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Abstract

This dissertation presents a detailed study of a novel three-phase inverter for utility-

scale PV systems where multiple cascaded bidirectional chopper cells and a three-phase

line-frequency transformer with a three-limb core are used. The proposed inverter can

achieve a wider MPPT operation voltage range. In addition, the elimination of the high-

frequency circulating current under the simultaneous parallel operation of inverters is

also achieved. Two different control methods are carried out and tested successively to

increase the stability of the entire circuit. Meanwhile, the initial charging of the floating

capacitors is also achieved for the inverter operation. Furthermore, the LVRT capability

of the proposed inverter under the grid fault is addressed, and the theoretical analysis

and the experimental verification are carried out. In the end, the evaluation of chopper-

cell number of the proposed inverter is conducted based on experimental verification and

mathematical analysis.
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Chapter 1

Introduction

This dissertation presents a detailed study of a novel three-phase inverter for utility-scale

PV (photovoltaic) systems where multiple cascaded bidirectional chopper cells and a three-

phase line-frequency transformer with a three-limb core are used. With the accelerated

development of the PV generation systems, the generation capacity of the PV systems

is growing into utility scale, and it brings challenges to conventional PV inverters [1]–[6].

Therefore, new topology structure of PV inverter is required.

1.1 Research Background

Nowadays, PV generation system is no more an unfamiliar concept to everyone. It could

be as small as several square meters which is able to be put on your rooftop or as large as

tens of square kilometers which takes you several hours to walk across it. The former is

preferred to be regarded as a PV chargeable battery connected to some electrical furnitures,

and the latter is called as utility-scale PV generation system. For existing utility-scale PV

generation systems connected to grids, conventional two- or three-level three-phase PV

inverters are used as the connection interface between them because it is necessary to

convert DC (direct current) power into AC (alternating current) power. However, the fast

development of the PV generation systems brings challenges to them.

1.1.1 Development of PV Energy

To reduce the consumption of fossil fuels (coil, gas, oil), which cause more pollution and

will be exhausted someday [7], the contribution from the renewable energy sources is being

increased. Among them, the PV energy is the fastest developing one. It is reported that
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Figure 1.1: PV electricity generation of Europe, US, China, and Japan.

the global PV energy production in 2021 is over 1000TWh and it is estimated that this

number should reach 6970TWh to achieve long-term carbon neutrality [8], which means

the developing speed will be even faster.

Fig. 1.1 shows the contribution of PV electricity generation of four regions, the PV gen-

eration technology development of which are boosting in last ten years [9]–[12]. According

to Fig. 1.1, it is obvious that China has the most contribution of PV electricity genera-

tion, which reached 260.5TWh in 2020. The fast increase of PV generation contribution

of China is the result of following the president’s call for an ”energy revolution” and the

”fight against pollution” [11]. But it is also the result pushed by the large consumption

requirement because of its large population. The data from IEA (international energy

agency) show that the contribution of PV generation of Europe and US (United States)

have similar trend and it is estimated that both regions are in positions to deliver more

reliable, more affordable, and more environmental sustainable energy systems. Japan has

the lowest relative contribution of PV generation among them. However, this number

increased from 4839GWh to 88 701GWh in the last decade, which is an 18-fold increase

and it will increase even faster to achieve its ambition of carbon-neutrality by 2050.
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Figure 1.2: Utility-scale solar PV auction contract and wholesale prices in four EU coun-
tries, quarterly averages from 2016-2022.

Meanwhile, the energy market also stimulates the development of PV energy genera-

tion. Historically, long-term contract prices from utility-scale PV generation systems have

been higher than wholesale prices of fossil fuels in many large EU (European Union) mar-

kets. However, significant change happened in 2021 according to the report from IEA [13].

The prices of fossil fuels have risen at an incredible rapid speed since the last quarter of

2021, which broke historic records in many parts of the world and this is caused by the

war. Consequently, even the highest price of utility-scale PV generation system contracts

over the last five years is much lower than the wholesale prices of fossil fuels nowadays,

which is shown in Fig. 1.2 [14].

Because of this dramatic change in the energy market, more and more investment is

poured into the PV generation system, which is shown as Fig. 1.3 [15]. It is shown in

Fig. 1.3 that the investment in the fossil fuels is kept at a low level compared with the

renewable energy, and the investment in the PV generation system is estimated to be

over 360 billion dollars in 2023. As a result, more and more utility-scale PV generation

systems are built and their capacity are increasing rapidly, which brings challenges to the

conventional PV inverters.
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Figure 1.5: Conventional three-level PV inverters: a) three-level I-type, b) three-level
T-type.

1.1.2 Conventional PV Inverter

The utility-scale PV generation system can be divided into the grid-connected system

and the stand-alone system [16], [17], where the former uses the conventional two- or

three-level inverters for grid connection. With the development of the utility-scale PV

generation systems, the DC input voltage has been increasing. Recent studies reveal that

the installation cost can be reduced significantly by increasing the DC input voltage from

1 kV to 1.5 kV [18]–[21]. Because of the higher DC input voltage, more PV modules are

able to be installed per string, which decreases the conductor mass and the number of

CBs (combiner boxs) [22]. In this situation, the conventional two-level inverters shown

in Fig. 1.4, which are widely applied to existing 1-kVdc PV systems, cannot satisfy the

requirements of the systems because the power losses are large and the filtering requirement

is high [23]–[26]. In contrast, the three-level inverters are widely used in the existing 1.5-

kVdc PV systems, and two well-known topologies of three-level inverters are shown in

Figs. 1.5a and 1.5b. Compared to the two-level inverter, the three-level ones have lower

total cost and higher efficiency when switching frequency is over 2 kHz. There are two

more diodes in the three-level I-type inverter and it is noteworthy that the voltage ratings

of the four IGBTs (insulated-gate bipolar transistors) are the same in the three-level I-type

inverter, whereas the voltage ratings of T1 and T4 are higher than those of T2 and T3

in the three-level T-type inverter. Specifically, the efficiency performance of three-level

T-type inverter is better than that of the three-level I-type one in most of the applications

in 1.5-kVdc PV generation systems [1], [27].
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On the other hand, the power rating of the utility-scale PV generation systems has

grown into megawatt level [1], [27]–[30] as the consumption requirement increases. Mean-

while, this trend put the conventional three-level inverter in a dilemma because of the

power characteristic of the PV array. The relationships between the PV array voltage,

Ea, output current, Ia, and the output power, Pa, at different temperatures are shown

in Figs. 1.6a and 1.6b. The Pa-Va and Ia-Va characteristics are obtained from a PSCAD

simulation under a irradiation level of 1000W/s2. It is noteworthy that this simulation

is not based on reality data and it is only for a brief explanation. It is obvious that the

Pa-Va and Ia-Va characteristics are affected by the ambient temperature and the maxi-

mum power point fluctuates during the day. In order to keep the PV array output at the

maximum point all the time, the PV generation system has an MPPT (maximum-power-

point-tracking) function to adjust the output voltage of the PV array. The upper limit of

the MPPT range is mostly decided by the voltage rating of the power devices, which is not

a concern. However, the lower limit of it is decided by the voltage relationship between

the DC side and the AC side. In the case of using conventional three-level inverters, this

relationship is shown as

E ≥
√
6Vac, (1.1)

with third-order harmonics component introduced, where E is the input voltage of DC

side and Vac is the RMS (root-mean-square) value of the AC side line-to-neutral phase

grid voltage. To operate the PV system throughout the year, Vac has to be set based on

the minimum DC input voltage at the highest temperature in summer, which results in a

large AC current and a large conduction loss, especially in a megawatt level PV system.

In order to reduce the conduction loss, one of the methods is to increase Vac. However,

this method narrows the range of MPPT. For example, a PV system with an RMS line-

to-line AC voltage of 660V (
√
3Vac = 660V) with an MPPT range of 960V to 1300V

was development and this range was narrowed down to 1005V to 1300V when the RMS

line-to-line AC voltage increased to 690V [31]. In other words, the available MPPT range

will be curtailed if the conventional three-level inverters are applied to utility-scale PV

generation systems. When the MPPT range is narrowed, the power efficiency of the PV
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Figure 1.6: PV array power characteristics obtained from PSCAD simulation: a) Pa-Va,
b) Ia-Va.
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array will decrease, which is defined as:

η =

∫
pout(t) dt∫
pmax(t) dt . (1.2)

On the other hand, if the MPPT range can be widened, more output power can be

obtained.

Consequently, PV systems based on state-of-the-art MMCC (modular multilevel cas-

cade converter) topologies have drawn attention as the connection interface between the

PV systems and the grid in recent years [32]–[35].

1.1.3 The MMCC

Nowadays, the MMCC technology is well-developed and the MMCCs are more and more

used in AC-DC and DC-DC systems. This section will give out a brief introduction of

MMCC. Basically, there are four circuit configurations of MMCC [32]:

1. SSBC (single-star bridge-cells) (Fig. 1.7a);

2. SDBC (single-delta bridge-cells) (Fig. 1.7b);

3. DSCC (double-star chopper-cells) (Fig. 1.7c with cell Fig. 1.7d);

4. DSBC (double-star bridge-cells) (Fig. 1.7c with cell Fig. 1.7e).

The SSBC is different from the SDBC in the connection topology of three-phase clusters,

whereas the DSCC is different from the DSBC in the types of the cells. It is noteworthy

that the two non-coupled inductors on the same phase cluster can be replaced by one

coupled inductor to reduce the size and the weight. These MMCCs can output multilevel

waveforms, which can reduce the size of passive filter in the grid-connected applications.

Besides, owing to their different structures, each of them has their unique application

cases.

1.1.3.1 Application of the SSBC

Because of the star-connection of the three-phase clusters in SSBC, there is no flowing

route for the zero-sequence current. Therefore, the SSBC can only control the positive-

sequence leading and lagging reactive power. Consequently, the best application case of

the SSBC is not STATCOM (static synchronous compensator) but the BESS (battery

8
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(d) (e)

Figure 1.7: Basic circuit configurations of MMCC and their cell circuit configurations: a)
SSBC, b) SDBC, c) DSCC or DSBC, d) Chopper cell, e) Bridge cell.

energy storage system) [36], [37]. When it comes to the case of grid-level BESS, the SSBC

can function as an active power controller at the lowest cost compared with other three

MMCCs. Therefore, the cell number of the SSBC, N , is always the minimum among these

four MMCCs.

1.1.3.2 Application of the SDBC

Compared to the SSBC, the zero-sequence current can flow in the three-phase clusters

of SDBC because of the delta-connection. Consequently, the SDBC has the capability of

controlling not only the positive-sequence reactive power but also the negative-sequence

reactive power, which means that the SDBC can be used as a STATCOM. Even though the

DSCC and the DSBC also have the circulating routes for the zero-sequence current, the

SDBC has the minimum cell number in the same application case, which leads to a lower

cost. As a result, the SDBC is mostly applied to the STATCOM [38]. In addition, the

SDBC has the capability to control the positive-sequence reactive power, negative-sequence

reactive power, and low-frequency active power at the same time. References [39] and [40]

verified the experimental performance of the SDBC used in STATCOM with a downscaled

model.
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1.1.3.3 Application of the DSCC and the DSBC

The DSCC and the DSBC have almost the same circuit configuration and control method

except for the types of cells. However, the application of them are different because of

the difference in cell types. The DSCC is mainly applied to HVDC (high-voltage direct

current) systems for high quality power transmission or to BTB (back-to-back) systems

for changing the frequency between two different systems [41]. Also, it could be used as

a multilevel inverter for medium-voltage motor drive [42] or for DC energy source grid

connection [43].

Theoretically, the DSBC is able to be applied to most of the cases where the DSCC

is used. However, the bridge cell has two more IGBT units than the chopper cell, which

will increase the cost of the system. Therefore, the DSBC is only applied to some unique

systems, such as the wind power systems and the PV systems. These systems are know

as the PCS (power conditioning system) system [32], the DC-link voltage of which has a

wide range of variation. The buck and boost function of the DSBC owing to the bridge

cells is able to deal with this situation [44].

1.2 Research Objectives

The purpose of this dissertation is to introduce a novel three-phase PV inverter based on

MMCC technologies that could solve the problems that the conventional two- or three-level

inverter are facing. The main research objectives of this dissertation are:

• A single-stage three-phase PV inverter with high AC output voltage

and wide MPPT range for utility-scale grid-connected PV systems based on

the MMCC technologies. As explained in the previous section, the available MPPT

range is narrow when the conventional three-level inverter is applied to utility-scale

PV systems. Therefore, it is necessary to widen the MPPT range to increase the

power efficiency. Even though a front-end boost converter can widen the MPPT

range of the conventional three-level inverter, it can also cause more loss. In other

words, a single-stage PV inverter is the best choice to decrease the loss. By using

inverters based on MMCC technologies, the volume of the passive filters can be

decreased. It is noteworthy that the MPPT control can be achieved with a PV sim-

ulator and a common method. However, it is not the main topic of this dissertation.
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Therefore, a voltage source is used in this dissertation, instead.

• Initial charging of the DC-capacitor voltage in each cell of the MMCC tech-

nologies based PV inverter. Without charging the DC-capacitor voltage to a refer-

ence value, the MMCC circuit cannot operate the startup process. In the practical

application, it is unrealistic to attach additional charging circuits to the capacitors

in MMCCs in terms of cost and reliability. Therefore, it is necessary to propose an

initial charging method without using additional components.

• Test of the LVRT (low-voltage ride-through) capability of the proposed PV

inverter under the common grid faults. Since the proposed PV inverter is based

on the MMCC technology, each capacitor may suffer from overvoltage/undervoltage

during the fault, which may result in the destruction of power devices and/or op-

erational failures. Similarly, the potential overcurrent during the fault may cause

damage to power devices [45], [46]. Therefore, the LVRT capability of the proposed

PV inverter should be tested.

• Evaluation of the proposed PV inverter in terms of cost and efficiency. Gener-

ally speaking, the selection of the cascaded cell (submodule) number of the MMCCs

is crucial. When the MMCCs are applied to high-voltage applications such as high-

voltage direct-current systems, the required cell number is mainly determined by the

required voltage levels, and the number of cells can reach several hundreds, which

eventually increases the cost and volume of the converter [32], [38]. Therefore, per-

formance comparison between the proposed PV inverter using different number of

cells may help to find out how to optimize the proposed PV inverter.

1.3 Dissertation Outline

The main body of this dissertation is divided into seven Chapters with one Appendix.

The Chapters of the dissertation deal with the main ideas of the research efforts. A list

of publications and achievements follows after the last Chapter.

• Chapter 1 provides an introduction of the research topic that is explained in this

dissertation. It starts with the research background that describes the development

of PV energy, indicates the problems that the conventional two- or three-level PV

12
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inverters are facing, and introduces the concept of MMCC. Research objectives follow

the above section, which are carried out to solve the problems describe above. In the

end, this Chapter offers an outline of the entire dissertation, where the main content

of each Chapter is summarized for the convenience of readers.

• Chapter 2 provides a detailed literature review of all the individual research topics

which are discussed in each Chapter, including PV inverters, LVRT capability of

MMCC inverters, and decreasing the cost and loss of MMCC inverters. The necessity

of the research in this dissertation is revealed by the end of this Chapter.

• Chapter 3 presents the novel three-phase PV inverter for utility-scale PV systems

using multiple bidirectional choppers in detail. The circuit configuration, the oper-

ation principles, and the current control method based on three-phase d-q-0 trans-

formation are explained with figures and theoretical equations. A new DC-capacitor

voltage initial charging method is also proposed in this Chapter. The experimental

verification is conducted using a downscaled model and the waveforms of the ini-

tial charging and different operational cases are shown. In the end, the remaining

problem is discussed.

• Chapter 4 proposes a new individual phase current control instead of the three-

phase current control introduced in Chapter 3 to solve the problem describe in the

above Chapter. The new current control method is explained with block diagrams

and theoretical equations. Similar to Chapter 3, the experimental verification is

carried out using the same downscaled model to prove the reliability of the new cur-

rent control method and the waveforms in different operation situations are shown.

In addition, the loss breakdown and the efficiency comparison between the proposed

PV inverter and the conventional three-level T-type inverter are also performed the-

oretically. In the end, the THD (total harmonic distortion) performance and the

efficiency of the downscaled model are shown.

• Chapter 5 presents the LVRT capability of the proposed PV inverter under the SLG

(single-line-to-ground) and 3P (three-phase) faults. A theoretical analysis focusing

on the LVRT behaviors of the proposed inverter, which includes the capacitor voltage

fluctuation, the reason for the overmodulation and the current spikes, and the limit

of the LVRT capability/safety operation zone under the SLG fault is also provided.

13
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Since the analysis under the 3P can be done similar, it is left out in this dissertation.

The LVRT capability is tested using the same downscaled model with a new AC

power supply that can simulate the fault situations. The waveforms under different

fault are shown and the comparison with the theoretical analysis results proves the

reliability of the theoretical analysis.

• Chapter 6 compares the performance of the proposed PV inverter with two chopper

cells and three chopper cells in terms of loss, efficiency, THD performance, and

experimental performance during steady and fault states to evaluate the chopper-

cell number. The comparisons are based on theoretical calculation and experimental

verification. The main purpose of this Chapter is to optimize the performance of the

proposed PV inverter in practical application.

• Chapter 7 conclude the entire research work and summarized all the results achieved

in the previous Chapters. In addition, some future works are provided for the con-

venience of subsequent researchers.

14



Chapter 2

Literature Review

With the development of PV systems, the conventional two- or three-level inverters intro-

duced in Chapter 1 are facing problems to satisfy the systems requirement. To solve the

problems, different kinds of PV inverters have been studied. Each of them has different

topology and unique application. However, they are not suitable to the application case

in this dissertation, which is a utility-scale (1.5-kVdc) grid-connected PV system with a

AC grid voltage of 6.6 kV.

