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Abstract

Facing the trend of rapid-growing solar PV capacity, there is an increasing demand for
achieving efficient and reliable energy conversion between distributed PV plants and the utility
power grid. Varieties of the three-phase transformerless solar PV inverters have been developed
to enhance the system’s efficiency, reliability, and power density. In such systems, common-
mode (CM) leakage current can be produced due to varying common-mode voltage (CMV),
which usually requires a CM filter to suppress. Extensive studies have been conducted on
reducing the size of CM filters. In particular, the zero CMV (ZCMV) PWM and interleaved
PWM are two popular approaches.

The ZCMV PWM is proposed to eliminate the CMV in a multilevel inverter. Despite the
reduced linear modulation range, this method has been a popular approach in the literature for
PV inverters in both 1000V and 1500V systems. The AC voltage can be low. As such, the
reduced linear modulation range is not a big limiting factor for the ZCMV PWM in PV inverter
application. However, the CMV cannot be completely eliminated due to the inevitable dead-
time. As a result, passive CM filter is still required in a PV inverter. Moreover, the ZCMV PWM
results in larger harmonics in the output current. As a result, the practical value of the ZCMV
PWM for PV inverter application remains unknown.

On the other hand, modular parallel PV inverter system has been widely employed in
practical applications to enhance system lifetime and efficiency. With interleaved PWM, the
overall CMV of the system can be further reduced, thus results in smaller CM filters. The key

challenge to implement the parallel interleaved inverters is the control of low-frequency (LF)
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zero-sequence circulating current (ZSCC) which can be induced by unavoidable hardware
parameters mismatch and output power mismatch.

This thesis focuses on addressing the key issues of employing ZCMV PWM and interleaved
PWM to reduce the CMV effects in different types of the grid-connected PV inverters. A
comprehensive evaluation of the ZCMV PWM is conducted on the transformerless T-type 3L-
NPC string PV inverters. In this study, two aspects are explored including dead-time effect and
resultant filter volume. Impact of dead-time is thoroughly investigated first, which indicates
CMV spikes caused by dead-time are inevitable to ZCMV PWMs. To mitigate the dead-time
effects, a cost-effective dead-time mitigation strategy has been proposed by using NP-LCL
filters. The analysis indicates NP-LCL has better CM performance than conventional LCL filter,
which can be applied to mitigate the dead-time effect without introducing extra passive filtering
elements. In order to investigate the actual impact of ZCMV PWM on the total output filter
volume, a comparative study has been conducted between the conventional PD PWM and
ZCMV PWM methods. The study indicates size of the CM filter can be reduced with ZCMV
PWM, but at the cost of two times larger of the DM filter and 1.5 times larger of the total filter
volume. Considering the dead-time effect and larger DM filter requirements, ZCMV is less
applicable than PD in such applications.

Interleaved PWM, on the other hand, can be applied to reduce the CMV effects in central or
multistring PV inverters where modular parallel VSIs are employed. This thesis proposed an
MPC-based centralized control scheme to achieve interleaved PWM and elimination of LF-
ZSCC. Carriers are adopted to realize interleaving, where the benefits of MPC and interleaved
PWM are combined to further enhance the system performances. A generalized ZSCC model is

derived, which allows the proposed method to be applied to any number of modular parallel
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VSIs. With LF-ZSCC eliminated, the proposed method enables interleaved PWM to be
implemented in N paralleled inverter modules for CMV reduction. Compared to the existing
MPC-based ZS control schemes, proposed method is more applicable and more flexible, which
can be implemented either in a dedicate central controller or in each converter’s local controllers.
Effectiveness of the proposed method has been verified by MATLAB simulations and lab-scale

experiments using paralleled two-level VSI as an example.
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Fig. 3.19. Experimental results of the proposed centralized CB-MPC with LF-ZSCC elimination: (a)
phase A module individual output currents, total output currents, and measured ZSCC; (b)

frequency domain FFT analysis of ZSCC before (blue) & after (red) inverter #1 switched off.
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Chapter 1 Introduction

Rapid growing solar photovoltaic (PV) generation becomes one of the major sources of
renewable electricity to meet the worldwide increasing energy demand. According to the latest
Renewables 2019 Global Status Report [1], the newly installed PV generation capacity has
increased by 199 GW in the past two years as shown in Fig. 1.1, which leads renewable capacity
growth and accounts for 55% of the global total renewable addition. The Global Market Outlook
for Solar Power [2] reveals the prospective global PV market will double its size from 505.1 GW
to over 1TW by 2022. Behind the fast growing PV market, one driving force is the massive
production capacity of the silicon-based PV module, which facilitated over 90% price drop of the
PV module in the past 20 years [3, 4]. The other reason is development of the solid state PV
inverters, which enables integration of distributed solar plants into utility power grid [5-7].
Meanwhile, the rapid expanding PV capacity imposes greater challenges on the efficiency,
reliability, and power density of the grid-interfacing PV inverters [5-11].

In the solar-to-grid energy conversion process, the grid-connected PV inverters play a key
role in converting the direct current (DC) from PV power to the grid-frequency alternating
current (AC) power. On the one hand, yield of PV system is dependent on efficiency of the PV
inverters. On the other hand, reliability of the PV inverters has been identified as the major
constrain for solar production. According to the statistics, the average lifespan of commercialized
PV inverters is around 5-10 years, while the PV modules can last for over 25 years [12]. PV
inverter is among the most vulnerable components in PV systems, which can affect the yield of
the solar farms in a significant way [13]. Beside efficiency and reliability, inverter’s power

density is another important aspect to be considered during the design. For the emerging utility-



scale PV projects, number of the PV inverters can easily reach up to several thousands, which
requires considerable manpower for installation and maintenance. Size and weight of PV
inverters can make significant difference in inverter-related labour cost [14]. Thus, it is highly

desirable to improve the PV inverter’s power density.
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Fig. 1.1. Cumulative installed global solar PV capacity between year 2008 to 2018 as reported in the
Renewable 2019 Global Status Report [1].

1.1. Voltage source inverters in solar PV applications

Varieties of the PV inverter topologies have been developed to enhance the system
efficiency, reliability, and power density [8-11]. Due to the advances in semiconductor devices,
voltage source inverter (VSI) have been widely applied in the grid-connected PV inverters. In
general, the grid-connected VSI-based PV inverters can be classified into three categories as
shown in Fig. 1.2, which includes 1) central PV inverters, 2) string or multistring PV inverters,
3) AC module PV inverters [5, 15, 16]. Central inverters are developed for the utility-scale PV

installations, while string or multistring PV inverters can be found in all types of the PV



installations. AC module PV inverter finds more of its application in residential-scale or

commercial-scale PV installations. This thesis focuses on the first two types of the PV inverters.

PV strings PV string multi-string AC module
M ML M M ] & i}w
M MMM Ml M ey e
- 'DC : :
T— T I T T T T il B s el ; :
DC bus DC nC.)| . DC L
AC AC AC V
.DC L pA pA
+. “ :w :r
AC| ACbus/Grid AC bus / Grid AC bus

(a) (b) (c)

Fig. 1.2. Different types of the grid-connected VSI-based PV inverters: (a) three-phase central PV
inverter, (b) one-phase/three-phase string and multistring PV inverters, (¢) AC module PV inverters.

1.1.1. Grid-connected central PV inverters

Central PV inverters are more suitable for large utility-scale PV installations because of
higher capacity, fewer components, and lower maintenance cost. As shown in Fig. 1.2, PV
panels are series-parallel connected to common central PV inverter through the DC combiner
box. The entire PV farm runs and relies on one central inverter, which imposes more challenges
on the inverter’s reliability. Also, the power loss can be higher due to the common maximum
power point tracking (MPPT) strategies and module output mismatch [17]. Even though, it is still
the proven inverter technology that widely applied in the large-scale PV generations.

The rapid expanding PV market has imposed increasing demand for the central inverter with
higher capacity. Nowadays, the commercial central PV inverters can reach up to multi-

megawatts in capacity, e.g., SMA offers a 4.7 MW central inverter for solar PV [18], and ABB’s



central PV inverters have a power capability of 5 MW [19]. In such high-power PV inverters,
modular paralleled multi-VSI systems can be employed to extend the inverter’s capacity beyond

the switching device’s current limit without harming the system’s efficiency and reliability [20,

21].

1.1.2. Grid-connected string or multistring PV inverters

String or multistring PV inverters can replace the central inverters in small utility-scale PV
installations (below 1 MW). Higher yield can be achieved by implementing the MPPT
individually for each PV string. Each PV string is individually controlled by a single inverter
(string inverters) or by DC-DC converters (optional in multistring inverters) to realize individual
MPPT. Beside efficiency, these designs offer better flexibility compared to central PV inverters,
which allows easy “plug-and-play” and simplifies system expansion [5].

Both the single-phase and three-phase VSI topologies can be applied to string or multistring
PV inverters. Particularly, single-phase VSIs are more suitable for PV systems rated below 10
kW. Three-phase VSIs are more favorable for larger PV installations where single-phase VSIs
may cause the grid unbalance [16]. Facing the trend of expanding PV capacity, the study focuses
on the most popular three-phase string or multistring PV inverters which have better grid
interfacing capability. Power ratings of these inverters range from one kilowatt to a few hundred
kilowatts. The market trend of such type PV inverter is towards higher power densities [14].
Taking the state-of-the-art commercial product for instance, SMA recently released a 75kW
three-phase multistring PV inverter with a power density of 0.58 kW/L for volume or 0.97kW/kg
for weight [22].

Multilevel VSI topologies are adopted to improve the output quality and power density.

Compared to the conventional two-level VSIs, multilevel VSIs have better performance because



of lower switching stress, less harmonic distortions, and higher efficiency [9-11]. The
performance can be further leveraged by employing the wide-band-gap (WBG) devices like 1200
kV Silicon Carbide (SiC) or 600V Gallium Nitride (GaN) [23]. Compared to the conventional
silicon-based switching devices such as insulated-gate bipolar transistors (IGBTs), these WBG
devices have higher switching frequencies (above 10 kHz) and much lower switching losses.
Increasing application of those WBG devices are found in string or multistring PV inverters [24,

25].

1.2. CM voltage effects in transformerless PV inverters

In addition to the cost and performance, safety has always been a priority for grid-connected
PV inverters, where common-mode voltage (CMV) could cause major safety concerns. In a
balanced three-phase PV system, CMV is the average of phase-to-neutral output voltages van, Vin,
ven, Which can be derived in (1.1). CM leakage current will be produced if there exists a
circulating path, e.g., in grid-tied transformerless PV inverter systems. The leakage current icys 1s

expressed in (1.2), where Zcu denotes the CM equivalent impedance across the system.

1
Uem = E(Uan + Upp + vcn) (L.1)
, _ |vewml

Traditionally, a high-frequency DC transformer or a line-frequency AC transformer is
implemented in PV inverters to enhance the safety performance, which can provide galvanic
isolation between the PV source and utility grid. However, these heavy and bulky transformers
increase the PV inverter’s size, weight, and cost while lowering the efficiency and power density

[26-28]. To address those challenges, transformerless PV inverters are developed and adopted in



the grid-connected PV applications [5, 8-11]. Without the transformers, inverter’s power density
and efficiency can be significantly improved [29, 30]. However, in transformerless PV inverters,
common-mode (CM) leakage current can be produced due to change of CMV. Without the
galvanic isolation, grounding path forms between the PV panels and utility grid, which allows
the flow of the CM leakage currents. As shown in Fig. 1.3, circulation path for CM leakage
current is plotted in red, where the C, denotes the parasitic capacitance of the PV arrays in range
of 50-150 nF/kW [16]. For the utility-scale PV installations, PV panels become dangerous to
touch where the leakage current can flow through human body to cause electrical shock or safety
hazards. Beyond the safety concerns, major issues such as output waveform distortion, extra
power loss, and electromagnetic interference will arise if the CM harmonics are not properly

eliminated [31, 32].
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Fig. 1.3. CM leakage current circulation path (as plotted in red) in transformerless PV systems.

