B/C
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 𝑣𝑣𝐶𝐶𝐶𝐶_𝐿𝐿𝑉𝑉_𝑅𝑅𝑛𝑛𝑠𝑠𝑐𝑐𝑑𝑑𝑢𝑢𝑛𝑛 =
𝐼𝐼𝑔𝑔 ∙ 𝑀𝑀

15𝜋𝜋 ∙ 𝐶𝐶 ∙ 𝜔𝜔0
[0.09 ∙ cos(3𝜔𝜔0𝑡𝑡 − 𝜃𝜃) − 0.10 ∙ cos(3𝜔𝜔0𝑡𝑡 + 𝜃𝜃)] (4.58) 

 

Fig. 4.40 LF CMV compensation coefficient 𝐾𝐾𝑐𝑐 with different power factor angles. 
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Fig. 4.41 LF CMV with compensation: (a) voltage vectors; and (b) control diagram. 
 

As shown in the simulation results of Fig. 4.42 LF leakage current 𝑖𝑖𝑙𝑙𝑘𝑘_𝐿𝐿𝑉𝑉   is able to be 

suppressed by 62% with the LF CMV compensation. Since a constant coefficient 𝐾𝐾𝑐𝑐 is used for LF 

CMV compensation, there exists a small residual LF CMV after compensation. The PF= 0 case in 
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Fig. 4.42 (b) is selected as an extreme case to demonstrate that the LF CMV compensation is not 

sensitive to PF. In field application, a commercial scale PV inverter is working between +/-0.8 PF 

[4]. Between +/-0.8, the influence of PF on LF CMV is small, as shown in Fig. 4.42 (c) and (d). 

 

Fig. 4.42 Simulation of LF leakage current suppression at 𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠= 825 V, 𝑃𝑃𝑜𝑜 = 60 kW: (a) PF =1; 
and (b) PF = 0. (c) PF = -0.8; and (d) PF = 0.8. 
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4.3.4 Ground Leakage Current Experimental Results 
 

4.3.4.1 CMV comparison between 3L PD and 5L modulation. As mentioned in Section 

4.3.2, PD modulation has lower output line-to-line voltage THD compared to POD modulation in 

3LT2 inverters. Since the 60 kW inverter prototype is connected to a 3-phase 3-wire grid, 3-level 

PD modulation is implemented in the experiment for comparison.  The Yokogawa oscilloscope 

DL9710L 5GS/s 1GHz is used to measure the waveforms and the voltage probe is PBDH0150 1400 

V peak 150 MHz bandwidth. 𝑣𝑣𝐶𝐶𝐶𝐶1 is measured by 𝑣𝑣0𝑁𝑁 − 0.5𝑣𝑣𝑃𝑃𝐶𝐶, and 𝑣𝑣𝐶𝐶𝐶𝐶2 is measured by (𝑣𝑣𝐴𝐴0 +

𝑣𝑣𝐵𝐵0 + 𝑣𝑣𝐶𝐶0)/3. The CMV comparison between 3-level PD and 5-level modulation is shown in Fig. 

19 and Fig. 20, where the switching frequency are both 50 kHz.  

 
Fig. 4.43 Experimental CMV waveforms with 3-level PD modulation at 𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠= 825 V: (a) CMV 
waveforms; and (b) CMV FFT results. 
 

 
Fig. 4.44 Experimental CMV waveforms with 5-level modulation at 𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠= 825 V, 𝑃𝑃𝑜𝑜 = 60 kW: (a) 
CMV waveforms; and (b) CMV FFT results. 
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In the HF range, the CMV experiment waveform with PD modulation in Fig. 4.43 is 

consistent with the simulation results in Fig. 4.31 (a). The CMV peak is happened at 50 kHz. The 

HF weighted CMV magnitude is 109.1 V, which is consistent with the calculated value in Fig. 4.32. 

In Fig. 4.44, the 5-level CMV waveform is consistent with the simulation results in Fig. 4.31 (c), 

and the harmonics start at twice the switching frequency due to the interleaved carries. The HF 

weighted CMV magnitude is 9.0 V, which is also consistent with the calculated result in Fig. 4.32. 

In 3-level PD, the weighted CMV RMS is more than ten times of the 5-level’s. The experiment 

demonstrates that the HF CMV is greatly reduced in the 5-level modulation so the ground leakage 

current can be suppressed from the source. 

In the LF range, 3-level PD and 5-level modulation generate a similar 3rd harmonic 

magnitude in the CMV FFT, as shown in Fig. 4.43 (b) and Fig. 4.44 (b). In order to clearly show 

the 3rd harmonics in the CMV, the voltage probes are set as 8 kHz bandwidth to remove the HF 

impact. As shown in Fig. 4.45, 3-level PD and 5-level modulation have the same LF CMVs, which 

demonstrate that the LF CMV is not related to the switching frequency modulation. The DC side 

and AC side LF CMV are in the opposite direction. All the RMS values are consistent with the 

calculation in Fig. 4.37 and the simulation in Fig. 4.38. 