This Chapter will provide a detailed literature review of all the research topics that will

be discussed in the following Chapters. Specifically, it will start with a review of different

PV inverter topologies to explain the necessity of the PV inverter topology proposed in

this dissertation. Afterward, the importance of LVRT capability of the MMCC based

inverter will be presented. Finally, some efforts on optimizing the MMCC systems will be

demonstrated.

2.1 Topologies of PV Inverters

Basically, the PV inverters are classified into two types based on the power processing

stages [47]:

• Single-stage inverters;

• Multiple-stage inverters.

As shown in Fig. 2.1, there is only one power processing stage in the single-stage inverter,

whereas there are more than one power processing stage in the multiple-stage inverter. In
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Figure 2.1: PV inverter types: a) single-stage inverter, b) multiple-stage inverter.
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Figure 2.2: HERIC topology.

addition, surveys reveal that these two types of PV inverters are developed in different

ways to adapt the change of the PV systems.

2.1.1 Single-stage Inverters

Because most topologies of the single-stage inverters are based on the conventional two-

or three-level inverters [48], it is hard for them to widen the range of DC input voltage,

which means it is hard to widen the MPPT range. Even though some single-stage boost

or buck-boost inverter topologies proposed in [49]–[52] can amplify the DC input voltage

for MPPT, these type of single-stage inverters still suffers from narrow range of DC input

voltage, lower power capacity, and low power quality [48]. Therefore, a large amount of

research has been carried out to increase the efficiency and the circuit reliability of the

single-stage inverter. For example, the line frequency transformer is removed from the

single-stage inverter because it accounts for 2% of the total loss at peak efficiency and

a large part of the the inverter’s weight [53]. One of the famous single-stage inverter

topologies is know as HERIC (high efficient and reliable inverter concept) topology [54],

which is shown in Fig. 2.2. S5 is on in the positive half cycle of the grid voltage and off in

the negative half cycle of it, whereas S6 is off in the positive half cycle of the grid voltage
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Figure 2.3: H5 topology.

and on in the negative half cycle of it. By this operational principle, the output current

on the AC (grid) side during the current free-wheeling period will not flow in the diodes

of the H-bridge inverter on the DC side, which means that the DC (PV) side is isolated

from the AC (grid) side during this period. Another famous single-stage inverter topology

is the H5 topology shown in Fig. 2.3 [54]. It is famous for its simple topology and can also

isolate the PV system from the grid during the current free-wheeling period. In Fig. 2.3,

S1 and S2 switch at grid frequency, while S3, S4, and S5 switch at higher frequency under

the PWM (pulse-width modulation) control. It is noteworthy that the switching of S5 is

synchronized with S3 and S4, which means that the PV system is isolated from the grid

during the current free-wheeling period.

In summary, most of the single-stage inverters have transformerless topologies to

achieve a higher frequency [55] and the topologies are of high reliability even without

the isolation provided by the transformer. However, these transformerless high-efficiency

single-stage PV inverters cannot be applied to the utility-scale PV systems because trans-

former is necessary to step-up the voltage of the PV systems to the voltage level of the

medium-voltage AC grids [56]–[58], e.g., 6.6 kV in Japan or 13.8 kV in US.

2.1.2 Multiple-stage Inverters

On the other hand, the multiple-stage inverters attached with front-end boost converters

can be applied instead of the single-stage inverters to widen the MPPT range [59]–[61].

The conventional non-isolated boost converters are widely used in utility-scale PV systems

(e.g., in [30]), whereas the introduction of the boost converters may result in increased
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Figure 2.5: Gradational voltage inverter.

cost and loss. A method of applying string mini-boost converters at the input of the

PV inverter was presented to widen the available MPPT range [62]. Specifically, the

mini-boost converters are applied to every string of the PV array and boost the different

DC input voltages of each PV array to the same voltage, which is acceptable for the

PV inverter input. However, this may increase the complexity of the control of the entire

system, especially in utility-scale PV systems with many strings. DAB (dual-active-bridge)

converters have also been applied to some PV systems owing to their high efficiency, small

size, and flexible connection [63]–[65]. However, the DAB converter is also connected with

a DC-AC inverter as a part of a multiple-stage inverter as shown in Fig. 2.4, which will

sacrifice the high efficiency and the flexibility of the DAB converters. In addition, the

implementation would be more difficult as the system scales up.
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Table 2.1: Differences between gradational voltage inverter and proposed PV inverter.

Gradational voltage inverter Proposed PV inverter
Cell structure 1 bridge cell Multiple chopper cells
Neutral line No Yes

Main conv. control method SVPWM Fixed duty
Aux. conv. control method SVPWM Phase-shifted PWM

Main conv. switching frequency 1 kHz 50Hz
Aux. conv. switching frequency 10 kHz 7.2 kHz

2.1.3 Gradational Voltage Inverters

An MMCC based single-stage inverter is proposed by Mitsubishi Electric [66] and the cir-

cuit configuration is shown in Fig. 2.5. In this inverter, a bridge cell is cascaded connected

to a conventional two-level inverter (main converter) in each phase. The bridge cell works

as an auxiliary converter switching at a higher frequency, which can decrease the high

frequency harmonics components. In addition, the SVPWM (space-vector pulse-width

modulation) control is used. The main idea of the PV inverter proposed in this disserta-

tion is similar to this gradational voltage inverter. However, there are many differences

between them, which are concluded in the following table. The detail of the content in

Table 2.1 will be illustrated later.

In order to widen the MPPT range and achieve the high efficiency at the same time, a

new single-stage three-phase utility-scale MMCC technology based PV inverter is proposed

in this dissertation. It is composed of a three-phase inverter and a three-phase line-

frequency transformer with a three-limb core working as a step-up transformer for grid

connection. The inverter is composed of a main converter, which is a bidirectional chopper,

and an auxiliary converter, which is composed of multiple chopper cells. The detail of it

will be described in Chapters 3 and 4.

2.2 LVRT Capability of MMCC Topologies

The LVRT capability of the MMCC topologies is always an issue for the MMCC recti-

fiers/inverters because of their complex operation principles and controls. It is required

that the MMCC rectifiers/inverters should be able to maintain the grid-connected oper-

ation for several fundamental cycles during the fault and restore the normal operation

after the fault is cleared. However, the floating capacitor in the cells may suffer from
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overvoltage/undervoltage during the fault which may result in the destruction of power

devices and/or operational failures. Similarly, the potential overcurrent during the fault

may cause damage to power devices, especially the MOSFETs (metal-oxide-semiconductor

field-effect transistors) and the IGBTs [45], [46]. Among these problems, the unbalance

between the DC-capacitor voltages of each phase cluster of the MMCC during the grid

faults attracts most concerns [67]–[71].

So far, a significant amount of research has been carried out for verifying the LVRT

capability of various MMCC inverters. A combination of ZSV (zero-sequence voltage)

injection and NSC (negative-sequence current) injection was proposed in [72] for the

MMCC-SSBC to regulate each capacitor voltage during the grid fault. Specifically, the

MMCC-SSBC is used as a STATCOM in [72]. By the specific ZSV and NSC injection,

the modulation index and the output peak current can be limited so that over-modulation

and overcurrent will not happen while the control is trying to balance the DC-capacitor

voltages.

In [73], the LVRT capability was studied for MMCC-SDBC. A flexible DC-capacitor

voltage balancing control was proposed to improve the LVRT capability of MMCC-SDBC

in the DERs (distributed energy resources) systems. By adjusting the proportion of NSC

and ZSC (zero-sequence current) in the injection current, the MMCC-SDBC is able to

operate under unbalance power condition caused by the grid faults. In addition, it is

shown by the comparisons that the LVRT capability of MMCC-SDBC is worse than that

of MMCC-SSBC, even though the balancing capability of MMCC-SDBC is better.

In [74], the LVRT capability was studied for HCC (hybrid cascade converter). The

HCC topology is shown in Fig. 2.6 and bridge cells shown in Fig. 1.7e are used in the cell

blocks. By replacing some of bridge cells in SSBC with a three-phase two-level cell, the

switching loss of HCC was reduced significantly compared with that of SSBC. In addition,

a new control block was added to the previous control and the LVRT capability of the

HCC was proved well.

Since the proposed inverter is based on the MMCC technology, i.e., using the cascaded

bidirectional chopper cells, the LVRT capability of it under the grid faults should be

addressed for improving the reliability of the inverter. It is also necessary to check out

whether the proposed DC-capacitor voltage control is able to handle the voltage fluctuation

caused by the unbalance power during the grid faults.
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2.3 Loss and Cost Decreasing of MMCC Topologies

Generally speaking, the selection of the cascaded cell (submodule) number of the MMCCs

is crucial. When the MMCCs are applied to high-voltage applications such as HVDC

systems, the required cell number is mainly determined by the required voltage levels, and

the number of cells can reach several hundreds, which eventually increases the cost and

volume of the converter [32], [75].

A significant amount of research has been carried out to reduce the cost and volume

of the MMCCs. Among them, some new MMCC topologies are proposed. The HCC

topology introduced above [74] is also a topology to reduce the cost and volume of the

SSBC topology. In addition, the switching loss is greatly reduced without sacrificing the

output performance. Another new MMCC topology is used in [76] as an active power

filter. The new topology is similar to that of SSBC except that the chopper cells are used

instead of bridge cells, which can save half of the switches for each cell. In addition, one of

the phase cluster is replaced by a capacitor. By using this three-phase two-leg topology,

the cost and volume of the converter could be reduced significantly. However, it sacrifices

the performance of the active filter and large size inductors need to be used. In addition,

this work stops at the simulation stage.

SiC based MMCC are used for HVDC in [77]. By using SiC devices, capacitance of

the chopper cells decreased by 17%. SiC devices are famous for their high efficiency and

the calculation showed that about 50% semiconductor loss reduction was achieved. The

volume of submodule decreased by 21% and the weight decreased by 14%. However, the

price of the SiC device is usually twice or three times of that of the IGBT.

A capacitor voltage oscillation reduction method by using third-order harmonic ZSC is

proposed for MMCC-SDBC in [78]. As a result, the required capacitance and the capacitor

bank volume decreased by 20% without increasing the semiconductor loss. However, this

work also only proceeded to the theoretical stage.

In summary, so many efforts have been made to reduce the cost and volume of the

MMCC converters without sacrificing the advantages of the MMCC topologies. Therefore,

it is necessary to find out whether the proposed PV inverter can be optimized by reducing

the cost and volume of it. The detail of it will be described in Chapter 6.
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2.4 Conclusion

This Chapter provides a literature review on all the topics that will be discussed in the

following Chapters. The overview of the PV inverter topologies reveals the necessity of

the PV inverter proposed in this dissertation. The introduction of the LVRT capability

of the MMCC rectifiers/inverters emphasizes that the LVRT capability of the proposed

PVinverter under the grid faults should be addressed for improving the reliability of the

inverter. The summary of other efforts in reducing the cost and volume of the MMCC

leads to the content of Chapter 6, which is the evaluation of cell number used in the

proposed PV inverter.
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Chapter 3

Three-phase PV Inverter with

Conventional d-q-0 Control

This Chapter will present the proposed single-stage three-phase inverter for utility-scale

PV systems where multiple cascaded bidirectional choppers and a three-phase line-frequency

transformer transformer with a three-limb core are used. The circuit configuration and

the operation principles are explained in detail with figures and mathematical equations.

The conventional control method based on three-phase d-q-0 transformation, which is the

first proposed control method of this PV inverter, is also illustrated. The validity of the

circuit configuration, the operation principles, and the control method are verified by the

simulation in the software PSCAD® first and the experimental verifications are carried

out using a downscaled model, finally.

3.1 Proposed Circuit Configuration

The circuit configuration of the proposed three-phase PV inverter is shown as Fig. 3.1.

It is composed of a three-phase inverter and a three-phase line-frequency transformer

with a three-limb core working as a step-up transformer for grid connection. Since three

phases share the same circuit configuration and control method, the following explanation

will focus on the u-phase inverter. The inverter is composed of a main converter, which

is equivalent to a single bidirectional chopper, and an auxiliary converter, which is com-

posed of multiple cascaded connected bidirectional chopper cells. Unlike the multiple-stage

inverter, neither the main converter nor the auxiliary converter can work independently.
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Figure 3.1: Circuit configuration of three-phase PV inverter based on multiple bidirectional
choppers for utility-scale PV systems.

Therefore, the proposed inverter is still a single-stage inverter. The number of the chopper

cells could be set to any natural number and was set to N = 3 in Chapter 3 and Chapter 4.

The main converter switches at a frequency of 50Hz to match the grid frequency, whereas

each chopper cell of the auxiliary converter switches at a much higher frequency, e.g.,

7.2 kHz in Chapters 3 and Chapter 4, and behave as an active-power-filter to reduce the

high-frequency harmonic components. The phase-shifted PWM is applied to the auxiliary

converter to reduce the harmonic voltage/current. The AC output side of the inverter

is connected to the secondary side of the three-phase transformer with a three-limb core

via an AC-link inductor. The primary side (i.e., grid side) of the three-phase transformer

is in ∆ connection and the secondary side (i.e., inverter side) is in Y connection. Nor-

mally, the ∆ connection side is the low voltage side and the the Y connection side is the

high voltage side. However, there is no route for DC current in ∆ connection structure.

Therefore, the DC side has to be in Y connection structure. On the other hand, the ∆

connection structure is necessary for the third-order harmonics current to achieve a si-

nusoidal flux waveform because of the hysteresis loop of the three-limb core. Therefore,

the Y-∆ connection with neutral line on the secondary side is applied to the proposed

inverter. The Y-Y connection with neutral line on the secondary side is also available for
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steady-state operation. However, there will be no route for third-order harmonic if the

inverter stops switching, which will happen at the moment before disconnection from the

grid. Therefore, it is not applied to the proposed circuit.

The proposed circuit of the three-phase inverter is based on the one presented in [79],

but the neutral terminal of the Y-connected windings, O, is directly connected to the

negative terminal of the PV array, N, while it is floated in [79]. The proposed circuit is

characterized in that a DC current flows to the mid-point of the transformer for boost

operation, while it does not affect the transformer operation because it corresponds to

the ZSC in the three-phase circuit. Specifically, the three-limb core has an infinite mag-

netic impedance against the electromagnetic force produced by the DC current ideally.

Therefore, the DC current has no effect on the transformer operation. As a result, the

inverter voltage could rise to
√
3 times that of the conventional 2- or 3-level inverter with

the same DC input voltage. In addition, the DC current will be used for the control

of each DC-capacitor voltage. The AC inductor could be eliminated from the circuit if

the leakage inductance is large enough. As a result, a smaller RMS current and a wider

available MPPT range could be satisfied simultaneously by the proposed inverter circuit.

Furthermore, owing to the direct connection between the negative terminal of the PV ar-

ray and the ground, no high-frequency circulating current flows via the stray capacitance,

which makes the parallel operation of the inverters easier. In summary, the proposed

inverter can achieve boost operation and zero circulating current simultaneously, which is

not achievable by the conventional inverter such as the Z-source inverter [80], where only

boost operation is achievable.

The variables in Fig. 3.1 are described as follows. E is the DC voltage corresponding

to the PV array voltage, vMu is the main converter output voltage, vCu1 and vCuN are

the DC-capacitor voltages, vAu is the auxiliary converter output voltage, vconu is the

inverter line-to-neutral output voltage, vu2 is the line-to-neutral secondary voltage of the

transformer, vuw1 is the line-to-line grid voltage, iinu is the DC input current, in is the

neutral current, iu1 is the grid current and iu2 is the inductor current. The phases of vuw1

and vu2 are the same with the assumption that an ideal transformer is used.
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3.2 Operation Principles

Because the operation principles of the three phases are identical, only those of the u-phase

inverter will be described in this section. It is noteworthy that the operation principles

explained in Section 3.1 are based on the cases where active power control is implemented.

In reactive power control cases, some of the principles could be broken. Since it is not

the main point of this dissertation, the explanation of reactive power control operation

principles is not included. In active power control cases, the following assumptions are

made.

• The voltage of the inductor including the leakage inductance, the on-state voltage,

and the resistance and inductance of the leading wires are zero;

• The fundamental-frequency component in iu2 is in phase with that in vu2;

• Switching-ripple components in vAu and iu2 are zero.

The following equation is obtained when the first assumption holds true:

vAu = vMu − vconu = vMu − vu2. (3.1)

In (3.1), vu2 is given by

vu2 =
√
2Vac cos θ =

√
2Vac cos 2πfSMt, (3.2)

where Vac is the RMS value of the line-to-neutral secondary voltage and fSM is the grid

frequency (50Hz). It is noteworthy that Vac is obtained as

Vac = Vd/
√
3, (3.3)

where Vd is the d-axis component of the transformer secondary voltage used in PLL (Phase

locked loop), and it is a constant in this study. Further, Vac is expressed as

Vac = Vgrid/(
√
3a), (3.4)

where Vgrid is the RMS value of the grid line-to-line voltage and a is the transformer

voltage ratio. With the second assumption, the inverter could achieve unity-power-factor
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Figure 3.2: Ideal u-phase voltage and current waveforms of Fig. 3.1 circuit with ZCS.

operation. The third assumption could be satisfied by increasing the number of the chopper

cells and/or the switching frequency. The ideal voltage and current waveforms of the u-

phase inverter are shown in Fig. 3.2 with the three assumptions above, where the ZCS

(zero-current switching) is achieved in the main converter. On the other hand, the voltage

and current waveforms without the ZCS are shown in Fig. 3.3. The difference between

them will be explained in the following subsections.