There are several widely accepted industrial standards specifying the limit for CM
harmonics. For instance, IEC-62109 defines the CM leakage current limit of 300mA in RMS
[33]. In practice, transformerless PV inverters usually require large CM chokes to suppress the
CM current in order to comply with the grid code. The size of the CM choke depends on the

peak value of the high-frequency CM harmonics. To scale down the costly and bulky CM



chokes, improved inverter topologies [32, 34, 35] and pulse-width modulation (PWM) schemes
[36-45] are developed for different types of the PV inverters. For instance, zero CMV (ZCMV)
PWMs are mainly proposed for sting/multistring PV inverters employing the multilevel
topologies [38-42], while the interleaved PWM technique can be applied to high-power central
PV inverters when modular parallel VSIs are adopted [43-45]. This thesis focuses on addressing
the key issue of employing ZCMV PWMs and interleaved PWM technique to reduce CMV

effects in different types of grid-connected transformerless PV inverters.

1.3. CM harmonics elimination with ZCMV PWM

For the string or multistring PV inverters, a widely applied T-type three-level neutral-point-
clamp (T-type 3L-NPC) inverter topology has been selected for investigation [46]. The topology
can be found in Fig. 1.4. On the one hand, it has fewer components, lower switching loss, and
simplified current commutation loop compared to conventional 3L-NPC topologies [46, 47]. On
the other hand, this topology offers three output levels, which makes it easier to comply with grid
codes such as IEEES519 or IEEE1547. Compared to the conventional two-level VSI, output
harmonics are pushed to higher orders with lower magnitudes [48], which can be converted to
less CM harmonics or lower leakage current. However, the reduction is insufficient especially in
string or multistring PV inverters, because large CM choke or isolation transformer are still
required in order to eliminate the CM leakage current to below 300mA according to IEC-62109
[33]. To achieve transformerless power conversion without using a large CM choke, zero
common-mode voltage (ZCMV) PWMs have been proposed as an attractive solution for

multilevel PV inverters [38-41].
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Fig. 1.4. Topology of three-phase T-type 3L-NPC in transformerless string or multistring PV inverters

In T-type 3L-NPC PV inverters, the output voltage/current are actively controlled by
adjusting the firing angles of IGBTs. Each phase has three possible outputs +V4c/2 [P], 0 [O], and
-Vac/2 [N]. Considering all three phases, there are 27 switching states and 18 switching vectors.
As summarized in Table 1.1, switching actions of the IGBTs will generate different levels of
CMYV on the neutral terminal. For conventional PWM methods such as phase-disposition (PD) or
space vector modulation (SVM), significant amount of the high-order CM harmonics will be
produced due to selection of the switching states with different CMV. Aiming at transformerless
power conversion and smaller CM filters, modified PWM methods have been proposed by only
selecting switching states producing zero CMV. ZCMV PWMs can be realized with either SVM
[38, 39] or carrier-based PWM [40, 41]. Taking SVM-based ZCMV PWM for instance, only the
medium vectors [NPO], [NOP], [PON], [PNO], [OPN], [ONP] and zero vector [OOO] are
selected during modulation. High-order CM harmonics can be reduced if all the switching states
produce zero CMV. More details about SVM-based ZMCYV studied in the thesis can be found in

Fig. 1.5. It should be noted that ZCMV PWMs has a major drawback, which is inverter’s DC



voltage utilization rate. With ZCMV PWMs, DC voltage utilization rate is 13.4% lower
compared to the conventional PWM methods. Despite of the lower DC voltage utilization rate,
ZCMV PWMs are still widely applied in string PV inverters and electrical motor drives where

leakage current is a major concern.

Table 1. 1. Common-Mode Voltages of Three-Phase T-type 3L-NPC
Inverter with 27 Switching States

Switching states CMV (Veum)
PPP +Vae/2
PPO, POP, OPP +Va/3
PNP, PPN, NPP, OOP, POO, OPO +Va/6

000, NPO, NOP, PON, PNO, OPN, ONP 0

NPN, NNP, PNN, OON, NOO, ONO -Va/6
NON, ONN, NNO -Va/3
NNN -Vae/2

Beside DC voltage utilization rate, there are other factors such as dead-time effect, and
resultant total filter volume, which can affect the applicability of ZCMV PWMs in the
transformerless PV inverters. Theoretically, CMV can be 100% eliminated with ZCMV PWMs
thus no CM filter is required. In practice, CMV spikes with a magnitude of V4./6 can be observed
due to the inevitable dead-time effect, which still requires a CM choke. On the other hand,
considering the ZCMV modulation will undermine the output current quality which may lead to
size increase of differential-mode (DM) filters, the impact of ZCMV on the total filter volume

remains unknown, which also requires further investigation.



Fig. 1.5. Summary of voltage vectors for the three-phase T-type 3L-NPC inverter. In the conventional
SVM-based ZCMV PWM scheme, only the six medium vectors [PON] [OPN] [NPO] [NOP] [ONP]
[PNO] and a zero vector [OOQO] are select for modulation (as highlighted by red in this figure).

1.4. CM harmonics reduction with interleaved PWM

Employing modularity becomes the trend of modern power electronics, where parallel
operation of three-phase VSIs is commonly found in high-power multistring or central PV
inverters [49]. Higher power ratings can be easily achieved along with better scalability,
reliability, and fault tolerant capability [50-51]. In this work, modular parallel two-level VSI (2L-

VSI) system has been selected for illustration. As shown in Fig. 1.6, multiple 2L-VSI modules

10



are sharing a common DC-link, and parallel-connected to the AC grid. Each inverter module

shares partial of the total load during DC-to-AC power conversion.
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Fig. 1.6. Topology of N modular paralleled 2L-VSIs in multistring or central PV inverters.

Facing the challenge of CMV effects, interleaved PWM techniques [43-45] can be employed
in paralleled multi-VSIs for reduction of the CMV effects or leakage current. If the PWM
carriers for each inverter are phase-shifted by 2n/N radians, the dominant CM harmonics will be
pushed from the carrier frequency of f.- to higher orders. More specifically, frequency-domain
analysis in Fig. 1.7 indicates that the dominant CM harmonics of N interleaved 2L-VSIs appears
at N times of the carrier frequency. Larger the module number N, higher the order of dominant
CM harmonics, which will result in a smaller CM filter. Additional benefits of the interleaved

PWM include multiple output voltage levels, reduced PWM voltage ripple, cancellation of low-
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order DM harmonics, and size reduction of the passive filtering components. According to the

study in [75], the most used LCL filters can be replaced with smaller L filters to satisfy the grid

code, when a certain number of converters are interleaved. With smaller DM filters adopted in

each module, system power density can be further improved.

500
s
vﬂ-
zZ 0
<
-
-500
0.025 0.03 0.035
1000
z
E 0 phfA AN LRI LA B
-
-1000
0.025 0.03 0.035
time(s)

0.02 0.025 0.03 0.035
1000
z
= 0
[$
>
-1000
0.02 0.025 0.03 0.035
time(s)

FFT of Vem
800 | 1 (h=100)
s
g 600 f
E|
‘E 400 |
_‘%JJ
Z 200} i 1
0
0 100 200 300 400 500 600 700
Harmonic order
(a)
FFT of Vem
20 : :

(h=596)
=13 (h=602)
1
Ei
5
=

0 100 200 300 400 500 600 700
Harmonic order

(b)

Fig. 1. 7. CM harmonics distribution of six paralleled 2L-VSIs modulated with (a) synchronized (non-
interleaved) PWM (b) interleaved PWM technique. Waveforms of phase A to neutral-point voltage
Vinp, common-mode voltage (CMV) Vey, and frequency domain FFT analysis of Vew. where the
fundamental frequency is 60Hz; carrier frequency is 6kHz (or ~=100); DC-link voltage is 1000V.

However, zero-sequence circulating current (ZSCC) i.s becomes the major concern when

adopting interleaved PWM in modular parallel VSIs. ZSCC can be decomposed into the high-

frequency (HF) components and low-frequency (LF) components. HF-ZSCC is the side-effect of
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interleaving as the terminal voltages are different among the paralleled inverters. CM choke is
required to be implemented in each inverter to eliminate the HF-ZSCC. LF-ZSCC can be
generated due to the inevitable hardware parameters mismatch and/or unequal power sharing
among the paralleled inverter modules. If not properly eliminated, such LF-ZSCC may saturate
the CM choke, increase device power loss, and even damage the entire system. In the central or
multistring PV inverters that adopting paralleled multi-VSIs, CMV effects can be mitigated with
interleaved PWM if and only if LF-ZSCC has been completely eliminated.

To regulate LF-ZSCC in the interleaved multi-VSI systems, zero-sequence (ZS) controllers
can be applied in different control schemes. References [50, 51] propose some simple ZS current
controllers. Those controllers are to be implemented in a distributed manner at each inverter,
where communications among the modules are prohibited. However, these communication-less
ZS controllers are not effective when the inverter modules have different output powers. Such
condition is commonly seen when unit-shading strategy is applied to improve the light-load
efficiency. Facing those challenges, centralized control methods [52-62] are proposed where
communications are implemented among ZS controllers to achieve complete elimination of LF-
ZSCC. In such design, paralleled inverter modules are usually integrated into one housing, where
data exchange are made through the interconnected fiber-optic cables. Different ZS control
methods sharing the similar control architecture can be found in literature which including
proportional integral (PI) control based method [52], feed-forward control based methods [53,
54], deadbeat control based methods [55, 56], and model predictive control (MPC) based
methods [57-62]. In these methods, each inverter needs to exchange data with all other modules,
which requires significant amount of the communication cables. Beside higher cost, complex

communications will impose more challenges on installation and maintenance. In addition, most
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of the existing LF-ZSCC control schemes, especially those adopting MPC, are only applicable to
two paralleled inverters. Without a generalized ZSCC model, methods like [57-62] cannot be
applied to multiparalleled VSI systems with more than two modules. Therefore, it is highly
desirable to develop a generalized LF-ZSCC control scheme which has lower cost and better

applicability to N modular parallel VSIs.

1.5. Thesis contributions and organization

This thesis focuses on addressing the key issues of employing ZCMV PWM and interleaved
PWM to reduce the CMV effects in different types of the grid-connected transformerless PV
inverters. Multilevel VSI and modular paralleled VSIs are both considered in this study. Major
contributions of this thesis are outlined in below.

e For string or multistring PV inverters with multilevel VSIs, CMV cannot be completely

eliminated with ZCMV PWM methods due to the inevitable dead-time effect. In Chapter
2, a thorough investigation of the dead-time effect is conducted on T-type 3L-NPC
inverters when modulated with ZCMV PWMs. A cost-effective dead-time mitigation
strategy of using DC neutral-point connected LCL (NP-LCL) filter has been proposed,
which does not introduce any additional passive filtering elements into the system.
However, considering the undermined output quality, ZCMV PWMs still require larger
DM filters compared to conventional PWM methods. The actual impact of ZCMV
PWNMs on the total output filter volume remains unknown. This thesis first explores the
actual impact of ZCMV on the total output filter volume. Comparative studies are

conducted between ZCMV and conventional PD PWM methods. Volumes of the
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resultant CM and DM filters are fairly compared under the same filter parameters design
framework. More details about the design and comparison are presented in Chapter 2.

For multistring or central PV inverters with modular parallel VSIs, interleaved PWM can
be employed to reduce the CMV effects, but LF-ZSCC issue must be addressed in the
first place. In Chapter 3, a novel centralized carrier-based model predictive control (CB-
MPC) scheme has been proposed to achieve interleaving and full elimination of LF-
ZSCC in N modular paralleled VSIs. Power can be individually controlled for each
inverter module, where LF-ZSCCs caused by unavoidable hardware parameters
mismatch and/or unequal module output power are completely eliminated. A generalized
ZSCC model has been derived to leverage the employment of modulated MPC. Carriers
are adopted to achieve interleaving. Benefits of MPC and interleaved PWM are combined
to yield further improvement of the performance. In this thesis, 2L-VSI has been selected
for illustration. The proposed method is applicable to N modular parallel multilevel VSIs
as well for LF-ZSCC elimination. Compared to the exiting MPC-based LF-ZSCC control
methods, the proposed centralized control scheme has better applicability and flexibility,
which can be implemented either in a dedicate central controller or in converter’s master
controllers. More details about the design, implementation, and performance of the
centralized CB-MPC are presented in Chapter 3. Conclusions and prospects for future

work are summarized in Chapter 4.
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Chapter 2 Evaluation of ZCMV PWM in
Transformerless T-type 3L-NPC Inverter

In this chapter, a comprehensive evaluation of ZCMV PWM methods is conducted on
transformerless T-type 3L-NPC PV inverters. Effectiveness of ZCMV PWMs on eliminating
CMYV has been studied first, where dead-time effect is thoroughly investigated. The analysis
indicates CMV cannot be completely suppressed with ZCMV PWMs due to the inevitable dead-
time effect. The resultant CMV spikes will induce leakage current, which still requires a CM
choke to suppress. In this work, an empirical evaluation approach has been proposed to
quantitively analyze the dead-time effect on ZCMV PWMs. An alternative dead-time mitigation
strategy is developed by using DC neutral-point connected LCL (NP-LCL) filter. Since there
always exists a differential-mode (DM) LCL filter in such PV inverters, the proposed method
does not introduce any additional passive filtering elements into the system. Compared to the
conventional LCL filters, NP-LCL provides better attenuation to high-order CM harmonics thus
can mitigate the dead-time effect. Effectiveness of the proposed method is verified by
experimental results.