 
Fig. 4.45 Experimental waveforms of LF CMV at 𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠= 825 V, 𝑃𝑃𝑜𝑜 = 60 kW, PF=1: (a) 3-level PD 
modulation; (b) 5-level modulation; and (c) phasor diagram. 
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4.3.4.2 Leakage current comparison between 3L PD and 5L modulation. A commercial 

CM choke is used to suppress the HF leakage current, which is TPC-222U-B65A with 

nanocrystalline core, shown in Fig. 4.46 (a). The measured CM choke’s inductance is 832 μH at 

100 kHz. 3-phase current is measured by 150 A 10 MHz Yokogawa current probe. The ground 

leakage current is measured by current sense transformer (CT) CT07-1000 with 0.1% 1 kΩ output 

resistor, as shown in Fig. 4.46 (b). The current transformer shows up to 300 kHz bandwidth (-3dB) 

capability, which covers all the main harmonics in the ground leakage current in this prototype. 

          
(a)                                                         (b) 

Fig. 4.46 Photo of CM choke and CT: (a) CM choke; and (b) CT for leakage current measurement. 
 

 
Fig. 4.47 Experimental waveforms of ground leakage current at 𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠= 825 V, 𝑃𝑃𝑜𝑜 = 60 kW: (a) 3-
level PD modulation; and (b) 5-level modulation. 
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Both 3-level PD and 5-level modulation are implemented in the 60 kW grid-connected 

experiment, and the test result is shown in Fig. 4.47. 3-level modulation shows more HF harmonics 

than 5-level modulation in the phase current, which is consistent with theoretical analysis. The 

measured leakage current is 826 mA RMS in 3-level PD modulation and 172 mA RMS in the 5-

level modulation. With the same CM choke and hardware configuration, 5-level modulation 

reduces the leakage current by 79%. The reduction percentage is less than the HF CMV’s because 

of two reasons: the CM choke inductance decreases with the increased frequency, and the total 

leakage current also includes the LF component which is the same in different modulations. 

 

4.3.4.3 LF leakage current suppression in the 5LT2 inverter. The LF CMV 

compensation method presented in Fig. 4.41 is implemented in the 60 kW test. As shown in Fig. 

4.48, this method can reduce the LF CMV by 64% and further reduce the total leakage current by 

52%. The injected 3rd CMV is 3.7 V, which only reduces the modulation index by 1%. This LF 

CMV compensation method only requires several sum operators in the software without any extra 

hardware. Although this method cannot fully remove the LF CMV, the total leakage current has 

obvious improvement with little cost. 

 
Fig. 4.48 Leakage current reduction with low frequency CMV compensation at 𝑉𝑉𝑏𝑏𝑢𝑢𝑠𝑠= 825 V, 𝑃𝑃𝑜𝑜 = 
60 kW. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 
 CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

5.1.1 Hierarchical Digital Controller 

A DSP+FPGA hierarchical digital controller is developed for the 60 kW three-phase 

transformer-less SiC inverter. The DSP is responsible for the main control and deliver the 

modulation voltages to the FPGA. The PWM generation and protection is implemented in FPGA. 

All the codes are optimized with less computation time, so the time resources can be saved for high 

switching frequency application. There is wireless communication between the DSP and the PC, so 

the user interface in the PC is able to display the real time voltage and current information, also 

provide command to the DSP. In the experiment, this digital controller is verified with reliable and 

efficient operation. 

5.1.2 Anti-EMI Noise Digital Filter 

The research presents the noise issue caused by EMI in the AD sampling signals of the 

digital control in a multilevel SiC inverter. The grid-connected experiment results show that the 

current control loop will be tripped by over-current protection without fiber isolation. Anti-EMI 

noise digital filter solution is proposed to solve this issue. The developed IMF and MBF are 

implemented and demonstrated to remove the random noises from the voltage/current sensing 

signals without any extra hardware cost. Although in this research, the proposed methods are 

implemented in DSP, they can also be implemented in FPGA or SoC FPGA, which can save more 

of the DSP interruption time. 

5.1.3 Circulating Current Controller 

In this research, the benefits of a SiC-based 5LT2 inverter for grid-connected transformerless 

PV converter application are analyzed and demonstrated. The operation principle of this SiC 5LT2 

PV inverter has been presented. The key design aspects are discussed, and methods to solve 

magnetic balancing, short circuit protection and digital controller computation time are proposed. 

A 60 kW PV converter, including boost stage and inverter stage, has been built in the laboratory. 
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Experimental results showed that this converter can achieve 3 kW/kg power density and 99.2% 

peak efficiency. 