3.2.1 Operation Principles of Main Converter

The main converter voltage, vMu, is a 50-Hz square-wave voltage, where the fundamental-

frequency component is in phase with vu2 whereas their amplitudes are different from each
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Figure 3.3: Ideal u-phase voltage and current waveforms of Fig. 3.1 circuit without ZCS.
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other. Specifically, vMu is given by

vMu =


E (0 ≤ θ ≤ π

2 + α, 3π2 − α ≤ θ ≤ 2π)

0 (π2 + α < θ < 3π
2 − α),

(3.5)

where α is the turn-on (turn-off) angle of the main converter.

Furthermore, the relationship vAu ≥ 0 should always hold because a chopper cell can

only produce a voltage that is equal to or higher than zero. With (3.1), (3.2), (3.5), and

the relationship vAu ≥ 0, E and α should satisfy the following relationships:

E ≥
√
2Vac, (3.6)

0 ≤ α ≤ π

2
. (3.7)

According to (3.6), the minimum DC input voltage, Emin, is expressed by

Emin =
√
2Vac. (3.8)

It should be noted that there is no upper limit of E as long as it is lower than the voltage

ratings of the power devices in the inverter circuit.

On the other hand, α could be any value as long as (3.7) holds. In Chapter 3 and

Chapter 4, α is set according to (3.22) when (3.6) and (3.23) hold for achieving the ZCS

of the power devices used in the main converter and it is set to zero when (3.24) holds for

minimizing the converter loss, where ZCS is not achievable. The detailed explanation will

be provided in the following subsections.

3.2.2 Operating Principles of Auxiliary Converter

According to (3.1), (3.2), and (3.5), vAu is derived as

vAu =


E −

√
2Vac cos θ (0 ≤ θ ≤ π

2 + α, 3π2 − α ≤ θ ≤ 2π)

−
√
2Vac cos θ (π2 + α < θ < 3π

2 − α).

(3.9)
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The maximum value of vAu, (vAu)max, is obtained from (3.9) and Fig. 3.2 as

(vAu)max = E +
√
2Vac sinα. (3.10)

It is obvious from (3.10) and Fig. 3.2 that the minimum DC-capacitor voltage, vCmin,

should satisfy the following relationship:

vCmin ≥ (E +
√
2Vac sinα)/N, (3.11)

where N is the number of chopper cells per phase. vAu is the sum of the high-frequency

component, (vAu)ripple, the DC component, (vAu)dc, and the fundamental-frequency com-

ponent, (vAu)50Hz, which is shown as

vAu = (vAu)ripple + (vAu)dc + (vAu)50Hz. (3.12)

(vAu)ripple corresponds to the harmonic components included in vMu. In other words, the

auxiliary converter works as a series-type active power filter to reduce the high-frequency

components in vconu. From (3.1) and (3.2), (vAu)dc equals the DC component included in

vMu:

(vAu)dc =
1

2π

∫ 2π

0
vMu dθ = E(

1

2
+

α

π
). (3.13)

Meanwhile, equations (3.1) and (3.2) show that (vAu)50Hz is given by a difference between

the fundamental frequency components included in vMu, (vMu)50Hz, and vu2. (vMu)50Hz is

calculated from (3.5) as follows:

(vMu)50Hz = (
1

π

∫ 2π

0
vMu sinϕdϕ) cos θ =

2E

π
cosα cos θ. (3.14)

From (3.1), (3.2) and (3.14), (vAu)50Hz is derived as

(vAu)50Hz = (
2E

π
cosα−

√
2Vac) cos θ. (3.15)

Equations (3.2) and (3.15) imply that (vAu)50Hz is in phase with vu2 or 180◦ out of phase

with each other which depends on the values of E, α and Vac.
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3.2.3 Derivation of α

In this dissertation, the DC input voltage is considered to be low if (3.6) and (3.23) hold,

and it is considered to be high if (3.24) holds.

3.2.3.1 Case of Low DC Input Voltage

The coefficient of (vAu)50Hz given by (3.15) is negative when the following relationship

holds:

E ≤
√
2πVac

2 cosα . (3.16)

It is evident from (3.2), (3.15) and (3.16) that (vAu)50Hz and vu2 are 180◦ out of phase

with each other, and the fundamental-frequency component of iu2 is in phase with vu2

based on the third assumption above. Therefore, the product of vu2 and the fundamental-

frequency component in iu2 produces negative power. This implies that positive power

must be produced between (vAu)dc and the DC component in iu2 for the power balance in

each chopper. As a result, iu2 is expressed as

iu2 =
√
2Iac cos θ + Idc, (3.17)

where Iac is the RMS value of the fundamental-frequency component and Idc represents

the DC component (Idc > 0). A method of calculating the value of α to achieve the ZCS

of the main converter will be explained in the following. If the DC input current iinu is

zero at π + α and 2π − α as shown in Fig. 3.2, the ZCS of the power devices used in the

main converter is achieved. The following equation holds between Idc and Iac because the

relationship iu2(θ) |θ=π+α= 0 holds in (3.17).

Idc =
√
2Iac sinα. (3.18)
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The DC input power of u-phase, Pinu, is calculated as

Pinu =
1

2π

∫ 2π

0
Eiinu dθ

=
1

2π

∫ π+α

−α
E(

√
2Iac cos θ + Idc) dθ

=
1

2π

∫ π+α

−α
E(

√
2Iac cos θ +

√
2Iac sinα) dθ

=
√
2EIac(

cosα
π

+
π + 2α

2π
sinα). (3.19)

On the other hand, the AC output power of u-phase is obtained from (3.2) and (3.17) as

Poutu = VacIac. (3.20)

The relationship Pinu = Poutu is always true in steady-state conditions so that the following

equation is obtained as

√
2EIac(

cosα
π

+
π + 2α

2π
sinα) = VacIac. (3.21)

α is obtained by solving (3.21) with the reasonable approximations of sinα ∼= α and

cosα ∼= 1− α2

2 as

α = −π

2
+

1

2

√
π2 − 8 + 4π

√
2Vac
E

, (3.22)

where (3.7) is considered. Equation (3.22) indicates that the value of α is determined

by Vac and E and irrelevant to power (i.e., current). In (3.22), the following relationship

should hold to satisfy (3.7) as

−8 + 4π

√
2Vac
E

≥ 0

E ≤
√
2πVac
2

. (3.23)

In conclusion, the ZCS of the main converter can be achieved under the voltage ranges

given by (3.6) and (3.23).
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3.2.3.2 Case of High DC Input Voltage

The coefficient of (vAu)50Hz given by (3.15) is positive when the following relationship

holds:

E ≥
√
2πVac
2

. (3.24)

When the DC input voltage is high, Idc in (3.17) should be negative to achieve Pin = Pout.

Fig. 3.3 shows the ideal u-phase voltage and current waveforms when (3.24) holds where

the ZCS cannot be achieved because of the negative value of Idc. In this case, the value

of α could be set to any value specified by (3.7). On the other hand, it is obvious from

Fig. 3.3 that the increased α results in the increased absolute value of Idc, which increases

the conduction loss and the switching loss of the inverter. Hence, α is set to zero when E

is specified by (3.24) to minimize Idc. The following will describe how to derive Idc when

(3.24) and α = 0 holds. When the ZCS is not achievable, the relationship (3.18) no longer

holds, and it is changed to:

Idc = kIac, (3.25)

where k is the variable describing the ratio between Idc and Iac, and the conclusion that

k is negative could be obtained by logical analysis. It is clear that Idc = 0 is true at the

edge case of low DC input voltage and high DC input voltage, which also means that

k = 0 holds according to (3.25). As E becomes larger in the high DC input voltage case, k

has to become negative to maintain the power balance between the input and the output

power according to (3.26) and (3.20). The following mathematical analysis will yield the

same conclusion, which is described by (3.24) and (3.29). With k defined by (3.25), (3.19)

is changed to

Pinu =
1

2π

∫ 2π

0
Eiinu dθ

=
1

2π

∫ π+α

−α
E(

√
2Iac cos θ + Idc) dθ

=
1

2π

∫ π+α

−α
E(

√
2Iac cos θ + kIac) dθ

= EIac(

√
2 cosα
π

+
k(π + 2α)

2π
). (3.26)
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According to (3.20), (3.21) is changed to

EIac(

√
2 cosα
π

+
k(π + 2α)

2π
) = VacIac. (3.27)

α could be obtained by solving (3.27) using the same approximations for solving (3.21).

Finally, α is obtained as

α =
k√
2
+

√
k2

2
+

√
2kπ

2
+ 2−

√
2πVac
E

. (3.28)

Since α = 0 should hold in order to reduce the loss of the inverter as mentioned above,

the value of k could be obtained from (3.28) as

k =
2Vac
E

− 2
√
2

π
, (3.29)

Thus, the value of Idc is obtained from (3.25) and (3.29) as

Idc = (
2Vac
E

− 2
√
2

π
)Iac. (3.30)

3.2.3.3 Conclusion

Concluding from the analysis above, the value of α and Idc can be derived as:

α =


−π

2 + 1
2

√
π2 − 8 + 4π

√
2Vac
E (ZCS achievable)

0 (ZCS not achievable),
(3.31)

Idc =
2πIac
π + 2α

(
Vac
E

−
√
2

π
cosα). (3.32)

3.2.4 Comparison of Minimum DC Input Voltage

It is known that the conventional two- or three-level three-phase PWM inverter produces

the maximum line-to-neutral voltage of 0.5E without the ZSV injection. With the ZSV

injection, it can be increased to 2/
√
3(= 1.15) times of 0.5E. Therefore, the relationship

between the minimum DC input voltage of the two- or three-level PWM inverter and the
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grid voltage with the ZSV injection is shown as

Emin =
√
6Vac. (3.33)

Meanwhile, the following relationship holds in the inverter presented in [79]:

Emin =

√
2πVac
2

. (3.34)

Equations (3.8), (3.33), and (3.34) indicate that the DC input voltage can be reduced to

1/
√
3 times compared with the conventional two- or three-level PWM inverter and reduced

to 2/π times compared with the inverter presented in [79] under the same value of Vac,

which widens the MPPT range.

3.3 Control Method

The control of the main converter is composed of feedforward control of DM, which is

the duty ratio of the upper power devices (e.g., Su1 in Fig. 3.1), and it is common to all

phases.

On the other hand, the control of the auxiliary converter is composed of the following

sub-controls:

• DC-capacitor voltage control

• Inductor current control

3.3.1 Feedforward Control of DM

The following relationship holds between DM and α given by (3.31) as

DM =
π + 2α

2π
= 0.5 + α/π. (3.35)

Equations (3.31) and (3.35) indicate that DM is given by the feedforward control, where

Vac and E are the input signals. Vac is calculated using the detected grid voltage. As

mentioned in the previous section, the ZCS of the power devices used in the main converter

can be achieved under the voltage ranges expressed by (3.6) and (3.23) with α given as

(3.31). Different DC input voltages and AC grid voltages will lead to different duty cycles.
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E

Vac

p∗

Eq.(3.31)

1/3Vac

α Eq.(3.32)

Iac
i∗dc

vCuAvg

vCvAvg

vCwAvg

MAF

MAF

MAF

1/3

1/3

vCAvg

V ∗

C

PI

PI

PI

PI

− cos θ

− cos (θ − 2π/3)

− cos (θ − 4π/3)

i∗z0

i∗zp

i∗z

(vCu)dc

(vCv)dc

(vCw)dc

(vCAvg)dc

Figure 3.4: Block diagram of overall voltage control and cluster balancing control.

It is noteworthy that DM will always be 0.5 when the relationship (3.24) holds because α

is always set to zero in this range.

3.3.2 DC-capacitor Voltage Control

The DC-capacitor voltage control comprises the following three parts:

• Overall voltage control

• Cluster balancing control

• Individual balancing control
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v∗conu

v∗Mu

v∗Au
1/N

v∗Auj

(j: 1−N)

vCuj

vCuAvg

PI

iu2 sgn

Figure 3.5: Block diagram of output voltage calculation for u-phase cell including individ-
ual balancing control.

Fig. 3.4 shows the control block diagram of the overall voltage control and the cluster

balancing control. Fig. 3.5 shows that of the individual balancing control. The overall

voltage control is achieved using the DC component in the zero-sequence current iz, and

the cluster balancing control is achieved by adjusting the amplitude and phase of the

fundamental-frequency AC component in iz. The following relationship holds between iz

and the neutral current in:

iz =
in
3

=
iu2 + iv2 + iw2

3
. (3.36)

3.3.2.1 Overall Voltage Control

The role of the overall voltage control is to regulate the arithmetic average value of all

the DC-capacitor voltages used in the auxiliary converters, vCAvg, to its reference value

V ∗
C , and this can be achieved by superimposing the DC-ZSC, iz0, to the inductor currents.

The variation of iz0 is expressed as ∆iz0 and the variation of the DC input power ∆Pinu

originating from ∆iz0 is given by

∆Pinu = DME∆iz0. (3.37)

Meanwhile, iz0 forms no active power with vu2, which is the secondary line-to-neutral

voltage of the transformer, because the former is DC current and the latter is AC voltage.

In other words, the AC output power of the converter is not affected by iz0, whereas it
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can adjust the DC input power. Consequently, vCAvg increases when the DC input power

is larger than the AC output power, and decreases when the DC input power is smaller

than the AC output power.

3.3.2.2 Cluster Balancing Control

The role of the cluster balancing control is to regulate the DC component of arithmetic

average value of the DC-capacitor voltages used in the auxiliary converter of each phase,

(vCu)dc, (vCv)dc, (vCw)dc, to their reference value (vCAvg)dc, and this can be achieved

by superimposing the zero-sequence fundamental-frequency current, izp, to the inductor

currents. Specifically, the difference of (vCAvg)dc and (vCu)dc (i.e., (vCAvg)dc − (vCu)dc) is

given as the input signal for the PI (proportional-integral) controller of u-phase as shown

in Fig. 3.4. Then, the output signals of the three PI controllers are multiplied by − cos θ,

− cos (θ − 2π/3), or − cos (θ − 4π/3), respectively, and i∗zp, which is the reference for izp,

is formed by summing them up. It should be noted that − cos θ is out of phase with vu2 by

180◦, and there are no AC components included in (vCu)dc, (vCv)dc, and (vCw)dc because

they are eliminated by applying moving average filters of 50Hz.

Specifically, if (vCAvg)dc > (vCu)dc and izp contains the − cos θ component, izp and

(vAu)50Hz given by (3.15) forms positive active power, thereby increasing (vCAvg)dc. A

similar technique can also be applied to MMCC-SDBC . It is noteworthy that izp produces

no effect on the transformer operation because it is ZSC. As a result, the primary currents

of the transformer are balanced whereas the AC secondary currents are unbalanced due

to the cluster balancing control.

3.3.2.3 Individual Balancing Control

The role of the individual balancing control is to achieve the balancing of the AC-capacitor

voltages used in each auxiliary converter, and it can be achieved by adjusting the amplitude

of output voltage of each cell appropriately according to the polarity of the converter

current. Fig. 3.5 shows the control block diagram for the individual balancing control,

where“sgn”means a sign function that produces +1 when iu2 ≥ 0 and −1 when iu2 < 0.

A similar technique is used for MMCC in [81].
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√
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ωL

dq

3φ

v∗u2 v∗conu
v∗conv
v∗conw

iu2
iv2
iw2

3φ

dq

id

iq

PI

PI

v∗z

in
1/3

iz

i∗z
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Figure 3.6: Block diagram of current control.

3.3.2.4 Inductor Current Control

Fig. 3.6 shows the control block diagram for the inductor current control, where p∗ and

q∗ are the reference values for instantaneous active and reactive power of three phases,

respectively, i∗d and i∗q are the reference values for d- and q-axis currents, respectively, a

is the voltage ratio of the transformer, ω (= 2πfSM) is the grid radius frequency. The

inductor current control is based on the conventional decoupled current control using d-q

transformation including the zero-sequence current control. Consequently, the reference

for the converter output line-to-neutral voltage, v∗conu,v,w, is the sum of v∗u2,v2,w2, which

is the reference for the positive-sequence voltage, and v∗z , which is the reference for the

zero-sequence voltage that is common to three phases.

According to Fig. 3.4, the reference for the zero-sequence current i∗z comprises the

following three components:

• DC reference current i∗dc given by feedforward control

• DC reference current i∗z0 given by overall voltage control

• AC reference current i∗zp given by cluster balancing control

Hence, i∗z is represented by

i∗z = i∗dc + i∗z0 + i∗zp, (3.38)
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where i∗dc is the reference value of Idc and obtained by substituting the relationship

Iac = i∗d⁄
√
3 into (3.32). The role of the feedforward control is to improve the transient

performance of the converter under a steep change in p∗.

3.3.2.5 Output Voltage Calculation of Auxiliary Converter

The block diagram of the output voltage calculation for the u-phase cells is shown in

Fig. 3.5. As shown in (3.12), the auxiliary converter produces the harmonic voltage, DC

voltage, and the fundamental-frequency voltage simultaneously. Specifically, the reference

for the u-phase output voltage of the auxiliary converter, v∗Au, is given by

v∗Au = v∗Mu − v∗conu, (3.39)

where v∗Mu is calculated based on the detected DC input voltage E and the switching

signals of the main converter. The output voltage of each cell is the sum of v∗Au/N and

the voltage component produced by the individual balancing control as v∗Auj(j : 1 − N).

v∗Auj is normalized by the corresponding DC capacitor voltage vCuj. Then, it is compared

with the triangular waveforms with a maximum value of unity and a minimum value of

zero, where the phase-shifted PWM with an initial phase difference of 360◦⁄N is applied

to each cell.