However, considering ZCMV will undermine the current quality which could result in larger
DM filters, the impact of ZCMV on the overall filter size remains unknown. To investigate the
actual size of the resultant CM and DM filters, a comparative study is carried out between
ZCMV and the conventional PD PWM methods. Two different filter types, LCL and NP-LCL,
are considered in this comparison, which leads to four combinations, i.e. 1) PD with LCL, 2) PD

with NP-LCL, 3) ZCMV with LCL, and 4) ZCMV with NP-LCL. Both the DM and CM filters
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are considered, upon which the total filter volumes are compared. To ensure a fair comparison,
filter parameters are designed under the same framework that in compliance with grid codes

IEC-62109 and IEEE1547. Design and analysis have been verified in MATLAB simulation.

2.1. Analysis of dead-time effect in T-type 3L-NPC inverter

The original goal for ZCMV modulation is to achieve net “zero” CMV and to avoid the use
of CM chokes. For three-phase T-type 3L-NPC inverters, as summarized in Table 1.1, there exist
27 switching states which can produce different levels of CMV. Only the seven switching states
that producing zero CMV, [NPO], [NOP], [PON], [PNO], [OPN], [ONP], [OOO] are selected for
modulation. Theoretically, the CMV can be fully eliminated with ZCMV PWM. Fig. 2.1(a) and
Fig. 2.1(b) show the measured CMV of the conventional PD and SVM-based ZCMV PWM
methods. Zero CMV is observed for ZCMV in Fig. 2.1(b), when the dead-time has not been
implemented. However, that is not the case in the real application where dead-time must be
implemented in order to prevent the ‘“shoot-through” phenomena. As shown in Fig. 2.1(c),
repeating CMV spikes with a magnitude of Va/6 can be observed when dead-time is
implemented in ZCMV. To better understanding CMV generated during the dead-time, an in-
depth investigation has been conducted in this section. More details about the studied SVM-

based ZCMV PWM method can be found in Fig. 1.5.
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Fig. 2.1. Simulation results of CMV measured from 10kW/400Vrms/60Hz T-type 3L-NPC inverter
sampled at 9kHz, when modulated with (a) conventional PD PWM (b) SVM-based ZCMV PWM
applied with 0 us dead-time (¢) SVM-based ZCMV PWM applied with 3 us dead-time.

2.1.1.

Current commutation analysis

Dead-time is a very short time period to be implemented in the most PWM schemes

including ZCMV. The time delay is implemented between the operation of different switching
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devices to avoid the “shoot-through” phenomena. Length of the dead-time 7pr depends on the
device switching cycle T or the switching frequency f;.. Different phase output voltage can be
produced during the dead-time, whose magnitude depends on the current flow direction. For
example, if one phase is switching from state [O] to state [P], zero output voltage will be
produced during the current commutation when the terminal current goes outbound as indicated
by blue in Fig. 2.2(a). For the same switching action, if current flows inbound as plotted by red
in Fig. 2.2(a), the output voltage will be V4/2 during the dead-time. Current commutation of all
the other switching actions can be analyzed in the same way as shown in Fig. 2.2(b) to Fig.
2.2(d).

Most importantly, CMV spikes will be produced during the dead-time, which is known as the
dead-time effect. In three-phase T-type 3L-NPC inverters, CMV spikes will be produced when
the two phases with opposite current-flow are switched. Taking one switching cycle from sector
I for example (Fig. 1.5), the output voltage is synthesised by three vectors [PON] [OPN] and
[O00]. CMV spikes will be produced when the actual output state changes from [OOOQ] to
[PON], [PON] to [OPN], or [OPN] to [OOO]. As shown in Fig. 2.3, there will be exactly one
CMV pulse generated in each switching cycle, whose polarity depends on the current flow
direction. The pulse duration equals to the length of the dead-time 7pr. The amplitude equals to
the average of the three-phase output voltage, whose magnitude is Va/6 according to (1.1). As
shown in Fig. 2.1(c), CMV spikes are measured to be 116V which equals to one-sixth of the DC-

link voltage of 700V.
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Fig. 2.3. CMV spikes caused by dead-time in one switching cycle (from Sector I) when modulated
with SVM-based ZCMV PWM.

2.1.2. Fourier analysis

Fourier analysis has been conducted to further investigate the dead-time effect on ZCMV

PWMs. As shown in Fig. 2.4, CMV spikes can be approximated by multiplication of two
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periodic square waves. Since there is only one CMV spike generated in each switching cycle, the
CMV pulse wave can be first approximated by a periodic square wave fi(¢) without considering
its polarity. The first wave fi(t) reveals the frequency and amplitude of CMV spikes (frequency
for= 9kHz, amplitude =V4./6). Pulse duration equals to the length of dead-time 7pr. The second
wave f>(¢) indicates the polarity of CMV spikes, which has 50% duty cycle repeating at three

times of the fundamental frequency f; (180Hz in this case).

+Vu/6

Si(@)

y - f,=fu= 9kHz

f2(0)

f:=3f.= 180Hz

| Estimated CMYV spikes caused by dead-time |
+Va/6 |

J1@®) * fo(2) 0

-Vu/6

# of pulse = Sfer 1 3fq

Fig. 2.4. Estimation of the waveform of CMV spikes caused by dead-time: Vewm(?) = fi(£) x f>(¢).

According to the convolution theorem, multiplication in time domain is equivalent to
convolution in frequency domain. Since Vewm(?) equals to the product of fi(7) and f2(¢), frequency
domain Fourier expression of Vem(h) can be obtained in (2.1) by performing convolution
multiplication of Fi(n) and F2(m), where * denote the convolution operation; m denotes the
harmonic order of /i at the fundamental of f.; » denotes harmonic orders of /> with a fundamental

frequency of 3f,; 4 denotes harmonic order of Vewm based on f,.
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Vem(h) = F[f1 (D) f2(0)] = F1(n) * F,(m) (2.1)

Accordingly, the magnitude of Vcm zewmv at different harmonic order / can be derived in (2.2).

WaeToprfor . (Th o~ 2Waef,sinGnfTort)  [(foh — tfer
acTprf sm(n—>+ z acfgsin(3mf, DTT)Sm[(fg Zf:f )ﬂ] 2.2)

v, h) =
cm_zcmv (h) 3R 2 Ay 3nzr(fgh - chr)

T+0
T#fgh/ fer

From the above derivation, dead-time effect on ZCMV PWMs become quantitatively analyzable.
Based on the magnitude of dominant CM harmonics estimated, the minimal CM inductance

required to satisfy IEC-62109 can be determined when designing the CM filter.

CMV spectrums of a 10kW/380Vrms/60Hz T-type 3L-NPC inverter modulated with ZCMV
PWM are shown in Fig. 2.5. The carrier frequency is 9kHz. Dead-time applied is 1% or 1.1us.
One can see the dominant CM harmonics caused by dead-time appear at the multiple of carrier
frequency fc: plus or minus three times of the fundamental frequency f;. The dominant sidebands
appear at the order of 150i+3 where £=1,2,3.... The amplitude of CM components is estimated
by (2.2) accordingly. Simulation results are also provided for verification. By comparing the
analytical results with the practical results presented in Fig. 2.5(a), discrepancies are observed at
the odd multiple of the carrier frequency (150™, 450™...). In the simulation results, low-order
sidebands at odd multiples (147", 447", ..) are transferred to high-order (153, 453™...) causing
the amplitude of high-order sidebands increased to 163%. Such discrepancy between the
analytical results and the practical results is caused by location variation of the CMV spikes. In
previous analysis, it was assumed periodic CMV pulses repeating at each sampling cycle 7s. In
fact, as shown in Fig. 2.3, there are three possible CMV pulse locations in each switching cycle,
which leads to the dominant odd sidebands shifting from low-order side to the high-order side

(e.g. from A=147 to h=153). Also note that the percentage discrepancy between the practical and
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analytical results are always less than 70% for all ma.. Thus, 200% calculated Vem zemv should be

selected for a conservative design of CM filters.
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Fig. 2.5. Harmonics spectrums of CMV caused by dead-time when modulated with ZCMV PWM at
(a) for = 9kHz, To1=1%T5; (b) for = 4.5kHz, Tor=1%Ts. For each case, analytical result is on the left,
simulation result is on the right.

Above analysis and estimation are applicable to three-level inverter systems with different
carrier frequencies. By observing (2.2), the amplitude of CMV spike caused by dead-time are
proportional to 7pt/Ts. In other words, if Tpr always equals 1% of 75, amplitude of CMV caused
by dead-time will be irrelevant to the carrier frequency. Back to previous study, if the carrier
frequency changes from 9kHz to 4.5kHz with 1% (or 2.2us) dead-time applied, the amplitude of
dominant CMV components will not change. As shown in Fig. 2.5(b), dominant CM harmonics

appears at 75k+3 where k=1,2,3..., whose magnitudes are identical to the case of fo:= 9kHz. In

24



this study, it has also been found that the magnitude of CMV caused by dead-time is irrelevant to

the power factor.

2.2. Mitigation of the dead-time effect with NP-LCL filter

It has been shown that dead-time effect is inevitable for ZCMV PWMs. In transformerless T-
type 3L-NPC PV inverters, CMV spikes generated at dead-time can cause danger leakage
currents, output waveform distortions, and fundamental voltage losses [63, 64]. To compensate
the dead-time effect, a modified PWM switching sequence has been proposed in [27]. However,
the switching loss is found 50% higher than conventional ones which makes this method
undesirable, especially for PV inverters with efficiency as a key consideration. Therefore,
passive CM filters are still necessary for ZCMV PWMs. Rather than applying a full-size CM
filter, dead-time effect can be eliminated by other passive filtering options. In this section, an
alternative solution has been proposed by using DC neutral-point connected LCL (NP-LCL)
filters for dead-time mitigation [67]. With NP-LCL, CM harmonics caused by dead-time can be
eliminated without introducing extra passive filtering elements. Design and implementation of
the NP-LCL are detailed first, where the performance of NP-LCL has been compared to
conventional LCL considering both DM and CM performances. Efficacy of the proposed method

is verified by experimental results obtained from a lab-scale DSP-based 3L-NPC platform.

2.2.1. Conventional LCL vs. NP-LCL filters

As the most preferable passive DM filtering solutions, conventional LCL filter can be found
in most of the three-phase string PV inverters [65, 66]. For inverters adopted conventional LCL

filters, CM chokes are usually required to suppress the leakage currents caused by dead-time. It
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is found in studies that NP-LCL filter is another DM filtering option, which can provide extra
leakage current suppression capability at no extra cost. NP-LCL can be implemented by

connecting filter capacitors’ neutral-point to the inverter’s DC midpoint.

To compare these two filtering solutions, DM performance is considered first since the
primary goal of these filters is to eliminate the high-frequency DM harmonics. As shown in Fig.
2.6, NP-LCL shares the same DM equivalent circuit with conventional LCL. The DM harmonics
attenuation rate A#fpy can be derived accordingly in (2.3), where L; denotes the inverter-side

filter inductance; L, denotes the grid-side filter inductance; Crdenotes the filter capacitance.

1

(CrLiLg)s3+(LisLg)s

: RL(mrl % Ipm

Vieoar

Fig. 2.6. DM equivalent circuit of the conventional LCL or NP-LCL filters

Considering CM on the other hand, only one-third of the DM filter inductance appears in the
CM loop. CM equivalent circuit of LCL and NP-LCL filter can be found in Fig. 2.7(a) and Fig.
2.7(b). Compared to the conventional LCL, NP-LCL has better CM harmonics suppression
capability because majority of the leakage current Iyc will be bypassed through the neutral-point
connected capacitor. The leakage current division ratio Inc : Icm depends on the CM impedance
ratio of Zscr : Zigi+ce. High-frequency CM harmonics will see lower impedance of Zscr at the

shunt capacitive branch, thus get by-passed from the output path. As will be shown, effectiveness
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of the NP-LCL on suppressing leakage current has been verified by simulation and experimental

results.
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Fig. 2.7. CM equivalent circuit of (a) conventional LCL filter (b) NP-LCL filter.