 
5.1.4 Grid Current Controller 

 
In this research, the feasibility of connecting a 60 kW SiC 5LT2 filter-less PV inverter to 

the grid is analyzed and experimentally demonstrated. The effect of grid voltage feedforward on 

output current control is analyzed regarding the influence of digital control delay and grid 

impedance. Analysis showed that grid voltage feedforward in the filter-less inverter introduces an 

extra phase lag to the grid current control loop, thereby has negative influence on stability, 

maximum controller bandwidth and grid voltage disturbance rejection. These negative influences 

are strongly enhanced by the digital control delay and the reduction of digital control delay will be 

limited by computation resources.  

Two grid voltage feedforward control methods which require little additional computation 

resources are proposed to suppress the grid voltage disturbance. The performances of the two 

control methods, referred as FFGVF and FLGVF are also compared with conventional IGVF. 

Experimental results are presented for a 60 kW two-stage grid-connected PV inverter prototype 

using 1200 V SiC T-type MOSFET modules switched at 50 kHz. The designed prototype has a 

power density of 27 W/in3 and 3 kW/kg, a peak efficiency of 99.2%, and a CEC efficiency of 99.0%. 

Grid connected experiments were performed on the inverter under the three control methods. The 

experimental results are consistent with the analysis that IGVF control is not suitable for filter-less 

grid-connected inverters and the two proposed control can achieve the same bandwidth, while the 

FLGVF control outperformed FFGVF control in terms of grid disturbance rejection and current 

THD improvement.  

Although the two proposed control methods share their similarities, the working principles 

are quite different. The concept of FFGVF is to eliminate the effect of grid voltage feedforward in 

any frequency other than fundamental, thereby the phase lag generated by inaccurate grid voltage 

feedforward has been eliminated, while the harmonic rejection provided by grid voltage 

feedforward is also eliminated. The concept of FLGVF is to shift the phase lag of grid voltage 

feedforward to a lower frequency where the phase margin is large enough. It can be anticipated that 

with reduced digital control delay, FLGVF will show more benefits over FFGVF in terms of grid 

disturbance rejection, which is important in many grid-connected applications. The analysis and 
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experiments were based on a 5LT2 topology, however, the proposed control methods can be applied 

to other filter-less or magnetic component less voltage source converters. 

 
5.1.5 Ground Leakage Current Controller 

 
This research has demonstrated that 5LT2 topology has the advantages to suppress the 

ground leakage current for PV inverter applications. HF CMV spectrum of this topology is derived 

and compared with that of traditional commercial 3LT2 PV inverters. The CM choke inductance 

comparison based on weighted HF CMV is presented. The leakage current is reduced by 79% of 

the value in conventional 3-level T-type PV inverters using PD modulation. LF CMV caused by 

NP voltage oscillation has been analyzed and found to be independent from the modulation 

methods. LF CMV compensation method based on NP voltage is proposed and shows 52% further 

reduction in the leakage current. This LF CMV compensation method can be used for all neutral-

point-clamped (NPC) topologies for the leakage current suppression. The experimental results of a 

60 kW prototype show that the CMV consistent with the analysis and simulation results, and ground 

leakage current is well suppressed with 5-level modulation and LF CMV compensation method. 

 

5.2 Scope of Future Work 
 

Based on the research presented above, future work may emphasize on the following 

aspects. 

 
5.2.1 Sensor-less Sychronization for Paralleled Filter-less SiC Inverters 

 
• In order to further increase the power rating for the application, the 5LT2 inverter needs 

to be paralleled. As discussed in Chapter 2, the existing communication synchronization 

method is not favored for the high switching frequency SiC inverters. A new carrier 

synchronization method without communication are necessary. 

• In the filter-less inverter, the PCC voltage is a square stair waves instead of sinusoidal 

waves, which brings challenges for the current control and PLL. However, it may bring 

opportunities for the sensor-less carrier synchronization between paralleled filter-less 

inverters, since the PCC voltage contains the carrier frequency information. We would 

like to call this method double phase lock loop (DPLL), which means extracting both 

fundamental and carrier phase information from the PCC voltage. 
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• There are two main challenges to implement the DPLL: (1) How to extract and generate 

the digital carrier signal from the power stair voltages. (2) How to ensure the 

performance when the load is low or the grid is strong, which means PCC voltage is 

more close to sinusoidal waveform. 

 

5.2.2 Impedance Shaping of the SiC Grid-connected Inverter 
 

• With more distributed power injected into the grid, control performance of the inverter 

will be significantly influenced by the non-ideal grid conditions. The system stability is 

challenged by the grid impedance variation. The inverter’s output impedance can be 

shaped to improve the harmonic-rejection capability, and achieve strong stability-

robustness. 

• Impedance shaping can be implemented by adjusting the current loop gain or inserting 

virtual impedances. In the SiC grid-connected inverters, with higher switching 

frequency, the control bandwidth could be much higher than the conventional Si 

inverters. So the inverter impedance can be shaped in higher frequency range and help 

with higher frequency system stability. 

• In this dissertation, although the switching frequency is high, the control is still not fast. 

The control bandwidth is affected by the analog and digital filters delay. In order to 

investigate the high frequency impedance shaping, the control speed need to be 

improved with faster control chips and less delay in the control loop. 
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