3.4 Experimental Verification

3.4.1 Experimental Conditions

The photograph of the downscaled system used for experiments is shown in Fig. 3.7, and

the circuit parameters are summarized in Table 3.1. Considering the difficulty to build

a utility-scale PV system in a laboratory, the authors used this downscaled model and it

is reasonable because it will not affect the results of the experimental verification [82]–

[84]. It is notable that the AC power source shown in Fig. 3.7 has not been available

until Chapter 5. The reference for the d-axis current is set to i∗d = 16.7A for evaluating

the steady-state performance, which corresponds to p∗ = 1.7 kW. Meanwhile, it is set

to either i∗d = 16.7A or i∗d = 3.3A (i.e., p∗ = 0.3 kW) for evaluating the transient-state

performance. The reference for the q-axis current is set to i∗q = −1.73A in steady- and
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Table 3.1: Circuit parameters used for experiments.

D-axis current reference i∗d 16.7A or 3.3A
Q-axis current reference i∗q −1.73A (lagging)
Active power reference p∗ 1.7 kW or 0.3 kW

DC input voltage E 85V
Nominal grid voltage Vgrid 200V
Voltage ratio of Tr. a 200/100 = 2

Secondary voltage of Tr. Vac 58V
Inductor L 0.21mH

Leakage inductance of Tr. l 0.27mH
Chopper-cell number per phase N 3
DC-capacitor voltage reference V ∗

C 45V
Cell capacitor C 4.4mF

Carrier freq. (main conv.) fSM 50Hz
Carrier freq. (aux. conv.) fSA 7.2 kHz

transient-state conditions, which corresponds to the lagging reactive power. The DC input

voltage and the nominal line-to-line RMS grid voltage are E = 85 V and Vgrid = 200 V,

respectively. The voltage ratio of the transformer is set to a = 2 so that the secondary

line-to-neutral (phase) RMS voltage of the transformer is Vac = Vgrid/(
√
3a) = 58V. In

this case, the voltage ratio of E and
√
2Vac is given by

E :
√
2Vac = 85 : 82 = 1 : 0.97, (3.40)

which satisfies (3.6). The chopper-cell number per phase is set to N = 3, and the reference

for the DC-capacitor voltage is set to V ∗
C = 45V. It is notable that the initial charging

of the experiments in Chapter 3 is achieved by additional circuits. The initial charging

method without additional circuits will be introduced in Chapter 4. The capacitance

of the DC-capacitor used in each cell is set to C = 4.4mF, and the inductance is set to

L = 0.21mH. Hence, the total inductance including the leakage inductance of l = 0.27mH

is 0.48mH. The carrier frequencies of the main and auxiliary converters are set to fSM =

50Hz and fSA = 7.2 kHz, respectively. The dead time of the main and auxiliary converters

are both set to 4.0µs.

The control system comprises a DSP (digital signal processor) unit utilizing Texas

Instruments TMS320C6678 and a FPGA (field-programmable gate array) unit utilizing

Altera Cyclone IV. The voltage and current waveforms are measured using Textronics

DPO4104B-L with a frequency band of 1 GHz, Textronics TMDP0200 with a frequency
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Figure 3.7: Photograph of downscaled experiment system.

band of 200 MHz, Textronics TCP0030A with a frequency band of 120 MHz, and Hioki

Memory Hicoder 8861-50.

3.4.2 Steady-state Performance with d-q-0 Control

Fig. 3.8 shows the experimental waveforms under steady state, where the voltage and

current waveforms correspond to those shown in Fig. 3.1. The main converter voltage vMu

is formed by a 50-Hz square wave with the phase angle α = 0.28, which is slightly smaller

than a theoretical value of 0.3 obtained by substituting the circuit parameters summarized

in Table 3.1 into (3.22). The reason for this is that the actual values of E and Vac are

different from those summarized in Table 3.1.

The converter line-to-neutral voltage vconu corresponds to the voltage difference be-

tween vMu and the auxiliary converter voltage vAu, and it is a five-level multilevel wave-

form. The fundamental-frequency component in vconu is in phase with the supply line-to-

line voltage vuw1.

The inductor current iu2 contains the fundamental-frequency and DC components,
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Figure 3.8: Experimental waveforms under steady state where p∗ = 1.7 kW.
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and the RMS value of the fundamental-frequency component is Iac = 9.9A. Hence,

the three-phase output power is calculated from (3.20) as 3Poutu = 3 × 58V × 9.9A

= 1.723 kW. Meanwhile, substituting the circuit parameters summarized in Table 3.1

and the relationship α = 0.28 into (3.18) yields Idc = 3.87A, which is smaller than the

experimental result of 4.97A. This interesting phenomenon occurs because an additional

DC current is required for compensating the converter loss in the auxiliary converter. The

fundamental-frequency component in iu2 is in phase with that in vconu, and the power

factor is almost unity. The neutral current in is always positive and the DC component

is 15.3A. The DC component is the sum of the DC-ZSCs included in the three inductor

currents. Carefully looking into the dashed lines and the waveforms of vMu and iu2 reveal

that the ZCS of the power devices used in the main converter can be achieved. The grid

current iu1 is a sinusoidal waveform which leads iu2 by 30◦ due to the Y-∆ connection of

the transformer. The DC components of each DC capacitor voltage are regulated to the

reference value of 45V without any steady-state error.

3.4.3 Transient-state Performance with d-q-0 Control

Fig. 3.9 shows the experimental waveforms under transient state where the d-axis current

command i∗d was increased from 3.3A to 16.7A under a step change, which means that p∗

was increased from 0.3 kW to 1.7 kW. Fig. 3.10 shows the experimental DC-capacitor volt-

age waveforms with a longer duration (5 s) of measurement under the same experimental

condition as Fig. 3.9.

The amplitude of the fundamental-frequency component and the DC component in

the inductor current iu2 increased immediately after i∗d was increased from 3.3A to 16.7A

under a step change. The DC components in the neutral current in and the ZSC iz also

increased immediately after the change in i∗d, while an amount of 50-Hz component is

superimposed in in and iz as shown in Fig. 3.9. These 50-Hz components are related to

the cluster balancing control. The voltage unbalance occurs in vCu1, vCv1, and vCw1 in

terms of the DC components immediately after the change in i∗d as shown in Fig. 3.9.

For mitigating the voltage imbalance, the 50-Hz component is included in i∗zp as shown in

Fig. 3.4, and it appears in in and iz. In other words, the 50-Hz components play a role in

achieving the voltage balancing between the clusters. The grid current iu1 is a sinusoidal

waveform which leads iu2 by 30◦, and no overcurrent occurs during the transient state.
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Figure 3.9: Experimental waveforms where i∗d was changed from 3.3A to 16.7A under
step change.
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Figure 3.10: Experimental DC-capacitor voltage waveforms where i∗d was changed from
3.3A to 16.7A under step change in 5 seconds period.

Figs. 3.9 and 3.10 show that the voltage unbalance occurs in the DC-capacitor voltages

of each phase immediately after the change in i∗d. However, the DC-capacitor voltages of

each phase are balanced owing to the cluster balancing control without any overvoltage

or overcurrent in the end.

Fig. 3.11 shows the experimental waveforms under transient state where the d-axis

current command i∗d was decreased from 16.7A to 3.3A under a step change, which means

that p∗ was decreased from 1.7 kW to 0.3 kW. Fig. 3.12 shows the experimental DC-

capacitor voltage waveforms with a longer duration (5 s) of measurement under the same

experimental condition as Fig. 3.11. The waveforms are similar to those shown in Figs. 3.9

and 3.10, and the inverter exhibits good transient performance without any overvoltage

or overcurrent.

However, unbalance will happen among DC-capacitor voltages when E = 135V and

V ∗
C = 65V, which is shown as Fig. 3.13b. The DC-capacitor voltage of v-phase increased,

whereas that of u-phase is stable and that of w-phase decreased. Even though the indi-

vidual balance control works well in this case, it is verified that the d-q-0 control method

will make the DC-capacitor voltage of three phases unstable when the DC input voltage,
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Figure 3.11: Experimental waveforms where i∗d was changed from 16.7A to 3.3A under
step change.
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3.5. CONCLUSION

E, is in high DC input region. The borderline between the low and high DC input volt-

age region is 128V for the downscaled model, which can be obtained by substituting the

parameters in Table 3.1 into (3.16) and (3.24).

The reason for this unbalance is caused by the singular point, where E = 128V. The

power originating from i∗zp and vAu is shown as:

∆Puac = (vAu)50Hz ∗ i∗zp = (
2E

π
cosα−

√
2Vac) cos θ ∗ i∗zp. (3.41)

Because (vAu)50Hz is almost zero when the DC input voltage is around 128V, the perfor-

mance of the cluster balancing control is bad.

3.5 Conclusion

This Chapter provides a detailed introduction of the proposed three-phase PV inverter,

including the circuit configuration, the operation principle, and the d-q-0 control method.

The circuit configuration is composed of a three-phase inverter and a three-phase line-

frequency transformer with a three-limb core working as a step-up transformer for grid

connection. The inverter of each phase is composed of a main converter and an auxiliary

converter, which is composed of multiple cascaded connected bidirectional chopper cells.

With the MMCC based topology, a wider MPPT range can be achieved with a higher AC

output voltage, which can reduce the conduction loss. In addition, the multilevel output

of the inverter can also contribute to the reduction of the passive filter cost. Further,

because of the direct connection between the negative terminal of the PV array and the

ground, no high-frequency circulating current flows via the stray capacitance, which makes

the parallel operation of the inverters becomes easier.

However, the d-q-0 control method is not enough to stabilize the DC-capacitor voltages

when a high DC input voltage is imposed to the system. Therefore, another new control

method is necessary to be proposed to make the system stable in both low and high DC

input voltage region.
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Chapter 4

Individual Current Control and

Performance Verification of

Proposed Three-phase PV

Inverter

Although the control method based on d-q-0 transformation proposed in Chapter 3 works

well in the case of low DC input voltage, the DC-capacitor voltages becomes unbalanced in

the case of high DC input voltage, which is not suitable to the application of the proposed

inverter.

A new control method based on individual current control will be presented in this

Chapter. Since the operation principles do not change, only the new control methods

will be explained with block diagrams and equations. The performance of the proposed

inverter with the new control method will be verified using the same downscaled system. In

addition, the initial charging method for the DC-capacitor voltages will also be presented

and verified in this Chapter. Further, the loss and efficiency analysis and comparison with

that of the three-level T-type inverter will also be conducted.

4.1 Control Method Based On Individual Current Control

The new control method in this Chapter is based on the individual current control, which

means the control of each phase is done individually. Since three phases share the same
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control method, the following will use u-phase as an example to explain the new proposed

control method. It is notable that the control of the main converter does not change.

Therefore, the feedforward control introduced in Chapter 3 is still applied to the main

converter in this Chapter.

4.1.1 DC-capacitor Voltage Control

The DC-capacitor voltage control contains the following two parts:

• Phase DC-capacitor voltage control

• Individual balancing control

Fig. 4.1 shows the control block diagram of the u-phase DC-capacitor voltage control

and Fig. 4.2 shows that of the individual balancing control. The phase DC-capacitor

voltage control is achieved by using the DC component included in iu2, iudc, and the

individual balancing control is achieved by adjusting the output of each cell individually.

It is noteworthy that the sum of iudc, ivdc and iwdc is not equal to zero and it equals to

the neutral current in. Even though the value of in could be very large, the values of

iudc, ivdc and iwdc are 1/3 of it. In addition, the flux induced by these DC components

are cancelled by each other, theoretically. Furthermore, the zero-sequence inductance of a

transformer could be very small. Therefore, the influences that the DC components brings

to the three-phase with three-limb core can be neglected. The following will focus on the

control of the u-phase inverter.

4.1.1.1 Phase DC-capacitor Voltage Control

Fig. 4.1 shows the control block diagram of the u-phase DC-capacitor voltage control. i∗dc

is the reference value of Idc shown in (3.18). vCuAvg is the arithmetic average value of

all the capacitor voltages in u-phase auxiliary converter which includes both DC and AC

components. The role of the phase DC-capacitor voltage control is to regulate the DC

component of vCuAvg, (vCu)dc, to its reference value V ∗
C using the DC component i∗udc0.

The MAF (moving average filter) with a frequency of 50Hz is used to detect the DC

component. Let the variation of iudc0 be ∆iudc0. The variation of the DC input power
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Figure 4.1: Block diagram of u-phase DC-capacitor voltage control.
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Figure 4.2: Block diagram of output voltage calculation for u-phase cells including indi-
vidual balancing control.
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Figure 4.3: Block diagram of u-phase inductor current control.

∆Pinu caused by ∆iudc0 is given by

∆Pinu = DME∆iudc0. (4.1)

iudc0 forms no active power with vu2 given by (3.2), because the former is DC current

and the latter is AC voltage. In other words, the output AC power of the inverter is not

affected by iudc0, even though it can adjust the DC input power. vCuAvg increases when

the DC input power is larger than the AC output power, and decreases when the DC

input power is smaller than the AC output power. The value of i∗dc could be obtained

using equation (3.18) or (3.30) according to the DC input voltage, which are also shown

in Fig. 4.1. The sum of i∗udc0 and i∗dc, i∗udc, is used in current control, which is shown in

Fig. 4.3.

4.1.1.2 Individual Balancing Control

The function of the individual balancing control is to achieve the balancing of the DC-

capacitor voltages used in each auxiliary converter since there could be differences between

the DC-capacitor voltages even though the arithmetic average value is regulated to the

reference value. The control block diagram for the individual balancing control is shown

in Fig. 4.2 and it does not change from Fig. 3.5.

4.1.2 Inductor Current Control

Fig. 4.3 shows the control block diagram for the u-phase inductor current control. With

p∗ and q∗, which are the reference values of active and reactive power, the reference value

56



4.1. CONTROL METHOD BASED ON INDIVIDUAL CURRENT CONTROL

i
∗

u2

iu2

KP

1
s(L+l)

v
∗

udc

Figure 4.4: Relationship between i∗u2 and iu2.

of the AC inductor current is given by

i∗uac =

√
2p∗

3Vac
cos θ +

√
2q∗

3Vac
sin θ, (4.2)

where θ is the phase angle of u-phase obtained from the phase locked loop (PLL).

4.1.2.1 Phase Compensation

Generally, phase delay between the AC components included in i∗u2 and iu2 occurs because

the conventional proportional control is applied to the current control. Therefore, the

phase compensation method is used to cancel the delay. Fig. 4.4 indicates the relationship

between i∗u2 and iu2. It is noteworthy that the relationship vudc ≃ v∗udc is assumed. Thus,

the relationship between i∗u2 and iu2 in s domain is expressed by

i∗u2(s) = (1 +
L+ l

Kp
s)iu2(s), (4.3)

where L is the inductor inductance, l is the leakage inductance of the transformer and Kp

is the proportional gain of the current control. The aim of phase compensation is to realize

the relationship iu2 = i∗uac in Fig. 4.3. Specifically, the AC inductor current reference after
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the phase compensation i∗ucomp in t domain is given by

i∗ucomp = i∗uac +
L+ l

Kp

di∗uac
dt

=

√
2p∗

3Vac
cos θ +

√
2q∗

3Vac
sin θ

−
√
2ω(L+ l)p∗

3VacKp
sin θ +

√
2ω(L+ l)q∗

3VacKp
cos θ. (4.4)

4.1.2.2 Output Voltage Calculation of Auxiliary Converter

The final reference value of the u-phase inductor current after phase compensation is

obtained as i∗u2. According to Fig. 4.1 and Fig. 4.3, i∗u2 is composed of the following three

components:

• DC reference current i∗dc given by feedforward control

• DC reference current i∗udc0 given by phase DC-capacitor voltage control

• AC reference current i∗ucomp given by phase compensation

Hence, i∗u2 is represented by

i∗u2 = i∗dc + i∗udc0 + i∗ucomp, (4.5)

With the feedback control of the inductor current iu2 based on the conventional pro-

portional control, the u-phase DC voltage reference v∗udc is obtained. In Fig. 4.3, v∗u2

corresponds to the line-to-neutral voltage reference of the transformer with zero leakage

inductance and resistance, which is obtained by detecting the grid voltage and using the

turns ratio of the transformer. Finally, the reference of the inverter line-to-neutral volt-

age, v∗conu, is obtained. Consequently, the reference of the u-phase output voltage of the

auxiliary converter, v∗Au, is given by (3.39).

4.2 Experimental Verification

4.2.1 Experimental Conditions

The same downscaled system shown in Fig. 3.7 was used for experiments and the circuit

parameters are summarized in Table 4.1. The DC input voltage corresponding to the PV
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Table 4.1: Circuit parameters used for experiments.

Active power reference p∗ 1.5 kW or 0.3 kW or 0
Reactive power reference q∗ 0 or 1.5 kVar

DC input voltage E 85V or 135V
Nominal grid voltage Vgrid 200V
Voltage ratio of Tr. a 200/100 = 2

Secondary voltage of Tr. Vac 58V
Inductor L 0.21mH

Leakage inductance of Tr. l 0.27mH
Chopper-cell count/phase N 3

DC-capacitor voltage reference V ∗
C 45V or 65V

Cell capacitor C 4.4mF
Carrier freq. (main conv.) fSM 50Hz
Carrier freq. (aux. conv.) fSA 7200Hz

array voltage, E, was produced using a stiff voltage source so that the active power is

controlled by the inverter. In active power control cases, the reference value of the active

power was 1.5 kW in the steady-state operation and was changed from 0.3 kW to 1.5 kW

in the transient-state operation. The reference value of the reactive power was always

zero. In reactive power control cases, the reference value of the reactive power was set to

1.5 kVar while the active power was zero. The reference value of the DC-capacitor voltage

was set to 45V when the DC input voltage was 85V and was set to 65V when the DC

input voltage was 135V considering (3.10). The deadtime was set to 4.0µs for the main

and the auxiliary converters. The voltage ratio of the transformer was set to a = 2.