In addition, it is better to insert CM chokes to grid side as long as the uncoupled DM
inductors are adopted in NP-LCL. As shown in Fig. 1.4, such design has been widely adopted in
multi-stage output filters [68] because the size of CM choke can be further reduced when moved
from inverter side to the grid side. To prevent the potential oscillations between two neutral
points, CM choke should be designed to ensure that resonance frequency is different from the
triplet multiples of fundamental frequency. A damping resistor Rnc can be inserted in between
the inverter midpoint and filter neutral point to provide necessary damping [69]. CM attenuation
rate of conventional LCL Atfcmacr) and NP-LCL filter Attcmave-rcr) are derived in (2.4) and (2.5)

respectively, where the optional CM choke and Rnc are not included in the derivation.
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To evaluate the CM performance of NP-LCL filters, simulations are performed with LCL
and NP-LCL filters that sharing the same filter parameters of 2.5mH/5uF/2.5m. Frequency
domain responses of LCL and NP-LCL are plotted in Fig. 2.8. One can see, NP-LCL can provide
better attenuation to high-order CM harmonics than conventional LCL with the same filter
parameters. For example, if the carrier frequency is 9 kHz, NP-LCL can provided 145.6 dB

larger attenuation to dominant CM harmonic than with conventional LCL filter.
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Fig. 2.8. Common-mode frequency domain response of the conventional LCL filter (orange) and NP-
LCL filter (blue) with the same filter paramters of 2.5mH/5puF/2.5mH.

From above analysis, one can see NP-LCL has better CM performance than conventional

LCL, which can be applied to eliminate dead-time effect on ZCMV PWMs. The size of CM
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choke can be reduced in an effectively way since the dominant high-order CM harmonics get
well attenuated. Experimental results will be presented in the next subsection for verification. As
will be shown later, no CM choke is required if ZCMV PWM is combined with an optimal
designed NP-LCL filter to comply with IEEE1547 and IEC-62109. With the proposed dead-time
mitigation strategy, system power density is improved at no extra cost while the system

reliability gets enhanced.

2.2.2. Experimental verification

To verify the effectiveness of the proposed dead-time mitigation strategy, 1kW experiments
have been performed on a lab-scale grid-connected 3L-NPC platform. The experimental
prototype can be found in Fig. 2.9. In this design, power from a 140V DC supply is injected into
80Vims AC grid through the inverter. Power controllers and ZCMV PWM strategy are
implemented in DSP TMS320F28335. The sampling frequency is 9kHz with 3us dead-time
implemented for both methods. A 0.15uF grounding capacitor is inserted in between AC
grounding point and inverter DC neutral-point, which representing the worst-case scenario with
the largest leakage current. Two filtering options, conventional LCL and NP-LCL, are
considered in this design with the same filter parameters adopted: 0.8mH (Li) / 15uF (Cy) /
0.8mH (Lg). With uncoupled inductors applied, one-third of the filter inductance is naturally

applied in the CM loop. Thus, no extra CM choke has been applied in this setup.
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Fig. 2.9. Experiment setup and hardware prototype.

Fig. 2.10 shows the experimental results of ZCMV PWM with a conventional LCL filter
adopted. With 3us dead-time applied, CMV spikes with a peak of 23.3 V are observed which
causes 63.3 mA leakage current in RMS. Frequency domain analysis indicates the dominant CM
harmonic appears at 153™ order with a magnitude of 0.13A. Considering DM sidebands, only
0.22% DM harmonics appear at 151 order. The magnitude is less than the maximum grid code
allowance of 0.3% as specified in IEEE1547. With the NP-LCL design adopted, the dominant
CM harmonics at 153" order get well attenuated to below 0.01%. As shown in Fig. 2.11, clean
output current waveforms are observed when the leakage current is reduced down to 12.9 mA in
RMS. As will be shown in the next section, IEC-62019 can be satisfied without requiring extra
CM choke when NP-LCL is combined with ZCMV. The experimental results agree with the

analysis, which indicate NP-LCL filter can provide the desirable DM performance and a better
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CM performance in the transformerless T-type 3L-NPC string PV inverters. Effectiveness of the

proposed dead-time mitigation strategy is verified.

With LCL | Harmonics Spectrum of Ia Harmonics Spectrum of Icm
P P
m\ _’r'\. /\‘ ‘_/‘\‘ N\ ‘/\ 2
AT ANYA NS AV ANTA N
@amivy - A A S A g )
Vo _ £ = Teu (h=153) = 0.13
(100V/Div) bl Ton(h=151) = 0.20% < 0.3% g /
- R
g Y
l[. M 0
@A/ =
Div) i 0 50 100 150 200 250 300 0 100 200 300
Time (10ms/Div) Harmonics Order (f, = 60Hz) Harmonies Order (f. = 60Hz)

Fig. 2.10. Experimental waveforms of ZCMV PWM with conventional LCL: phase A output current
Ix (10A/div), phase A grid voltage Va. (100V/div), CM current Icm (SA/div). Harmonic spectrum of
output current /4 (% of rated) and measured CM current /ca (A).
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Fig. 2.11. Experimental waveforms of ZCMV PWM with NP-LCL: phase A output current /a
(10A/div), phase A grid voltage V.. (100V/div), CM current Icm (5A/div). Harmonic spectrum of
output current /4 (% of rated) and measured CM current /ca (A).

2.3. Impact of ZCMV PWM on output filter volume

As shown in the previous analysis, passive output filters are essential to transformerless
string or multistring PV inverters. DM output filters are designed to mitigate DM harmonics,
while CM filters are implemented to deal with CM harmonics. The filter parameters need to be
carefully designed to satisfy the grid codes IEEE1547 and IEC-62109. On the other hand, ZCMV

PWM is proposed to reduce the CMV effects and to scale-down the size of CM filters. With the
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proposed dead-time mitigation strategy applied, size of CM filters can be further reduced.
However, the DM output quality is undermined which will result in larger DM filters. As most of
the existing/ongoing research focused on how to reduce the CMV effects or the size of CM
filters, the real impact of the ZCMV PWM on the total output filter volume (DM + CM) has not
yet been investigated in the transformerless PV inverters.

In order to evaluate the resultant filter volume of ZCMV PWM, a comparative study has
been carried out between the conventional PD and ZCMV PWM methods. For either modulation
methods, two DM filtering options can be selected, i.e. the conventional LCL and neutral-point
connected LCL (NP-LCL) filter, which results in four designs: 1) PD with LCL, 2) PD with NP-
LCL, 3) ZCMV with LCL, and 4) ZCMV with NP-LCL. In this work, different power ratings are
considered where studies are conducted on a 10kW and a 100kW three-phase T-type 3L-NPC
inverter systems for analysis. An applicable filter parameter design procedure has been
developed, which makes it possible to fairly compare the resultant filter size of different cases.
With output filter parameters properly designed under the same framework for all the cases,
volume of the resultant filters is estimated and compared accordingly. The study indicates DM
filter dominants the total filter volume in the studied PV inverter systems. Size of the CM choke
can be minimized with ZCMV PWM but at the cost of significant larger DM filters. The total
filter volume for ZCMV PWM is at least 1.5 times larger than PD which reveals the PV
inverter’s power density cannot be improved with ZCMV PWM. All the designs and analysis are

verified by MATLAB simulation, which will be presented in this section.

2.3.1. Filter parameters design procedure

In this study, two filtering options, LCL and NP-LCL, are considered when modulated with

PD and ZCMV PWM methods. To fairly compare the resultant filter size of two PWM methods,
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a common filter parameter design framework has been developed, which takes both the CM and
DM performances into consideration.
1) Inverter-side filter inductance
The inverter-side inductance L; can be determined first based on the maximum output
current ripple allowance. Commonly, the peak-to-peak current ripple should fall in the range
between 20% to 50% of its rated value. For T-type 3L-NPC inverters modulated with PD
PWM, the minimum inverter-side inductance can be calculated by (2.6), where Alx denotes
the peak value of maximum allowable ripple. The derivation is based on the volt-seconds

balance law presented in [70].

L = —2 (2.6)
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Fig. 2.12. Inductor voltage V7, and current /;,» waveforms (phase A) of 3L-NPC inverter with
ZCMV PWM.
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For T-type 3L-NPC modulated with ZCMV PWM, inverter-side inductance can also be
derived from its maximum volt-second. As shown in Fig. 2.12, largest ripple current will be
produced in phase A if dwell-time 7> of [OPN] is zero. At the monument, 7y and 7 equal to
Ty/2, where the average capacitor voltage equals Vq./4. From there, the minimum inverter-

side inductance L; for ZCMV method can be derived in (2.7).

Yac 2.7)

2) Filter capacitance

In this design, relatively large filter capacitance is preferable in NP-LCL filter because
larger capacitance can create a CM loop with lower impedance to bypass the leakage current
and to reduce the size of CM choke. Therefore, maximum allowable filter capacitance should
be selected in this design. To avoid low power factor and over 5% of reactive power loss,

filter capacitance should be less than the boundary value specified in (2.8).

5% Py,

¢ < (2.8)

Vgria®grid
Note that there is a trade-off between filter inductance and capacitance. When filter

capacitance is selected at its upper boundary, minimum inductance is required to achieve

desired attenuation to DM harmonics.

3) Grid-side filter inductance

To comply with grid code of IEEE1547, specific amount of DM filter inductance is
required to achieve certain attenuation to DM harmonics. In this design, the worst-case
scenario specified in Table 2.1 has been considered where the high-order harmonics (above

35M order) should be eliminated to below 0.3% of its rated. Since the largest DM harmonics
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appear near carrier frequency fi and its multiples, harmonics above 35" order can be

eliminated as long as the dominant sideband at f, get properly attenuated [68].

Table 2. 1. Current Harmonic Limits Specified by IEEE1547

Maximum odd harmonics current in percentage of rated output current
Individual

odd order h<11 11<h<17 17<h<23 23<h<35 35<h Tl-{llz 5v(v)lth
harmonics <
% 4.0 2.0 1.5 0.6 0.3 5.0

Desired DM attenuation rate Affpm req can be calculated in (2.9), where liggg1547 denotes the
high-order harmonics target which is 0.3% of base current; /'y denotes the magnitude of the

DM harmonic voltage at lower sideband.

Attpy req = _’ijgjz;? 2.9)

With L; and Cr determined from previous steps, the grid-side inductance L, can be obtained
by solving (2.3) at frequency fi. Since LCL or NP-LCL filters provides 60 dB/dec attenuation
to high-order DM harmonics, the value of Lg can be approximated with (2.10) by ignoring the
low-order terms.

1
Ly~ (2.10)

CrLi(2mfp)3Attpy

Damping might be required to deal with potential resonance. Oscillations caused by LCL or
NP-LCL filters can be prevented with various damping techniques such as passive damping

methods [70] or active damping methods [71, 72].

From above three-step design procedure, DM filter parameters for different scenarios can be

determined, while the impact of different modulation methods on filter volume can be fairly

compared. Desired DM performance can be achieved which satisfying IEEE1547. The output

current ripple will be within the allowance. In additions, leakage current can be well suppressed
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with NP-LCL which can lead to a smaller CM choke. From there, a fair comparison of the

resultant filter volume can be performed between PD and ZCMV PWM methods.

2.3.2. Comparison of the resultant filter volume

To investigate the impact of ZCMV PWM on total filter volume, comparative study is
carried out between the convention PD and ZCMV PWM methods. Two filtering options are
considered which leads to four designs: 1) PD with LCL, 2) PD with NP-LCL, 3) ZCMV with
LCL, and 4) ZCMV with NP-LCL. The resultant filter volume of PD and ZCMV are estimated
and compared. Since the focus of this study is on practical string or multistring PV inverters
rated below 100kW, two sets of the comparison are performed on 10kW and 100kW cases. The

system parameters are specified in Table 2.2.

Table 2. 2. Electrical Specifications of a Grid-Tied Three-Phase T-Type 3L-NPC PV
Inverter System

Symbol Electrical Parameter Design Value

Vgria Line-to-line main RMS voltage 380 Vs (£10%)

Ve Nominal DC-link voltage 700V (£10%)

fer Carrier frequency 9kHz

foria Grid fundamental frequency 60 Hz

P, Rated active power from DC to AC 10 kW /100 kW
Leated Rated output current in RMS 15.2 Appms / 151.9 Apps
Cy Ground capacitance of a PV system 1.5 wF [/15.0 uF

Output filters are designed based on the same filter parameter design criteria. Filter
parameters are determined through the procedure developed in Section 2.3.1. To fairly compare
the resultant filter size of two PWMs, maximum of 20% output current ripples are allowed in all
the designs. DM filter parameters are summarized in Table 2.3. To better suppress the leakage
current, relatively large filter capacitance (5% of based capacitance) is chosen for both

modulation schemes. For filter inductance, ZCMV requires larger DM inductance because
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portion of the CM harmonics are transferred into DM causing larger DM distortion. To achieve
the desired DM attenuation with ZCMYV, filter inductance required in case 3) and 4) is 1.7 times
larger than with PD in case 1) and 2). Effectiveness of the output filters designed for this
comparative study has been verified by MATLAB simulation, which is detailed in the next

subsection.

Table 2. 3. Parameters Selection for LCL & NP-LCL Filters

Designed for a 10 kW PV Inverter

. PD PWM ZCMV PWM
Symbol Electrical Parameter (case 1, case 2) (case 3, case 4)
L; Inverter-side inductance 1.5 mH 2.3 mH
L, Grid-side inductance 0.6 mH 1.2 mH
Cy Filter capacitance 9.2 uF 9.2 uF

Designed for a 100 kW PV Inverter

. PD PWM 7Z.CMV PWM
Symbol Electrical Parameter (case 1, case 2) (case 3, case 4)
L; Inverter-side inductance 0.15 mH 0.23 mH
L, Grid-side inductance 0.06 mH 0.12 mH
Cy Filter capacitance 91.8 uF 91.8 uF

To better analyze the size difference of filter inductors, it is necessary to study the
relationship between DM filter inductances and their core volumes. Note that inductor volume
can be estimated with the box volume of its magnetic core. In this study, widely applied C-type
core is selected for study. Area product 4, (in cm?) is an important factor in design of the DM
inductors, where 4, is the product of the available window area W, (in cm?) and the effective
cross-section area Ac (in cm?). According to its definition, 4, is proportional to the fourth power
of core linear dimension / (in cm). Since the core box volume Vol (in cm?) is proportional to 7,
relationship between core volume and area product can be obtained as

Vol « 13 oc 4,%7° (2.11)
At the same time, core volume is determined by how much energy it can handle. According to

[73], energy handling capability of a core is related to its area product 4p. This relationship can
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be described by (2.12), where Bn is the flux density in Tesla; K, denotes window utilization

factor (which is 0.4 in most cases); Kj denotes the current density efficiency.

2E;x10%
BmKyK;

Ay = ( )11+ where E, = LI (2.12)

Core energy is represented by Er (in J), where I, is the peak current through inductor; L is the
desired inductance in H. Assume I, is constant, there is a positive correlation between DM
inductance and core volume as described in (2.13)

Vol « 10855 (2.13)
Back to the previous comparative study, ZCMV requires 1.7 times larger DM inductance than
PD method at 10kW or 100kW, which will result in 1.6 times larger core volume according to
(2.13). In other words, ZCMV will lead to significantly larger DM filters in string PV inverters,
which can potentially increase the total passive filter volume.

Although DM filter is the dominant factor, CM choke should also be considered when
comparing the total filter volume. CM inductance can be designed based on the CM equivalent
circuit derived in Fig. 2.7. To eliminate the leakage current to below 300mA (as specified in
IEC-62109), CM inductance required can be calculated with the amplitude of dominant high-
order CMV components estimated in Section 2.12. CM inductances selected for each case are
presented in Table 2.4. Since majority of the leakage current can be supressed with NP-LCL
filter, size of the CM choke can be significantly reduced in case 2) and 4). Considering the
resultant output filter volume, CM choke becomes less comparable with DM filter. Although size
of CM choke can be further reduced with ZCMV PWM (as in case 4), at least 1.6 times larger
DM inductors will be required than PD, which will result in a larger total filter volume. Among
all the designs, total filter volume can be minimized with PD and NP-LCL in case 2), because

PD requires smaller DM filter while NP-LCL leads to a smaller CM choke.
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To further investigate the impact of ZCMV PWM on filter volume, total filter volumes
(DM+CM) are estimated and compared based on the magnetic core selections. In this
comparison, only inductive filters are considered because capacitor volumes are identical at
certain power ratings. Different cores are selected to achieve the desired CM and DM
inductance. The total inductor volumes are estimated by the sum of the cores’ box volume for
each case. In this study, a widely applied industrial Core Design and Select Tool developed by
Hitachi [74] is referred when making the core selection. Toroidal core made with nanocrystalline
material is selected for CM inductor while iron-based amorphous C-type core is chosen for DM
inductors. Total core volume (CM+DM) can be easily estimated according to the core selections.
Core selections and volume estimation for all studied cases are summarized in Table 2.4. In case
2) and 4), NP-LCL filter results in a smaller CM choke compared to cases with conventional
LCL filter. CM inductor can be further reduced with ZCMV PWM in case 4), however results in
larger total filter volume. Taking cases 2) and 4) at 10 kW for example, size of the CM filter is
reduced from 6.2 cm? to zero by applying ZCMV PWM; however, the core size of DM inductors
increase from 822.9 ¢cm? to 1277.7 cm?® causing the total inductor volume increased from 829.1
cm’® to 1277.7 cm?®,

According to above core-volume analysis, DM filter dominates the total filter volume for the
studied string PV inverters. At 10 kW, ZCMV method results in 1.54 times larger output filter
than with PD, which shows good accordance with analytical results of 1.6 times. Similar
conclusions can be drawn from 100 kW designs, where the total core volume of ZCMV method
is about twice larger than PD. Above comparative study indicates ZCMV PWM can minimize
the size of CM choke but at the cost of a larger DM filter, which will cause the overall filter

volume to increase.

39



Table 2. 4. Core Selections and Volume Comparison of the Inductive CM & DM Filters

Power Rating = 10kW DM Inductor Core Design CM Inductor Core Design Total Core
PWM Methods & | Li& L Core Box | CoreBox | voume for
# Filter Types (mH) Core Type Vohslme (mH) Core Type Voh;me . 2
(cm’) (cm’) (em®)
1) PD+LCL Li=15 AMCCS80 212.2 6.0 F1AH0048 10.4 833.3
2) PD+NP-LCL Lg=0.6 AMCC26S 62.1 0.5 F1AH0047 6.2 829.1
3) ZCMV+LCL Li=23 AMCCI125 266.8 0.1 F1AH0047 6.2 1283.9
4) ZCMV+NP-LCL Le=12  AMCC63 159.1 0.0 NA NA 1277.7
Power Rating = 100kW DM Inductor Core Design CM Inductor Core Design Total Core
Core Box Core Box Volume for
# g:ﬁfé\f% ;g;()ds & z;ﬁ)Lg Core Type Volume %rg\ldi) Core Type Volume 100kW Design
(cm?) (cm®) (cm’®)
1) PD+LCL Li=0.15 AMCC800B 1317.5 7.0 F1AH0023 725.8 5996.2
2) PD+NP-LCL L=0.06 ~ AMCC367S 4393 1.8 FIAH0052 2704 5540.8
3) ZCMV+LCL Li=0.23 AMCCo664 2468.7 0.6 F1AHO0019 102.4 11461.0
4) ZCMV+NP-LCL L;=0.12  AMCC800B  1317.5 0.0 NA NA 11358.6

* Core selection criteria [74]: fundamental frequency 60Hz (DM inductors) / 9 kHz (CM inductors), nominal RMS current 15.2A
and 151.8A, ambient temperature 55°C, maximum operation temperature 130°C, maximum flux 1 Tesla, window fill factor 0.4,
current density factor 800A/cm?.

2.3.3. Simulation verification

To verify the filter design and previous analysis, simulations have been performed on the
four cases studied, i.e. 1) PD with LCL, 2) PD with NP-LCL, 3) ZCMV with LCL, and 4)
ZCMYV with NP-LCL. The grid-tied transformerless T-type 3L-NPC string PV inverter system in
Fig. 1.4 is modeled in MATLAB Simulink. Simulation parameters are specified in Table 2.2. In
this design, active power is transferred from DC-link to AC grid through the studied T-type 3L-
NPC inverter. Simulation tests are conducted on PV inverter systems rated at 10 kW and 100 kW
respectively. To make fair comparisons, 3 us dead-times are applied to all cases. The worst-case
scenario is simulated by selecting the PV leakage capacitance Cy (50 — 150 nF/kW) at its upper
boundary [35], which will result in the largest leakage currents. A proportional zero-sequence
current controller is implemented to eliminate the low-order CM harmonics, while CM filters are

designed to attenuate the high-order CM harmonics in order to comply with IEC-62019. DM
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filters are designed to eliminate the inverter-side current ripple to below 20% and to comply with

IEEE1547. Filter parameters are adopted from the comparative study detailed in Table 2.3.

At power rating of 10kW, desired DM performances have been achieved in all the four
designs. Frequency domain analysis indicates the dominant high-order DM harmonics are less
than 0.3%, which comply with IEEE1547. Fig. 2.13 and Fig. 2.14 are simulation results of case
1) and case 2) respectively when modulated with PD PWM. Three-phase output currents and CM
harmonics are measured. Dominant CM harmonic is observed at 150" order whose magnitude
depends on the type of output filter. With conventional LCL filter, 3.51 A leakage current is
measured, which requires a 6 mH CM choke to eliminate it to below 300 mA to comply with
IEC-62109. With NP-LCL filter, only 0.5 mH CM choke is required to achieve the same CM
performance. Fig. 2.15 and Fig. 2.16 provide the simulation results of case 3) and case 4) where
SVM-based ZCMV method is adopted. Considering the impact of dead-time, 0.1mH CM choke
is required for case 3) when conventional LCL filter is adopted. With NP-LCL filter, CM choke

can be eliminated since the leakage current is only 52 mA (< 300 mA) in RMS. With ZCMV
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Fig. 2.13. Simulation results of case 1) at 10kW: inverter-side current /iny, grid-side output current Jous,
and leakage current /cm. Harmonic spectrum of phase A output current and IEEE1547 standard (red).
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10kW Case 2) PD+NP-LCL
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Fig. 2.14. Simulation results of case 2) at 10kW: inverter-side current /iy, grid-side output current /oy,
and leakage current /cm. Harmonic spectrum of phase A output current and IEEE1547 standard (red).
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Fig. 2.15. Simulation results of case 3) at 10kW: inverter-side current /iny, grid-side output current /oy,
and leakage current /cm. Harmonic spectrum of phase A output current and IEEE1547 standard (red).
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Fig. 2.16. Simulation results of case 4) at 10kW: inverter-side current /iy, grid-side output current /oys,
and leakage current /cm. Harmonic spectrum of phase A output current and IEEE1547 standard (red).
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modulation, size of CM choke is significantly reduced but at the cost of 1.6 times larger DM
inductors which is undesirable.