The control system is composed of a DSP unit utilizing Texas Instruments TMS320C6678

and a FPGA unit utilizing Altera Cyclone IV. The voltage and current waveforms were

measured using Textronics DPO4104B-L with a frequency band of 1GHz, Textronics

TMDP0200 with a frequency band of 200MHz, Textronics TCP0030A with a frequency

band of 120MHz, and Hioki Memory Hicoder 8861-50.

4.2.2 Initial Charging of DC-capacitor Voltage

The initial charging of each DC-capacitor voltage should be achieved for the operation

of the Fig. 3.1 circuit, and the initial charging can be achieved by either connecting an

auxiliary circuit to the DC side of each capacitor, or using the common DC input voltage

E [79], [85]. However, the former method is inapplicable to the actual system because

of its high cost and low reliability as described in the introduction. The following two

methods using the common DC input voltage, E, were proposed in [79], [85]. A method
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Disconnect ac grid and transformer

Charge dc-capacitor voltage to reference value

Connect ac grid and transformer

Start normal operation

Figure 4.5: Flowchart of initial charging process.

based on extra electromagnetic switches and resistors is presented in [79], with which all

capacitor voltages can be charged simultaneously. Meanwhile, a method based on voltage

feedback control and sequential control is presented in [85], which is characterized in that

the initial charging is achieved with no resistors. The former method is inapplicable to

the Fig. 3.1 circuit because the initial DC-capacitor voltage is limited to E/N and it is

not enough for the operation of the Fig. 3.1 circuit where the relationship (3.11) should

hold. The latter method is not directly applicable to the Fig. 3.1 circuit because the

method presented in [85] is aimed for the bidirectional chopper (i.e., DC-DC converter)

with auxiliary converters composed of the cascaded single-phase full-bridge converters.

This subsection presents an initial charging method applicable to the Fig. 3.1 circuit

which is based on voltage feedback control and sequential control along with utilizing

electromagnetic switches that are typically used for grid-connected converters. With this

method, each DC capacitor voltage can be charged up to E, which is enough for satisfy-

ing (3.11). The flowchart of the initial charging process is shown in Fig. 4.5.

At the initial state, the grid and the transformer are disconnected using electromagnetic

switches and all DC-capacitor voltages are zero. Then, the capacitor of each chopper cell

is charged sequentially based on the method presented in [85]. The charging process of

vCu1 will be explained in the following. Fig. 4.6 shows an example of the current path
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Figure 4.6: Example of current path when vCu1 is charged.

when vCu1 is charged. When vCu1 is being charged, Su3 in the cell numbered 1 is always

on and Su4 in the corresponding cell is always off. The other cells operate under the short-

circuit mode so that Su3 is always off and Su4 is always on, which are not depicted in

Fig. 4.6. Meanwhile, the switchings of Su1 and Su2 are determined by the feedback control

of vCu1 [85]. Specifically, when vCu1 is smaller than its reference, the duty ratio of Su1 is

increased and a larger current may flow into the capacitor. When Su2 and Su3 are on, the

inductor current (i.e., iu2) flows via diodes in Su2 and Su3, and they keep conducting until

iu2 becomes zero. This sequence will be repeated every switching period of Su1 and Su2,

where the choice of the switching frequency should not be the grid frequency of 50Hz used

in the normal operating condition. A higher frequency is applicable because the charging

period is less than 1 s and the loss during the charging process may not be a big issue.

In the following experiment, the switching frequency of Su1 and Su2 during the initial

charging process is set to 450Hz.

Figs. 4.7 and 4.8 show the experimental waveforms of the initial charging process.

The experiment was carried out using the same downscaled system. Fig. 4.7 shows the

waveforms when vCu1, vCv1, and vCw1 are charged simultaneously. It shows that they

increased to the reference value of 45 V under a ramp change in 200ms. The waveform of

iu2 shows that it includes a DC current during the initial charging, and those of iv2 and iw2

also include the same amount of DC components. Meanwhile, these DC components have

no effects on transformer operation because they correspond to the ZSC which produces

no magnetic flux in the three-phase three-limb core ideally. Fig. 4.8 shows the waveforms
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Figure 4.7: Experimental waveforms of initial charging where vCu1, vCv1, and vCw1 were
charged.

of vCu1, vCu2, and vCu3, which were charged sequentially, and no overvoltage or overcurrent

occurred. After each DC-capacitor voltage is charged to the reference value, the grid and

the transformer are connected using electromagnetic switches, and the inverter circuit

starts normal operation.

4.2.3 Active Power Control Steady-State Performance

Fig. 4.9 shows the experimental waveforms of the proposed inverter under a steady-state

when p∗ = 1.5 kW and E = 85V. It corresponds to the low DC input voltage region where

the ZCS can be achieved since the relationship (3.23) is satisfied. The main converter

voltage vMu is a square wave with a fundamental frequency of 50Hz. The phase angle is

obtained from Fig. 4.9 as α = 0.32, which is slightly larger than a theoretical value of 0.30

obtained by substituting the circuit parameters summarized in Table 4.1 into (3.31). This

difference occurs because the actual values of E and Vac are slightly different from those

summarized in Table 4.1. The inverter line-to-neutral voltage, vconu, corresponds to the

voltage difference between vMu and vAu, which is a five-level waveform. The fundamental-

frequency component in vconu is in phase with the line-to-line grid voltage vuw1. The
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Figure 4.8: Experimental waveforms of initial charging where vCu1, vCu2, and vCu3 were
charged sequentially.

fundamental-frequency component of iu2 is in phase with that of vconu. The power factor

is unity since q∗ was set to zero. The neutral current in is always positive because the

relationship (3.16) holds when E = 85V and α = 0.32, which means that Idc is positive in

(3.17). Careful observation of the dashed lines and the single-cycle waveforms of vMu and

iu2 reveal that the current iu2 is almost zero at the rising edge and the falling edge of the

main converter output voltage vMu. It is noteworthy that the actual value of iu2 may not

be exactly zero because of switching ripples. However, if the current at the switching point

is small enough compared with the rated current of the inverter, it could be regarded as

zero-current switching. The grid current iu1 is a sinusoidal waveform which leads iu2 by

30◦ because of the transformer connection. The DC-capacitor voltages are regulated to

the reference value of 45V without any steady-state error. Fig. 4.10 shows the waveforms

of iin, which is the DC input current, and iinu, which is the DC current that flows into

the u-phase main converter. As we know, the AC output of the three phases is always

constant, while the DC input of this inverter is oscillating all the time. The reason for this

phenomenon is that the auxiliary converter will compensate the power difference between

the DC side and the AC side. The integral equation of the auxiliary converter power shows

63



CHAPTER 4. INDIVIDUAL CURRENT CONTROL AND PERFORMANCE
VERIFICATION OF PROPOSED THREE-PHASE PV INVERTER

100

0

-50

[V]

vMu

150

0
-50

[V]

vAu

100

0

-100

[V]

vconu

300

0

-300

[V]

vuw1

20

0

-15

[A]
iu2

in

10

0

-10

[A]

iu1

50

45

40

[V]
vCu1

vCu2

vCu3

50

45

40

[V]
vCu1

vCv1

vCw1

200

0

-150

[V]
vMu

20

0

-15

[A]

iu2

20 ms

Figure 4.9: Experimental waveforms under steady state where p∗ = 1.5 kW and E = 85V.
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Figure 4.10: Experimental waveforms of iin and iinu.

that the average power of the auxiliary converter is zero, which means that the auxiliary

converter does not consume power. The input power and the output power are always

balanced.

Fig. 4.11 shows the waveforms when the power and DC input voltage are set to p∗ =

1.5 kW and E = 128V, respectively, which is the edge case between the low DC input

voltage and the high DC input voltage. The operation of the proposed inverter at this

edge case does not exhibit any instability.

Fig. 4.12 shows the waveforms of another experiment under a steady-state when p∗ =

1.5 kW and E = 135V. It corresponds to the high DC input voltage region where the

relationship (3.24) is satisfied. Because (3.24) holds when E = 135V, α is fixed to zero.

Therefore, ZCS cannot be achieved in this region, theoretically. However, the current at

the switching point is also small enough compared with the rated current of the inverter.

The other waveforms are basically the same as those shown in Fig. 4.9 except that the

DC component included in the neutral current in is negative due to the increased E.

Furthermore, the harmonic components included in in increases because the DC-capacitor

voltage increased from 45V to 65V. However, since in is the zero-sequence current of the

three-phase circuit and the zero-sequence components of the three phases have the same

phase angle and the same magnitude, the magnetic flux of each zero-sequence component

is cancelled out by the other two because of the three-limb core magnetic circuit structure.

Therefore, additional eddy currents that cause excessive heating of the metallic enclosure

will not occur even though there are high-frequency harmonic components in in.
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Figure 4.11: Experimental waveforms under steady state where p∗ = 1.5 kW and E =
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Figure 4.12: Experimental waveforms under steady state where p∗ = 1.5 kW and E =
135V.
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68



4.2. EXPERIMENTAL VERIFICATION

55

45

35

[V]

vCu1

vCu2

vCu3

55

45

35

[V]

vCu1

vCv1

vCw1

5 sec

p∗ was changed

E

Figure 4.14: Experimental DC-capacitor voltage waveforms where p∗ was changed
from0.3 kW to 1.5 kW under ramp change in 5 seconds period.

4.2.4 Active Power Control Transient-state Performance

Fig. 4.13 shows the experimental waveforms under a transient state where p∗ was increased

from 0.3 kW to 1.5 kW under a ramp change while E remained at 85V. Fig. 4.14 shows

the experimental DC-capacitor voltage waveforms with a longer duration of measurement

under the same experimental conditions as Fig. 4.13. The voltage and current waveforms

correspond to those shown in Fig. 3.1.

The amplitude of the fundamental frequency component and the DC component in

the inductor current iu2 increases immediately after p∗ was increased from 0.3 kW to

1.5 kW under a ramp change. The DC component in the neutral current in also increased

immediately after the change in p∗. There is a voltage unbalance among vCu1, vCv1, and

vCw1 following after the change in p∗ as shown in Fig. 4.13. With the help of the DC-

capacitor voltage control, the voltage balancing could be achieved soon after the change

and their DC components are regulated to 45V without any steady-state error, which is

more precisely shown in Fig. 4.14 with a longer period of 5 seconds. No overvoltage or

overcurrent appears during the entire transient state.

Fig. 4.15 shows the active power control transient-state waveforms where the DC input
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Figure 4.15: Experimental waveforms where E was changed from 130V to 110V under
ramp change.
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voltage was changed from 130V to 110V under a ramp change. The capacitor voltage

reference was set to 65V and the active power was 1.5 kW. This sudden voltage change

simulates the actual PV array voltage where the DC input voltage of the maximum power

point changes because of changes in irradiance and temperature. It also caused the changes

in α and Idc and the unbalance of the DC-capacitor voltages. However, the system returned

to stable operation soon after the change because of the robust inverter control. This

result shows that the proposed inverter could deal with the sudden changes of the DC

input voltage, which means that it could easily handle the much slower voltage changes of

a PV array.

4.2.5 Reactive Power Control Steady-state Performance

Fig. 4.16 shows the steady-state waveforms where 1.5 kVar reactive power was injected into

the grid. The reactive power control is required under grid fault conditions to maintain

grid voltage. The waveforms show that iu1 lags vuw1 by 60◦ so that the lagging reactive

power is provided from the inverter to the grid. Further, the average value of the neutral

current in is zero because no active power is controlled. Experimental waveforms show

that the proposed inverter can achieve stable operation under reactive power control.

4.2.6 THD Performance of Downscaled Model

The THD value of the downscaled model is calculated. The data of iu1, which is the grid

side u-phase current, are used. The THD values are calculated using MATLAB, and up

to the 40th-order harmonic. The THD values of the 85V and 135V steady-state cases

are 3.132% and 2.716%, respectively, which satisfies the requirement of IEEE std 519-

2014 [86]. The spectrum of iu1 in the 85V steady-state case is shown in Fig. 4.17. In

Fig. 4.17, the spectrum is shown up to the 7th-order harmonic because the magnitudes of

higher order harmonics are too small. Besides, the authors believe that the DC component

shown in the spectrum was caused by the measurement equipment error.

4.3 Loss and Efficiency Analysis

The loss and efficiency analysis of the proposed inverter with three chopper cells per

phase are carried out and they are compared with those of the conventional three-level
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Figure 4.17: Spectrum of iu1.

Table 4.2: Circuit parameters used for loss calculation.

DC input voltage E 960V
Secondary line-to-line voltage

√
3Vac 1150V

DC-capacitor voltage VC 420V
Carrier frequency fSA 2000Hz

inverter (i.e., T-type inverter), which has been implemented in many cases (e.g., in [31]).

It should be noted that the loss in the transformer is not taken into consideration. The

switching loss and the conduction loss of the auxiliary converter are considered, while

only the conduction loss is considered for the main converter because the switching loss

of the main converter with an operating frequency of 50Hz is negligible. In this section,

the analysis and the comparisons are based on active power control cases and the power

factor is set to unity. It is assumed that the 3.3-kV IGBT modules 1MBI1000UG-330 from

Fuji Electric are used in the main converters and the 1.2-kV IGBT modules CM1000DX-

24T from Mitsubishi Electric are used in the auxiliary converters. The parameters used

for calculation are obtained from the official data sheets available from the manufacturer

homepage.

The loss calculation method of the proposed inverter is based on those shown in [87],

[88]; hence, the details will not be shown in this section. Table 4.2 shows the circuit pa-

rameters used for loss calculation, and Fig. 4.18 shows the loss breakdown of the proposed

inverter. The carrier frequency of each cell was set to fSA = 2000Hz, which is different
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Figure 4.18: Loss breakdown of proposed inverter.

Table 4.3: Parameters of proposed inverter used for comparison with same MPPT range.

DC input voltage 960V 1100V 1300V
DC-capacitor voltage 420V 450V 480V

Secondary line-to-line voltage 1150V
MPPT range 960−1300V

Carrier freq. (aux.conv.) 2000Hz

from the frequency in the experimental verification, and the reason will be explained later.

It is obvious from Fig. 4.18 that the switching loss of the proposed inverter is much lower

than the conduction loss owing to low VC and low fSA. The conduction loss of the aux-

iliary converter is dominant because three power devices are conducting in one operating

mode.

The following compares the inverter efficiencies of the proposed inverter and the three-

level T-type inverter, where the loss calculation of the three-level T-type inverter is shown

in [89]. To conduct a fair comparison, the same 3.3-kV IGBT modules 1MBI1000UG-330

are used for the IGBTs for unidirectional arms, which are T1 and T4 in Fig. 1.5b, and

the same 1.2-kV IGBT modules CM1000DX-24T are used for the IGBTs for bidirectional
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Figure 4.19: Efficiency of proposed inverter when
√
3Vac = 1150V with MPPT range of

960−1300V.

Table 4.4: Parameters of 3-level T-type inverter circuit used for comparison with same
MPPT range.

DC input voltage 960V 1100V 1300V
Secondary line-to-line voltage 570V

MPPT range 960−1300V
Carrier freq. 6 kHz
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Table 4.5: Parameters of proposed inverter used for comparison with same AC voltage.

DC input voltage 480V 700V 960V 1100V 1300V
DC-capacitor voltage 220V 250V 350V 380V 450V

Secondary line-to-line voltage 570V
MPPT range 480−1300V

Carrier freq. (aux.conv.) 2 kHz

switch, which are T2 and T3 in Fig. 1.5b. The carrier frequency of the three-level inverter

was set to 6 kHz according to [23] and [25]. The carrier frequency of each cell in Fig. 3.1

was set to 2 kHz so that the equivalent carrier frequency becomes 6 kHz. The following two

conditions are set for the comparisons. The first condition is that the two inverters share

the same MPPT range of 960V to 1300V. In this case, the RMS value of the AC secondary

line-to-line voltage of the transformer can be set to 1150V in the proposed inverter, which

is much higher than 570V in the conventional three-level inverter. Table 4.3 and Table 4.4

summarize the circuit parameters used for comparison under the same MPPT range. It

should be noted that the DC-capacitor voltage is changed according to the DC input

voltage in the proposed inverter because each chopper cell should produce a maximum

voltage of (E +
√
2Vac sinα)⁄3 as shown in (3.10), where 3 is the chopper cell count per

phase. Fig. 4.19 shows the efficiency of the proposed inverter under different DC input

voltages and Fig. 4.20 shows that of the conventional three-level inverter. It is shown that

the proposed inverter can achieve higher efficiency compared with the conventional 3-level

inverter, where the maximum efficiency is 99.1%. The reason of high efficiency originates

from lower AC current owing to increased AC voltage.

The second condition is that the AC secondary line-to-line voltages of both inverters are

set to the common value of 570V. In this case, the MPPT range of the proposed inverter

is from 480V to 1300V, according to (3.6), which is much wider than that of the 3-level

inverter, which is from 960V to 1300V. Table 4.5 shows the parameters of the proposed

inverter used for comparison, and Fig. 4.21 shows the efficiency of the proposed inverter

under different DC input voltages. The efficiency of the proposed inverter is decreased

compared with that of Fig. 4.19 because of the increased AC current, which is a result of

the reduced AC voltage. However, compared with Fig. 4.20, the efficiency is still as high

as 98.0% in the middle power range where the PV inverter most frequently works. In

addition, the authors also calculated the efficiency of the conventional three-level T-type

inverter coupled with a boost converter. With the help of the boost converter, the T-type

76



4.3. LOSS AND EFFICIENCY ANALYSIS

0 100 200 300 400 500 600 700 800 900 1000
0.96

0.965

0.97

0.975

0.98

0.985

0.99

0.995

960V

1100V

1300V

Power[kW]

E
ffi
ci
en

cy

Figure 4.20: Efficiency of 3-level T-type inverter circuit when
√
3Vac = 570V with MPPT

of 960−1300V.
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Figure 4.21: Efficiency of proposed inverter when
√
3Vac = 570V with MPPT range of

480−1300V.
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inverter could output a line-to-line voltage of
√
3Vac = 1150V with the same DC input

voltages shown in Fig. 4.20. However, the efficiency becomes lower than what is shown in

Fig. 4.20 because of the additional loss introduced by the boost converter.