To better investigate the performance of difference designs at higher power ratings, identical
studies are conducted on string PV inverter rated at 100kW. With DM filters and CM chokes
redesigned, similar simulation results are obtained in Fig. 2.17 to Fig. 2.20. IEEE1547 is satisfied
in all cases since high-order DM harmonics are less than 0.3%. CM chokes are properly designed
to comply with IEC-62109. It has been found that larger leakage currents are produced at 100
kW, which result in slightly larger CM filters than the 10 kW cases. In addition, ten times
smaller DM inductances are required at higher power ratings according to the design. Comparing
the four 100kW cases, ZCMV with NP-LCL filter provides the best leakage current suppression,
which requires the smallest CM choke but with a larger DM filter. Filter design are validated by
simulation results, which indicates ZCMV modulation can lead to larger output filter than PD

PWM in transformerless string PV inverters.
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Fig. 2.17. Simulation results of case 1) at 100kW: inverter-side current /iny, grid-side output current
Iow, and leakage current /o, Harmonic spectrum of phase A current and IEEE1547 standard (red).
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100kW Case 2) PD+NP-LCL
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Fig. 2.18. Simulation results of case 2) at 100kW: inverter-side current /iy, grid-side output current
Iow, and leakage current /o, Harmonic spectrum of phase A current and IEEE1547 standard (red).
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Fig. 2.19. Simulation results of case 3) at 100kW: inverter-side current /iny, grid-side output current
Iow, and leakage current /o, Harmonic spectrum of phase A current and IEEE1547 standard (red).
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Fig. 2.20. Simulation results of case 4) at 100kW: inverter-side current /iy, grid-side output current
Iow, and leakage current /cm. Harmonic spectrum of phase A current and IEEE1547 standard (red).
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2.4. Summary

This chapter presents a comprehensive evaluation of ZCMV modulation in transformerless
T-type 3L-NPC PV inverters. The study focuses on two aspects, i.e. dead-time effect and
resultant filter volume. Impact of dead-time has been thoroughly investigated first, which
indicates CMV spikes caused by dead-time are inevitable to ZCMV PWMs. CM filter will be
required to mitigate the dead-time effect when modulated with ZCMV PWMs. An alternative
dead-time mitigation strategy has been proposed by using DC neutral-point connected LCL (NP-
LCL) filter. The analysis indicates NP-LCL has better CM performance than conventional LCL
filter, which can be applied to mitigate the dead-time effect. The proposed method is easy to
implement in PV inverters without introducing extra passive filtering elements.

To investigate the actual impact of ZCMV PWM on the total output filter volume,
comparative studies are conducted on four designs i.e. 1) PD with LCL, 2) PD with NP-LCL, 3)
ZCMV with LCL, and 4) ZCMV with NP-LCL. The resultant filter volumes have been fairly
compared, which indicates the total filter volume of ZCMYV is larger than PD. Size of CM choke
can be reduced with ZCMV but at the cost of larger DM filter. In the studied cases, ZCMV
results in at least 1.5 times larger total filter volume than PD. On the other hand, leakage currents
are well controlled by NP-LCL filters at various power ratings when combined with either PWM
methods. Considering dead-time effect and larger DM filter requirement, ZCMV PWM method
becomes less applicable in transformerless string or multistring PV inverters rated from 10kW to
100kW, where DM inductor dominants the overall filter volume. Design and analysis of the

proposed study have been verified by simulation and experimental results.
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Chapter 3 Interleaved Carrier-Based
MPC for Modular Parallel VSIs

As discussed in the last Chapter, CMV effects can be reduced with ZCMV PWMs but at the
cost of larger DM filters. In fact, CM filters are still required for ZCMV due to the inevitable
dead-time effect. Even with an optimal designed NP-LCL filter, the total filter volume of ZCMV
is still significantly larger than the conventional PWM method, which makes ZCMV PWM
methods less applicable. Alternatives are explored, among which, the interleaved PWM has been
found as an effective way to reduce CMV effects in central or multistring PV inverters with
multiparalleled VSIs. However, as introduced in Chapter 1, low-frequency (LF) zero-sequence
circulating current (ZSCC) is identified as the major challenge for such systems, which requires
to be properly addressed.

In this chapter, a centralized carrier-based model predictive control scheme (CB-MPC) has
been proposed to achieve full elimination of LF-ZSCC in modular parallel VSIs. The proposed
method is a centralized MPC scheme that adopting carriers to realize interleaved PWM.
Compared to the existing MPC-based ZS control schemes [57-62], CB-MPC is more applicable
and more flexible, which can be implemented either in a dedicate central controller or in each
converter’s local controllers. In this study, 2L-VSI has been selected for illustration, where the
proposed method is also applicable to modular parallel multilevel VSIs for LF-ZSCC control. A
generalized ZSCC model has been derived, which allows the proposed method to be applied to N
modular parallel VSIs. Output power can be individually controlled for each inverter module.
LF-ZSCC caused by hardware parameters mismatch and unequal power sharing are fully

eliminated, which enables the interleaved PWM to be implemented to reduce the CMV effects.
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Design and implementation of the proposed method are detailed in this chapter. Simulation and

experimental results are provided for verification of the proposed method.

3.1. Modeling of N modular paralleled 2L-VSIs

As MPC requires an accurate system model, this section presents an average output current
model for induvial VSI module, followed by a generalized ZSCC model derived for the whole
system. 2L-VSI has been selected as an example for illustration. Topology of the studied N-
paralleled 2L-VSI system can be found in Fig. 1.6. The inverter modules are attached to a
common DC-link and directly paralleled at AC side. Since this is a simplified illustration of the
modular parallel VSI systems, line resistance is ignored where the filter inductance is considered

as the dominant factor for modeling.

3.1.1. Average output current model

Continuous-time current model of the /" inverter (7=1,2...N) has been derived in (3.1), where
L; denotes the filter inductance; vq, i, v denote inverter output voltage under three-phase
stationary coordinate; iq, i, ic; denote the inverter output current; v40, vso, and vco denote the
AC grid voltage; vnp 1s the neutral-point voltage of the AC grid. The negative pole of DC-link
has been taken as the reference point for this derivation.

Vao — Unp

lb] vb} ——|VBo — Unp (3.1)
at Lj Lj —

Uej Vco — Unp
Clark transformation is applied to transfer the average model from the three-phase stationary
frame into two-phase synchronous stationary coordinate. The mathematic model of the j 2L-

VSI module has been derived as
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i iaj _ 1 Uaj] _i[vao]
dt [iﬁj] 7 [vﬁj L; [Vpo (3-2)
3.1.2. Generalized zero-sequence circulating current model

In multiparallel inverter systems, ZSCC can be produced due to uneven zero-sequence
voltages generated at each module. Research in [53-56] indicates either circuit parameters
mismatch or module power output mismatch can cause the inverter modules to produce
difference levels of zero-sequence voltage, thus results in LF-ZSCC. In this section, a
generalized ZSCC model has been derived to model ZSCC among N paralleled inverters.

System in Fig. 1.6 can be simplified by only considering zero-sequence components.
Equivalent zero-sequence circuit diagram can be found in Fig. 3.1, where v-;; denotes the zero-
sequence voltage generated by the j inverter module; i.; denotes ZSCC of the j™ module; uem
denotes the CM harmonics injection on the j module which is implemented to improve the DC
voltage utilization rate by 15%. Phase and amplitude of the CM harmonics injection mainly

depend on the original modulation signals for each inverter module.
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Fig. 3.1. Equivalent zero-sequence circuit diagram of N paralleled 2L-VSI modules.
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Superposition Theorem indicates ZSCC measured from one module, e.g. i.;, always equals to
the sum of N components produced from all the ZS source. As shown in Fig. 3.2, ZSCC circuit
diagram of the /™ module can be decomposed into N independent circuits. Total circulating

current seen by the /" module can be represented by (3.3).

N
izsj = Z 1izsxj (3.3)
x=

From the KCL, ZSCC components i.;; contributed from the module x can be derived in (3.4),

where x=1, 2...N. Filter inductances L are assumed to be identical for convenience of analysis.

The total equivalent inductance L, equals Ly

3 3(N-1)
VzsjtUcmj if x :j
. SL¢
lzsxj = Vysjtlemj . . (34)
——— ifx#]j
sLy(N-1)
By substituting (3.4) into (3.3), ZSCC model of N paralleled inverters can be derived as
L dizsj N N VzsxtUcemx 3
t 2 = wog (Wzsj + Uemj) — e N1 (3.5)

The above derivation indicates the magnitude of ZSCC is determined by DC-link voltage, filter
inductance, CM harmonics injection, and ZS compensations of all modules. The proposed

generalized ZSCC module is validated by simulation as detailed in the next subsection.

Fig. 3.2. Analysis of ZSCC on the j" inverter module using Superposition Theorem.
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3.1.3. Validation of the ZSCC model

To validate the generalized ZSCC model derived in Section 3.1.2, simulation tests are
conducted on different multiparallel 2L-VSI systems. ZSCC is first estimated by using the model
derived in (3.5), and then compared with the simulation results. The system in Fig. 1.6 is
simulated in MATLAB Simulink for different operating conditions, i.e. with even or uneven
power sharing, and using different module numbers, i.e. N=3 or N=06.

In the first test, six inverter modules (N=6) are parallel connected at DC side. Each module
produces a rated output power of 20kW in the first 0.02s. Inverter #1 is shutdown at t=0.02s,
causing 100% power mismatch. During the test, ZSCC has not been controlled. As shown in Fig.
3.3, only HF-ZSCC are measured before t=0.02s. LF-ZSCC can be observed after inverter #1 is
switched off. Serious LF-ZSCC is measured from the inverter #1 with an amplitude of 16A. To
validate the proposed ZSCC model, the measured value of ZSCC iz » is compared with their
estimated value i ¢ by using the proposed model. From the zoomed waveforms in Fig. 3.3, one

can see the estimated values of ZSCC closely match with their practical values under both even
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Fig. 3.3. Validation of the generalized ZSCC model in six paralleled 2L-VSIs: measured ZSCC i »
(plotted with red/orange solid lines) vs. estimated ZSCC using the proposed ZSCC model iz e
(plotted with black dashed lines). The plot is zoomed at t=0.02s when inverter #1 shutdown.
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(t=0.01s - 0.02s) and uneven even (t = 0.01s - 0.02s) power sharing conditions.

In the second test, three inverter modules (N=3) are parallel connected with rated output of
20kW. Again, module #1 is shutdown at t=0.02s causing 100% power mismatch. During the
second test, LF-ZSCC on module #1 and #3 have not been controlled. To better validate the
proposed ZSCC model, inverter #2 is controlled to generate a 10A LF-ZSCC with an order of
zero. According to the simulation results in Fig. 3.4, zero-order ZSCC on inverter #2 are well
regulated to 10A during the test. Third-order ZSCC can be observed on inverter #1 and #3 after
t=0.02s due to uneven power sharing. From zoomed Fig. 3.4, the estimated value of ZSCC iz es.
using the proposed model matches the practical measurements i » under all operating
conditions. The discrepancies caused by negligible loss and sampling delay are minor and within

acceptance.
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Fig. 3.4. Validation of the generalized ZSCC model in three paralleled 2L-VSIs: measured ZSCC
from three inverter modules i » (plotted with red/orange solid lines) vs. estimated ZSCC using the
proposed ZSCC model i o (plotted with black dashed lines). The plot is zoomed at t=0.02s when
inverter #1 is shutdown.
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According to above analysis, the generalized ZSCC derived in this section is validated under
different operation conditions and with different module numbers. This mathematical model can

be applied to design of the model-based LF-ZSCC controllers.

3.2. Interleaved CB-MPC for LF-ZSCC elimination

To achieve interleaving and CMV reduction in multiparallel VSI systems, this section
proposed a novel centralized control scheme which can suppress LF-ZSCC at any operating
conditions. Named as carrier-based model predictive control (CB-MPC), carriers and module
predictive controller are employed in the proposed method. Benefits of MPC (e.g. multi-
objective control and fast dynamic response) and interleaving (e.g. filter size reduction and
possible resonant-free design) can be combined to yield further performance improvements.
Leveraged with the generalized ZSCC model derived in Section 3.12, proposed method can be
applied to multiparalleled inverter systems with any number of inverter module.

Details of the proposed control scheme can be found in Fig. 3.5. In CB-MPC, there are two
control layers. The outer layer is a centralized model predictive controller, which takes all the
current/voltage measurements and generates the optimal modulation signals musc; for each
module. Fast dynamic response can be achieved with modulated MPC [76]. Detailed design
steps include current prediction, cost function establish, and cost function optimization, which
will be presented in this section. The inner layer features the localized carrier-based PWM (CB-
PWM) for gating control. Desired interleaving angle of (j-1)/N*360° can be realized in the same
way as in synchronizing, where phase-shift is set for each carrier through either DPS or FPGA.
With such design, the devices switching frequencies can be fixed at carrier frequency, while

higher sampling frequency can be selected for better control performance [77].
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Fig. 3.5. Control scheme of the proposed centralized CB-MPC implemented in the centralized control
architecture.

3.2.1. Current modeling & prediction

The first step of designing a centralized CB-MPC controller is to predict the output currents
and ZSCC for each inverter module. From the Euler’s Forward Approximation theorem, inverter

current at the next sampling instant #;(k+1) can be predicted from the current measurements #;(k),

assuming the sampling period 75 is sufficiently small. In this design, one-step prediction is
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implemented to compensate the sampling delay. DM output current can be predicted with the

average output current model derived from the last section.