Furthermore, the proposed inverter could decrease the inductance under the same

current ripple. In the proposed inverter, the voltage step change on the inductor during

the inverter switching process is VC . Meanwhile, this value is E/2 in the 3-level inverter.

When the DC input voltage is 1300V, the current ripple ratio, which is proportional to

the voltage step, is

VC : E/2 = 480 : 1300/2 = 1 : 1.354. (4.6)

Equation (4.6) shows that the proposed inverter could reduce the inductance to 74% that

of the 3-level inverter under the same ripple current, which will result in mass, volume,

and loss reduction of the inductor.

In addition, the efficiency of the downscaled model in different DC input voltage steady-

state operating cases is calculated. The other parameters are the same values shown in

Table 4.1. The power was measured by using Newtons4th Ltd PPA5530 power analyzer

and the efficiency is calculated based on the obtained experimental data. Fig. 4.22 shows

the calculated efficiency. Because the component selection is not optimized in this down-

scaled model and the loss of the transformer is also included, the efficiency is much lower

than the theoretical value shown above. Another reason for the low efficiency is that the

switching frequency of each chopper cell of the auxiliary converter is 7.2 kHz in the ex-

periment, while it is 2 kHz in the theoretical analysis to make a fair comparison with the

three-level T-type inverter. The increased switching loss also decreases the efficiency.

4.4 Conclusion

This Chapter provides a new individual current control method, which is more suitable to

the proposed inverter circuit. Without changing the operation principles of the proposed

inverter described in Chapter 3, the performance of the proposed inverter is stable in both

low DC input voltage and high DC output voltage cases, which is not achieved with the

d-q-0 control method. Different experimental verifications have been carried out to verify

the validity of the control method. Further, the loss analysis and the efficiency comparison
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Figure 4.22: Efficiency of downscaled model in different DC input voltage steady-state
operating cases.
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with that of the conventional three-level T-type inverter are conducted, which shows the

high efficiency and the wide MPPT range of the proposed inverter. Even though the

cost of the proposed inverter will be higher than the three-level T-type inverter, this is a

reasonable trade-off between the efficiency and cost. In addition, the initial charging is

achieved without additional circuit.
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Chapter 5

LVRT Capability Analysis of

Proposed PV Inverter

In Chapter 4, the individual current control is applied to the proposed inverter so that

the performance of it is stable both in low DC input voltage case and high DC input

voltage. However, the LVRT performance has not been tested and there is no past re-

search focusing on the analysis of the LVRT capability of the proposed inverter under

grid faults with experimental verification. This Chapter provides a mathematical-based

theoretical analysis of the LVRT capability of the proposed inverter under the grid faults.

The theoretical analysis focuses on the LVRT behaviors of the proposed inverter, which

includes the capacitor voltage fluctuation, the reason for the overmodulation and the cur-

rent spikes, and the limit of the LVRT capability/safety operation zone under the SLG

fault, considering that the SLG fault is most common which accounts for 75% to 80%

of the grid faults, according to [90]–[93]. The circuit configuration and the fault position

are shown as Fig. 5.1. The SLG fault is assumed to occur at u-phase and the 3P fault

is assumed to occur at all three phases. The experimental verification of the LVRT ca-

pability of the proposed inverter under the SLG and 3P faults is conducted to prove the

reliability of the theoretical analysis. The experimental verification is carried out using

the same downscaled model and the fault condition is performed using NF DP045RT,

which is a programmable AC power source. It is noteworthy that the fault considered in

this chapter is the instantaneous sag defined by IEEE and the duration is set to 5 cycles

(100ms) according to [94].
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Figure 5.1: Circuit configuration of proposed three-phase PV inverter under grid faults.

5.1 Theoretical Analysis of Capacitor Voltage Fluctuation

During SLG Fault

This section only focuses on the theoretical analysis of capacitor voltage fluctuation under

the SLG fault because the behaviors under the 3P fault could be analyzed similarly. In this

section, the following two assumptions are made; the first assumption is that the leakage

inductance and windings resistance of the transformer are zero. If this assumption holds

true, the secondary voltage of the transformer is determined only by the grid voltage.

The second assumption is that the inductor current of each phase is equal to its reference

value without any error, where the generation method of the reference value is provided

in Chapter 3.

When the SLG fault happens, the second-order harmonic component will appear in

Vd and Vac because of unbalanced voltages. This will also affect the values of α and Idc

according to (3.31) and (3.32). Consequently, the imbalanced power between the DC and

AC sides will cause the DC-capacitor voltage fluctuation in each phase. Because the SLG

fault is an asymmetry fault, the DC-capacitor voltage fluctuation of each phase will have

different characteristics. In order to protect the proposed inverter circuit from capacitor
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overvoltage/undervoltage and operational failure, it is necessary to know the DC-capacitor

voltage fluctuation characteristic and the maximum/minimum capacitor voltage. In the

followings, firstly, important equations and variables required for the fault analysis are

derived. With the derived equations and variables, the DC-capacitor voltages of each

phase during the SLG fault will be derived where only their DC components are considered.

Furthermore, the AC component of each DC-capacitor voltage will be considered to obtain

the maximum/minimum capacitor voltage during the SLG fault.

5.1.1 Derivation of Line-to-neutral Voltage and Inductor Current

In the following, the SLG fault is assumed to occur at the u-phase grid in Fig. 5.1. Ac-

cording to (3.2), (3.3) and (3.4), the primary-side (grid) and the secondary-side voltages

of the transformer during the SLG fault are described as

vu1F =

√
2m√
3

Vgrid cos (ωt+ π

6
)

vv1F =

√
2√
3
Vgrid cos (ωt− π

2
)

vw1F =

√
2√
3
Vgrid cos (ωt− 7π

6
), (5.1)

vu2F =

√
2m

2
√
3a sin (π6 − ϕ)

Vgrid cos (ωt− ϕ)

vv2F =

√
2m

2
√
3a sin (π6 − ϕ)

Vgrid cos (ωt− 2π

3
+ ϕ)

vw2F =

√
2√
3a

Vgrid cos (ωt− 4π

3
), (5.2)

where vu1F, vv1F, and vw1F are the grid line-to-neutral voltages and vu2F, vv2F, and vw2F are

the transformer secondary line-to-neutral voltages during the SLG fault, and ω = 2πfSM.

m is the voltage sag coefficient and m ∈ [0, 1]. It is notable that a voltage sag of 80%

means that a voltage sag results in 80% of the voltage remaining [94]. ϕ is the phase jump

angle and the following relationship holds true because of the laws of sine:

m =
sin (π6 − ϕ)

sin (π6 + ϕ)
. (5.3)
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According to (5.2), the transformer secondary voltages of u-phase and v-phase are shifted

by the same angle in opposite directions. In contrast, there is no change in that of w-phase.

The voltage sag imposes the second-order harmonic component on the d-axis voltage

and decreases its DC component [72], [73], [95]. For the theoretical analysis, only the DC

component is considered because the second-order component has little impact on power

transfer. In addition, it is assumed that the PLL output is not affected by the voltage sag

and it produces the phase information under balanced voltage even during the unbalanced

voltage sag [96]. With these assumptions, the d-axis voltage during the SLG fault, which

is obtained from Park transformation with the voltages in (5.2), is shown as

VdF =
Vgrid√
3a

(
√
3− m

sin (π6 − ϕ)
sinϕ). (5.4)

According to (3.3), (3.31), and (3.32), the turn-on (turn-off) angle of the main converter

and the DC component of the inductor current during the SLG fault, αF and IdcF, are

obtained as

αF =


−π

2 + 1
2

√
π2 − 8 + 4π

√
2VdF√
3E

(ZCS achievable)

0 (ZCS not achievable),

(5.5)

IdcF =
2πIacVdF√
3E(π + 2αF)

− 2
√
2 cosαFIac
π + 2αF

. (5.6)

In (5.6), Iac is assumed to be the same value as the normal operation and this assumption

is valid when the current control works properly. Consequently, the inductor currents

during the SLG fault, iu2F, iv2F, and iw2F, are expressed as

iu2F =
√
2Iac cosωt+ IdcF,

iv2F =
√
2Iac cos (ωt− 2π

3
) + IdcF,

iw2F =
√
2Iac cos (ωt− 4π

3
) + IdcF. (5.7)
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5.1.2 Fluctuation of DC-capacitor Voltage

During the SLG fault, the DC-capacitor voltages will fluctuate because of the imbalanced

power between the DC and AC sides and this imbalanced power behaves as a power

disturbance for the DC-capacitor voltage controller. As explained in Chapter 4, the DC-

current reference of u-phase DC-capacitor voltage control, i∗udc0, is determined by the

feedback control of (vCu)dc and its reference V ∗
C , where (vCu)dc is the DC component of

the average of the capacitor voltages in u-phase, vCuAvg, obtained by an MAF. It should be

noted that the relationship i∗udc0 = 0 holds ideally under the normal operating condition

if the converter loss is negligible. Assuming that i∗udc0 equals the actual current, iudc0, the

power flowing in the u-phase auxiliary converter originating from (vAu)dc and iudc0 is given

by ∆pCu = (vAu)dciudc0, where (vAu)dc is the DC component included in vAu expressed

with (3.13). In addition to this power, an additional power Pdisu caused by the fault could

flow in the auxiliary converter during the fault. The other two phases could be analyzed

in the same way. Hence, the following relationship regarding power holds in the auxiliary

converter of each phase during the fault:

∆pCλ + Pdisλ =

N∑
j=1

vCλjC
dvCλj

dt ≈ CV ∗
C

N∑
j=1

dvCλj
dt

= NCV ∗
C

dvCλAvg
dt , (λ = u, v,w) (5.8)

where vCλAvg is the average of the capacitor voltages in each phase. Fig. 5.2 shows the block

diagram of DC-capacitor voltage control of each phase considering the power disturbance

during the fault. In Fig. 5.2, the delay originating from the MAF is neglected and the

relationship vCλAvg = (vCλ)dc is assumed to hold for simplifying the analysis, where (vCλ)dc

is the DC component of vCλAvg. Further, a sampling delay originating from the digital

control is not considered in Fig. 5.2 and this assumption is reasonable because the response

time of the DC-capacitor voltage, the order of which is a few tens of milliseconds or more,

is much longer than the sampling period, the order of which is 0.1 milliseconds or less. In

addition, the AC component included in the capacitor voltage is excluded in Fig. 5.2.
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Figure 5.2: Block diagram of DC-capacitor voltage control of each phase considering power
disturbance during the fault.

According to Fig. 5.2, the following differential equation is obtained:

(KvP(V
∗
C − (vCλ)dc) +

∫
KvI(V

∗
C − (vCλ)dc) dt)(vAλ)dc

+Pdisλ = 3CV ∗
C

d(vCλ)dc
dt . (λ = u, v,w) (5.9)

In (5.9), the relationship N = 3 is used. It is assumed that (vAuF)dc ≈ (vAu)dc during the

first cycle during the SLG fault. KvP and KvI are the proportional and integral coefficients

of the DC-capacitor voltage control, respectively. Pdisλ is the power disturbance of each

phase and can be calculated as

Pdisλ =
1

T
(

∫ T

0
vMλiλ2F dt−

∫ T

0
vλ2Fiλ2F dt). (λ = u, v,w) (5.10)

The first term on the right-hand side in (5.10) corresponds to the average DC input power

and the second term corresponds to the average AC output power. By solving (5.9), the

theoretical average DC-capacitor voltage of each phase in t domain is obtained as the

following equation where t = 0 corresponds to the time when the fault happens.

X =

√
K2

vP(vAλ)
2
dc − 12CV ∗

CKvI(vAλ)dc

6CV ∗
C

, (5.11)

Y =
KvP(vAλ)dc

6CV ∗
C

, (5.12)

(vCλ)dc = V ∗
C − Pdisλ√

K2
vP(vAλ)

2
dc − 12CV ∗

CKvI(vAλ)dc

∗(et(−X−Y ) − et(X−Y )). (λ = u, v,w) (5.13)

By calculating Pdisλ, it is found out that the DC-capacitor voltages of u-phase and
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v-phase will increase and that of w-phase will decrease at the beginning of the SLG fault

because the relationships Pdisu > 0, Pdisv > 0 and Pdisw < 0 are always true when the

SLG fault happens at the primary side of u-phase. Because of the PI regulator, the DC-

capacitor voltages will be regulated to the reference value V ∗
C with the passage of time.

5.1.3 Derivation of Capacitor Voltage Including AC Component

Since the capacitors are charged and discharged every cycle, it is also necessary to take the

charging/discharging process (AC component) into consideration to obtain the maximum

(u-phase and v-phase)/minimum (w-phase) capacitor voltage. However, the complicated

operating principles under the SLG fault will cause the equations unsolvable. In order

to simplify the analysis process, an assumption that the SLG fault does not affect the

AC component of capacitor voltages was introduced. In other words, the AC component

during the fault is assumed to be equal to the one during the normal condition. The

AC component of the u-phase capacitor voltages is denoted as (vCu)ac and the following

equation is obtained according to Figs. 5.1 and 3.2:

vAuiu2 = 3C(V ∗
C + (vCu)ac)

d(vCu)ac
dt ≈ 3CV ∗

C

d(vCu)ac
dt . (5.14)

The relationship N = 3 is used in (5.14). Equation (5.14) can be solved by substitut-

ing (3.9) and (3.17) into it and (vCu)ac is derived as:

(vCu)ac =



(EIdc−VacIac)θ
3ωCV ∗

C
+

√
2(EIac−VacIdc) sin θ

3ωCV ∗
C

−VacIac sin 2θ
6ωCV ∗

C

(−π
2 − α ≤ θ ≤ π

2 + α)

−VacIacθ
3ωCV ∗

C
−

√
2VacIdc sin θ
3ωCV ∗

C
− VacIac sin 2θ

6ωCV ∗
C

+ EIdc
3ωCV ∗

C
(π2 + α) +

√
2EIac

3ωCV ∗
C

sin (π2 + α).

(π2 + α < θ < 3π
2 − α)

(5.15)

θ is the phase angle of vu2 shown in (3.2) and the voltage of the u-phase capacitor during

the SLG fault is the sum of (vCu)dc, obtained from (5.13), and (vCu)ac. The voltages of

the v-phase and w-phase capacitors could be obtained in the same way. The comparison

of the theoretical value and the experimental data will be carried out in Section 5.3.
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Figure 5.3: Theoretical waveforms of u-phase current and voltages.

5.2 Theoretical Analysis of Overmodulation and Current

Spike During SLG Fault

5.2.1 Reasons for Overmodulation and Current Spike

As explained in Section 5.1, a phase jump angle ϕ will appear in vu2F and vv2F, according

to (5.2). However, the PLL output is not affected by the voltage sag and it produces the

phase information under balanced voltage even during the unbalanced voltage sag, which

makes that the main converter will still operate based on the phase information without

the SLG fault. Therefore, the output voltage of the main converter of u-phase and v-phase

during the SLG fault, vMuF and vMvF, will not be in phase with vu2F and vv2F, respectively.

The theoretical waveforms of voltages and current of u-phase during the SLG fault

are shown in Fig. 5.3. According to (5.2), the amplitude of vu2F will decrease and the

phase will shift to right by ϕ compared with vu2. In addition, the turn on/off angle
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of the main converter in this case, αF, will be smaller than or equal to α in (3.31),

according to (5.5), which results in a smaller duty cycle vMuF shown in Fig. 5.3. If αF ≥ ϕ

holds true in this case, the inverter will still operate safely even though there is a phase

difference. Unfortunately, with the decrease of the voltage sag coefficient (voltage sag

becomes serious), αF < ϕ will hold true eventually. In this case, the auxiliary converter

will be forced to output a negative voltage according to (3.1), which is impossible for a

chopper-cell cascaded converter. Therefore, overmodulation will happen and the negative

voltage, −vu2F, will be imposed on the inductor resulting in a negative current spike,

where θ ∈ [π/2 + αF, π/2 + ϕ] in Fig. 5.3. The relationship between the variation of iu2F,

∆iu2F, and vu2F is shown as:

ω(L+ l)
d∆iu2F

dθ = −vu2F. (π/2 + αF ≤ θ ≤ π/2 + ϕ) (5.16)

L is the inductor value and l is the leakage inductance of the transformer. Since the value

of vu2F is decreasing in this region, the gradient of ∆iu2 will increase and equal zero at

θ = π/2 + ϕ, which also means iu2F reaches its maximum absolute value, |iu2F|Max. The

theoretical waveform of iu2F is shown in Fig. 5.3.

Similarly, theoretical waveforms of voltages and current of v-phase during the SLG

fault are shown in Fig. 5.4. It is noteworthy that Fig. 5.3 and Fig. 5.4 do not share the

same x-axis. When it comes to the case of v-phase, the values of αF, and the amplitudes

of the voltage and the current will not change. However, the waveform of vv2F will shift

to left by ϕ in this case, which is obvious from (5.2). This will also cause overmodulation

of the v-phase auxiliary converter, where θ ∈ [−π/2−ϕ,−π/2−αF] in Fig. 5.4. However,

since the value of vv2F is increasing in this case, the gradient of the negative current

spike of iv2F will keep decreasing until the main converter output becomes positive, where

θ = −π/2− αF. Similarly, the relationship is obtained:

ω(L+ l)
d∆iv2F

dθ = −vv2F, (−π/2− ϕ ≤ θ ≤ −π/2− αF) (5.17)

and iv2F reaches its maximum absolute value, |iv2F|Max, at θ = −π/2− αF.

The overmodulation can also happen to w-phase, but that is caused by the DC-voltage

fluctuation. As explained in Section 5.1, if the DC-capacitor voltage of w-phase drops too

much during the SLG fault, the auxiliary converter may not be able to output the required
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Figure 5.4: Theoretical waveforms of v-phase current and voltages.

voltage resulting in overmodulation. However, this could be prevented by increasing the

reference value of the DC-capacitor voltage. In contrast, the overmodulation of u-phase

and v-phase will definitely happen when the voltage sag becomes more and more serious.

5.2.2 Overmodulation Borderline

As explained above, the overmodulation of u-phase and v-phase is unpreventable when

serious voltage sag happens during the SLG fault. Therefore, it is necessary to figure out

the borderline where the overmodulation will happen.

According to the explanation above, the borderline of the overmodulation of u-phase

and v-phase is:

ϕ = αF. (5.18)

Equation (5.18) can be solved by substituting (5.2), (5.3), (5.4) and (5.5) into it and using

reasonable approximations of sinϕ ∼= ϕ and cosϕ ∼= 1 − ϕ2

2 . The solving process is too
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complicated and too long. Therefore, the detail of the solving process is left out in this

Chapter. The result of the substituting and simplifying is a quartic equation shown as:

a4x
4 + a3x

3 + a2x
2 + a1x+ a0 = 0,

a4 = −216 + 108πy,

a3 = (144π − 18
√
3π2)y − 432,

a2 = −9π2y2 + (108π − 24
√
3π2)y − 360 + 18π2,

a1 = −6π2y2 + (96π − 6
√
3π2)y + 36π2 − 288,

a0 = −π2y2 + 24πy + 18π2 − 144,

x =
1 +m

1−m
,

y =

√
2Vgrid√
3aE

. (5.19)

Considering the overmodulation will definitely happen when the voltage sag coefficient m

is small enough, there is at least one real solution for (5.19). Obviously, the variable x

in (5.19) is large than or equal to one and the overmodulation will not disappear with the

decrease of m. Therefore, the largest real solution of x is the solution for the borderline

problem and the solution is shown as:

x = − a3
4a4

+

√
b1
2

+

√
b4
2

,

b1 =
b3

4
√
b4

+
a23
2a24

− 2
1
3 b5

3b
1
3
8 a4

− b
1
3
8

3 ∗ 2
1
3a4

− 4a2
3a4

,

b3 = −a33
a34

+
4a2a3
a24

− 8a1
a4

,

b4 =
a23
4a24

+
2

1
3 b5

3b
1
3
8 a4

+
b
1
3
8

3 ∗ 2
1
3a4

− 2a2
3a4

,

b5 = a22 − 3a1a3 + 12a0a4,

b6 = 2a32 − 9a1a2a3 + 27a0a
2
3 + 27a21a4 − 72a0a2a4,

b7 = −4b35 + b26,

b8 = b6 +
√

b7. (5.20)

In every operation case, x can be obtained by providing, Vgrid, a, and E. Consequently, the

borderline voltage sag coefficient m could be obtained. Therefore, the borderline voltage
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sag where the overmodulation of u-phase and v-phase can be calculated, theoretically.

The theoretical result will be examined using the experimental data in Section 5.3. In

addition, if α is already zero in (3.31) in normal operation, the overmodulation of u-phase

and v-phase will happen no matter how slight the voltage sag is.

5.2.3 Peak Value of Current Spike

With (5.19) and (5.20), the borderline where the overmodulation of u-phase and v-phase

will happen could be obtained. However, the overmodulation does not mean operational

failure of the proposed inverter circuit during the SLG fault because the inductor can also

compensate for the voltage that the auxiliary converter cannot output. Therefore, whether

an operational failure will happen is determined by the peak values of the u-phase and

v-phase current spikes shown in Figs. 5.3 and 5.4. If either of the peak values triggers the

overcurrent protection, which means that it reaches the overcurrent limit, the operational

failure will happen. With the results obtained above, ∆iu2F and ∆iv2F in equations (5.16)

and (5.17) can be solved. Therefore, the peak values of the current spike of u-phase and

v-phase are the sum of their variation and their value when the overmodulation happens,

respectively, which are obtained as:

|iu2F|Max =

√
2m(1− cos (αF − ϕ))

2
√
3aω(L+ l) sin (π6 − ϕ)

Vgrid, (5.21)

|iv2F|Max =

√
2m(1− cos (αF − ϕ))

2
√
3aω(L+ l) sin (π6 − ϕ)

Vgrid

−
√
2Iac cos (−π

2
− ϕ)− IdcF. (5.22)

It is notable that the absolute values are used for peak values and the value of iu2F when

the overmodulation happens is zero. Therefore, |iv2F|Max is larger than |iu2F|Max in most

cases, and the overcurrrent of v-phase is more likely to happen during the SLG fault. The

comparison between the experimental data and theoretical values will be conducted in

Section 5.3. In addition, the experiment system data are used to calculate the peak values

in different SLG fault cases in Section 5.3 for the evaluation of the LVRT capability of the

proposed inverter.
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Table 5.1: Circuit Parameters Used for Experiments.

Active power reference p∗ 1.5 kW
Reactive power reference q∗ 0

DC input voltage E 85V or 135V
Nominal grid voltage Vgrid 200V
Voltage ratio of Tr. a 200/100 = 2

Secondary voltage of Tr. Vac 58V
Inductor L 0.21mH

Leakage inductance of Tr. l 0.27mH
Chopper-cell count/phase N 3

DC-capacitor voltage VC 45V or 60V
Cell capacitor C 4.4mF

Carrier freq. (main conv.) fSM 50Hz
Carrier freq. (aux. conv.) fSA 7.2 kHz

Fault duration tF 100ms

5.3 Experiment

5.3.1 Experimental Conditions

The same downscaled system was used for experiments and the circuit parameters are

summarized in Table 5.1. The DC input voltage corresponding to the PV array voltage,

E, was produced using NF DP030RS. The SLG fault (u-phase) and the 3P fault were

performed on the primary side of the transformer shown as Fig. 5.1 using NF DP045RT,

which is a programmable AC power source. According to IEEE Std 1159-2019 [94], the

fault duration, tF, was set to 100ms. The reference value of the active power was 1.5 kW

and the reference value of reactive power was zero. The reference value of the DC-capacitor

voltage was set to 45V when the DC input voltage was 85V and was set to 60V when

the DC input voltage was 135V considering (3.11). The deadtime was set to 4.0µs for the

main and the auxiliary converters. The voltage ratio of the transformer was set to a = 2.

The control system is composed of a digital signal processor unit utilizing Texas Instru-

ments TMS320C6678 and a field programmable gate array unit utilizing Altera Cyclone

IV. The voltage and current waveforms were measured using Textronix DPO4104B-L with

a frequency band of 1GHz, Textronix MDO4104C with a frequency band of 1GHz, and

Hioki Memory Hicoder 8861-50.
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Figure 5.5: Experimental waveforms during SLG faults where E = 85V and vu1 dropped
by 50%.
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Figure 5.8: Zoomed in waveforms of current spikes in u-phase and v-phase of Fig. 5.6.

5.3.2 LVRT Capability Performance During SLG Fault

Figs. 5.5 and 5.6 show the experimental waveforms of the proposed inverter circuit during

the SLG fault (u-phase) where E = 85V. During the SLG fault, the amplitude of vu1

dropped by 50% in Fig. 5.5. A voltage sag and a phase jump occurred in vuw1 because

of the Y-∆ connection. The value of the neutral line current in decreased during the

fault because IdcF is smaller than Idc, which can be obtained from (3.32) and (5.6). The

theoretical value of in during the SLG fault is obtained as three times of IdcF, which is

5.74A. The DC components for DC-capacitor voltage control, iudc0, ivdc0, and iwdc0 are

not considered, and this theoretical value is the same as the average experimental value

of in during the SLG fault, which is 5.74A. The 50-Hz component of each phase current
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during the fault is the same as the one during the normal condition, while some low-order

frequency components originate from the imbalanced voltages, which are not considered

in the theoretical analysis. Consequently, these low-order frequency components also ap-

peared in iu1, iv1, and iw1, which are the grid currents.

The DC-capacitor voltage data of Fig. 5.5 is used for verifying the validity of the theo-

retical analysis in Section 5.1. The DC-capacitor voltages of u-phase and v-phase increase

following the fault occurrence while that of w-phase decreases, which agrees well with the

conclusion obtained in Section 5.1. The comparison of the experimental capacitor voltages

and theoretical capacitor voltages during the SLG fault is shown in Fig. 5.7. vCu1, vCv1,

and vCw1 are the experimental capacitor voltage waveforms, which are the same waveforms

shown in Fig. 5.5 between the dotted lines, and vCu1T, vCv1T, and vCw1T are the theoretical

capacitor voltage waveforms during the SLG fault. The errors are caused by the following

reasons. Firstly, the effect of MAF is not considered in theory, whereas it is used in exper-

iments. Secondly, the difference between the initial capacitor voltage in each phase when

the fault happens will affect the value of the initial DC voltage where (5.13) assumes that

the initial DC component of each phase is V ∗
C . The theoretical maximum/minimum values

of the capacitor voltages (including AC component) are obtained from (5.13) and (5.15)

as 
vCumaxT = 49.0V

vCvmaxT = 49.0V

vCwminT = 39.6V.

(5.23)

According to the experimental data, the maximum/minimum values of the capacitor volt-

ages are shown as


vCumax = 48.4V

vCvmax = 49.0V

vCwmin = 38.4V.

(5.24)

The accuracy is higher than 97% and this proves the reliability of the theoretical analysis

developed in Section 5.1. The DC-capacitor voltages will be regulated back to 45V if the
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duration of the SLG fault was longer.

According to the theoretical analysis, the overmodulation will happen when m is

smaller than 0.54. That’s why some very small current pikes can be observed in the

negative half cycles of iv2 in Fig. 5.5. However, it is too small so it can be neglected.

Fig. 5.6 shows the waveforms where the amplitude of vu1 dropped by 80%. The DC-

capacitor voltage variations are larger because of larger power unbalance, which agrees

well with the theory in Section 5.1. In addition, obvious overmodulation happened in

this case. There were current spikes in u-phase and v-phase currents, whereas w-phase

current was still stable because the overmodulation did not happen to w-phase. Fig. 5.8,

which is the zoomed in waveforms of the current spikes, shows that the shapes of the

spikes are very similar to those of the theoretical waveforms shown in Figs. 5.3 and 5.4 in

Section 5.2 except that the theoretical analysis in Section 5.2 does not consider the effect

of unbalanced magnetic field and the current oscillation after the spikes disappear.

Fig. 5.9 shows the experimental waveforms of the proposed inverter circuit during the

SLG fault (u-phase) where E = 135V and vu1 with a voltage sag of 50%. The waveforms

are basically the same as those shown in Fig. 5.5 except that the DC component included

in the neutral current in is negative due to the increased E. The theoretical value and

the average experimental value of in during the SLG fault are −4.69A and −4.02A,

respectively. The overmodulation is more obvious in Fig. 5.9 than in Fig. 5.5.

Fig. 5.10 shows the experimental waveforms of the proposed inverter circuit during

the SLG fault (u-phase) where E = 135V and vu1 with a voltage sag of 30%. The

overmodulation happened and the peak values are even larger than those of Fig. 5.9.

The experimental data of |iu2F|Max and |iv2F|Max obtained from the zoomed in wave-

forms Fig. 5.11 are:


|iu2F|Max = 14.70A

|iv2F|Max = 22.60A.

(5.25)

The peak values calculated from the theoretical calculation are:


|iu2F|MaxT = 16.62A

|iv2F|MaxT = 22.27A.

(5.26)
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Figure 5.9: Experimental waveforms during SLG faults where E = 135V and vu1 dropped
by 50%.
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Figure 5.10: Experimental waveforms during SLG faults where E = 135V and vu1 dropped
by 70%.
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Figure 5.11: Zoomed in waveforms of current spikes in u-phase and v-phase of Fig. 5.10.

The accuracy of the theoretical analysis is very high. Further, if vu1 drops by 80% in this

case, the peak value of v-phase current spike will trigger the overcurrent protection, which

means an operational failure, and this will also be revealed in Fig. 5.14 later.

5.3.3 LVRT Capability Performance During 3P Fault

Fig. 5.12 shows the experimental waveforms of the proposed inverter circuit during the 3P

fault where E = 85V. The line-to-neutral voltage of the primary side of the transformer

(grid) dropped by 70% during the 3P fault. The operating principles during the 3P

fault are similar to the ones of the 135-V normal condition, where α = 0 and Vac
E <

√
2

π .

Therefore, in is negative during the 3P fault according to (3.32). The capacitor voltage

fluctuation of each phase when the fault occurred and the fault was cleared is similar

because of the symmetrical fault. Specifically, the capacitor voltages of all phases increased

when the fault occurred and they decreased when the fault was cleared. The theoretical

analysis of the capacitor voltage fluctuation during the 3P fault could be done with a

similar method as the SLG fault and hence it is left out in this article. The currents and

the capacitor voltages kept balanced during the 3P fault.

Fig. 5.13 shows the experimental waveforms of the proposed inverter circuit during the

3P fault where E = 135V and the line-to-neutral voltage of the grid dropped by 70%.

The voltage and current waveforms are similar to those shown in Fig. 5.12 even though

the DC input voltage was increased. The performance of the proposed inverter during the

3P fault is more stable than that during the SLG fault.

5.3.4 Evaluation of LVRT Capability of Proposed Inverter

Judging from the experimental results, it is more important to evaluate the LVRT capabil-

ity of the proposed inverter under the SLG fault. Therefore, the peak values of the current
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Figure 5.12: Experimental waveforms during 3P fault where E = 85V and primary side
line-to-neutral voltage dropped by 70%.
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Figure 5.14: LVRT capability of the 1.5-kW downscaled system under the SLG fault.

spikes in different operation cases are calculated using the parameters of the downscaled

experiment system, which are shown in Fig. 5.14.

For the downscaled system, the overcurrent limit was set to 175% of the nominal

current in E = 85V case, which is 27A. Fig. 5.14 also shows that a voltage sag of 20%

in E = 135V case will cause v-phase overcurrent, which is mentioned above. It is obvious

that |iv2F|MaxT is always larger than |iu2F|MaxT in the same overmodulation case. It can

be concluded that the LVRT capability of the proposed inverter circuit under the SLG

fault will get worse with the increase of the DC-input voltage. However, it is still able to

deal with most voltage sag operation cases.

5.4 Conclusion

This Chapter has provided a detailed LVRT capability analysis of the three-phase PV

inverter. The theoretical analysis of the proposed inverter during the grid faults based

on mathematical calculation and figures, including the capacitor voltage fluctuation, the
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reason for overmodulation and its borderline, and the peak value of current spikes dur-

ing the overmodulation, has been developed. Experimental verification using the same

downscaled system verified the reliability of the theoretical analysis.
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Chapter 6

Evaluation of Chopper-cell

Number and Performance

Comparison of Proposed PV

Inverter

Besides the topics addressed in the previous Chapters, there is one more very important

topic need to be discussed, which is whether we could decrease the total cost of the

proposed PV inverter without sacrificing its performance.

Generally speaking, the selection of the cascaded cell (submodule) number of the MM-

CCs is crucial. When the MMCCs are applied to high-voltage applications such as HVDC

systems, the required cell number is mainly determined by the required voltage levels,

and the number of cells can reach several hundreds, which eventually increases the cost

and volume of the converter [32], [75]. A significant amount of research has been carried

out to reduce the cost and volume of the MMCCs using new circuit topologies [76], the

latest power devices [77], and the capacitor voltage oscillation reduction method [78]. On

the other hand, the results in the previous Chapters show that there is no need increasing

the cell number to increase the voltage level or to improve the inverter performance by

reducing the voltage/current harmonics for a smaller size of passive filter components.

In addition, the increased cell number may result in increased converter loss and cost.

It is obvious that the minimum cell number per phase for enjoying the benefit of the
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MMCC technologies is two. Hence, a detailed evaluation of the chopper-cell number is

carried out by conducting performance comparison between the inverter using two cells

per phase (two-cell inverter) and the one using three cells per phase (three-cell inverter)

in this Chapter.

It is noteworthy that change of chopper-cell number does not change the range of

MPPT. For a fair comparison, the same equivalent switching frequency is assumed in both

inverters, which means that the carrier frequency of each cell in the auxiliary converter of

the two-cell inverter is 1.5 times that of the three-cell one. Since the circuit configuration,

the operation principles, and the control method do not change, the detail of them are left

out in this Chapter. In addition, the DC-capacitor voltage of the two-cell inverter should

be higher than that of the three-cell one considering (3.11).

6.1 Loss and Efficiency Comparison

The loss and efficiency analyses of the proposed three-cell inverter were carried out in

Section 4.3 for comparisons with those of the conventional three-level inverter (i.e., T-

type NPC inverter). The carrier frequency of the main converter in the three-cell inverter

was set to 50Hz, and that of each chopper cell was set to 2 kHz so that the equivalent

carrier frequency became 6 kHz to match the normal carrier frequency of the conventional

three-level inverter for fair comparisons.

Following the works shown in Section 4.3, the loss breakdown of the two-cell inverter

will be calculated, and the efficiency comparisons between the two-cell inverter and the

three-cell inverter will be conducted in this section. In order to conduct fair comparisons,

the loss in the transformer is not considered, which is similar to the previous work. The

switching and conduction loss of the auxiliary converter is taken into consideration. In

contrast, only the conduction loss is considered for the main converter because ZCS is

achieved in most cases, and the switching loss of the main converter with a carrier fre-

quency of 50Hz is negligible. It is noteworthy that the calculation in this section is based

on active power control cases and the power factor is set to unity. To keep the consistency

with the previous work, it is still assumed that the 3.3-kV IGBT modules 1MBI1000UG-

330 from Fuji Electric are used in the main converters and the 1.2-kV IGBT modules

CM1000DX-24T from Mitsubishi Electric are used in the auxiliary converters because
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Table 6.1: Circuit parameters used for loss calculation.