ﬂ _ ij(k+1)—ij(k) (3 6)

dt Ts
Based on Euler’s forward approximation and the average output current model derived in (3.2),

one-step prediction of the inverter output current of the j module can be obtained in (3.7).

ik + D] 1, [0 () —e0(R)] _ [iay ()
. == + . 3.7
igj(k + )| 1j|vg;(k)—vpo(R) | ~ [ig; (k)

Based on Euler’s forward approximation and the generalized ZSCC model derived in (3.5), one-

step prediction of ZSCC for the /" module can be obtained in (3.8).

N
. Ts N T, VysxtU .
lzsj(k +1) = L_iN—l (Uzsj + ucmj) - L_i E l—sjv_lcmx + lzsj(k) (3.8)
x=

3.2.2. Cost function design

The second step is to establish a cost function that representing all the control objectives. For
the centralized CB-MPC, there are two major control objectives: 1) current reference tracking, 2)
LF-ZSCC elimination. The output current/power should be individually controlled for each
module, which can be achieved by evaluating the performance of all possible switching states
and selecting the optimal one to minimize the cost function. On the other hand, global
optimization is required to eliminate LF-ZSCC caused by hardware parameters mismatch and/or
different module power outputs. Since the fundamental output tracking is not affected by ZS
components, two control objectives can be achieved simultaneously under the synchronous
stationary coordinate. Cost function for the /™ inverter module g; (Vej, Vg, Vzsi...vzsv) is established
in (3.9), where the first two terms evaluate the performance of fundamental output states on

tracking the current/power reference. The third term represents the impact of ZS voltage on LF-
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ZSCC control. j;"(k+1) denotes output current reference for the j" inverter under af-frame, where
i (k+1) = it (k) for a short sampling period; i.s (k+1) denotes ZSCC reference for all modules
which is designed to be zero; 4 denotes the weighting factor of ZSCC control, which is selected
as one for optimal LF-ZSCC control performance.

. » 2
gj(vaj'vﬁj’vzsl "'vzsN) = |laj(k + 1) - laj(k + 1)| +

. . 2 N | (-9)
ligj(k + 1) —ig;(k + D"+ A4 X _ lizsx(k + 1) = i (k + 1)|?

3.2.3. Cost function optimization

The last step is to select the optimal switching states which can achieve the best overall
control performance. CB-MPC adopts the same idea of cost function minimization as in
conventional MPC algorithms but requires fewer steps of online computation. In conventional
MPCs, the impact of all eight possible switching states [000], [001], [010], [011], [100], [101],
[110], [111] needs to be evaluated one by one in each sampling period, which leads to high
amount of computation steps. The computation burden will be significant for system with more
than two modules. Inspired by [76], this optimization procedure in MPC can be simplified by
avoiding the time-consuming iteration steps. To minimize cost function gj, the optimal solutions
must satisfy the minimum value conditions defined in (3.10). The optimal output states can be

obtained by solving (3.10) so that the time-consuming iteration steps can be avoided.

Adgj(VajVpjVzs1VzsN) _ 0
dvaj

Agj(VajVpjVzs1VzsN) _
dvg; =0 (3.10)

Agj(VajVpjVzs1VzsN) _ 0
Avgsj

The optimal fundamental output of the j module vy opr and vg; o is derived in (3.13). Since
the fundamental output of one module is independent from all other N-1 modules, the optimal

solution for each module can be obtained by solving the first two equations of (3.10). ZSCC, on
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the other hand, depends on the ZS output of all modules v.;...vznv. Global optimization is
required in order to obtain the optimal ZS outputs for all N modules. To solve the third equation
of (3.10) for N modules all at once, a multi-input-multi-output (MIMO) system can be

established as

d zs1'"'Vzs d N ; P *
(201l Vas) o L5 5 Jigee(k+ 1) — i3 (k + D> =0

Avzsy N Advzsy
dgj(Wzs1-VzsN) d N .' .
\ : dvlzsj - = (lezsj/1 Zx=1|lZSX(k +1) =iz (k+ 1)|2 =0 (3.11)

dgN(vZSlvaSN) = d /1 Z::ﬂizsx(k + 1) - L;Sx(k + 1)|2 = 0

\ dvzsn Avzsn

By substituting the predicted ZSCC (3.8) into (3.11), the optimal solution of ZS output v.,; opt
for all N modules can be obtained in (3.12). The i model is defined as the ZS reference for the
rest N-1 modules, where i can be any number between 1 to N. LF-ZSCC of the i module can

always be eliminated by controlling ZS outputs of the rest N-1 modules.

N . . L
rvzsl_opt = IN-3 [iz5i (k) — izs1(K)] 3_Ts + (Uemi — Uemi)

N . .- L
y Vzsjopt = IN—3 [izsi(k) — lzsj(k)] 37, + (Uemi — ucmj) (3.12)

N . .. L
\VzsN_opt = IN—3 [i2si(k) — izsn (k)] 3_7.5 + (Uemi — Uemn)

From above steps, the optimal output states of the /™ module [Vej opt Vg op, V=5 opi] can be easily
obtained through one-step computation of (3.13), instead of going through those time-consuming
iteration steps. In this design, the N module is selected as the ZS reference. Filter inductances L

are assumed to be identical where line resistances are ignored.

L . L ..
Uaj_Opt = —T—Sla,](k) + vao(k) + ;Sla](k)

Vgsopt = ~ 1 ips () + vgo () + - if; () (3.13)

N . . L
Vzsj opt = SNy _3 [izsn (k) — lzsj (k)] 37, + (Uemn — ucmj)
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With the proposed centralized CB-MPC, two control objectives, i.e., current/power reference
tracking and LF-ZSCC elimination, can be achieved simultaneously for N paralleled inverters.
Most importantly, interleaved PWM can be achieved with CB-MPC, which can reduce the CMV
effects and improve system output quality. Implementation of the proposed method will be

detailed in the following subsection.

3.2.4. Implementation of CB-MPC

The communication-based LF-ZSCC control can be implemented in two types of the control
architectures i.e. master-slave or centralized design. Different number of the communication
channels will be required, which lead to different cost for implementation. The system
complexity and reliability will also be different for the two designs.

The conventional design is known as the master-slave control structure which can be found
in Figure 3.6 (a). Master controller is capable to communicate with all other slave controllers
located in each inverter modules. Typically, LF-ZSCC control will be implemented in a master
controller powered by the master inverter. The master inverter cannot be shut down in order to
maintain system operation. However, in practical applications, any inverter module should be
allowed to shut down because unit shading is usually required to improve light-load efficiency
and to extend module lifetime. To ensure constant operation and suppression of LF-ZSCC, every
inverter module should be able to operate as the master inverter. Therefore, each inverter module
needs to communicate with the rest of the system, which can result in high amount of the
communication channels. Although it is a highly reliable design where every single distributed
controller can serve as the master controller when required, implementation can be extremely

challenging especially for systems with a large number of modules.

57



Distributed
Controller &

\ Converter
Converter

, ______________________________________ Module

Distributed PEArYANNS - | Distributed Converter PR Converter
{ | Controller & g-—--"~/--':"<-- - Controller & | | Module [ Communication Module
" | Comverter | },“./  \ "7 | Converter || Chatmels

[}

" ,
N ’

Converter | p ocr:riitll;zlzible | Converter
B Module rog Module
. : Controller
o }, N \ 1 /I \\‘
i | Distributed |/, “M Distributed | | s N
s A A i Converter Converter
i | Controller & & # Controller & |
; : 3 3 Module Module
. | Converter | | | Converter | L)  eesees

(a) (b)

t

LN
A ey PN

/21~ Communication ~~_ ~

I
F-

Distributed
Controller &
Converter

Fig. 3.6. (a) conventional master-slave control architecture (b) centralized control architecture for
modular parallel inverters.

Alternatively, centralized control architecture can be adopted if the LF-ZSCC control is
designed in a centralized manner. As shown in Figure 3.6 (b), a standalone central controller is
employed to exchanged control information with the whole system. Communication lines can be
saved since the inverters only need to exchange information with the central controller.
Compared to the master-slave design, less communication cables are required which can reduce
the system cost and system complexity. As shown in Figure 3.7, number of the required
communication channels N, is lower in the centralized design, when the module number N is
greater than three. Moreover, employing a central controller will not harm the system’s
modularity and reliability. In practical applications, central controllers are commonly found in
multiparallel converter systems to synchronize the PWM carriers and/or to regulate the module
power sharing [78-80]. Reliability of those commercial off-the-shelf programmable central
controllers have been proven in diverse industrial applications, which makes it an alternative

solution to implement LF-ZSCC control in modular parallel VSI systems.
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Fig. 3.7. Number of the modules N vs. Number of communication channels N, required in master-slave
control scheme (orange) and centralized control architecture (blue).

Different from the existing LF-ZSCC control methods [52-56] that used to be implemented
in a master-slave manner, the proposed centralized CB-MPC can be implemented in either
control architectures. Depending on the applications, the proposed ZS control scheme is highly
flexible, which can be implemented either in a dedicate central controller or in master
converter’s controllers. In the studied utility-scale PV inverter systems, large amount of the 2L-
VSI modules may exist in a multi-megawatts central PV inverter, which can result in high
amount of the communication channels in the master-slave design. In addition, considering the
processor’s limit, controllers in each module may not be powerful enough to work as a master
controller. Therefore, centralized control scheme become a preferable solution for such
application. Demonstration of the proposed method implemented in the centralized control
architecture can be found in Fig. 3.5. Performance of the proposed method has been evaluated in

both simulations and experiments, which will be detailed in the following sections.
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3.3. Simulation verification

To evaluate the performance of the proposed control scheme, simulations are conducted on
the grid-connected PV inverter system shown in Fig. 1.6. A scenario with six modular paralleled
2L-VSIs (N=6) has been simulated in MATLAB Simulink. System parameters are defined in
Table 3.1. In normal operation, active output power of 120kW is transferred from DC link to AC
grid through six paralleled inverter modules. Unit shading strategy is implemented because
individual inverter module will be shut down during low-power conditions. The proposed CB-
MPC has been implemented in a central controller, which can communicate with all six inverter

modules for output power regulation and LF-ZSCC elimination.

Table 3.1. Electrical Specifications of Grid-Connected PV System with Six Modular Paralleled
2L-VSI Modules

Electrical Parameter Design Values | Electrical Parameters Design Values
Nominal AC grid voltage 600 Vs Number of modules 6

Nominal DC-link voltage 1000V Rated power / module 20 kW

Grid fundamental frequency 60 Hz Rated current / module 19 Apps
Carrier frequency 5kHz Rated filter inductance 1mH
Sampling frequency 10 kHz Ground capacitance 18 uF

Output characteristics have been evaluated first. Waveforms of module individual output
currents and total output current can be found in Fig. 3.8. All six modules are operating at rated
conditions with CB-MPC applied. One can see the total output quality has been significantly
improved as the THD reduced from an average of 21.0% down to 1.7% after interleaving.
Frequency domain analysis indicates low-order DM harmonics induced at each module are
canceled out, while the dominant sidebands shift from switching frequency (4 =83) to six times

of it (4 = 500). Interleaved AC output voltage can be found in Fig. 3.9. For six paralleled 2L-
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VSIs, seven voltage levels are observed which verifies the effectiveness of interleaving. System
CMV is measured and provided in Fig. 3.9. FFT analysis indicates the dominant sidebands of
CMV have also been pushed from the switching frequency to six times of it with interleaved CB-
MPC applied. CMV effects are reduced in a significant way. Less leakage current is induced thus
requires a smaller CM filter to fulfill the grid code requirements. In practical applications, the

system’s overall power density can also be improved with CB-MPC.
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Fig. 3.8. Simulation result of six paralleled 2L-VSIs with CB-MPC: inverter individual output currents i;
to is (left); total interleaved output current i (right); and corresponding frequency domain FFT analysis.

Dynamic performance of the proposed method is evaluated on the same system. All six
modules are operating at full load producing 20 kW/ 0 var, when step change is applied to
inverter #1 for reducing the power reference to zero at t=0.15s. Current waveforms of each

inverter module can be found in Fig. 3.10. The output power for inverter #1 is reduced from 20
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kW to 0 kW, while the whole system’s total output power reduces from 120kW to 100kW after
at t=0.15s. One can see output currents precisely follow the reference signals before and after the
step-change is applied. Zoomed Fig. 3.10 indicates module output current coverages to their of
references with a minor transient time period since f#ans 1S less than 1ms. Both steady-state and
transient-state results show that module output current/powers can be individually controlled
with the proposed CB-MPC. Benefits of MPC and interleaving are combined in CB-MPC, which

results in superior overall performance for grid-tied solar PV inverters with modular parallel

VSIs.
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= 20
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Fig. 3.9. Simulation result of six paralleled 2L-VSIs with CB-MPC: measured total phase-to-neutral
output voltage v4_yp(V); measured CM voltage vewm; and frequency domain FFT analysis.
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To verify the effectiveness of the proposed centralized CB-MPC on eliminating LF-ZSCC
while realizing interleaved PWM, two operating conditions are simulated including both filter
parameters mismatch and module output mismatch cases. The first scenario is when the inverter
modules share the same load but with unequal filter inductances. LF-ZSCC can be produced due
to the filter parameter mismatch. The second scenario is when one of the inverters is shutdown
while the others are still operating at full-load. In that case, significant LF-ZSCC will be
produced due to imbalanced module outputs and filter parameter mismatch. Effectiveness of the
proposed CB-MPC on eliminating LF-ZSCC will be evaluated under above operating conditions.

Simulation results of above two scenarios can be found in Fig. 3.11 to Fig. 3.13. The first
0.05s (t=0.10s-0.15s) represents the first scenario with equal module output powers. As shown in
Fig. 3.11, total output power of 120 kW is evenly distributed among six 2L-VSI modules. Filter

inductance for inverter module #2 is 10% less than the rated value. Filter inductance for module
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#3 1s 20% larger. LF-ZSCC can be observed in Fig. 3.12. Frequency domain analysis indicates
majority of the LF-ZSCC appears at inverter #2 and inverter #3. The dominant sidebands of HF-
ZSCC appear at the switching frequency of 5kHz or h=83, which can be eliminated with CM
chokes. The second 0.05s (t=0.15s-0.20s) represents the scenario when the inverter modules have
different output powers. Inverter #1 is shutdown at t=0.15s causing 100% power mismatch.
Filter parameters remain unchanged leading to more serious LF-ZSCC. As shown in Fig. 3.11,
total output power reduces from 120 kW to 100kW after inverter #1 switched off. Significant
LF-ZSCC has been observed due to power mismatch. Magnitude of the HF-ZSCC also increases
due to the incomplete harmonic cancellation during the interleaving. As shown in Fig. 3.13,
majority of the LF-ZSCC appears at inverter #1 with order of h = 3, 9, 15. The dominant LF-
ZSCC sideband have the magnitude of 32A, which is significantly larger than the first case.
Without proper LF-ZSCC control in place, interleaved PWM cannot be implemented for CMV
reduction. Furthermore, CM chokes’ magnetic core will be saturated, which could lead to serious
power quality issues and safety concerns.

Simulation results of the proposed centralized CB-MPC can be found in Fig. 3.14. LF-ZSCC
components are regulated to zero in either scenarios, when the inverter modules have different
output powers and unequal filter inductances. From above analysis, effectiveness of the proposed
centralized CB-MPC on eliminating LF-ZSCC, realizing interleaved PWM, and regulating
module output powers are verified. In summary, the proposed CB-MPC features several
advantages over the existing MPC methods, which makes it a practical solution for
central/multistring solar PV inverters with modular paralleled 2L-VSIs adopted. Efficient DC to
AC power conversion can be achieved with less CMV or leakage current produced, which can

improve the system efficiency, power density, and reliability.
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3.4. Experimental validation

To evaluate the performance of the proposed centralized CB-MPC, a two-module 2L-VSI
prototype has been established as shown in Fig. 3.15. Two isolated 2L-VSI modules are parallel-
connected to a common DC-link. Voltage of the DC-link is maintained at 120V with a PV
simulator and a DC source. The proposed control strategy is implemented in a centralized
manner on the dSPACE DS1202 platform. Communication between VSI modules and the central
controller are realized through fiber-optic cables. Both the sampling and switching frequency is

set to be SkHz. The system’s AC output frequency is 60Hz.

Overview

IGBTs,
Gate Drivers
s e P

-i Jﬂ\\

Fig. 3.15. Experimental prototype of two paralleled 2L-VSIs with dSPACE DS1202.

The circulating current among the two modules has been studied first. Both even and uneven
power sharing conditions are considered. Over 10% filter parameter mismatch is implemented,
namely, L; = 0.8 mH and L> = 0.9 mH. Experimental results of two modules sharing the same

load can be found in Fig. 3.16. Relatively low LF-ZSCC is observed. The dominant HF-ZSCC
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appears at switching frequency of 5 kHz or 2 = 83, which can be eliminated with CM filters.
Experimental results of the two modules with unequal power output can be found in Fig. 3.17.
As the worst case scenario, the second module is shut down causing 100% power mismatch.
Significant amount of LF-ZSCC is observed with order 42 = 3, 9, 15, which will saturate the
magnetic core of the CM filters and cause safety concerns. Even with all the IGBTs switched off
on the second module, ZSCC can still circulate through the anti-parallel diodes to cause issues
during the operation.

Experimental results of the proposed centralized CB-MPC are presented in Fig. 3.18 and Fig.
3.19. The steady-state performance is examined first. Taking the same filter inductances under
100% power mismatch, CB-MPC is applied to achieve interleaving and elimination of LF-
ZSCC. According to the observation, output quality is significantly improved with the
interleaved CB-MPC. The frequency domain analysis in Fig. 3.18 indicates dominant sidebands
of each module appear at switching frequency of 5 kHz or #=83 for both i; and i>. At the AC
side, low-order DM harmonics are cancelled out while the dominant sideband of i is pushed to
two times of the switching frequency with 4=166. For individual modules, THD is 40% and 43%
respectively for module #1 and module #2. THD of the interleaved output is reduced down to
13%. Effectiveness of the proposed method on realizing interleaving PWM has been verified.
For circulating currents, LF-ZSCC is effectively reduced with CB-MPC. Magnitude of LF-ZSCC
components are significantly lower than the uncontrolled case in Fig. 3.17. The remained LF-
ZSCC components are minor and acceptable, which will not saturate the core of CM filters.
Transient response of the proposed CB-MPC controller is provided in Fig. 3.19. One can see
output currents can follow the reference signals precisely when step-change is applied.

Frequency domain analysis also indicates low-frequency ZSCC components are eliminated
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before and after inverter #1 switched off. The steady-state and transient-state performance of the
proposed CB-MPC are verified. Two major control objectives are achieved, i.e. module output
power control and LF-ZSCC regulation, which allows interleaved PWM to be implemented in

grid-connected multiparallel VSI systems for CMV reduction.
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Fig. 3.16. Experimental results of two paralleled 2L-VSIs under equal power sharing condition: (a) phase

A module individual output currents, total output currents, and measured ZSCC; (b) frequency domain
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Fig. 3.19. Experimental results of the proposed centralized CB-MPC with LF-ZSCC elimination: (a)
phase A module individual output currents, total output currents, and measured ZSCC; (b) frequency
domain FFT analysis of ZSCC before (blue) & after (red) inverter #1 switched off.

3.5. Summary

It has been proved that interleaved PWM technique can be employed to reduce the CMV
effects in multistring or central PV inverters with modular parallel 2L-VSIs adopted. However,

LF-ZSCC needs to be addressed in the first place to prevent saturation of the CM filters and to
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ensure safe operation. In this chapter, a centralized CB-MPC scheme has been proposed to
achieve full elimination of LF-ZSCC in modular parallel VSIs. Carriers are adopted to realize
interleaving. A generalized ZSCC model has been derived to leverage the employment of
modulated MPC, which allows the proposed method to be applied to systems with N paralleled
VSIs. Benefits of interleave and MPC are combined to yield further improvements in
performance. This centralized CB-MPC control scheme can be implemented either in a dedicate
central controller or in each converter’s master controller. With the proposed method, power can
be individually controlled for each inverter module. LF-ZSCC caused by inevitable hardware
parameters mismatch and unequal power sharing are completely eliminated, which enables the

interleaved PWM to be implemented in multistring or central PV inverters for CMV reduction.
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Chapter 4 Conclusions & Future work

4.1. Thesis conclusions

This thesis focuses on addressing the key issues of employing ZCMV PWM and interleaved
PWM to reduce CMV effects in different types of the grid-connected PV inverters. For
transformerless sting or multistring PV inverters adopting multilevel VSIs, ZCMV PWM
methods are explored first as a way to suppress CMV and leakage current without using large
passive filtering elements. However, analysis indicates CMV cannot be completely eliminated
with ZCMV PWMs because of the inevitable dead-time effect. To mitigate the dead-time effect,
passive CM filters are still required which will increase the system size and cost. Upon thorough
investigation of the dead-time effect in T-type 3L-NPC inverters, this thesis proposes an
alternative dead-time mitigation strategy by using DC neutral-point connected LCL (NP-LCL)
filter. Since there always exists a differential-mode (DM) LCL filter, the proposed method does
not introduce any additional passive filtering elements into the system. Analysis in Chapter 2
indicates NP-LCL has better CM performance than the conventional LCL filter, which can be
applied to mitigate the dead-time effect. Effectiveness of the proposed dead-time mitigation
strategy has been verified in a lab-scale experimental platform of 3L-NPC inverter.

However, considering ZCMV will undermine the fundamental output quality which could
result in larger DM filters, the actual impact of ZCMV on the total filter volume remains
unknown. In Chapter 2, a comparative study is carried out to investigate the actual impact of
ZCMV on total output filter volume. The following four designs are considered for comparison:

1) PD with LCL, 2) PD with NP-LCL, 3) ZCMV with LCL, and 4) ZCMV with NP-LCL. The
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resultant filter volumes are fairly compared under the same filter parameter design framework.
The study indicates the size of CM choke can be reduced with ZCMV but at the cost of a larger
DM filter. Total filter volume of ZCMYV is at least 1.5 times larger than the conventional PD
PWM, because DM inductor dominates the overall filter volume. Considering the dead-time
effect and larger DM filters, ZCMV PWM method becomes less applicable in T-type 3L-NPC
PV inverters rated from 10kW to 100kW. On the other hand, conventional PD PWM is
recommended since the total output filter volume can be minimized if combined with the NP-
LCL. All the design, analysis, and conclusion have been verified in MATLAB simulation.
Beside the transformerless T-type 3L-NPC, research extends to central and multistring PV
inverters adopting modular parallel VSIs, where the interleaved PWM can be employed to
reduce the CMV effects. However, LF-ZSCC is identified as the major challenge which can be
produced due to inevitable hardware parameters mismatch and module output power mismatch.
In Chapter 3, a centralized carrier-based model predictive control scheme (CB-MPC) is proposed
to achieve full elimination LF-ZSCC in module parallel VSIs. A novel generalized ZSCC model
is derived, which allows the proposed method to be applied in N paralleled VSIs. Compared to
the existing MPC-based ZS control schemes, CB-MPC is more applicable and more flexible,
which can be implemented either in a dedicate central controller or in each converter’s local
controllers. Effectiveness of the proposed method has been verified by both simulation and
experimental results. With full elimination of LF-ZSCC, the proposed method allows interleaved
PWM to be implemented in multistring or central PV inverters for CMV reduction. Beside solar
PV inverters, the proposed method can be beneficial to various other applications such as low-
voltage motor drive or electrical power system for aircraft, where modular parallel VSIs are

employed.
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4.2.

Future work

This work provides the foundation for future work in the following areas:

1.

Experimental validation of the actual impact of ZCMV PWM on the total filter volume in
a 10kW full-scale T-type 3L-NPC inverter platform. Comparative study proposed in
Chapter 2 can be verified with customized DM and CM filters for each case.
Development of an effective active damping methods for transformerless T-type 3L-NPC
PV inverter with NP-LCL filter in order to eliminate resonance in between the inverter
midpoint and filter neutral point and to avoid using of passive damping elements.
Experimental validation of the proposed CB-MPC in solar PV inverters with more than
two paralleled 2L-VSI modules or paralleled multilevel VSI modules, e.g., multi-
paralleled 3L-VSIs.

Exploration of the proposed centralized CB-MPC control scheme in other applications
with higher fundamental frequency such as the power system in aircraft, where both the
interleaved PWM and centralized LF-ZSCC control are required to ensure sound and

reliable operation.
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