DC input voltage E 960V
Secondary line-to-line voltage

√
3Vac 1150V

Two-cell inverter DC-capacitor voltage VC 650V
Three-cell inverter DC-capacitor voltage VC 420V
Two-cell inverter carrier freq. (aux.conv.) fSA 3 kHz

Three-cell inverter carrier freq. (aux.conv.) fSA 2 kHz
Carrier freq. (main conv.) fSM 50Hz

Table 6.2: Parameters of proposed inverter used for comparison with same MPPT range.

DC input voltage 960V 1100V 1300V
Two-cell inverter DC-capacitor voltage 650V 680V 730V

Three-cell inverter DC-capacitor voltage 420V 450V 480V
Secondary line-to-line voltage 1150V

MPPT range 960−1300V
Two-cell inverter carrier freq. (aux.conv.) 3 kHz

Three-cell inverter carrier freq. (aux.conv.) 2 kHz
Carrier freq. (main conv.) 50Hz

the maximum DC-capacitor voltage is 730V for the two-cell inverter and 480V for the

three-cell inverter. The parameters used for calculation are obtained from the official data

sheets available on the manufacturer’s homepage.

Table 6.1 shows the circuit parameters used for loss calculation. The carrier frequency

of each cell in the auxiliary converter in the two-cell inverter was set to fSA = 3 kHz to

achieve the same equivalent switching frequency of 6 kHz as that of the three-cell inverter

calculated in Section 4.3. The DC-capacitor voltages of the two inverters are different

because of different cell numbers and they are determined according to (3.11). The same

loss calculation method is used, and the results are shown in Fig. 6.1. From the comparison,

it is obvious that the main converter conduction loss of the two-cell inverter is the same

as that of the three-cell inverter. However, the conduction loss of the auxiliary converter

of the two-cell inverter is almost 2/3 of that of the three-cell inverter at the output power

of 1000 kW because the number of power devices used in the auxiliary converter of the

two-cell inverter is 2/3 that of the three-cell inverter. Even though the switching loss of

the auxiliary converter of the two-cell inverter is larger than that of the three-cell inverter

because of the increased DC-capacitor voltage, the total loss decreases as the output power

increases compared with that of the three-cell inverter.

The following compares the efficiency of the two-cell and three-cell inverters with the

same DC-input and AC-output voltages and the same MPPT range. The circuit param-
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Figure 6.1: Loss breakdown of proposed inverter: a) two-cell inverter circuit, b) three-cell
inverter circuit.
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Figure 6.2: Efficiency comparisons of proposed inverter when
√
3Vac = 1150V with MPPT

range of 960− 1300V: a) E = 960V, b) E = 1100V, 3) E = 1300V.
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Table 6.3: Two-cell inverter circuit parameters used for experiments.

Active power reference p∗ 1.5 kW
DC input voltage E 85V or 135V

Nominal grid voltage Vgrid 200V
Voltage ratio of Tr. a 200/100 = 2

Secondary voltage of Tr. Vac 58V
Inductor L 0.21mH

Leakage inductance of Tr. l 0.27mH
Chopper-cell count/phase N 2

DC-capacitor voltage VC 65V or 75V
Cell capacitor C 4.4mF

Carrier freq. (main conv.) fSM 50Hz
Carrier freq. (aux. conv.) fSA 10.8 kHz

Fault duration tF 100ms

Table 6.4: Three-cell inverter circuit parameters used for experiments.

Active power reference p∗ 1.5 kW
DC input voltage E 85V or 135V

Nominal grid voltage Vgrid 200V
Voltage ratio of Tr. a 200/100 = 2

Secondary voltage of Tr. Vac 58V
Inductor L 0.21mH

Leakage inductance of Tr. l 0.27mH
Chopper-cell count/phase N 3

DC-capacitor voltage VC 45V or 60V
Cell capacitor C 4.4mF

Carrier freq. (main conv.) fSM 50Hz
Carrier freq. (aux. conv.) fSA 7.2 kHz

Fault duration tF 100ms

eters used for efficiency calculation are shown in Table 6.2 and the result of comparisons

is shown in Fig. 6.2. According to Fig. 6.2, the two-cell inverter circuit has a higher ef-

ficiency in all of the three cases when the output power is higher than 200 kW, and the

maximum efficiency is 99.2%. In contrast, the efficiency of the three-cell inverter is higher

when the output power is lower than 200 kW because the switching loss of the auxiliary

converter is dominant in this region. Because the proposed inverter circuit is designed for

applications in megawatt power level PV systems, the two-cell inverter circuit is better

than the three-cell inverter circuit in terms of loss and efficiency.
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6.2 Experiment

6.2.1 Experimental conditions

The experimental verifications during the steady state, the SLG fault, and the 3P fault

were carried out using the same 1.5-kW downscaled system used in previous Chapters.

The circuit parameters of the two-cell inverter and the three-cell inverter are summarized

in Tables 6.3 and 6.4, respectively. The DC input voltage corresponding to the PV array

voltage, E, was produced using the DC power source NF DP030RS. The grid voltage,

which is the primary side voltage of the transformer was produced using the programmable

AC power source NF DP045RT. The SLG fault (u-phase) and the 3P fault were performed

on the primary side of the transformer shown in Fig. 5.1 using the sequence function of

NF DP045RT. According to IEEE Std 1159-2019 [94], the fault duration, tF, was set to

100ms. The reference value of the active power was 1.5 kW. The reference value of the

DC-capacitor voltage in the two-cell inverter was set to 65V when the DC input voltage

was 85V and was set to 75V when the DC input voltage was 135V considering (3.11)

except for Fig. 6.9a, the reason of which will be explained later. Similarly, the reference

value of the DC-capacitor voltage in the three-cell inverter was set to 45V when the DC

input voltage was 85V and it was set to 60V when the DC input voltage was 135V,

respectively. The deadtime was set to 4.0µs for the main and the auxiliary converters.

The voltage ratio of the transformer was set to a = 2 so that the secondary line-to-neutral

(phase) RMS voltage was Vac = Vgrid⁄(
√
3a) = 58V.

The control system is composed of a digital signal processor unit utilizing Texas Instru-

ments TMS320C6678 and a field programmable gate array unit utilizing Altera Cyclone

IV. The voltage and current waveforms were measured using Textronix DPO4104B-L with

a frequency band of 1GHz, Textronix MDO4104C with a frequency band of 1GHz, and

Hioki Memory Hicoder 8861-50. The following mainly focuses on the behavior compar-

isons of the two-cell inverter and the three-cell inverter under the steady state and the

fault condition.

6.2.2 Steady-state performance comparisons

Fig. 6.3 shows the experimental waveforms comparison of the two-cell inverter and the

three-cell inverter under a steady-state when p∗ = 1.5 kW and E = 85V. It corresponds
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Figure 6.3: Experimental waveforms under steady state where p∗ = 1.5 kW and E = 85V:
a) two-cell inverter circuit, b) three-cell inverter circuit.

116



6.2. EXPERIMENT

150

0

-50

[V]

vMu

200

0
-50

[V]

vAu

150

0

-150

[V]

vconu

300

0

-300

[V]

vuw1

20

0

-15

[A]

iu2

in

10

0

-10

[A]

iu1

80

75

70

[V]

vCu1

vCu2

80

75

70

[V]

vCu1

vCv1

vCw1

20 ms

(a)

150

0

-50

[V]

vMu

200

0
-50

[V]

vAu

150

0

-150

[V]

vconu

300

0

-300

[V]

vuw1

20

0

-15

[A]

iu2

in

10

0

-10

[A]

iu1

65

60

55

[V]

vCu1

vCu2

vCu3

65

60

55

[V]

vCu1

vCv1

vCw1

20 ms

(b)

Figure 6.4: Experimental waveforms under steady state where p∗ = 1.5 kW and E = 135V:
a) two-cell inverter circuit, b) three-cell inverter circuit.
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to the low DC input voltage region where the ZCS can be achieved. Basically, the two-

cell inverter and the three-cell inverter have similar experimental waveforms except for

several differences. The auxiliary converter output voltage, vAu, of the two-cell inverter

has a three-level output waveform, whereas that of the three-cell inverter has a four-level

output waveform. There are a few more harmonic components in iu1, iu2, and in of the

two-cell inverter than those of the three-cell inverter. The reason for this phenomenon

is that the active filter function of the auxiliary converter is weakened by reducing the

cell number. In addition, the increased DC-capacitor voltage also increases the harmonic

components in the two-cell inverter circuit. The DC-capacitor voltages are regulated to the

reference value of 65V and 45V without any steady-state error in both inverter circuits,

respectively. However, only two cells capacitor voltages need to be balanced per phase in

the two-cell inverter, whereas there are three of them that need to be balanced per phase

in the three-cell inverter. Fig. 6.4 shows the waveforms comparison of another experiment

under a steady-state when p∗ = 1.5 kW and E = 135V. It corresponds to the high

DC input voltage region where ZCS cannot be achieved in this region. The waveforms

comparison shows similar results as that of Fig. 6.3. In this case, the DC component

included in the neutral current in is negative due to the increased E.

Further, the comparison of the THD values of the two-cell inverter and the three-cell

inverter is carried out. The data of the u-phase grid current, iu1, are used for calculation.

The THD values are calculated using MATLAB, and up to the 40th-order harmonic. The

THD values of the 85V steady-state cases of the two-cell inverter and the three-cell inverter

are 2.735% and 2.608%, respectively. Meanwhile, the THD values of the 135V steady-

state cases of the two-cell inverter and the three-cell inverter are 1.956% and 1.928%,

respectively. All of the THD values obtained above satisfy the requirement of IEEE std

519-2014 [86]. In addition, the comparison of the spectrum of iu1 of the two-cell inverter

and the three-cell inverter in the 135V steady-state case is shown in Fig. 6.5, where X

stands for the frequency and Y stands for the RMS value. In Fig. 6.5, both spectrums are

shown up to the 7th-order harmonic because the RMS values of higher order harmonics are

too small. It should be noted that the DC components shown in the spectrums were caused

by the measurement equipment error. The THD performance of the two-cell inverter in

Fig. 6.5a shows that the two-cell inverter exhibits similar performance to that of the

three-cell inverter, which is shown in Fig. 6.5b. In addition, the high frequency harmonic
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Figure 6.5: Spectrum of iu1: a) two-cell inverter circuit, b) three-cell inverter circuit.
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Figure 6.6: 21.6 kHz components of iu1: a) two-cell inverter circuit, b) three-cell inverter
circuit.
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components corresponding to the equivalent switching frequency contained in iu1 of the

two-cell inverter and the three-cell inverter are also compared in Fig. 6.6. The results

show that high frequency harmonic component does not change much by decreasing the

chopper-cell number from three to two.

6.2.3 LVRT capability performance comparisons during SLG fault

Fig. 6.7 shows the experimental waveforms comparison of the two-cell inverter and the

three-cell inverter during an SLG fault (u-phase) where E = 85V. During the SLG fault,

the amplitude of vu1 dropped by 50%, and a voltage dip and a phase jump occurred in

vuw1 because of the Y-∆ connection of the transformer. Both inverters behaved similarly

during the SLG fault. The value of the neutral line current in of both inverters decreased

during the fault because several coefficients in (3.32) changed during the SLG fault. In

addition, the currents of the two-cell inverter contained less low-order harmonic currents

during the SLG fault than those of the three-cell inverter. The reason is that reduction

of the cell number makes the capacitor voltage balancing control easier during the SLG

fault, which increases the robustness and the LVRT capability of the proposed inverter.

The DC-capacitor voltage unbalances occurred during the SLG fault and the DC-capacitor

voltages of u-phase and v-phase increased slightly and that of w-phase decreased in both

inverter circuits. However, the voltage variance of the two-cell inverter circuit is larger

than that of the three-cell inverter circuit because the power unbalance caused by the SLG

fault was imposed on only two cells. After the fault was cleared, the DC-capacitor voltages

of both inverters were regulated to the reference values, respectively. Fig. 6.8 shows the

waveforms comparison of another experiment during the SLG fault when p∗ = 1.5 kW

and E = 135V. Similarly, the amplitude of vu1 dropped by 50%, and a voltage dip and

a phase jump occurred in vuw1. Both inverters have similar performances as shown in

Fig. 6.7.

6.2.4 LVRT capability performance comparisons during 3P fault

Fig. 6.9 shows the experimental waveforms comparison of the two-cell inverter and the

three-cell inverter during a 3P fault where E = 85V. The line-to-neutral voltage of the

primary side of the transformer (grid) dropped by 60% during the 3P fault. The operation

principles during the 3P fault are similar to the ones of the 135-V normal condition, where
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Figure 6.7: Experimental waveforms during SLG fault where E = 85V and vu1 dropped
by 50%: a) two-cell inverter circuit, b) three-cell inverter circuit.
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Figure 6.8: Experimental waveforms during SLG fault where E = 135V and vu1 dropped
by 50%: a) two-cell inverter circuit, b) three-cell inverter circuit.
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Figure 6.9: Experimental waveforms during 3P fault where E = 85V and primary side
line-to-neutral voltage dropped by 60%: a) two-cell inverter circuit, b) three-cell inverter
circuit.
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Figure 6.10: Experimental waveforms during 3P fault where E = 135V and primary side
line-to-neutral voltage dropped by 60%: a) two-cell inverter circuit, b) three-cell inverter
circuit.
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α = 0 and Vac
E <

√
2
π . Therefore, in is negative during the 3P fault according to (3.32). The

DC-capacitor voltage fluctuation of each phase when the fault occurred and was cleared

is similar because of the symmetrical fault. Specifically, the capacitor voltages of all

phases increased when the fault occurred and they decreased when the fault was cleared.

However, the DC-capacitor voltage drop of the two-cell inverter when the fault was cleared

broke the operational requirement (3.11) when the DC-capacitor voltage was set to 65V.

Therefore, it was set to 75V in the experiment. The currents and the capacitor voltages

were kept balanced during the 3P fault in both inverter circuits. Fig. 6.10 shows the

waveforms comparison of another experiment during the 3P fault when p∗ = 1.5 kW and

E = 135V. Similarly, the line-to-neutral voltage of the primary side of the transformer

(grid) dropped by 60% during the 3P fault and both inverters have similar performance

as shown in Fig. 6.9. The larger voltage drop in vcw1 in Fig. 6.10a compared to that in

Fig. 6.9a was caused by the different moments when the faults were cleared.

6.3 Conclusion

This Chapter has evaluated and compared the performance of the proposed two-cell and

three-cell inverters in terms of loss, efficiency, THD performance, and experimental perfor-

mance during steady and fault states to evaluate the chopper-cell number in the auxiliary

converter. The comparisons have revealed that the two-cell inverter has lower total loss

and higher efficiency in megawatt power-level applications. In addition, the power devices

with the same voltage/current ratings can be applied to the two inverters. It has been

shown that the THD performances of the two inverters are similar under the same equiv-

alent switching frequency. The experimental verifications under the SLG and 3P faults

have exhibited that the two-cell inverter shows superior performance than the three-cell

inverter in terms of current and DC-capacitor voltage fluctuation.
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Chapter 7

Conclusion

This dissertation presents a detailed study of a novel three-phase inverter for utility-scale

PV systems where multiple cascaded bidirectional chopper cells and a three-phase line-

frequency transformer with a three-limb core are used. The major contributions of this

dissertation are:

• A single-stage three-phase PV inverter with high AC output voltage and

wide MPPT range - As explained in Chapter 1, the narrow MPPT range of con-

ventional two/three-level conventional PV inverters is hard to satisfy the requirement

of the fast developing PV electricity generation. However, the proposed PV inverter

has a much wider MPPT range. Meanwhile, the high AC output voltage decreases

the total loss.

• New individual current control method - The conventional d-q-0 control method

shown in Chapter 3 is not suitable to the proposed inverter circuit. The new in-

dividual current control method introduced in Chapter 4 has a better performance

than the conventional one. With the new control method, the stable operation of

the proposed inverter circuit is achieved.

• Theoretical analysis focusing on the LVRT behaviors of the proposed

inverter - The theoretical analysis includes the capacitor voltage fluctuation, the

reason for the overmodulation and the current spikes, and the limit of the LVRT

capability/safety operation zone under the SLG fault. The theoretical analysis is

based on mathematical calculation and figures and experimental verification using

the same downscaled system verified the reliability of the theoretical analysis.
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• Evaluation of chopper-cell number - The performance of the proposed PV in-

verter with two chopper cells and three chopper cells is compared in terms of loss,

efficiency, THD performance, and experimental performance during steady and fault

states. The comparisons are based on theoretical calculation and experimental ver-

ification and it is revealed that the two-cell inverter has lower total loss and higher

efficiency in megawatt power-level applications. The conclusion is that the two-

cell inverter is better than the three-cell inverter in terms of loss, efficiency, THD

performance, and experimental performance during steady and fault states.

7.1 Future Research

Even though an abundance of information is included in this dissertation, there are still

more could be discussed about the proposed PV inverter:

• Enhancement of control method - Since the AC components are controlled

directly in the proposed new individual control method, the PI control is replaced

with a proportional control. However, the proportional resonant control may have

a better performance in the proposed inverter circuit. It is worthy to test whether

the proportional resonant control has a better performance.

• Improvement of LVRT performance - As shown in Fig. 5.14, there is limit to

the LVRT capability of the proposed inverter, which means operational failures will

happen under some serious grid faults. Therefore, new operational principles or new

control methods are needed to handle the grid fault situations.

• Widening the MPPT range - It is proved that the MPPT range can be even

wider with the introduction of the third-order harmonic components. However, this

requires the modification of the circuit configuration and the control methods.
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